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Preface

The first English edition of this book was published in 2014. This book was originally
intended for undergraduate and graduate students, its one major objective: to teach the
basic concepts of kinetics and reactor design. The author’s motivation was the fact that
students frequently encounter great difficulty trying to explain the basic phenomena
that occur in the practice of reactor design. So, instead of discussing specific projects of
the industry, central concepts along with examples and many exercises are presented
for each topic. The main objective then was to prompt students to observe and think
about kinetic phenomena. Indeed, reactors cannot be designed and operated without
knowledge of kinetics.

In the present edition, the empirical nature of kinetic studies is recognized; analyses
related to how experimental errors affect kinetic studies are performed and illustrated
with actual data. Particularly, analytical and numerical solutions are derived to rep-
resent the uncertainties of reactant conversions in distinct scenarios and are used to
analyze the quality of the obtained parameter estimates. Consequently, the present
edition includes new topics that focus on the development of analytical and numerical
procedures for more accurate description of experimental errors in reaction systems
and of estimates of kinetic parameters.

Finally, kinetics requires knowledge that must be complemented and tested in
the laboratory. Therefore, practical examples of reactions performed in bench and
semi-pilot scales are discussed in the final chapter.

We decided to organize this version of the book in two parts. In the first part, a
thorough discussion regarding reaction kinetics is presented. In the second part, basic
equations are derived and used to represent the performance of batch and continuous
ideal reactors, isothermal and non-isothermal reaction systems and homogeneous and
heterogeneous reactor vessels, as illustrated with several examples and exercises.

In closing, we would like to thank all of our undergraduate and graduate students
for giving us the opportunity to discuss the subjects presented in the present book and
to teach chemical kinetics in the classroom and in the lab. We also thank FAPER]
(Fundacdo Carlos Chagas Filho de Apoio a Pesquisa do Estado do Rio de Janeiro),
UFR]J (Universidade Federal do Rio de Janeiro) and Synergia Editora for supporting
the previous two editions of the book.

Martin Schmal
José Carlos Pinto
Rio de Janeiro, July 2021
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Nomenclature

Symbols Meaning Units
a,b,c Stoichiometric coefficients

a,b,cd Reaction order

Ai,Bi... Components, reactants and products

C Concentration gmol/l

Ca Concentration of reactant A gmol/l
Cao Initial concentration of reactant A gmol/l

Cp Specific heat at constant pressure cal/g®

E, Ep,Er Activation Energy, direct, reverse cal/gmol
E Distribution Function of residence time

F, Fy Molar flow, initial moles/h
Fa Molar flow of reactant A moles/h
Fao Initial molar flow of reactant A moles/h
F(t) Cumulative Distribution Function

G Mass flow of component j Kg/h

G Gibbs free energy Kcal/gmol
Hr Enthalpy of reaction at T Kcal/gmol
H° Enthalpy of reaction at 25°C Kcal/gmol
K Equilibrium constant Kcal/gmol
Kc Concentration equilibrium constant Kcal/gmol
Kp Equilibrium constant at pressure P atm™!

k, k' Specific reaction rates, direct and reverse eq.3.19
ko Frequency factor of Arrhenius equation

L Reactor length cm (m)

M Mass g (Kg)

M Molecular weight

n Global reaction order

n Number of moles moles
nap Number of moles of reactants A, B ... moles

no Initial total number of moles moles

nr Total number of moles moles

P Pressure atm™!

Py Initial pressure atm




Nomenclature xv

Symbols Meaning Units
Pé Péclét Number
q Heat transfer rate Kcal/h
0 Heat transfer rate Kcal/h
Qg Heat generated by reaction Kcal/h
QC Convective heat transfer Kcal/h
Qs Sensible heat transfer Kcal/h
QT Total heat transfer Kcal/h
o} Removal heat transfer Kcal/h
r Reaction rate mol /L.h
(—ra), (—rp) Rate of consumption of A, B mol/L.h
I Rate of formation of component j mol/L.h
R Gas constant atm.L/mol.K
S Selectivity
s Space velocity 57!
t Time s
tr Final time s
I3 Mean residence time s
T Temperature ° C (°K)
U Global heat transfer coefficient cal/mol.K
v Linear velocity cm/s
Vo Volumetric flow rate cm?/s
V& Reactor volume cm?® (L)
\Y Reaction volume cm?
Vo Initial volume cm?
X Length cm
X Conversion
Xa Conversion of reactant A
Y Molar fraction
z Axial length cm
Symbols
a Degree of extension
B Energy parameter
B Kinetic parameter
y Kinetic parameter
I3 Porosity
eA Expansion or contraction parameter
X Ratio of specific rate constants
n Viscosity; chemical potential; Monod constant;

reduced mass; average
v Stoichiometric coefficient; Kinematic viscosity
p Density g/cm’
o Standard deviation



xvi Nomenclature

T eS8

Space time

Non-dimensional concentration
Local yield

Global yield

Non-dimensional time; surface fraction

Subscripts

AR

O R m—igq h O

Reactant or products
Equilibrium

Final

Gas

Component
Reaction number
Reaction

Initial

Other nomenclatures

Cap
CA e

—  Metal oxide

- Metal

-  Boltzman constant

—  Structure sensitive reaction

—  Structure insensitive reaction

- Surface area (m*/g)

- Rate (frequency factor) (s~!)

- x-ray diffraction

—  Temperature programmed reaction
—  Scanning electronic microscopy

—  Transmission Electronic microscopy
—  Thiele modulus

—  Effectiveness factor

—  Global effectiveness factor

= Height bed at minimum fluidization
= Void fraction at minimum fluidization
= Density of solid

= Density of gas

—  Bubble fraction

- Emulsion fraction of gas

— Interface coefficient (m*/m> bed x b)
—  Mean velocity; collision velocity

—  Superficial velocity (m/s)

—  Concentration of gas in the bubble

—  Concentration of gas in the emulsion phase

= Gas fraction in the emulsion phase
= Effective diffusivity

= Superficial velocity in the emulsion phase



Nomenclature xvii

Vinax
Vads ;Vdes
s

R

Minimum fluidization velocity (cm/s)
Particle density of solids

Fluid density

Particle diameter

Gravity

Solid parameter

Void fraction

Solid density

Porosity of the bed reactor

Mean particle size

Solid density kg/m3

Bubble diameter (m)

External diameter of reactor (m)
Interface coefficient (cm>/cm® bed x s)
Gas concentration in the bubble phase
Gas concentration in the emulsion phase
Reaction rate (molelg x s)

Dispersion

Diameter (tube and particles)
Sherwood number

Reynolds number

Schmidt number

Mass transfer coefficient (cm/s)
External surface — liquid/solid — (cm?/g)
Mass of particles (g)

Henry constant at the gas-liquid interface
Partial pressure

Deactivation constant

Yield

Local yield

Relation between specific rate constants
Selectivity

Specific volume (m?/mol)

Energy of component j

Molar flow rate of component j

Work

Heat (J/mol)

Apparent specific constant

Partition function

Entropy

Maximum reaction rate

Adsorption or desorption volume
Substrate reaction rate

Transfer rate
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Definitions and stoichiometry

A chemical process involves not only chemical reactions but also involves surface
and mass/energy transport phenomena. The chemical reactions are defined by the
stoichiometry, in which reactants are directly related to the products of the reaction.
Therefore, once defined the stoichiometry, the measurement of the composition of
one of the components allows to relate it with the composition of other components.
However, the order to the reaction rate does not always follow the stoichiometry. In this
particular case, the kinetics of the reaction is not simply represented by a single step
but involves several intermediate steps. In order to differentiate them, the reactions are
divided as follows:

Irreversible reactions: those which are carried out in a single direction A+ B — R+ S.

Reversible reactions: those which are carried out in both directions (direct and reverse).

Elementary reactions: those which are carried out in a single step.

Non-elementary reactions: those which are carried out in several elementary steps,
and whose resultant reaction may not be elementary.

A+ B— AB elementary
AB— R

A+B—>R non-elementary
Simple reactions: those which are carried out in a simple step or not. If the reaction
order follows the stoichiometry, then the reaction is simple and elementary.

Complex reactions: those which correspond to several reactions carried out simulta-
neously, either in series or combined.

Example

1. Hydrolysis of acetic anhydride
(CH3CO),0 + H,O — 2CH;COOH

Kinetics: irreversible second order reaction = irreversible and elementary
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2. Decomposition of the acetaldehyde
CH3;CHO — CH4 + CO

Kinetics: irreversible fractional order reaction = rate ~ C}° = non-elementary
reaction, where

A =CH3;CHO
3. Synthesis of ammonia:
N, + 3H, & 2NHj;

Kinetics: irreversible reaction of fractional order = rate ~=rnon-elementary
reaction
4. Methanation or Fischer-Tropsch synthesis

CO + 3H, —- CH4 + H,O
CO+2H; — [CnHZn]n +H,O

Kinetics: irreversible complex reaction of fractional order (in parallel)
5. Hydrogenation of crotonaldehyde

CH;-CH; = CH,-HC =0 + H; — CH;-CH;3-CH3;-HC =0 + H,
Crotonaldehyde Butyraldehyde
— CH3—CH;-CH;~HCOH
Butanol

Kinetics: irreversible complex reaction of fractional order (in series)
6. Coal gasification:

C+H,0— CO +H,
CO +H;0— CO; + H, (shift)

Kinetics: irreversible complex and mixed reaction of fractional order.

... MEASUREMENT VARIABLES

The description of the reaction rate represents the variation of the consumption of
reactants or the formation of products as the reaction takes place. It can be graphically
represented by a kinetic curve. The tangent to this curve indicates how the reaction
rate as well as the consumption of reactants or formation of products varies as the
reaction takes place. The reaction rate is observed to be high in the beginning of the
reaction and gradually decreases as the reaction takes place, tending to zero when
the equilibrium is reached or when the reactants disappear completely.
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Stirrer Sample

Pressure
ey
kel
©
V(ml) vs t =
g [\ G c,
c
8 Products
Batch reactor
Reactant A
Reactant A
::.—I> Products Time (t) or distance (2)
Reactant B

z

Continuous reactor

Figure I.1 Kinetic curves for batch and continuous systems.

The kinetic curve of a reaction can be monitored by measuring the concentration,
pressure, or other intensive variable, which is proportional to a characteristic property
of the reaction (e.g., conductivity, wavelength, and binding energy). For a defined
stoichiometric reaction, the variable of a component is followed with time or position
in the reactor, depending on the system where the reaction is run. The concentrations
of the other components can be calculated from this measured variable.

In a closed system, such as a batch reactor, the characteristic property varies with
the reaction time. In an open system (such as continuous reactor), it varies with position
or space time. In this case, the space time is defined as the ratio between the volume
or mass of the reactor system and the inlet mixture flow. The schematic representation
of the two systems is displayed in Figure 1.1.

The most important fact is that these are experimental measurements and depend
on the type of reactor and on the analysis of reactants and products. In a batch reactor,
several small samples are collected in different time intervals and the concentrations
of reactants and products are measured. On the other hand, in a continuous reactor,
the concentrations of reactants and products are measured along the reactor. The most
used techniques for analysis are:

Titration: the samples are titrated with a neutralizing agent and with a chemical indi-
cator. The titration is conducted with an acid or a base which indicates the extent
of the reaction. This analysis is simple, but subject to errors and inaccuracy and
therefore should be repeated several times.

Gas or liquid chromatography: a measurement which is performed by thermal con-
ductivity or by flame ionization. Each compound has its thermal or ionic properties
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defined, which are detected and measured in the chromatograph after separa-
tion in appropriate columns. The selection of the separation chromatographic
column depends on the components present. The conductivity and ionization are
proportional to their concentrations and hence they can be related to each other.

Spectroscopy: detection of components through the measurement of their wavelengths
in characteristic bands. The most frequently used instruments are infrared, ultravio-
let, diffuse reflectance, etc. These properties are proportional to the concentrations
of the components and may be related to their respective conversion factors.

Electrical conductivity: solutions containing Ht and OH~ ions have electrical con-
ductivity. In this solution, the substitution of an ion by another with different
conductivities allows for determination of the reactant ion concentration.

Spectrophotometry: According to Beer’s law, the absorbance, which is proportional
to the concentration, is determined through spectrophotometry.

Dilatometry: in this technique, the mass variation is measured in a microbalance or
through the dilatation of a quartz spring and the weight change is monitored as a
function of the reaction time.

Total pressure: very simple method, in which the variation of the total pressure in a
gas system kept at constant volume is measured. The pressure is monitored through
a manometer.

1.2 CALCULATION OF MEASUREMENT VARIABLES

In general, it is recommended to determine a new variable which relates the concentra-
tions of the reactants and products. Thus, it is possible to calculate the concentration
of all components. We therefore define the extent of the reaction and the conversion
of a particular component. If the reaction in a closed or open system is reversible, then
the initial number of moles and the moles after a given time or position will be:

aA + bB & R +sS (1.1)
Initial moles: n49 npy 7nro 750
Final moles: ny4 np  ng 1ng
where 7 is the number of moles; the indexes 0 and i represent the initial and instanta-

neous (or local) conditions, respectively, with A and B corresponding to the reactants
and R and S corresponding to the products.

1.2.1 Extent of the reaction

«a is defined as the extent of the reaction, indicating how much of reactant has been
transformed or how much of product has been formed. Therefore, it can be generally
represented by:

__hao—nA _ npo —NB MR —MRO _ N§ — NS0 (1.2)
a b r s '

where a, b, r, and s are the respective stoichiometric coefficients of the reaction.
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Note that in this case the extent of the reaction is an extensive variable and is
measured in moles. If « is known, the instantaneous or local number of moles of each
component can be determined:

np = npg — ax

np = npy — ba

NnR = nRo +ra
ng = ngy + sa (1.3)
Example

The reaction: 4PH; — P4 + 6H,
From 1 mole of phosphine, after a certain time, we can find:

NpH; = 1 -«
np, = (1/4)a
nyH, = (6/4)a

When the reaction is performed in a constant volume system, the extent of the
reaction is directly determined as a function of the concentration, since:

C=— % (moles /1>

Therefore,

CA = CA() —auo

CB = CB() — ba
Cr = Cgo +ra
Cs = Cso + sa (1.4)

1.2.2 Conversion

The conversion is the most used variable. It is defined by the number of moles trans-
formed or formed at a given time or local in relation to the initial number of moles.
The conversion should always be defined for the limiting reactant of the reaction. The
conversion has no unit, ranging from 0 to 1 for irreversible reactions or from 0 to
X4, for reversible reactions. So, for irreversible reactions in which A is the limiting
component, we have:

_ Mp0 —Ma

Xy = A0 T4 (1.5)
nA0



8 Chemical reaction engineering

For reversible reactions, we have:

XAe:M (1.6)
nA0

where 74, is the number of moles in the equilibrium, and thus X4, < 1.0.
In a constant volume system, the conversion can be expressed as a function of
concentration and thus,

_ Cao—Cy

X
4 Cao

(1.7)

If the conversion and reaction stoichiometry are known, the number of moles or
the concentration of each component can be determined. Thus, in analogy to the extent
of the reaction, we have for a reaction of the type like:

aA + bB & R +sS

nag = na0(1 — Xa) > V==Const > Cy =Cyao(1 — Xa)

ng = npo — (b/a)Xa Cp=Cpo — (b/a)X,
nr = nro + (r/a)Xa Cr=Cgro + (r/a)Xa
nsg = ngo + (s/a)Xa Cs=Cyo + (s/a)Xa (1.8)

Note that for a variable volume system, the total change in the number of moles
should be considered. Thus, for example, in a reaction of the type like A +3B — 2R,
the total number of moles of reactants and products are 4 and 2, respectively. Therefore,
there is a volume contraction. In this case, to express the concentrations in terms of
the conversion, it is necessary to take into account the volume change. Using the ideal
gas law, the total number of moles can be determined:

PV

"TRT

(1.9)

From the sum of the number of moles of each component, according to Equation
1.3, we can determine the total number of moles as a function of the extent of the
reaction («):

n=nyg+(r+s—a—>bu (1.10)
Considering that (r+s—a — b) = Av, it is possible to know whether there is vol-
ume contraction or expansion. Note that 7, s, 4, and b are the stoichiometric coefficients
of the products and reactants, respectively, and #y =#4¢ + npg + 1ro + 150 is the total

number of initial moles. Thus,

n=ny+ Av-« (1.11)
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Substituting Equation 1.9 into Equation 1.11, we have:

PV PyVy

ﬁZW—f-Av-a (1.12)

As a function of the conversion, replacing & by Equation 1.2 and rearranging, we
obtain:
nA) —nA Ny TA0
Av-a = ApA0— 74 70 740
a ny  MAQ

Av
Av-a=—-Xa-Yao 1o
a

where X, is the conversion (Equation 1.5) and y4¢ is the initial molar fraction of A.
The term

Av
p YA0

is defined as the factor of contraction or expansion, known as ¢4. It indicates the
volume change in the reaction system.
Substituting Ave in Equation 1.12 and considering that

PyVy
ny=——

RT’
We obtain, for a system at constant pressure and temperature, the variation of the
system volume as a function of the conversion, i.e.,

V =Vy(1 + e4X4) at P and T =constant (1.13)

Therefore, the factor ¢4 will be defined as the ratio between the total change of
the reaction volume and the initial volume. Thus,

Vx,=1 — Vx, =0
EA=— 7

1.14
- (1.14)

If in gas-phase reactions e4is positive, there will be expansion, otherwise there
will be contraction. When ¢4 is zero, no volume change will occur. In liquid-phase
reactions, g4 = 0.

The volume change in nonisothermal conditions must be corrected for tem-
perature. For non-ideal conditions, the compressibility factor z is corrected. Thus,
Equation 1.13 becomes:

4

T
V=Vo(1 +eaXnp) — (1.15)
To

<0

Note that the volume varies with the conversion of the limiting reactant A but
may also vary with any other component. Only under equimolar conditions, we have
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that ¢4 = 5. However, for any other condition, they are different. For the same total
volume, it is known that:

V =Vo(1 4 eaXa) = V(1 + e5Xp)

Thus,
SAXA ZSBXB (116)
Example EI.I
N, + 3H, & 2NHj3;
Case 1 N, 3H, 2NHj (+ Inert) Total ¢
Initial cond. 1 3 0 4
Finalcond. 0 O 2 2 ea=-0.5
Case 2
Initial cond. 1 4 0 N
Finalcond. 0 1 2 3 ea=-2/5
Case 3
Initial cond. 2 3 0 5
Final cond. 1 0 2 3 eg=—2/5
Case 4
Initial cond. 1 4 0+ 1 Inert 6
Finalcond. 0 1 2+ 1 Inert 4 ea=-—1/3

Note that in case 3, the limiting component is B and in case 4, an inert is present.

1.3 CONTINUOUS SYSTEMS

Most of the reactions are carried out in continuous systems, for which other variable
is used. In particular, we used the molar flow F (moles/time) in an open system:

CAO

Ceo Reactor Products

Vo

The local molar flow in relation to component A is defined as F4 = C4v (moles/h),
where v is the volumetric flow rate (L/h). The molar inflow rate will be F 4y = Caovg. For
any other component, reactant, or product, we analogously obtain Fg, Fr. However,
note that the local volumetric flow for a variable volume system is not constant and
varies with the factor of contraction or expansion. In this case, for a system at constant
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pressure and temperature, we have an expression analogous to Equation 1.14 for the
volumetric flow, i.e.,

v=vp(1l + £4X4) (1.17)
Therefore, considering that the local concentration varies with ¢4, since, we have:

na nao(l — Xa)
Fy=— v=—"——— - 1v9(1 +4Xa)=Fyo(1 — X
A= 7ol T eaXa) of AXa) = Faol A)

Where FA() = CA()U().
Therefore, for a system at variable (e4) or constant volume (g4 = 0), we have the
general definition:

Fa=Fao(l — Xa). (1.18)
The conversion can therefore be defined as a function of the molar flow, i.e.,

_Fao—Fa

X
4 Fao

(1.19)

This is similar to the definition given by Equation 1.5.
Therefore, for the extent of the reaction, we have an analogous relation to
Equation 1.2:

a_FAO_FA:FBO_FBZFR_FRO

- ; - (1.20)

The molar flows of the other components can be determined as a function of the
conversion. We then obtain the following relations, which are valid for the reactions
at variable or constant volume:

Fy = Fao(1 — X4)

Fp = Fpo — (b/a)Fa0Xa
Fr = Fro + (r/a)FaoXa (1.21)

1.4 PARTIAL PRESSURES

From the gas law, it is known that the partial pressure is a function of the total pressure,
pa=yaP.

Therefore, if the molar fractions of an open or closed system are known, the
partial pressures of each component can be determined. Considering again the chemical
reaction:

aA +bB— R
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The balance of the number of moles will be:

Initial moles: 1nA0 1BO RO no (initial total)
Moles at any ¢: np ng NR n=ny+ Ava
Reacted moles: nao — ao npy — (b/a)a ngo + (r/a)a

We have the molar fractions:

nao —ao  npy — (b/a)a ngo + (r/a)a
no+Av-a ng+Av-a ny+ Av-a

(1.22)

Vi
We can also determine the molar fractions as a function of the conversion by using

Equation 1.2, and the molar flow, knowing that:

o _nmo—na_ Xa (1.23)
A0 a-nao a ’

or

a Fao—Fa  Xa

— = (1.24)
FAO a - FAO a

Consequently, the partial pressures of each component can be calculated.

1.5 METHOD OF TOTAL PRESSURE

In a gas-phase system at constant volume, the reaction is monitored through the for-
mation of products and change of total pressure. The pressure is a direct measure in a
closed system. If the partial molar fractions are known, the partial pressure can also be
determined as a function of the total pressure. For a gas-phase reaction of the type like:

aA + bB—rR

The partial pressure of A will be:
pa=yaP

From the ideal gas law,

npo — ao

=-—RT=———RT
Pa=y v
Using Equation 1.1 and substituting o = 7 = 1y + Ava and knowing that p 49 =n—éORT,
the partial pressure of A can be calculated:
a (n—mn)
=pao— — RT
pa=bao = v
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Since the total initial pressure and pressure at time ¢ are Py and P, respectively, we
have:

a

(P = Po) (1.25)

pa=pao —
Regarding the product, only the sign is changed from (=) to (+), i.e.,

PR=PR0+AL(P—P0) (1.26)
V

1.6 GENERAL PROPERTIES
As seen, the reactants have specific properties, such as conductivity, wavelength,
binding energy, resistivity, polarized light, and others. These properties are directly
measured by chromatography, spectroscopy, and other methods and must be related
with the usual measure, concentrations, or conversion.

Consider again a generic reaction of the type:

aA + bB—rR
and, considering Gj as a characteristic property of each component. Thus,

G =Gyna + Gpng + Grnug (1.27)

But considering the number of moles as a function of the extent of the reaction
(Equation 1.3), we have:

G = Gal(nao — aa) + Gg(npy — (b/a)a) + Gr(nro + (r/a)a)

We have:

G=Goy+ AGa (1.28)
Considering that:

Go = Gaonao + Gpongo + Gro7ro
and

AG =Gg(r/a) — [Gaa + Gg(b/a)]

In a reversible reaction in equilibrium, we have that @ =, and, thus, G = G,. So,
by replacing this term into Equation 1.28, we obtain AG:

_ G~ Gy

Qe

AG



14 Chemical reaction engineering

By replacing AG in Equation 1.28, we determine « as a function of the property
G, as follows:

o G — Go

—_—=— 1.29

o, Ge - Go ( )
or as a function of the conversion:

Xa G -Gy

24 _ 770 1.30

XAe Ge - GO ( )

If the reaction is irreversible and the property is related to the reactant, it is known
that X4, =1 and G, = G, =0. Therefore, for irreversible reactions, we simplify to
get:

Go—-G
Xa= 1.31
A o (1.31)
or G, =Gy and Gy =0 when it is related to the product:
G
X4= e (1.32)

1.7 SOLVED PROBLEMS

E1.1 A reaction of the type A— nR is carried out in gas phase. The reactant A is
introduced with an inert I in a batch reactor at constant volume. The initial pressures
of the reactant and inert are 7.5 and 1.5 mmHg, respectively.

The reaction is irreversible and the total pressure reaches 31.5 mm Hg after a long
time.

(a) Determine the stoichiometry 7 and calculate the conversion after 20 min of
reaction, knowing that the pressure was 19 mmHg.

(b)  What would be the final volume considering that we have plug-flow reactor at
constant pressure (equal to the initial pressure) and the reactor reached the same
conversion of the previous system? It is known that the initial volume is 0.5 L.

Solution

(a) For a system at constant volume, the partial pressure of the reactant can be
calculated as a function of the total pressure P by means of Equation 1.25:

a

(P —Po) (1.33)

pa=pao —

The initial pressure is P =pao + pr =9 mmHg.
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When the time is long enough, all the reactant is converted. The initial pres-
sure of the reactant A is zero when the final pressure of the system is equal to

31.5 mmHg. Therefore,
1
0=75-—(31.5-9)
Av

thus,
Av=3and n=4

Therefore,
A—4R

Considering that both the volume and temperature are constant
pa=CaRT,

thus, from Equation 1.7, we obtain:

_ Cao — Cy _Dao—ba
Cao Pao

Xa

Substituting p4 from Equation 1.33,

_1P-Py

X4 =
73 pao

Substituting the values of Py and P after 20 min, we obtain:

Xa=0.44

(1.34)

(1.35)

(1.36)

(1.37)

(1.38)

Considering P =9 mmHg and the conversion X4 = 0.44, the volume change can

be calculated according to Equation 1.13,
V=Vo(l+eaXa)

therefore,
AV =V — Vo= VpeaXy

The molar fractions can be calculated:

Pa =yAP = YA =0.83
= yr=0.16

Thus, the value of 4 can be calculated since,

A— 4R Inert

(1.39)

(1.40)
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A R I Total
Initial 0.83 0 0.16 1.0
Final 0 3.3 0.16 3.5

ea=2.5

Thus, according to Equation 1.38, the volume change is:
AV =V, Xa=0.55

Therefore, the final volume will be:

V=1.05L

E1.2 A gas-phase reaction of the type like 2A +4B — 2R is conducted in a continuous
system at a constant pressure of 10 atm and temperature of 727°C. The reactants
are introduced with equal initial concentrations and volumetric flow of 2.5 L/min.
Calculate the molar flow of each component when the conversion reaches 25%.

P=10atm, T =727°C
Vv, =2.5 L/min X=0.25

Solution

Calculation of the initial concentration: for R=0.082, P=10atm and T=1.000K

Ca = pao/RT =ya0P/RT =0.0609 moles/L
Cg = pBo/RT =ypoP/RT =0.0609 moles/L
And considering that, y40 =ypo =0.5,
since the initial concentrations of the reactants are equal.

The reactant B is the limiting reactant and, therefore, we need to calculate X3.
The initial molar flows are:

FAO = CA()U() = FB() = CB()U() =0.0609 x 2.5 =0.152 moles/min

The molar flows of the other components are calculated according to the following
equations:

FB = FBo(l — XB) =0.114 moles/min.
Fa = Fag — Fpo(b/a)Xp = Fpo(1 — Xp/2) =0.133 moles/min.
Fr = Fro + Fpo(r/a)Xp =Fpo(0 + Xp/2) =0.019 moles/min.




Definitions and stoichiometry 17

E1.3 A reversible reaction A + B < R + S was performed in a liquid-phase batch reac-
tor. Several samples were taken as the reaction was run and titrated with a normal
solution of 0.675N in an ampoule containing 52.5 mIL of sample. The data in the
table indicate the titrated volume in different reaction times.

t (min) O 10 20 30 50 00
V (mlL) 52.5 32.1 235 189 144 10.5

Determine the conversion as a function of the reaction time.
Solution
Calculation of the number of moles:

V.N \%

Calculation of the conversions by means of Equation 1.7:

X, = A0 T A (1.42)
naA0

Calculating according to the following table, we have:

t (min) 0 10 20 30 50 00

V (mlL) 52.5 32.1 23.5 18.9 14.4 10.5

na (moles/L) 0.0354 0.02166 0.01586 0.0127 0.00972 0.00708
Xa 0 0.388 0.551 0.639  0.725 0.799

Note that the equilibrium conversion X4y, is equal to 0.799.

1.8 ACCURACY AND PRECISION

An important point everyone involved with measurements must consider is that mea-
surements are subject to errors and disturbances. This is particularly important in the
field of reaction kinetics, given the empirical nature of activities performed in this field.
For the sake of clarity, ‘empirical’ is used here to emphasize that the kinetic behavior
of chemical systems cannot be unveiled without the support of experiments and mea-
surements. As a matter of fact, kinetic behavior of real chemical systems is normally
observed first through experimentation, followed by the proposal of reaction mech-
anisms and afterwards by the development of kinetic rate expressions, such as those
the reader will see in the following chapters. Although it may be true that the current
development of theoretical chemistry and simulation tools allow the analysis of cer-
tain relatively simple chemical systems a priori, in fact the field of chemical kinetics
cannot dispense with the use of experiments for understanding real chemical reaction
systems yet.

Many various factors can disturb the measurements used to characterize the
behavior of an experimental system. For instance, all measuring devices possess finite
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capacity for describing the measured variable. For example, the ordinary ruler most
students use can measure the length of objects in millimeters but is unable to determine
any fraction of length smaller than one millimeter. Indeed, regardless of the measure-
ment being analyzed, the real property of the measured entity can never be known,
with its infinite number of decimal places. Besides, it is often necessary to infer the
value of a certain variable based on another variable’s available measurements. For
example, temperature measurements made with a mercury thermometer rely on the
variation of the mercury volume, as measured in a graduated cylinder. Since the volume
of mercury changes with temperature, its measured volume can be related to system
temperature. So a function that relates volume to temperature must be built, named
as the calibration model. However, this leads to the problem of determining the best
calibration model and guaranteeing that it be valid in all conditions of interest. These
facts introduce additional uncertainties to the measurement process and measured val-
ues, since calibration models are not perfect and can perform differently depending
on experimental conditions. Additionally, measuring systems combine equipment and
experimental procedure and are, therefore, subject to failure. For example, a plastic
ruler can deform when it is poorly packed in students’ backpacks, introducing addi-
tional inaccuracies in the measurement process. Similarly, the existence of a bad electric
contact in an electrical circuit can generate noise and deviations in the measurements
provided by a piece of equipment. The significant problem is that such deviations and
deformations are not always noticed by the experimenter. Finally, the analyst usually
does not know all the variables that describe a given problem, so fluctuations can be
expected due to the unknown variations of all the uncontrolled variables that affect
a certain measurement. For example, due to thermal expansion, the millimeter of the
above mentioned ordinary ruler changes with temperature.

As a consequence of the previously discussed facts (and many more!), some degree
of uncertainty always exists in all real measurements, so it is not possible to guarantee
with absolute certainty what the value of a real variable is. In addition, measurements
performed with different devices and by different analysts can lead to different values
for the same measured variable. Obviously, some systems are more liable to process
disturbances than others. For instance, it is easier and simpler to measure the length
of a sheet of paper than to measure the velocity of a seagull that flies in the sky.
Hence, it is necessary to introduce some concepts related to the quality of the available
measurements.

First of all, let us introduce the concept of accuracy, which is usually related to
the ideas of correctness and exactness. The accuracy of a measurement is related to its
distance from the true (usually unknown) value. The more accurate a measurement,
the closer it will be to the unknown value. It is difficult to characterize the accuracy
of a measurement because to do so requires knowledge of its true value, which is
unknown in a real experiment — otherwise, measuring would not be necessary! For
this reason, accuracy is usually associated with the instrument or procedure used to
make the measurements. In this case, a standard (or entity with known properties) can
be used to evaluate the accuracy of the measuring system. Standards can be obtained
from respectable organizations and providers (for example, mass standards) or can
be prepared by the analyst (for example, by mixing known quantities of pure com-
ponents). In order to guarantee the accuracy of obtained measurements, companies
and laboratories are obliged to comply with standardized procedures that establish the
periodic evaluation of standard properties (often a blank or reference experiment) with
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available measuring systems; whenever unacceptable deviations from reference values
are detected, the available measuring system must be replaced or sent to maintenance.

Now, let us introduce the concept of precision, which is usually related to the
ideas of reproducibility and variability. The precision of a measurement is related to
its distance from other measurements performed for the same entity and using the
same experimental procedures. The more precise a measurement, the closer it will be
to previously measured values. Therefore, while accuracy is a concept that can be used
to characterize a single value, precision is a concept that necessarily involves a set of
multiple measurements. As with accuracy, to guarantee good precision of obtained
measurements, companies and laboratories are obliged to comply with standardized
procedures that establish the periodic evaluation of standard properties (often a blank
or reference experiment) with available measuring systems; whenever unacceptable
deviations among the obtained values are detected, the available measuring system
must be replaced or sent to maintenance.

Figure 1.2 explains graphically the meanings of accuracy and precision, where one
can see that the two concepts are independent from each other, although in the ideal
experimental scenario measurements must be simultaneously accurate and precise.
Despite that, one should see that precision imposes a limit on accuracy, as the accuracy
of available measurements cannot be better than the precision of these very same
measurements (this is apparent when one of the experimental values is replaced by the
standard value). For this reason, the two are often confused, which can be dangerous,
as precise measurements can be quite inaccurate.

As discussed in the following sections, both the accuracy and the precision of
experimental measurements used to carry out quantitative evaluations of system per-
formances affect the quality of the proposed analyses. For this reason, accuracy and
precision of experimental data must be carefully characterized by the analyst, as
described throughout this book.

0 50 100 150 200

Figure 1.2 Graphical illustration of accuracy and precision. Line is the unknown true value, and dots
are the experimental measurements. (A) Accurate and precise (best case); (B) inaccurate
and precise; (C) inaccurate and imprecise (worst case); (D) accurate and imprecise..
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1.9 MEASUREMENT ERRORS AND PRECISION

As variable measurements are contaminated by disturbances, as described in Section
1.8, it becomes necessary to evaluate simultaneously the variables that affect a prob-
lem and the precision and accuracy of the measured values. In order to convey the
importance of this point, Figure 1.3 illustrates graphically the effect of measurement
variability on the information content of experimental data. As one can observe in
Figure 1.3, as the variability increases it becomes more difficult to observe the under-
lying linear relationship between variables X and Y; therefore, the occurrence of
measurement disturbances leads to deterioration of the information content of avail-
able data, which is why measurement variability must be properly characterized by
the investigator.

In order to characterize the precision of actual experimental measurements, the
best strategy consists in replicating the experiment as many times as possible (Schwaab
and Pinto, 2007). Assuming that a sufficiently large number of experimental measure-
ments are available through replication (x1, x2, ..., xn) the most popular quantitative
characterization of precision is the sample variance s%, defined as:

= 7 (1.9.1)
where X is the sample average, defined as:

X===— 1.9.2
= (1.92)

and N is the number of replicates.

Some questions related to the calculation of s3 must be considered at this time. First
of all, the term ‘replication’ here refers to repetition of the whole experimental proce-
dure being analyzed. For instance, if an experiment involves many steps (such as the
manufacture of a catalyst; the preparation of a reactor bed; the conduction of the exper-
iment through manipulation of pressures, temperatures and flowrates; the withdrawal
of samples; and the characterization of samples with the appropriate experimental
technique), then replication requires the repetition of the entire experimental proce-
dure. The reader must observe that the withdrawal of N samples and analysis of the N
resulting measurements cannot evaluate the precision of the whole experimental pro-
cedure, but only of the combined sampling and characterization techniques. If process
variability is concentrated in one step, such as the catalyst manufacture process step
(which it frequently is!), replication imposes the preparation of distinct catalyst loads
and the use of different catalyst samples for conducting of the experiments; otherwise,
the analyst will underestimate the level of uncertainty of the available experimental
values and overestimate the information content of the data

The second point regards the random nature of both s% and X As experimental
measurements are uncertain to some extent due to the measurement disturbances,
both s% and X are also contaminated by these disturbances, as they are calculated
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Figure 1.3 Effect of increasing variability on information content of experimental data. Measurements
were generated through addition of random signals to both X and Y values with maximum
amplitudes of: (A) & 0.025; (B) & 0.25; (C) + 1.00..
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with uncertain measurements. In other words, if N new experiments are performed,
both s% and X change. Example E1.4 illustrates this particular point.

Example

E1.4 The function random of the Excel spreadsheet provides random numbers uni-
formly distributed in the interval [0,1]. This function is used here to simulate the
disturbances that affect a measurement. In order to do that, numbers were generated
in the form:

x;=0.54+0.2 % (random — 0.5) (1.9.3)

so that measured values fall in the interval [0.4, 0.6]. Ten sequences of N =10 values
were then generated and used for calculation of s% and X, as shown in Table E1.4.
One can see in Table E1.4 that both s% and X were different in the distinct sequences,
illustrating the random nature of these variables.

Table EI.4 Simulation of measurements with the Excel spreadsheet.

N Setl Set 3 Set 3 Set 4 Set 5 Set 6 Set 7 Set 8 Set 9 Set 10

0.487075 0.560035 0.560069 0.501688 0.542396 0.560716 0.414854 0.450284 0.476407 0.422055
0.584286 0.413638 0.557084 0.42373  0.580721 0.430117 0.402575 0.527913 0.500483 0.40053

0.505908 0.46383  0.470057 0.554682 0.592128 0.487544 0.525618 0.555914 0.582956 0.42903

0.54224  0.578394 0.519186 044165 0511674 0.419018 0.532482 0.493348 0.563406 0.524839
0595285 0.560245 0.524326 0.411778 0.420495 0.595182 0.468839 0.466339 0.437386 0.479597
0.419107 0.458907 0.573627 0.563084 0.46288  0.524981 0.528729 0.561878 0.434244 0.425517
0513149 0555218 0.465596 0.400113 0.466827 0.569699 0.549183 0.425047 0.596886 0.412573
0.441502 0.424353 0.545163 0.589763 0.542669 0.422123 0.595255 0.453755 0.592232 0.462876
050472 0514275 0518946 0.553456 0.592263 0.512453 0.564784 0.496776 0.535349 0.426062
0.497913 0.574934 0542915 0.488239 0.418174 0.454582 0.559163 0.513593 0.571652 0.494425
0509118 0510383 0527697 0.492818 0.513023 0.497642 0.514148 0.494485 0.5291 0.44775

0.003056 0.00415 0.001322 0.004944 0.004563 0.004228 0.00416  0.002115 0.003946 0.001645

- 0 O NONUVTAWN —

Soxl s

The third point regards the levels of uncertainty of the calculated s% and X values,
as these variables are subject to unknown disturbances. In order to solve this problem
rigorously, it is necessary to know exactly how disturbances affect the measured values,
which is usually impossible, as this would require the execution of infinitely many (or
a sufficiently high number of) experiments or the derivation of a theoretical expression
that links measurements and possible disturbances, which is rare. For this reason, the
commonest approach makes use of the gaussian assumption, which allows the devel-
opment of analytical solutions for the proposed problem (Schwaab and Pinto, 2007).
According to the gaussian approach, it is assumed that the probability of observing a
value of x in the interval [x1x;] P(x1 <x <x>), follows the function:

X2

P (x4 Sx5x2)=/@(x)dx (1.9.4)

X1
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1 /x— e\
g (x) = ———exp ——(u) , —00<X<00 (1.9.5)

where u, is the unknown mean value (or unknown true value) of the variable x,
around which the measured values fluctuate, and o2 is the unknown variance of the
fluctuations. If s% and X were determined with perfect accuracy, they would be equal
to 0% and . The difference &, given by:

E=X — [y (1.9.6)

is a measure of the experimental disturbance. In this case, the uncertainties can be
described in the form (Schwaab and Pinto, 2007):

. i A
AX:ij% (1.9.7)
N - 1)s2 N —1)s2
S min = (2—)5"; St max = (2—)5" (1.9.8)
Xmax Xmin
Ax = =cs, (1.9.9)

where AX is the uncertainty of the calculated sample average; Ax is the uncertainty of
individual measurements; s; . and s? .. are the limits of the confidence interval of s3;
and t, x2..» X2, and ¢ are reference numbers that depend on the number of samples N
and on the confidence level. In short, the confidence level describes the fraction of times
that the disturbances will fall inside the confidence interval. When one says that the
confidence level is equal to 95%, one simultaneously says that accepts to be mistaken
one time out of 20. As the gaussian reference is defined in the infinite real interval, the
only possibility to be correct 100% of the times is to admit that disturbances can be
infinitely large, which is useless for practical use.

t values in Equation (1.9.7) can be obtained with help of the Student’s
t-distribution. Table 1.9.1 presents ¢ values for different sample sizes and degrees
of confidence. Values of sznin and anin in Equation (1.9.8) can be obtained with help
of the x? distribution. Tables 1.9.2 and 1.9.3 present values of x2. and x2. for dif-
ferent sample sizes and degrees of confidence. ¢ values in Equation (1.9.9) can also
be obtained with help of the Student’s # distribution of Table 1.9.1, by assuming that
¢ values are approximately equal to ¢ values in most practical situations. Example 2
presents an illustrative explanation about the use of Equations (1.9.7-9) and Tables
1.9.1-3 for characterization of confidence intervals.

Table 1.9.1 ¢ values for distinct sample sizes and confidence levels.

N 2 3 4 5 6 7 8 9 10 11

90% 6.313752 2919986 2353363 2.131847 2.015048 1.94318 1.894579 1.859548 1.833113 1.81246l
95% 12.7062  4.302653 3.182446 2.776445 2570582 2446912 2364624 2306004 2.262157 2228139
98% 31.82052 6.964557 4.540703 3.746947 3.36493  3.142668 2.997952 2.896459 2.821438 2.763769
99% 63.65674 9.924843 5.840909 4.604095 4.032143 3.707428 3.499483 3.355387 3.249836 3.169273
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Table 1.9.2 x2,. values for distinct sample sizes and confidence levels.

N 2 3 4 5 6 7 8 9 10 11

90% 0.00393214 0.102587 0.351846 0.710723 1.145476 1.635383 2.16735 2732637 3.325113 3.940299
95% 0.000982069 0.050636 0.215795 0.484419 0.831212 1.237344 1.689869 2.179731 2.700389 3.246973
98% 0.000157088 0.020101 0.114832 0.297109 0.554298 0.87209 1.239042 1.646497 2.087901 2.558212
99% 3.92704E-05 0.010025 0.071722 0.206989 0.411742 0.675727 0.989256 1.344413 1.734933 2.155856
Table 1.9.3 x2,. values for distinct sample sizes and confidence levels.

N 2 3 4 5 6 7 8 9 10 11

90% 3.841458821 5.991465 7.814728 9.487729 11.0705 12.59159 14.06714 15.50731 16.91898 18.30704
95% 5.023886187 7.377759 9.348404 11.14329 12.8325 14.44938 16.01276 17.53455 19.02277 20.48318
98% 6.634896601 9.21034 11.34487 13.2767 15.08627 16.81189 18.47531 20.09024 21.66599 23.20925
99% 7.879438577 10.59663 12.83816 14.86026 16.7496 18.54758 20.27774 21.95495 23.58935 25.18818
Example

E1.9.2 It is assumed that triplicate experiments were carried out to characterize the
activity of a certain catalyst, leading to the following conversion values of the main
reactant: x; = 0.90, x, =0.95 and x3 =0.98. In this case:

0.90+0.9540.98

X = 3 =0.94333
oo (0.90 — 0.94333)% + (0.95 — 0.94333)% + (0.98 — 0.94333)2

— 0.001633
S = /52 =0.040415

3-1

(1.9.10)

(1.9.11)

(1.9.12)

Assuming a confidence level of 95% (and accepting one wrong conclusion out of 20),

then:
AT — i4.302653j§0.040415 0100395
SNCETID LI
SRS T Y-

Ax = £(4.302653 % 0.040415)=0.17389

(1.9.13)

(1.9.14)

(1.9.15)
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Therefore, the calculated values are:

0.73<x1 =0.90<1.07
0.78 <x; = 0.95 <1.12
0.81<x3=098<1.15
0.84 <X =0.94 <1.04
433 x 107 <s? = 1.63x107° <64.51 x 1073

As one can see, the confidence intervals can be too large (and precision too low) when
only few samples are available. Besides, one can also see that the gaussian approach fre-
quently leads to calculation of unfeasible confidence intervals (for instance, conversions
cannot be larger than 1).

The gaussian distribution frequently leads to calculation of highly imprecise confi-
dence intervals, particularly when the number of samples is small, as shown in Example
1.9.2. This happens for many reasons, including: (i) the actual disturbances do not
necessarily follow the gaussian distribution of Equations (1.9.4-5); (ii) the gaussian
distribution is symmetrical and actual phenomena can present skewed behavior, with
unequal numbers of positive and negative deviations; and (iii) the gaussian distribution
is defined in the infinite real interval, while real measurements are normally constrained
within well-defined limits (for instance, conversions must fall within the [0,1] interval).
Consequently, one might wonder why one should use the gaussian approach for cal-
culation of confidence intervals and experimental precision; possible answers are: (i)
the behavior of actual disturbances is usually unknown; (ii) the gaussian distribution
allows the analytical computation of confidence intervals; (iii) the gaussian distribu-
tion is simple and depends on only two parameters, o2 and i,; (iv) the very important
central limit theorem states the sum of infinitely many disturbances leads to a signal
that follows the gaussian distribution (in other words, if a measurement is subject to
an infinite number of individual disturbances, the effective resulting disturbance will
follow the gaussian distribution).

Based on the previous paragraphs and on Example 1.9.2, it is possible to conclude
that the gaussian distribution should not be regarded as the formal theoretical descrip-
tion of the experimental variability problem, but as an approximation of experimental
fluctuations that can be useful for characterization of the experimental precision, par-
ticularly when the number of samples is large. For this reason, there are reasons for
more involving and precise characterization of experimental errors in reaction kinetic
problems, as described by Pacheco ef al. (2018). The interested reader is encouraged
to download and read the proposed manuscript.

Finally, it is important to emphasize that it is very difficult to evaluate the accuracy
of a measurement, as the true value is normally unknown (with exception of stan-
dards used for evaluation of instruments and measuring procedures). For this reason,
Equations (1.9.7) and (1.9.9) can be regarded as inferior limits for the accuracy of
sample averages and individual measurements, respectively. Therefore, if the differ-
ence observed between the reference standardized value and the sample average falls
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within the confidence interval defined by Equation (1.9.7), the sample average can be
regarded as accurate. Similarly, if the difference observed between the reference stan-
dardized value and the individual measurements fall within the confidence interval
defined by Equation (1.9.9), the individual measurements can be regarded as accurate.
On the other hand, if Equations (1.9.7) and (1.9.9) are not satisfied by the differences
observed between the reference value and the analyzed experimental measurement, the
measurement is assumed to be biased and corrective actions should be considered by
the analyst to enhance the performance of the measuring system.



Chapter 2

Chemical equilibrium

For choosing the conditions of a chemical process, we should know the thermody-
namic properties and particularly the conditions of the chemical equilibrium. Before
determining the reaction kinetics, it is necessary to verify if the reaction is thermody-
namically possible. The pressure and temperature conditions are important to calculate
the conversion of a reversible or irreversible reaction. For reversible reactions, we need
to determine the chemical equilibrium constant, which is temperature dependent. With
this constant, it is possible to predict what is the maximum equilibrium conversion
of a reversible reaction. Therefore, the reversibility of the reaction imposes serious
limitations.

By means of thermodynamics, it is possible to predict whether a chemical reaction
occurs and determine its composition. The thermodynamic equilibrium conversion
represents the maximum conversion that can be achieved, regardless of the catalyst
and reaction rates. However, the rates and conversions depend only on temperature,
pressure, and inflow composition.

When a reaction occurs at constant temperature and pressure, it proceeds spon-
taneously varying in the direction of the increase in entropy. Once the equilibrium is
reached, this entropy does not increase further. Consequently, from the first law of
thermodynamics, the total change of the free energy of the system is always negative
for any spontaneous reaction and zero at the equilibrium.

In a reaction of the following type:

aA +bB & rR +sS

The variation of free energy with temperature and pressure for an open system
will be:

dG=-SdT+ VdP+ ) u;dn (2.1)

where p; is the chemical potential j and #; is the number of moles of the component.
At constant temperature and pressure, we have:

dG=0
Therefore:

> widn=0 (2.2)



28 Chemical reaction engineering

The chemical potential for ideal gases expressed as a function of the partial pressure

is defined by:
i =u) + RT Inp;

We then have:
RTZa,» Inp;=— Zaiu?

By definition, the total Gibbs free energy is:
G’= Z miu) =l (no + ajer)

with the extent of the reaction () defined by Equation 1.2:

_ n,'() — n,-

aj
Differentiating with respect to o, we obtain:

aG°
e =2 i =AG

Therefore, by substituting Equation 2.4 into Equation 2.3, we have:

GO
—AR—T= Y alnpi— Y alnp

products reactants

For a reaction of the type, we have:

_P§P§ = exp(— AGO) =K

paoh RT
Thus:
AG°=—RTInK

Considering that:

P%PE _K
DAl

(2.3)

(2.8)

If the entropy of the system is known, we can determine the equilibrium constant
by calculating the Gibbs free energy DG from the enthalpy of reaction, according to

the following relation:

AGY=AH? — T AS°

(2.9)
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By substituting Equation 2.9 into Equation 2.7, we obtain:

AS? AH?
K:exp(%) exp(—ﬁ) (2.10)

This is the Van’t Hoff equation, in which the term exp(AS%/R) is independent of
temperature, but depends on the entropy of the system. Generically, the equilibrium
constant depends on the temperature, according to equation:

AHO
K:Koexp(— RT) (2.11)

The enthalpy change AH? is known in standard conditions. The variation of
the equilibrium constant with temperature can also be determined by differentiating
Equation 2.11:

dlnK _ AH°
dT ~ RT

(2.12)

For reversible reactions, an increase or decrease in temperature tends to directly
influence the equilibrium constant, but depends on whether the reaction is exothermic
or endothermic. When the reaction is exothermic (AH® < 0), an increase in tempera-
ture favours the reverse reaction, since K << 1. For endothermic reactions, the opposite
is valid.

The enthalpy of the reaction varies with temperature and depends on the spe-
cific heat of each component. For ideal gases, the specific heat varies according to a
polynomial function, namely:

Cpi=0aj + BiT + )/,'Tz (2.13)

where «;, B, and y;, are constants of each gas component under ideal conditions.
The enthalpy of each component varying with the temperature will be:

T
To

T
H, =f (@ + BT + T2 -dT (2.14)

To

and the change in the reaction enthalpy will be given by:

AH? = Total enthalpy of the reaction: (Z Hproducts — Z Hreactams)
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ie.:

T
AHT = AH(T) + / (AO(,‘ + A,B/'T + A]//‘TZ) -dT (215)

To

where Aa;, AB;, and Ay; are constants (products minus reactants).
Finally, the variation of the equilibrium constant with temperature is determined
by integrating Equation 2.12, i.e.:

T
Kt AH?

0

Ty

In order to obtain the values of the conversion and the composition of species j
in the thermodynamic equilibrium for the reaction, we should perform a simulation
which takes into account the possible existence of products of the reaction A; poducts-

In the thermodynamic study of the reaction, one can also use the HYSYS ® soft-
ware version 3.1, particularly the Gibbs reactor module, with the thermodynamic
package Peng—Robinson and the method of minimization of the Gibbs free energy (G)
of the system, given by the following equation:

G= Zn, (T,P,C;) (2.17)

where 7; is the number of species and G; is the partial molar Gibbs energy of the species
j, which is dependent on temperature, pressure, and composition. The mass balance
for the species j is represented by Equation 2.17, in which k& symbolizes the elements
(H, O, C), n; is the number of molecules of the species j present in the system, a;;, is the
number of atoms of the element k present in the molecule of the species j, and, finally,
Ay, is the total numbers of atoms of the element k:

Zn,-aik —Ak =0
i

Example

E2.1 Determine the equilibrium concentrations of the conversion of the hydrobutyric
acid in dilute solution, i.e.:

CH,

CH;-CH,-CH,-COOH < CH, - ) 1,-C=0+H,

o _|

The initial concentration of the acid at 25°C is 0.182mol/L and the equilibrium
constant is 2.68.
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Solution
Since the solution is diluted with excess of water, we can assume a direct first order
reversible reaction, i.e.:

By making CH3;-CH,-CH,-COOH=A

CH,
o7 O (A I,
o_l

AR

From the definition of the equilibrium constant, as a function of the concentration,
we have:

_ Cre X
_CAe_l_XAe

Therefore, the equilibrium conversion can be calculated:

K
Xpe= ——=0.73
ATTTK

Thus, the equilibrium concentrations are:

Cre=0.133 mol/L
Cae =0.049 mol/L

Example

E2.2 In the previous example, determine the equilibrium conversion as a function of
the temperature, knowing the equilibrium constant as a function of the temperature,
Le.:

9060
nK=220 974
n T

Solution
Starting from the equation of the previous problem:

XAe —0
K= =K
1—Xae 0F
in which:
o AH 9060
T RT T
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and
Ko=e2"*=1.186 x 10712
Thus, the solution will be:

1186 x 1012 ¢9060/T
T 1+ 1186 x 1012 ¢%060/T

Ae

The results are given in the following table below and in Figure E2.1.

T (°0) T (K) Xpe
10 283 0.989582
20 293 0.969559
30 303 0.919868
40 313 0.815365
50 323 0.643159
60 333 0.437029
70 343 0.259909
80 353 0.142496
90 363 0.075735
100 373 0.040276

1.0 | —=—B

0.8

0.6

X, Exothermic

0.4

0.2

0.0

280 300 320 340 360 380
T(K)

Figure E2.1 Equilibrium conversion as a function of the temperature.

Example

E2.3 To exemplify the use of the software HYSYS®, we will do the analysis for the
partial oxidation of methane, which generates the following main products: CH4, O,
CO;, H,0, CO, and H,. This reaction is conducted at atmospheric pressure, since
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for higher values of temperature, the conversion of CH4 and selectivity to CO and H,
decrease, as suggested by York et al. (2003). Moreover, higher hydrocarbons such as
ethane, ethylene, and others were not taken into account because their concentrations
are very low in the wide temperature range studied (200-1000°C).

Different gas compositions in the inflow were evaluated and the results for the con-
version of CHy as a function of the temperature are shown in Figure E2.2. Between
500°C and 700°C, there is a considerable increase in the conversion of CHy. At tem-
peratures higher than 800°C, more than 90% of conversion is reached. If an inert gas
(e.g., He) is assumed as the diluent of the system in a CH4/O,/He ratio of 2/1/8, the
conversion of CHy increases in the temperature range of 400 to —800°C in comparison
to the CH4/O; system without inert gas.

For ideal gases, the presence of any inert does not affect the thermodynamic equi-
librium. However, for situations involving real gases, investigations concerning the
effects of variations in pressure and temperature revealed that the disturbance results
are not predicted by the expression of ideal gases and by the Le Chatelier’s principle.
When taking into account the deviations from ideality in real systems, in which inert
gases are present, the equilibrium is affected, although the changes become significant
only at moderate pressures. Whether the equilibrium is shifted in the direction of the
products or reactants depends on the system constituents and the inert gas present
(e.g., He, Ne, Ar, Kr, and Xe).

100
CH,/O,/He = 2/1/8

~ 80 T
I -
< CH,/O,/He =2/1/4
T
O
5 60
c
2
&
g 40 CH,/O,/He =2/1/0
S
®)

20 T

T T T T T T T T T T T T T

200 300 400 500 600 700 800 900 1.000

Temperature (°C)

Figure E2.2 Conversion of CH,4 as a function of the temperature in the thermodynamic equilibrium
for different feeding compositions.

The mole fraction of the species involved in the partial oxidation of CHy4 for the
inflow composition CH4/O,/He = 2/1/8 was calculated and shown in Figure E2.2. At
temperatures below 400°C, CHy4 is predominantly converted to CO; and H, O, which
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indicates that the reaction most likely to occur is the highly exothermic total oxida-
tion of methane. However, other substoichiometric oxidation reactions can occur.
It is also important to note that the mole fraction of O, is zero throughout the
temperature range studied, since the conversion of this reactant in the equilibrium
is 100%.

Example

E2.4 Determine the equilibrium conversion of the following reaction:
C,H4 + H,O (g) — C,H;OH

As a function of the temperature, at 30 atm, and steam/ethylene molar ratio equals
to 10.
As a function of the temperature, varying the total pressure varies.

Given that
AHYg = —10, 940 cal/mol

K=6.8 x 1072 atm~! 2t 145°C

Cpeyn, =2-83428.6 x 107°T — 8.73 x 107°T>
=7264+23x107T+0.28 x 10°°T>

CPHZ o

Cpeyio = 6:99+39.7 x 107°T —11.93 x 107°T*

Calculation of AH41gk:

418
AHys=AH) + / (-=3.1+8.84 x 107°T — 3.48 x 10°T?) - dT
298

Thus:
AH413K =-10.978 cal/mol

Calculation of the equilibrium constant from Equation 2.16:

K 673AH0
I —T=/ " dT
"Kr, RT
418
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The equilibrium constant and the equilibrium conversion are shown in Figures
E2.3 and E2.4, respectively.

0.07 + —a— B
0.06 —
0.05 -
0.04 -
0.03 -
0.02 —
0.01 "

0.00

T T T T T T T T T - T ‘_
400 450 500 550 600 650 700
T(K)

Figure E2.3 Equilibrium constant as a function of the temperature.

0.7

i —C

0.6 -

0.5 -

0.4 -
Xe 7
0.3 -

0.2 1

0.1 1

0.0 1

T T T T T T T T T T T T
400 450 500 550 600 650 700
T(K)

Figure E2.4 Equilibrium conversion as a function of the temperature.







Chapter 3

Kinetics of reactions

3.1 REACTION RATES—DEFINITIONS

When a mass or energy balance is carried out for a chemical reactor, one must consider
the chemical reaction in which the reactants are transformed into products. These

transformations are represented by the reaction rates.

In an open system, a molar balance is carried out for all the components of a
chemical reaction of the type A + B < R + S. Generically, we can represent the system

as follows:

Variation in time of the
number of moles of the
component in the system

A+B = R+S

Molar flow of formed
products R, S, or not
Molar flow of consumed reactants that
reactants A and Open leaves V

B that enters V system

(reactor)

Fj (moles/h ) Fj (moles/h )

Different from other
systems, it only exists when
a reaction take place

Moles of reactant that were transformed

into products:

Rate of transformation or formation of

product: T (moles/h.vol.)

The reaction rate is defined as the rate of formation of product or disappearance of
reactant per unit of volume and represents the variation of the number of moles formed
or disappeared per unit of time and volume, respectively. The rate of formation of any
component j is represented by 7; and the rate of disappearance of the component A is
represented by (—74).
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Since the rates of formation or disappearance are intensive properties, it is conve-
nient to relate them to a reference system. In a homogeneous phase system, the unit of
volume (mol/Lh) is used as reference. On the other hand, in heterogeneous systems,
we used as reference the superficial or interfacial area (mol/m? h).

Homogeneous systems:

rj =rate of formation of component j/unit of volume (mol/Lh)
Heterogeneous systems:

. L 2
rj =rate of formation of component j/unit area (moles/m"h)

1 Reactions in homogeneous phase
The homogeneous reactions are very common in liquid and gas phases. For
example, Gas phase—Cracking of ethane to obtain ethylene and hydrogen:

C2H6 — C2H4 + HZ
2 Heterophase reactions

Several reactions are carried out in heterogeneous phase:

Gas/solid (fixed or fluidized bed).
Gas/liquid (fluid bed).

Liquid/liquid (fluid bed).
Gas/liquid/solid (three-phase slurry bed).

The oxidation of ethylene is conducted in gas phase with the presence of a catalyst.
Therefore, it is a heterophase reaction.

Examples

1. Ethylene oxidation

CHy + 1/202 — C,H40
C,H4 + 30, — CO, +H,0

2. Coal gasification
The solid—gas reactions occur when a solid reacts in the presence of a gas, such
as coal gasification:

C+H,0—-CO+H,

3. Hydrogenation of oils
The reactions in gas—solid-liquid phase can be represented by the hydrogena-
tion of oil, in which small particles of Raney—Nickel are used as a catalyst and
hydrogen is bubbled:

. Ni Ran
SOY oil (HCynsaturated) + H2 e

Csaturated
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(a) Gas -liquid (b) Gas or liquid/Solid (c) Gas/Liquid/Solid

interface
interface
surface

surface

gas
liquid
gas
liquid

Gas or
liquid

Figure 3.1 Homogeneous and heterogeneous models.

Reactions in homogeneous and heterogeneous phase are schematically shown in
Figure 3.1.

Several times, it is difficult to know the interface area due to the presence of pores
and irregularity of the external contour or modification of the interface, as in the case
of a bubble through a liquid. Thus, in the case of solids, particularly catalysts, the
mass of the solid is used as reference and consequently the rate is expressed as:

7} =rate of formation of component j/unit of mass (mol/gh)

The defined rates are intrinsic properties which depend on concentration, temper-
ature, and pressure of the system. In a batch reactor, the concentration varies with the
reaction time, and, in an open system, the concentration varies with the position.

A positive sign is conventionally used when the rate is related to the formation of
products. When the rate is referred to the disappearance of a reactant, a negative sign
is used.

In a system at constant volume, the rates can be expressed in terms of concentra-
tions. In an open system, the rate depends on the variation of moles or on the molar
flow F; per volume, area, or mass. In general, we have:

r;=F(F;)/V{mol/(Lh))

where f(F;) represents the flow of reactants and/or products in any position and V is
the reaction volume.
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Note that this is the reaction rate or activity. However, this definition takes into
account the reaction medium, be it volume, surface, or interface, and not exactly the
active sites. Not all mass or surface is active, but part of its outer surface has active
sites, which are truly the sites where the chemical reaction occurs. Therefore, 7; in fact
represents the apparent rate. An important example of reaction that allows to differ-
entiate the apparent from the true rate is the hydrogenation of carbon monoxide to
form methane, which is conducted with different catalysts. With iron and cobalt cata-
lysts, the rate per unit of mass of catalyst, used as reference, has shown controversial
values. The activity of the catalysts in the Fischer-Tropsch synthesis to form hydro-
carbons would decrease according to the order Fe > Co > Ni. However, when the rate
per active site was defined, the order of activity was different, i.e., Co > Fe > Ni. This
controversy was resolved by Boudart, who defined the intrinsic activity, i.e., the rate
per active site. To make it more clear, the turnover frequency (TOF) was defined. Thus,
the intrinsic activity is determined, knowing the active sites, i.e.:

TOF = Rate of formation of componet j/active site.
FiNy

TOF =
Si

(s7h)

where F;=molar flow (mol/s) Na = Avogadro’s number=6.023 x 10> molecules
S; =active site = [L] x [S] [L] = atoms density—(atoms/m?) [S] = superficial area (m?).

This measurement gives us an idea of how many cycles a molecule reaches the
surface and reacts to form the product or how many cycles per second the molecule
collides with the active sites and reacts. In fact, not all molecules that collide with the
active sites react. Some of them only collide but return without reacting. However,
when they have enough energy to react, part of these molecules which collide with the
surface reacts and are transformed into products, according to the theory of collisions.

In this case, active sites are understood as the surface which presents sites with
specific characteristics. Thus, in a platinum supported catalyst, it is assumed that the
outer surface has a collection of atoms, representing the density of the platinum atoms,
i.e., the number of atoms that occupy an area of 1 m?. Many solids have different types
of sites, such as the acid sites in the surface of zeolites. For more complex systems such
as liquid—-gas and gas-liquid—solid interface, the rates per unit of surface or mass are
conventionally used.

The difference between the two definitions is that the rates vary with time or
position, while the TOF only depends on the availability of the sites present. The
activity of the catalysts and the selectivity of the reaction depend on the characteristics
of the material. Some important features of these reactions should be remembered. The
first one is related to the sensitivity of the chemical reaction to the catalyst structure.
According to Boudart’s theory, the supported catalysts consist of metal particles of
different and variable sizes. With the increase of particle diameter, the concentrations of
metal atoms and exposed sites vary significantly, indicating that no changes in surface
structure have happened. The structure sensitive reactions (SSR) are those in which the
intrinsic reaction rate relative to the number of surface active sites, i.e., the frequency of
the reaction varies with the particle sizes, which does not happen in structure insensitive
reactions (SIR). This means that in the structure sensitive reactions, the frequency of
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Figure 3.2 Activity— Structure sensitive and insensitive reactions.

the reaction significantly depends on particle size, dispersion of the metals, or structure
of the catalyst active sites. On the other hand, in structure insensitive reactions , the
activity is independent of these parameters, according to Figure 3.2.

In the dehydrogenation, the activity of the catalyst, TOF, is independent of the
particle size of the metal or the catalyst used. Therefore, the reaction is insensitive to
the structure.

In hydrogenations or hydrogenolysis, the intrinsic activity (TOF) depends on the
structure. It depends on the particles size and the surface structure of the catalyst. The
rate is not proportional to the type of surface site.

The intrinsic activity therefore depends on the type of site and the nature of the
external surface. Generally, Figure 3.2 shows this behavior.

3.2 REACTION RATE

The reaction rate depends on concentration, pressure, and temperature of the reactants
and products of the reaction. It is an intensive property because it has specific units
and applies for any closed or open system. Since the concentration varies with time in
a batch system or with position in a continuous system, the reaction rate also depends
on these variables. This rate decreases with time or position, and tends to zero when all
the reactant is consumed or in the equilibrium. The rate of the reaction is defined as a
function of a component, and for a reversible reaction of the type aA + bB < R +sS,
the resulting reaction rate is expressed as follows:

r=kC4Cl — K'CRCS (3.1)
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where the first term on the right-hand side represents the direct rate of transformation
of the reactants and the second term corresponds to the reverse rate of decomposition
of the product in a reversible reaction.

Note that the direct rate is proportional to the concentration of the reactants, and
the factor of proportionality is the rate constant of the direct reaction k. Analogously,
we define the rate constant of the reverse reaction as k’.

The exponents of the concentrations a’, b', ¥, and s’ represent the orders of the reac-
tion in relation to the respective components and are different from the stoichiometric
coefficients of the reaction. They coincide if the reaction is elementary.

Summarizing:

k, k' = specific rate constants of the direct and reverse reactions.
a', b’ = Reaction order in relation to the reactants A e B.
7', s = Reaction order in relation to the products R e S.

If a=d,b="b",r=7,s=s = it is an elementary reaction (3.2)

The specific rates have units and depend on the order of the reaction. When the
order of the reaction is integer, we have some particular cases:

Zero order = r = kC4 C4 = k(mol/L h)
First order = 7 =kCy = k(h™!)
Second order = r = ka, = k(L/mol h)
Or = r=kC,Cp = k(L/molh)
e  Third order = r=kC} = k(L/mol) h~!

If we have a fractional order reaction, the units of k and &’ have the corresponding
units.

At the equilibrium, the resulting rate of a reversible reaction is zero. Thus, for a
constant temperature, we have =0 and, consequently:

k  Cr.Cs
= M = K — equilibrium (3.3)
k' cq.cp,

By substituting Equation 3.3 into Equation 3.1, we have:
J / 1 J /
r:k[C"A Cp — EC§C§:| (3.4)

Note that when the equilibrium constant is large, the reaction favorably moves to
the right in the direction of products formation. The reaction is considered irreversible
when K — oco. Therefore:

r=kC% CY = Irreversible reaction (3.5)
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The most common cases are:

Irreversible reaction of Ist order=a'=1,6'=0= —r4 =kCy
Irreversible reaction of 2nd order=a'=1,6'=1= —r4 =kC4Cp
=ad=2,0=0=—ry=kC3
e Irreversible reaction of 7 order (global) a' +b'=n= —rs =kC};

Examples

1. CH; CHO — CH4+ CO
It is equivalent to a first or second order irreversible reaction:

A—-R+S

e Rate= —r4=kC, or
= —7A =/€CE\

2. C4Hip+NaOH — C,H;0Na+ C,H;OH
It is equivalent to a second order irreversible reaction:

A4+B—R+S
The corresponding rate will be:

—7A = —TB ZkCACB

The rates of complex reactions involve the rates of the components which partici-
pate in the several reactions in series, parallel, or combination of both. For simplicity,
we will consider the rates of elementary reactions with integer order, i.e., when the sto-
ichiometric coefficients coincide with the order of the reaction. There are three classic
cases:

1.  Reactions in parallel: e.g., decomposition reactions, which are represented by:

k
_Sep
k
2 .R

A
A

The rates of the corresponding components for the irreversible reaction are:

rp = k1Cx
TR = kZCA
—1a =ki1Cy + k2Cy (3.6)



44 Chemical reaction engineering

2. Reactions in series: e.g., decomposition reactions, which can be represented by:

kq

k
.p_=

A ——>R

The corresponding rates of each component are given by:

—rA = kch
rp = k1CA — szp
TR = kZCP (37)

3. Combined reactions: when irreversible, they can be represented by:

A+ B LP
A+ P k—2>R

The corresponding rates of each component, in an irreversible reaction, can be
represented as follows:

rp = k1CaCp — k2 CACp
TR = kchCP
—74 = k1CaCp + krCACp (3.8)

In reversible reactions, the reverse rates should be considered, i.e., the decomposi-
tion of the products in their respective components, whose respective specific reverse
rates would be & of each reaction 7.

Examples

1. In the coal gasification, two main reactions take place:

C+H,0O—-CO+H, AH=118.5k]/mol
CO +H;0 < CO; + Hy AH=-42.3k]/mol

This is series—parallel reaction, in which the carbon monoxide reacts with
water, known as a shift reaction. It is reversible, depending on the pressure and
temperature conditions. The first reaction is endothermic, and thus thermody-
namically unfavorable, and only reacts when heat is supplied, while the second
is exothermic, and thus thermodynamically favorable (spontaneous). The rates
corresponding to each component in both reactions are indicated above. The
reversible term should be added.
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2. Utilization of the synthesis gas

Methanation:

CO + 3H,; - CH4 + H;O = AH=-206.6k]J/mol
Fischer-Tropsch synthesis:

CO + 2H, — [C,H3,], + HbO= AH=—-165.0k]/mol
Synthesis of methanol:

CO + 2H, — CH;0H = AH = —90.8 k] /mol
Shift reaction:

CO+H,0« CO,; +Hy; = AH=-39.8k]J/mol

These reactions may occur simultaneously or not, depending on the thermody-
namic conditions and especially on the catalyst. In the methanation Ni, catalysts
are used, while in Fischer-Tropsch reactions, Fe or Co catalysts are employed.
In the reactions for methanol synthesis, mixed oxide catalysts of CuO/ZnO are
used, and for the shift reaction, Ni supported catalyst.

The reaction of methanation occurs around 300°C, whereas the Fischer—
Tropsch synthesis occurs at lower temperatures, between 250°C and 280°C. Both
reactions can occur simultaneously in this temperature range.

The corresponding rates can be written as Equation 3.8, considering the
reversibility or not.

3. Hydrogenation of crotonaldehyde to butanol
This transformation can be represented by a reaction in series of the type:

CH3—CH2=CH2—HC=O+H2—>CH3—CH3—CH3—HC=O+H2

Crotonoaldehyde Butyraldehyde
— CH;3 — CH; — CH3; — HCOH
Butanol

The corresponding rates are shown in Equation 3.7, considering all the limiting
components, since the reaction occurs with excess of hydrogen, and, therefore,
the rate is independent of the concentration of hydrogen.

3.2.1 Kinetic equations

The reaction rates are kinetic equations, written in terms of measurement variables,
such as concentration, partial pressure, and particularly, conversion or extent of reac-
tion. The rate of product formation or transformation of the reactant is expressed in
relation to the concentration of the limiting reactant and is valid for any closed or open
system, at variable or constant volume.
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3.2.1.1 Irreversible reaction at constant volume

Consider the reaction, A+ B — R+ S, in which A is the limiting reactant. Thus, the
rate will be, according to Equation 3.5:

r=kC% CY = irreversible reaction (3.9)
By defining the conversion in relation to the limiting component A, we have:

Ca = Cao(1 — X4)
Cp = Bpo — (b/a)Xa = Cao(M — (b/a)X4)

where

C
M= s always > 1,
Cao

relating the initial concentration of the reactants, with A as the limiting reactant. When
B is the limiting reactant, the reaction is inverted, because M is always >1. When the

initial concentrations are equal, we have M=1.
By substituting the concentrations C4 andCp into Equation 3.9, we have:

—ra=Cho(1 = Xa)* (M — (b/a)Xa)" (3.10)
where
n=a + b’ = global order

We can define the rate of formation of the products 7g, but one must be careful
when relating it with the rate of transformation of reactant. From the proportionality
law, we always have the relationship:

= =R (3.11)
r

Therefore, the specific rates are also defined in relation to each component. By
choosing the reactant A we have k4, and according to Equation 3.11, we can relate it
with any other component, either a reactant or a product:

Ra _RB _ RR (3.12)
r

We will use the specific rate without subscript in order to implicitly correspond to
the rate defined in relation to a particular component.
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Particular cases

In most cases, the reactions are irreversible and of integer order, at maximum until the
third order. One must be careful when the stoichiometry is different from the reaction
order, as in the below example:

Reaction: A + 3B — products

Kinetics: Second order and first order in relation to each component. Therefore, the
reaction rate will be:

—rAsziO(l — Xa)(M —3X4) (3.13)
where

(b/a)=3
Pseudo-first-order

The concentration of a particular reactant is much higher than the concentration
of another component. This happens in liquid phase reactions, where one of the com-
ponents, generally water, participates as a reactant and diluent simultaneously. In this
case, the reaction of second order is simplified to pseudo-first-order:

—r4a=kC5oM(1 — X,) (3.14)
where:

M>»> 1= Cgo>» Cao
The rate is represented as a function of the apparent constant k* = kC3,M, i.e.:

—ra=k*(1 — Xy) (3.15)
Generic order n

When there is a stoichiometric proportionality in the reaction, we can simplify the
global equation. So:

%z%z... (3.16)
By expressing the concentration Cp as a function of C, in Equation 3.9:
—ra=kC4C}

We obtain:

—ra=k*C] (3.17)
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where:
b/
()
a
n=da+"b

We also can write this Equation as a function of the conversion (Equation 3.10),
and then we obtain:

—ra=k"C (1 — X4)" (3.18)

3.2.1.2 Reversible reactions at constant value

The reversible reactions are generically represented by three types:
1. Reaction of generic order:

aA+ bB <& 1R +sS

whose resultant rate will be:
r= k[cz(cg’ - lc;gcg’}
K

2. Elementary reaction of direct and reverse first order:

A& R

whose rate is represented by:
1

3. Elementary reaction of direct second order and reverse first order, or vice versa,
of the type:

A+B&R
A& R4S

whose rates are, respectively:
1

1

where: K is the chemical equilibrium constant.
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By expressing the rates as a function of the conversion, the concentrations are
replaced:

Ca = Cao(1 — X4)
Cp = Cao(M — (b/a)X4)

or products,
Cr=Cao(R + (r/a)X4)

By replacing for the case 2, we have:
1
r:kCAo[(l — Xa) — E(R+(r/a)XA)] (3.19)

However, at the equilibrium, the resulting rate is zero. Thus, from Equation 3.3
and considering the simplest stoichiometry (a=7=1), we have:

k (R+Xa,) ey
A S 2 2
e Xa) K — equilibrium (3.20)

By replacing K of Equation 3.20 into Equation 3.19, we obtain the rate as a
function of the equilibrium conversion (X4.). The equilibrium conversion can be deter-
mined from the thermodynamic equilibrium constant (knowing AGP°), or from the
experimental data of the kinetic curve, knowing that when # — oo, the conversion
XA — XAe-

Thus,

B kCao(R+1)

R+ Xa) (Xae — Xa) (3.21)

where k (min~!) is the direct specific rate and R is the relation between the initial con-
centrations of the product Cgo and of the reactant Cy. Starting from a pure reactant,
which is the most common case, we have that R =0.

The rate varies with the conversions. Initially, it is maximum when X4 = 0, decreas-
ing thereafter until the equilibrium is reached and zero when X4 — X4.. However, by
differentiating Equation 3.21, it is observed that the rate variation will be:

dr _ kCao(R+1)
dXa  (R+ Xac)

(—1) <0 (3.22)
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Therefore, the rate decreases negatively and the curve is always concave, yielding
a variation of the type:

dr/dX,
|

3.2.1.3 Irreversible or reversible reactions at variable volume

A reaction system at constant pressure can be open or closed and can occur in liquid,
gas, or vapor phase. When the reactions are carried out in gas or vapor phase in an open
system and there is variation of the number of moles, there will be volume expansion or
contraction. In a closed system, consider a piston moving without friction, according
to the schemes:

Open System:

Variable volume

Reactants
—_— R, S
> —
Aand B Products
P = constant
Reactants

Disc without friction

Spring

Variable volume and
P = constant
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There are two ways to express the equation of the reaction rate:

As a function of the partial pressures for an irreversible reaction of second order,
in which A is the limiting reactant:

—r4 =kC,Cp = irreversible reaction (3.23)

Since the concentrations in a system at constant volume are:

_Pa ~ _PB
Ca=rr C=RT
we have:
k
—rA= WPAPB (3.24)

It is also possible to express it as a function of the molar fraction and total pressure
of the system, because:

_ba  _PB
YA = Ps YB = P
Thus:
k
—ra = ———yaypP? 2
A= RTREIAYP (3.25)

In this case, the molar fraction can be expressed as a function of the extent of
reaction (), by using Equation 1.22, for a reaction of the type:

aA +bB— R

or

k  (nao — aa)(npo — (b/a)a)

2
RTE (otavap | (3:26)

—rA=

As a function of the molar flows in an open system, for an irreversible reaction
of second order, we start from the same Equation 3.23:
It is known that the molar flows are, respectively:

Fa0=Caovo
FA = CAZ/
FB = CBU

By replacing the concentration in Equation 3.23, we have:

s (2)(2)
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The molar flows and the volumetric flow v are known as a function of the
conversion, for reactants or products, by means of Equations 1.21, displayed
below:

Fa = Fao(1 — Xa)
Fp = Fpo — (b/a)FaoXa

Therefore, the final rate will be:

(1= XA)(M = (b/a)Xa)

. — 2
ra=kCh 1 Xay

(3.27)

Generically, for an order 7 and partial orders a’, b’ and with temperature variation,
we should take into account the volume variation with temperature, correcting
the previous expression. Under these more general conditions, we have:

(1= Xa)" (M = (b/a)Xx)"
(+eaXa) (%)

—ra=kC" (3.28)

Examples

E3.1 Consider a second order reversible reaction of decomposition A — 7R, carried
out in gas phase. Initially, a test I was conducted in a batch reactor, introducing pure
A, at 300K. After 10 min, the pressure was 3 atm. After a sufficiently long time, the
pressure reached 5 atm, remaining constant afterward.

Subsequently, a test was carried out in a closed system with a piston without
friction, but at constant pressure of 1atm. The final volume was doubled. Determine
the equation of the rate and calculate both the rate for a conversion of 50% and the
initial rate at such conditions. It is known that k =003 L/(mol min).

Solution

The first part of the solution is equal to the Problem E1.1.
If the volume is constant, the partial pressure will be 1.25:

a
= ——(P-P
pa=Dbao Av( 0)
Since
a=1

fort=00=ps=0, pao=Po=1, and P=35, we have:

Av=4=r=35



Kinetic of reactions 53

But
fort=10min=p40=0, P=1, and P=3

_1P-Py

= 0.5
3 Py

Xa

For the second condition, in a plug-flow, the conversion is the same at constant
pressure. But the volume change is:

V=Vo(l+e4X4)
Since:

V=2V,

we obtain:

2Vo= Vo + VoeaXa
Voea=2

With the same conversion, X4 =0.5 = g4 =4.
The rate is of second order and irreversible, and for the batch system this will be:

—ra=kC5y(1 — X4)*

or for the plug-flow, at variable volume, this will be:

2
—7A szAO(l +8AXA)2 (329)
But:
P 1
Coo=Pr0_ L0 1 _406x102mol/L

TRT _RT _0.082 x 300

By replacing the values in Equation 3.29, for X4 = 0.5, we have:

Batch (—r4) = 1.23 x 10> mol/L min
Plug-flow: (—r4) = 1.37 x 10~®mol/L min

The initial rate is equal for both cases:

(=7a)o =4.95 x 10~ mol/L min
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Potential energy

Energy barrier
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Reactants

AH° — Reaction|enthalpy <0

Energy level
v Products

Reaction path

Figure 3.3 Potential energy over reaction time.

3.3 INFLUENCE OF TEMPERATURE ON THE REACTION RATE

It was observed experimentally that an increase of 10°C in temperature can double
the rate in an exothermic reaction. This empirical observation greatly depends on the
reaction. But the fact is that the reaction rate is very sensitive to temperature variation.
A general law of dependence of the rate with the temperature was therefore needed.

It is known that the potential energy varies as the reaction occurs and presents an
energy barrier which should be surpassed for the occurrence of the reaction. Starting
from the different energy levels of the reactants and products, which characterizes the
transformation reaction enthalpy of a chemical reaction, the potential energy curve
varies according to Figure 3.3.

The energy barrier is related to the activation energy, inherent to each reaction. If
the activation energy is higher than the energy barrier, the reaction will occur. Thus,
Arrhenius defined a reaction rate constant which depends mainly on the temperature
and is a function of activation energy E. The Arrhenius equation shows that the reaction
rate constant varies exponentially with the temperature, according to Equation 3.30.

k=ko - exp(—E/RT) (3.30)

In this expression, the pre-exponential factor kg represents a factor proportional
to the number of collisions of the molecules and can be considered constant.

Placing — in a graph as a function of —,
ko E
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Figure 3.4 Influence of temperature on the rate constant.

According to Figure 3.4, it is possible to observe the influence of the activation
energy on the reaction rate constant and the effect of the temperature.

If the activation energy is constant, the reaction rate constant k varies exponen-
tially with temperature and is very sensitive in a small temperature range but depends
on the order of magnitude of the activation energy. If the activation energy is high,
small changes in temperature significantly affect the constant k. On the other hand,
for low activation energies, the constant & is little sensitive in a wide temperature
range.

The frequency factor kg is apparently constant. It depends on the probability of
collisions of the molecules and on the temperature. The probability of collision of the
molecules in a space depends on the system energy and reaction medium. In an empty
space, the probability of collision of the molecules is relatively small compared to a
space which is filled with particles.

In this case, the contact surface is much larger and the approach of the molecules
with the surface increases the probability of collision between the molecules. Thus, for
example, for different values of ky and the same activation energy E = 60 kcal/mol,
at constant temperature of 600K, very different values of k are obtained, which can
reach up to 100 times higher.

= for kg=10" = k=1.164 x 10~2 min~' = (empty volume)
= for kg=10*2 = k=1.164min"" = (volume with particles)
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The effect of temperature on kg is small and, according to the theory of collisions,
varies at the maximum with a power 7. Admitting that:

ko =kyT"™ (3.31)
The reaction rate constant will be:

k=kyT" - exp (—E/RT) (3.32)
Taking the natural log and differentiating with respect to temperature, we have:

dlnk_m+ E  mRT+E
dT ~ T '~ RT? RT?

(3.33)

The numerator of the last term of this expression shows that the value of mRT
is much smaller when compared to E. By assigning a maximum value of m to 2,
R =1.98 cal/mol and considering the average activation energy of about 25000 cal/mol,
for a temperature of 300K, we have:

mRT ~2370

This value is 20 times smaller than E=25,000, and therefore, we can neglect
the term mRT in Equation 3.33, and, consequently, the frequency factor kg can be
considered constant. The variation of the reaction rate constant k with the temperature

will be:

dilnk E

- 3.34
T~ RT? (3.34)

3.3.1 Reversible reactions

In reversible reactions of the type, there are two reaction rate constants (direct and

reverse), with the corresponding activation energies. Thus:

Direct reaction = 4 =kf(Ca, Cp), k = ko e~ E/RD

Reverse reaction = 7, = kf (Cr), k' = kjy e"E/RT)

We have seen that the chemical equilibrium constant for the same temperature is
given by eq. 3.20:

k=%
k
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Taking the natural log of both sides of the equation, we have:
InK=Ink —Ink

The variation of the constants with temperature will be:

dinK _dlnk dInk
dT — dT dT

By substituting the first term by the Van’t Hoff equation (2.12)

dlnK _ AH?
dT =~ RT2

and the other terms by the Arrhenius equation (Equation 3.34) for the two constants,
we have:

AH’=E —F (3.35)

This equation relates the enthalpy of the reaction, which is a thermodynamic
property, with the direct (E) and reverse (E’) activation energies. If the reaction is
exothermic, the enthalpy AH? < 0 and, therefore, E < E'. Therefore, the direct activa-
tion energy is always lower than the reverse, and, consequently, the direct reaction is
facilitated because the lower the activation energy, the easier the reaction occurs. The
opposite happens with endothermic reactions, in which the enthalpy AH® > 0, and,
therefore E < E'. In this context, the reverse reaction is easier.

The effect of temperature on the resulting rate is generally represented by:

r=ko - exp (=E/RT) - f(Cy, Cg) — k| - exp (=E"/RT) - f (Cy)

Differentiating with respect to the temperature and considering that the first term
corresponds to the direct rate 74 and the second to the reverse rate r;, we have:

dlnr_ E E’
dT ~ RT2 47 RT2™

(3.36)

Note that the direct (rq) and reverse (r;) rate increase with the increase in temper-
ature and are always positive. Moreover, the direct and reverse activation energies are
always positive. Therefore, the variation of the rate with the increase in temperature is
always positive. However, depending on whether the reaction is exothermic (AH® < 0
and E < E'), the variation of the resulting rate will depend on the difference Ery—E'r;.
Therefore, the resulting rate increases and is always positive, and when the reverse
rate increases, the resulting rate reaches a maximum value and decreases positively
(according to Figure 3.5). Thus:

dlnr

T >0




58 Chemical reaction engineering

Rate r
irreversible

reversible

Figure 3.5 Influence of temperature on the reaction rate.

3.3.2 Interpretation remarks

1.

Order of magnitude of the activation energy
By expressing the Arrhenius equation in logarithmic form (Equation 3.37) and
representing it graphically as shown in Figure 3.6, a straight line is obtained,

whose angular coefficient is R

E
Ink=1Inkg RT (3.37)
The slopes are different and from the graph, we can note that the activation
energies are constant, but Ey < E;. This means that depending on the reaction,
the activation energy changes. Through this graph, it is possible to determine
the activation energy of the reaction by measuring the rates or specific rates at
different temperatures. It is recommended to carry out at least three experiments
or three measurements at different temperatures.
Intermediate steps
The nonelementary reactions consist of several steps of elementary reactions.
They are recognized by the change in activation energy. Thus, if the form of
Arrhenius plots is a curve, one can recognize two or more intermediate steps, as
shown in Figure 3.7.
The activation energy varies with the temperature during the reaction, indicat-
ing that there was a change of mechanism or compensatory effect.
Diffusive effects
The activation energy at high temperatures is lower than at lower tempera-
tures, according to Figure 3.8, which means that the kinetic regime changed.
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Figure 3.6 Arrhenius graph.
In k
\
\
\:\
N\
PA
(-E/R), \
N
T ——
(-E/RY, T~
1/T

Figure 3.7 Intermediate steps.

The activation energy at lower temperatures represents the kinetic regime. The
behavior at high temperatures is influenced by the diffusion or mass trans-
fer. Therefore, there are diffusive effects hampering the determination of the
“real” chemical reaction in the kinetic regime. An “apparent” activation energy
is obtained. Therefore, it is essential to choose the temperature range for the

i
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determination of the activation energy, ensuring the kinetic regime. It is also a
way to check if the experiment was conducted without diffusion effects and an
indication of the validity of a kinetic experience.

Figure 3.8 shows a different behavior at high and low temperatures.

In k

T high

high

T low

1/T

Figure 3.8 Diffusive effects.

3.3.3 Reparameterization of the Arrhenius equation

Commonly, mathematical models contain variables that cannot be measured directly.
The values of these variables, called model parameters, can be estimated from
experimental data with the help of parameter estimation procedures, which consist
in minimizing some sort of objective function that takes into account the dif-
ference between model responses and experimental observations, as described in
Chapter 11. A common model used to describe the temperature dependence of
reaction rates in kinetic problems is the Arrhenius equation, described in previous
sections:

k=koexp (—%) (3.38)

where k is the reaction rate constant (or the specific reaction rate), T is the absolute
temperature, R is the ideal gas constant, k¢ is the frequency (or pre-exponential) fac-
tor and E is the activation energy. Both kg and E are the parameters of the Arrhenius
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equation, usually estimated from available experimental data. However, the intrinsic
mathematical structure of the Arrhenius equation introduces a very strong dependence
between the parameters ky and E (called ‘parameter correlation’), making the esti-
mation of the parameter values difficult. To overcome this difficulty, many authors
(Box, 1960; Himmelblau, 1970; Pritchard and Bacon, 1975) suggested the repa-
rameterization of the Arrhenius equation by introducing a reference temperature in
the form:

E/1 1
kzkref exp|:—§ (T — ngf)il (339)
E/f1 1
k:exp[A -z (T - Tref)] (3.40)
k= ke exp[B (ﬂﬂ (3.41)
T
k:exp[A+B (%)} (3.42)

where the parameters of the reparameterized equations can be related to the parameters
of the more traditional form of the Arrhenius equation as:

E
kref =kg exp (— RTref> (3.43)
E
A=1In(kyr) = In(ko) — (3.44)
(k) =1n(k) -~
E
B= RT.y (3.45)

The introduction of reference temperature into the Arrhenius equation allows for
reduction of the parameter correlation and, consequently, for reduction of the com-
putational effort required for estimation of model parameters (Espie and Macchietto,
1988; Schwaab and Pinto, 2007). The reference temperature is usually defined as a
suitable average temperature of the analyzed experimental data. For instance, Veglio
et al. (2001) suggested the use of the inverse average:

= (3.46)

where NE is the number of experimental temperature values and T; is the temperature
of the individual experiments i. Particularly, Schwaab and Pinto (2007) showed that the
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proper definition of the reference temperature can eliminate the parameter correlation
in kinetic models containing a single kinetic constant. It was shown both analytically
and numerically that proper definition of reference temperature allows for elimina-
tion of the parameter correlation and simultaneous improvement of the precision of
parameter estimates. For this reason, in the following sections the reparametrized form
of the Arrhenius equation will be used frequently for quantitative analyses of kinetic
data, as described in detail in Section 11.8.



Chapter 4

Molar balance in open and closed
systems with chemical reaction

The kinetic experiments are carried out in reactors in closed or open systems. There
are three common cases:

Batch.
Continuous.
Semicontinuous.

For kinetic purposes, the variation of the concentration or the pressure with reac-
tion time is accompanied in a batch reactor. In a continuous or open system, the
pressure is constant and the concentrations or molar flows of the reactants and prod-
ucts are accompanied in the course of the reaction or along the reactor. The time
is substituted by an equivalent variable called space time. The space time takes into
account the inlet volumetric flow of the reactants and the volume of the reactor, and,
thus, has unit of time, here designated by:

T=—(h)

Vo

The inverse is the space velocity.

The molar balance in an open system and for any reaction of the type, initially at
constant temperature, is shown in Scheme 4.1, in which ; is a component, reactant, or
product:

Molar flow of the Molar flow of the Rate of generation Rate of
component j which component j which or consumption of accumulation of the
enters the reactor leaves the reactor the component j component j in the
per unit of volume | _ | per unit of volume 4 through the _ volume V

v v chemical reaction B

per volume V

[ (2] (3] [4]

Scheme 4.1
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Variation of moles
of component in a
system per time

A+BoR+S \
| » | Molar flow of formed
p A ) products R, S or not
Molar flow of 1 :V 1| consumed reactants that
reactants A and B : : leaves V
that enters in V I I
! [
. 1 1
Fj (mols/h) | /L F, + diF; (mols/h )
1 1
L — ! Different from other
/ P systems, it only exists when
a reaction takes place

Moles of reactant that were transformed
into products:

Rate of transformation or formation of
product: r; (mols/h.vol)

Figure 4.1

Considering F; the molar flow of the component j, G; the rate of generation of
products or consumption of reactants, and #; the number of moles of component j, we
have the following molar balance:

Fo—F + G =2 (4.1)
o—F, 4 .
j j =

Note that the balance is carried out to any component, reactant, or product of the
reaction, and has the unit of mol/time.

Schematically, it is shown in Figure 4.1.

The rate of generation of products or consumption of reactants in the system is
represented per unit of volume, within each element of volume AV. So:

G/Zi’,‘V

where: 7; (rate) = (mol/time-volume)
In the elements of volume AV;, we have:

Vi
'. { = G/IZAG,',’ZZT/Z'AV,'
Vel
> Y
Vsrﬁ G/fo,‘dv
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By substituting the expression of the rate G; in Equation 4.1, we obtain:

d?l/'

F/Q—F/-I—/?‘,'dV: P

This is the general equation of the molar balance for any component j.
Thereafter, one can make several simplifications.

4.1 BATCH

In this case, there is no flow, and, therefore, the terms referring to flow disappear. We
then obtain the equation for the batch reactor:

/r/dV:% (4.3)

If the volume is constant, we have:

v =2 (4.4)
dt

An expression equal to the rate already defined is obtained, representing the varia-
tion of the number of moles of a component, reactant, or product, per unit of volume,
in a closed system. We should remember that if the rate corresponds to the formation
of the product, it has positive sign (r;). On the other hand, if the rate corresponds to
the transformation of the reactant, it has negative sign (—7;).

Consider the reaction of the type:

A — products

If the reaction is of first order, we have as a function of the conversion:
na=np0(l — Xy)

From Equation 4.4, we have:

1 dﬂA _ nA0 dXA

e e ()

We then integrate in the interval ¢ = 0 — ¢t and X4 = 0 — X, in order to obtain:

XAl d
t_nAO/_V(—fA) (46)
0

In a batch reactor, the volume is constant.
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Therefore:
Xa

t=Cuo f dxa (4.7)
) (—7a)

4.2 CONTINUOUS STIRRING TANK REACTOR

Consider as the starting point the general equation (Equation 4.2) for any component
of the reaction. In general, the regime is considered to be permanent. When there
is disturbance of the system, the term of the Scheme 4.1 is included. Otherwise, the
respective term is not included. In most cases, this type of reactor is used for reactions
in liquid phase, and, therefore, the volume is constant. If gas phase reactions occur,
we should consider the variation of the volume, according to Equation 1.13. Thus:

Foo— F 41,V =0 (4.8)
For a reactant A or B of the reaction of the type:

aA + bB—rR

we have:

Fao—Fa+7raV=0 (4.9)

Considering the molar flow as a function of the conversion, according to Equation
1.21, i.e.:

Fa=Fao(1 — Xa)
And substituting F,4 in Equation 4.9, we have:
FaoXa=(-ra)V (4.10)

Hence, we can determine the rate (—r4) with the conversion, reactor volume, and
inlet molar flow.
If the molar balance is carried out in relation to the product R or S:

Fro — Fr + 7RV =0 (4.11)
Thus, by using the relation shown in Equation 1.20:

Fao—Fa  Fpo—Fp Fr—Fgro
aFAO - bFA() - T’FA()

We obtain:

Fr — Fro=(r/a)Fa0Xa
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Substituting in Equation 4.11, we have:
a

FaoXa= (%) (r)V (4.12)
r

Note the positive signal corresponding to the formation rate of R. This rate can
be determined, knowing the conversions, the reactor volume, and inlet molar flux of
the reactant.

4.3 CONTINUOUS TUBULAR REACTOR

The concentration and therefore the molar flows and reaction rate vary along the
reactor. The differential balance is performed, starting from Equation 4. Considering
a permanent regime for simplification, as in the previous case, we obtain Scheme 4.2:

dv
—» |
F F I F o
4> ’ = ’

By performing the balance in the element dV, considering that the cross section of
the tube is constant, we obtain:

F— (F;+dF) +r,dV=0 (4.13)
Therefore:
dF/ZT,‘dV (4.14)

Analogously, for a reaction of the type:

aA + bB— rR
The molar balance in relation to the reactant A (or B), considering that:

Fy=Fao(1 — Xy)

U

dFy = —Fa0dXa
Thus:

FaodXs=(—ra)dV (4.15)
or in relation to the product R, by using the relation 1.20:

FaodXa=(rr)dV (4.16)
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Again, note that in the transformation of the reactant, the rate has negative sign,
and in the formation of the product, the rate has positive sign, in accordance with the
definition initially adopted.

In any case, we can integrate with respect to the total volume of the reactor V and
the final conversion reached X 4. If we use the definition of space time ¢, which relates
the volume of the reactor with the volumetric flow:

T= K(b)
vo

We obtain:
v Tdx

‘[:—:CAO —A (4'17)
Vo r,-

0

where: = Fag= Caovo.

In this case, it is important to note that the conversion is defined in relation to the
limiting reactant A.

For kinetic purposes, when the objective is to determine the reaction rate as
a function of the concentration, pressure, or conversion, we use these systems in
ideal conditions at constant temperature. Diffusive or mass transfer effects should
be minimized or eliminated.
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Chapter 5

Determination of kinetic parameters

The kinetic parameters of the reaction rate are the rate constants k and the orders (4,
b', n) of the reaction in relation to each component. The effect of the temperature is
incorporated in the reaction rate and in order to determine it, the activation energy E
and the frequency factor ko should be determined.

There are two methods: integral and differential. The integral method has an

advantage of having an analytical solution. The differential method has an approxi-
mate or numerical solution. For all cases, experimental data obtained in laboratory
are necessary, both for batch and continuous systems.

INTEGRAL METHOD

There are four successive steps:

1.

Selection of the kinetic model: a reaction with defined order (integer or fractional),
and the appropriate reaction rate is written:

r;=hkC4 Cl =kf(C)=kCliy f(Xa)

where 7; is the rate of the component j of the reaction, reactant, or product; A
is the limiting reactant, f(X4) is a function of the conversion X, for irreversible
and reversible reactions.

Generally, we assume an integer order. Therefore:

1’/=/€CZO f(XA) (51)

Selection of the system: batch or continuous (tubular). For both cases, the
expression of the rate is substituted, and we obtain a solution of the type:

Batch (Equation 4.7):

X X
t=C fAdﬁ_C /AL (5.2)
A°0 7 A°0 kClo f(Xa) '
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1 A
F(X4)
0 >
XA
Figure 5.1 Representation of the integral function.
Tubular (Equation 4.17):
v T ax Fdx

— o =Cu [ A =Cn [ o 5.3
T " AOO/ p Aoo kCof (Xa) (5.3)

where: ¢ is the measurement time and t is the space time.
Mathematical solution: In general, the integral is solved analytically when the
order of the reaction is an integer. When the order is fractional or the model is
more complex, the integral is solved numerically. Figure 5.1 illustrated the integral
solution.

Note that the area under the curve is equal to the integral represented in Equa-
tions 5.2 and 5.3, according to Figure 5.1. If we represent the areas by F(X,), for
each value of X4, we have a linear equation of the type:

F(Xa)=Clylkr (5.4)

This equation is graphically presented in Figure 5.2, where k is a constant.
Experimental verification: The laboratory experiments provide the measurements
of the concentration as a function of time or space time, for a constant temper-
ature. The conversions, the function f(X4), and finally the specific rate (rate
constant) k are calculated. If the experimental values of F(X,) versus t or t are
on the line, it can be concluded that the proposed model is correct. Otherwise,
we would have to choose other model. In Figure 5.2, we can see the gray dots
that follow the model. The black dots indicate that the model is not appropriate.
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tort

Figure 5.2 Representation of Equation 5.4.

SPECIFIC CASES
5.1 IRREVERSIBLE REACTION AT CONSTANT VOLUME

Reaction of the type: A — products

5.1.1 Kinetic model of first order
(=74)=kCa=kCpo(1 — X4)

The continuous tubular system is chosen and substituting 7; by (—74) in Equation
5.3, we have:

X
e /A X
£ AOO kCao(1 — Xa)

If the temperature is constant, we obtain:
—In(1 — X4)=kz (5.5)
For a batch system, the same solution is obtained:

—In(1 — X4) =kt (5.5a)
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5.1.2 Kinetic model of second order (global)

This model represents the reaction of the type:

Case (a) 2A —products
Case (b) A + B —products

The corresponding rates, according to Equation 1.5a:

For irreversible reactions of second order:

=d=1,b=1=(—ra) =kCsCp=kC5y(1 — Xa)(M — X,)

= d =2,b'=0=(—14) =kC% =kC3,(1 — X4)*

In this case, we have a reaction which is first order in respect to each component
and presents global second order. We assume that the stoichiometric coefficients are

also equal, which characterizes an elementary reaction. However, the coefficients can
be different, as for example:

Case (c) A + 2B —products
With respect to the component B, the reaction is first order (6’ =1). Thus:
= (—7a) =kCho(1 — Xa)(M — 2X4)

Substituting the expressions of the rates in Equation 5.3 for a continuous tubular
system, we obtain the following solution (case (b)):

L (M=Xa)
(M—1) " M(1—Xy)

=/€CAO‘L’ (56)

Or for a batch system (Equation 5.2):

1 (M —Xa)

1 =kCyot 5.6
(M—1) "M(I-Xq) >-62)
where:
C
M= —BO, when A is the limiting reactant
Cao

For a continuous stirred tank system, the solution will be different, because when
substituting the rate (—74) in Equation 4.10, we obtain:

Xa

[T = Xa(M—Xq) >

Therefore, the choice of the reactor is very important in order to determine the
kinetic parameters and use the specific kinetic expressions.
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If we have an irreversible reaction of second order in which the initial con-
centrations are equal (thus, M =1), we cannot simplify Equation 5.6, because it is
undetermined. We should then start from another kinetic model, i.e.:

(—7a) =kC3 =kC%o(1 — Xa)?

The solutions for the batch or tubular tank are, respectively:

(tubular or batch)

X X
(1_—;\(A)ZkCA0T or mzkc,qot or (58)
(tank)
Xa
—(1 — XA)Z —kCAo‘L' (583)
Example

ES5.1 A reaction A — 4R is carried out in a batch reactor. A is introduced with 50%
(vol) of inert.

The reaction is irreversible and the reaction order is integer. However, it is not
known if the reaction is first or second order. Do a test and show the difference. The
reaction is carried out at constant temperature at 27°C. The final pressure measured
was 10 atm, which remained constant. It was observed that after 8 min the total
pressure was 8 atm.

Solution

It is observed that the final pressure of 10 atm was reached when all the reactant was
transformed into product. However, the initial total pressure is unknown, and 50%
corresponds to the inert. Therefore, by applying the law of partial pressures, we have:

a
pa=pao — B(P — Do)

In this case, ps=0, pao=0.5, and Py, =1/3. Thus, when P=10atm, we have
Py =4 atm.
With these values, we can calculate the conversion after 8 min, since:

_bao—pa _1(P—Po)
~ pao 3 0.5P

Xa =0.67

Considering a first-order reaction: Equation 5.5a:

—In(1 — X4) =kt (5.6a)
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Thus:
k=0.11min "

Considering a second-order reaction: Equation 5.8:

Xa
———— =kCyot
1—Xy
Since:
PAo 0.5P0 )
Cao=RT = 0.082x 330 />0 x 107 mol/
we obtain:

k=2.741/mol min

Note that values of k are different. It is therefore necessary to verify experimentally
and observe if the value of k is constant. Since in the present case there is only one
experimental data, it is not possible to conclude what is the true order of the reaction
and the reaction rate constant.

5.2 IRREVERSIBLE REACTIONS AT VARIABLE VOLUME
The typical reaction at variable volume can be represented as follows:

Case (a) A—> R+S = with volume expansion
Case (b)) A+ B— R = with volume contraction
Case (c) 2A—R = with volume contraction

5.2.1 Irreversible of first order

Consider initially a first-order reaction. From the expression of the rate (3.9), when
a' =1,b'=0and n=1, together with Equation 1.17. Thus, for a constant T, we have:
(1 —Xa)

) = pCag e AT
(—ra) AT T eaX)

For a tubular reactor (Equation 5.3), the expression of the rate is substituted, and
after the integration, we obtain the following equation:

—(1+ea)In(l — X4) —eaXpa=kt (5.9)

This solution is different from that of Equation 5.5 for a system at constant volume.
The solution is the same when g4 = 0.
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For a batch reactor, the expression change, since we start from the expression at
variable volume (Equation 4.6), i.e.:

Xa
B dX s
=] G o
0

For gas-phase reactions, such as in a plug-flow batch reactor at constant pressure,
the volume varies according:

V=Vo(1+eaXa)
Substituting the rate and volume expressions, we obtain:
“In(1 — X4) =kt (5.10)

This expression is equal to the batch or tubular systems at constant volume.
Therefore, if the volume varies, this variation will be:

AV=V — Vo = VQSAXA

Thus:

AV
- V()SA

Xa

Substituting in Equation 5.10, we obtain:

—ln(l— VAV ):kt (5.11)

0€A

5.2.2 Irreversible reactions of second order

The reactions are represented by the examples b and c. According to Equation 3.27:

Case (a)

(1 —XaA)M — Xa)
(1+eaXa)?

(—TA)=/€C/2“)

When M =1, we can simplify for the case (b).

In isothermal conditions for an elementary reaction (¢ =b = 1), we proceed in the
same way, substituting the expression of rate in Equation 5.3 for a tubular reactor:

X X
—Ca /AdXA _ /A (OteaXaldXs oo
r ) R T=XM =X,

0
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We obtain the following solutions:

(T+eaM)*], (M —Xa) (1+ea) 1y
|: M_1) :|ln i M) In(1—Xa)+e3Xa=1kCyo (5.12)
and when M =1:
2 Xa 2
(14+¢a) —+8AXA+28A(1+8A)11’1(1—XA)ZTkCAO (5.13)
(1 —Xa)
Example

E5.2 A reaction A — 2R + 8§ is carried out in a tubular reactor, and the reactant A is
introduced with 30% of inert. The reaction is irreversible and of second order. The
reactor of 0.2 L is isothermal, and the reaction occurs at 800 K and pressure of 10 atm.
It is known that the outflow of the product R is 0.034 mol/s and the conversion was
10%. Calculate the reaction rate constant. If this reaction would be further carried
out in a batch reactor, calculate the reaction time for the previous conditions.

Solution

Since we have a second-order irreversible reaction, the rate is:
(—ra) =kC3
and consequently as a function of the conversion we have:

=X
) = kG i eaxXa)y?

Since the reactor is tubular, we have:

Xa
[ (I +eaXa)*dXy
’CM‘/ B X2
0

whose solution was shown in Equation 5.13:

X
(1+ mzﬁ + 62 XA+ 2e4(1 4 £4) In (1 — Xa) =7kCpo
- AA

We can calculate the conversion through the outflow of the product R:

Fao — Fa :FR_FROZFS_FSO
FAO 2FAO FAO

Where FR() = Fso =0
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Therefore:
Fr=2Fa0 - X4
0.034=2F, x 0.1

FA() =0.170 mol/s

But:
2 x 1. 10!
_C:Z:VCAOZVCAOZO x 1.06 x 10 20.1245_]
vo  voCao Fao 0.170
Calculation of e4:
A 2R S INERT TOTAL
Initial 0.7 0 0 0.3 1.0
Final 0 1.4 0.7 0.3 24
24 -1
EA= 1 =1.4

Substituting in Equation (a) with X4 = 0.1, we have:
=9.73L/mol - s

(b) If the reaction is conducted in a batch system at constant volume, we have that
EA = 0.

Thus, we calculate the time necessary to reach the same previous conversions, by
using the expression for the batch system, i.e., Equation 5.8:

X

A
——— =kCyot
1—Xa =
Thus,
t=0.107s

When comparing with =0.124 s~!, we can observe a difference due to the expansion
of the gas-phase continuous system.

5.3 IRREVERSIBLE REACTIONS OF ORDER
n-HALF-LIFE METHOD

There are processes with reactions that is not well defined and with several components.
Several elementary or intermediate reactions can occur, which cannot be classified in
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the simple models of integer order. In the pyrolysis of naphtha or bituminous com-
pounds, it is known that some major component is transformed, with the formation
of several nonidentified products simultaneously. A main component is chosen as a
reference for the kinetic study and we assume a global order n. Schematically, we
have:

aA + bB — products
or

aA—-R+S+T
The rate is generically represented in relation to the principal component A:

(—r4) =kC} (3.17)
in which k is the apparent constant and # is the apparent global order.

In a batch reactor, the volume is constant; therefore, starting from Equation 5.2
as a function of the concentration:

T ax Tac
t= CAO/ A —:
(—7a4) kCA
0 Cao
Integrating, we obtain:
Cy"—Chy" = (n— 1)kt (5.14)

Or as a function of the conversion of A, we obtain:
Cy"l(1 = Xa)' ™" = 1] =(n— 1)kt (5.15)

Note that there are two unknowns, k and 7, and hence the solution must be
iterative. In general, we simplify by choosing a concentration and the corresponding
time. It is difficult to follow reactions which have too low or too high rates, since they
take too long or too short to occur, respectively.

In this method, it is proposed to set a time and determine the concentration at that
moment. However, the experiment also changes, since it is necessary to start it with
a new initial concentration. The concentration is then measured as a function of time
for different initial concentrations and for a certain time ¢.

Usually, we adopt the half-life criterion, considering the half-life time (¢1,2), which
corresponds to a conversion of 50% or half of the initial concentration (Figure 5.3).

Note that it is possible to choose any conversion and determine the corresponding
time. As an example, for X4 = 0.7, the corresponding time is # 7.

In the case of half-life, Equation 5.15 becomes:
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Cho Initial concentrations
CA03
CA02/2 --r
|
I Slow reaction
|
|
1 2
|
3\ 1I ]
| Fast reaction
-
(ti2)2 t
Half-life time

Figure 5.3 Half-life time.

There are special cases in which the specific rate can be determined directly through
a single measurement, knowing the initial concentration and the half-time life. Exact
solutions are obtained. However, when the reaction is of first order (n=1), Equation
5.16 is undetermined. So, we start from Equation 5.5, making X4 = 0.5. For a reaction
of zero order, in which the rate is independent of the concentration, the expression
above is simplified.

Therefore:
C

Forn=0: k=22 (5.17)
2t
0.693

Forn=1: k= (5.18)
t12

For generic solutions, Equation 5.16 is rearranged and natural log is taken in both
sides of the equation. Therefore:

20— 1]

1-n
=T Cho (5.19)

1=
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Int,
(1-n)
_______________ (n=0)
In C,
Figure 5.4 Kinetics of half-life.

Thus:

lnt1/2=lnk*+(n— l)ln Cao (5.20)
where:

2t — 1]
| 5.21
(mn—1)k ( )

Graphically, we have the following representation as shown in Figure 5.4.

Example

ES5.3 A reaction A — R+ S is carried out in a batch reactor (constant volume). The
experiment was started with several initial concentrations and when half of the con-
centration was reached, the corresponding time was measured. The following table
gives the values for two different temperatures. Determine the order of the reaction,
the specific rate, and the activation energy.

T=100°C
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100°C  Cp (molll)  0.0250 00133 0010 005 0075
t1/2 (min) 4.1 77 9.8 196  1.30
110°C  Cao (mollL)  0.025

tin (min) 2.0

Solution

Look at the table and note that the reaction occurs in the gas phase and an expansion
occurs. However, in a batch reactor, the volume is constant. We can directly apply
Equations 5.19 and 5.20. Note that only one value was provided for the temperature
of 110°C. The order 7 is constant and it will be determined with the first data set.
Therefore, we can obtain the order 7 and the constant k through Equation 5.20, i.e.:

lnt1/2=lnk*+(n— 1)lnCA()

Cao (moI/L) tin (min) In Cao Intp
0.0250 4.1 -3.59 1.41
0.0133 77 —4.32 2.04
0.0100 9.8 —4.06 2.28
0.0500 1.96 —3.00 0.67
0.0750 1.30 —2.59 0.26

It can be solved graphically or we can find a correlation:
Y=-2.77-1.16X
Therefore:

(1-n)=-1.16
n=2.16

with a mean standard deviation of 0.99.
Thus:

(_TA) _ k*Ci'16

The constant k* can be calculated by substituting the value of # in the equation

above and by using an experimental value, for example, the first value of the table:
Ca0=0.025 when lip= 4.1.

We obtain from equation 5.21:

k=16.5min""
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The solution is simplified to an exact solution (considering # =2), and comparing
with the previous case. In this case, we start from the Equation 5.8 (for a batch system):

Xa
— = kCaot
(1—-Xa) =
with X4 =0.5 and ¢ =t;,,, we obtain:

_ 1
Caoti)2

(5.22)

Thus:
k100 =9.76 L mol ™! min !

error is 17%, and, therefore, not neglegible.

With this consideration, we may calculate the value of k, assuming a second-order
reaction, and using the values of the table for 110°C in Equation 5.22. We then obtain
for C40 = 0.025 and #1/, =2.0:

k110 =16.0 L min !

Note that the value of k is doubled. Moreover, we can see from the table that, or
the same initial concentrationCyg, the half-life time at 110°C was exactly half of the
value at 100°C. Consequently, the constant k is expected to double. Note that with a
variation of 10°C, the constant doubled, indicating a significant effect of temperature
on the reaction rate.

We can now calculate the constant k& for any temperature, determining the
activation energy E and the constant ko of the Arrhenius equation (Equation 3.30):

k=kyexp(—E/RT)
Taking the natural log on both sides of the equation, we have (Equation 3.37):

Ink=Inkg — %

Filling up the table with the correct data set:

k T (K) In k 1T

10 373 2.32 2.68 x 1073

20 383 3.00 261 x 1073
Thus:

Y=282-9.657X
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Therefore:
E
— =9657
R

With R =1.98 cal/mol
E=19.120 cal/mol

5.4 REVERSIBLE REACTIONS AT CONSTANT VOLUME

In the reversible reactions at constant volume, we have to determine two reaction
rate constants, i.e., the direct constant (k) and the reverse constant (k’), which are
temperature dependent and the units depend on the order of reaction of the reactants

or products. The determination of these constants follows the same procedure. We will
use here the two simplest cases, i.e., the integer order and constant volume.

5.4.1 Direct and reverse first-order elementary reaction
A&R

The resulting rate is represented by:

1
1'=/€|:CA — ECR1|

Substituting the concentration by the conversion of the reactant A, according to
the set of Equations 1.8:

Ca=Cao(1—-Xa)
Cp=Cpo(M — X4)

Cr=Cao(R+ X4)

we have:
1
erCAO[(l_XA)_E(R"’XA)} (3.19)
where:
R (R+ Xae) g
i 1 Xa) — K — equilibrium constant (3.20)

and X4, is the equilibrium conversion.
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—In [1 _ X J
XAe

k(R+1)
R+ X,

*

Tort
Figure 5.5 Kinetics of a reversible reaction.

Substituting the constant K of Equation 3.20 into Equation 3.19, we have an
equation as a function of X4, X4e:

_ kCpo(R+1)

R+ Xu) (Xae — Xa) (3.21)

We choose the batch or continuous system, whose solution is according to
Equation 5.2 or 5.3:

‘E(t)ZCAO —_— (523)

Substituting Equation 5.23 into Equation 5.3 and integrating, we obtain:

X4\ _ kR(1+R)
—In (1 — XAe) “ R+ XAe)t or (t) (5.24)
Or graphically:

Note that k* = k + k" and can be determined through experimental results (graph),
by measuring the conversion as a function of the time ¢ or the space time space 7.
Knowing the equilibrium constant or the equilibrium conversion, we can determine k
and k' separately.
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5.4.2 Direct and reverse second-order elementary reaction
A+B&2R

The rate will be (Equation 3.4):
1
r=k| CaCa — 2 Ck (5.25)

It is assumed that the reactants A and B enter the system as pure components and
therefore C,o = 0. Furthermore, it is assumed that the reactants enter the system with
equal initial concentrations. Therefore, C4o = Cpo (M =1).

By using the concentration of the reactants and products as a function of the
conversion (Equation 5.25), this equation becomes:

r=kC[ (1= X - X3 ] (5.26)

Knowing that: Ck =2C40X4
In the equilibrium, the resulting rate r is zero; therefore:

(1 —Xpe)?> x K—4X3,=0
Knowing that and solving the quadratic equation, i.e.:
(K —4)X3, —2KXp. + K=0

Two roots are obtained:

) 2K b

XYt Xa=g 4775
K c
XaexXoe=g—3=3

The roots are X4, (real root) and X/, (not real). There is only one real value of
equilibrium X4, ranging from 0 to Xy, < 1.
Transforming Equation 5.24, we get:

RCE(K—4)[, 2K K
r:T[ A‘(K—M’”M]

U U
(XAe + X;\e) (XAe X X,,qe)

Therefore, the resulting rate as a function of the conversions will be:

kC? (K —4) 2K K
_ AQ 2
"=TK [XA (K—4>XA+(K—4>]
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_ kG (K—4)

4 K

[(Xae — Xa)(X)pe — Xa)] (5.27)

Choosing the batch or continuous system and substituting Equation 5.27 into
Equation 5.3, it is possible to analytically integrate to give the following final
expression:

In (1)@ =k*t (5.28)
< (-x)

(or in the batch system (z))

where
X/
= ae
= XAe
and
K —
R =k(k — 1)( 4)CA0XAE (5.29)

Similarly, the graphical solution of Equation 5.28 is identical to the previous one.

Knowing k* from the experimental values of the conversions X, as a function of
the time 7 (continuous) or ¢ (batch) and values of the equilibrium conversion Xy, or
equilibrium constant K, we can separately determine the specific rates k and &'.

Note that Equation 5.28 is also valid for other reversible reactions and may have a
different order in the direct and reverse direction. The specific rates and consequently,
the value of the k* from Equation 5.29 and the thermodynamic constant K are the
parameters that change. Thus, for example, if the reaction is of the type:

2A & 2R

Consequently, the resulting rate will be:
2 2 1,
r=kC?, [(1 X4 - EXA]

With the following parameters:

k (1+XAC)2
K: —_———
R (1= Xae)
and
k* =k X
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Example

E5.4 The reaction A R will be carried out in a tubular reactor (PFR) at 87°C. Pure
reactant is introduced isothermally at 1.0 L/min and 10 atm. However, the specific rates
are unknown. Therefore, experiments were separately conducted in batch reactor. Pure
reactant was introduced at 1atm and 27°C. It was observed that after 100 min, the
conversion was 40%. When the conversion reached 90%, no change was observed
anymore. In another experiment at 107°C, the same conversion of 40% was obtained,
but in less time (20 min). After reaching a conversion of 60%, there was no more
change. Determine the volume of the PFR under the specified conditions, knowing
that the outflow of the product R was 0.20 mol/min.

Solution
(a) Determination of the direct (k) and reverse (k') specific rates.
For a reversible reaction that is first order in both directions, we have:

r= kCA — k/CR

The specific rates are k and k'. The batch reactor was chosen in order to determine
these constants. Therefore, substituting the rate in the equation of the batch reactor
and integrating, we obtain the expression already deduces previously (Equation 5.24):

Xa\ _ k(1+R)
—ln(l - XAe) (R4 XAe)t (5-30)

In this case, since the reactant is only present in the beginning, R = 0. Thus, if the
equilibrium conversion Xs.= 0.90, and the conversion X4 =0.40 after 100 min, we
can determine the constant k:

Ky7=5.29 x 107> min !

In the equilibrium, the resulting rate is zero and the constant K can be determined.
Therefore, since the equilibrium conversion X4, = 0.90, we have:

kk__ X
k/ (1_XAe)

=9

Thus, the reverse specific rate will be:

Ry, =5.87 x 10™* min !

The specific rates were calculated for a temperature of 27°C (300 K). In order to
know the specific rate at 87°C, we need to calculate the activation energy E. For this,
we use the data at 107°C. By using the same equations described above, we have:

kip7 =3.29 x 1072 min !

o7 =2.19 x 1072 min !
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We then calculate the activation energy, using the two values of k and of k’:

In ki07/ka7

E:R(l/T27 —1/Tho7)

and analogously the reverse activation energy E’. Note that the temperatures are given
in kelvin.
Therefore:

E=15.135 cal/mol

E'=10.211 cal/mol

These data show that the direct rate is greater than the reverse rate, since K is
higher. Furthermore, since the reverse activation energy is greater than the direct one,
the barrier energy of the reverse reaction is higher than that of the direct reaction.

From the Arrhenius equation, we have to determine the frequency factor kg, which
are independent of the temperature. Thus:

k=ko exp(— E/RT)

For T=300K, k»7=5.29 x 10-3 min~!. Thus:

ko =30.0 min "

The same procedure is valid for determining the constant k), =1.71 x 10* min~!.

With these values, we have the following equations valid for any temperature:

k — 30e—S135/RT

k' =1.71 x 10 1021/RT

We finally can calculate the specific rate at 87°C. Substituting the values, we have:
ks7;=2.25 x 10~* min '

kg, =1.03 x 10~ min !

The equilibrium conversion can be determined:

kg7 Xae
K —2.16=
T R (1= Xac)
Thus:
X 4o =0.684

Calculation of the final conversion in the PFR.
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If we have the molar flow in the reactor outlet, we can calculate the conversion:
Fr =20 mol/min

Fr = Crvo = CaovoXa

The initial concentration can be calculated through the general gas law:

P10
T RT  0.082 x 360

Thus:

Cao =3.38 x 10~ moles/L

Fr=CaovoX4 =338 x 107" x 1.0 x X4 =0.20
X4=0.59

Substituting these values in Equation 5.24, we obtain:
7=60 min

And the volume of the reactor will be:

V=60L

Example

ES.5 The reversible second-order (direct and reverse) reaction 2C, HsNCO— C,H;sN,
(C=0)C,Hj5 is conducted in a 5 mL continuous reactor (PFR) at 25°C. Under these
conditions, the equilibrium constant is 0.125. Pure reactant with a concentration of
0.2 mol/L is introduced at 0.36 L/h and the final conversion is 70% of the equilibrium
conversion. Calculate the direct and reverse specific rate.

Solution

It is known that the reaction is of the type:

2A & 2R

and consequently the resulting rate is:

1
rzkcjo[(l — Xa) - ij}

In the equilibrium, the resulting rate is zero. Therefore:

k X2
K=—=-—"4¢ 0125
B 41 — Xpe)?
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or
(4K — 1)X3, — 8KX . + 4K =0
X =0.414
X, =—2.41

Thus, the resulting rate as a function as of the conversions will be:

kC2 (4K — 1) X4 X4
()

Substituting the expression of the rate in the equation of PFR and integrating, we
obtain Equation 5.28, i.e.:

K — Xa
In (1> M = k*1(2) (5.32)
UG

XAe
where:

4K — 1
R =k(k — 1)%@40)@@ =0.956
where:

X/
Kk=-—2=-583
XAe

XA =0.7 x AXAe

From this, we get:

kt=1.432

Since,

T= K =0.83 min
vo

Thus:

k=1.719 L/mol min

k"=13.7L/mol min
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5.5 DETERMINATION OF THE KINETIC PARAMETERS BY THE
DIFFERENTIAL METHOD

In the differential method, we have two approaches:

1. Using the concentration data as a function of time obtained experimentally, the
rates are determined by approximation from the kinetic curves.
2. Determining the rates directly, using the data from a differential reactor.

Therefore, for a reaction of the type:
A—-R4+S+T

The rate can also be generically represented as a function of the principal
component A, with the general order:

(—ra)=k"C;

where k* is the apparent constant and # is the global order.
In a system at constant volume, the rate will be:

dCy
dt

(—r4)=—

Thus, taking the natural log on both sides of the equation, we have:

In(—74)=1In (—dd%)zlnk*—i—n InCy (5.33)

From the kinetic curve (Figure 5.6A) obtained from the experimental data, we
have the corre3sponding rate for each concentration (tangent of the curve). We can
then calculate the valued of the table and the graph corresponding to Equation 5.33.

Time (min) Concentration (mol/L) Rate (mol/L min)
t=0 Cro
t=t Cai
t#0 Ca

With the experimental data shown in Figure 5.6 and with the table, we can obtain
the graph displayed in Figure 5.7 corresponding to Equation 5.33. Thus, we can
directly determine the order of the reaction # and the apparent constant k*.

When the order in relation to each component is different and not an integer, we
use the same methodology. However, in this case, we would have to carry out different
experiments.

When the reaction involves several components, we should determine the order of
the reaction in relation to each component. This is only possible if the reaction can be
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Figure 5.6a Kinetic curve.

In[—(dC,/d1)]

Figure 5.6b Differential method.

InC
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controlled in such a way that the concentration of only one component varies. There
are three possibilities:

(a) The concentration of the principal component varies, and the other components
are not consumed during the reaction.

(b)  The concentration of the principal component is monitored, maintaining the
concentrations of other components constant and adding reactant in a proportion
that compensates its consumption during the reaction.

(c) The concentration of the principal component is monitored, maintaining the
concentrations of other components constant and introducing them in excess,
relative to the concentration of the principal component. The variation in the
concentration of the reactants in excess is negligible.

(d)  Both concentrations vary, and we should proceed in the same way, as shown in
the following example. This is method of the partial rate.

For an irreversible reaction at constant volume of the type:
A + B — products

The corresponding rate will be:

(—ra) =kC4 CY

Therefore, keeping the concentration of B constant, the expression can be
simplified:

(—ra) =k*C4
where:
k* = kCB/

By proceeding analogously, we can calculate k* and a’. Subsequently, we now keep
the concentration of A constant. Thus, we obtain the new rate:

(—ra)=k"C}
where:
kK =k*CE

Analogously, we can determine the exponent b’ and the constant k”. We have the
following situations, as shown in Figure 5.7.

Finally, knowing the rate (—r4) for the defined concentrations and the orders a’
and &', we can directly calculate the specific rate k*, since:

«  (=7a)

=2 5.34
crcy (5.34)
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In(=r,) In(—r,)

InC InC
Figure 5.7 Determination of the partial orders.

The kinetic curves may have opposite behavior. When the reaction is fast, con-
centration drops sharply with time, whereas when the reaction is very slow the
concentration drops slowly with the reaction time. In both cases, the rates obtained
by the tangents to the curve are very imprecise.

Another way is to determine only the initial rates (¢ =0) and proceed in the same
way. The downside is that several experiments should be carried out, starting from
different initial concentrations. It is not necessary to stop the experiment. With the
initial values, we can determine the kinetic curve and the reaction are interrupted.
Furthermore, it is more accurate. Therefore, we use Equations 5.33 and 5.34, but with
the initial values, i.e.:

dc,

In (_T’AO) =In <— dz

) =In k* + 71 1n Cyg (5.35)
0

and

b — (ijo} (5.36)
C4oCho

These methods are not sufficiently accurate and thus the conventional numerical
methods are used. From Equation 5.33 or 5.35, we have the polynomial equation of
the type:

In(—7,) =ln<—dd%) =Ink* +nln Cy (5.37)
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or

Y=a0+a1x1 +axxy

With an experiment j, we have therefore:

Yi =dp; + a1x1; + ax2x2;

For a reaction system, we obtain:

Z Y; = Nag; + a1 qu +a szl‘
2
2

(5.38)

With three linear equations, the three unknowns ag, a1, and a, and consequently

the specific rate k* is solved.

Example

ES5.6 In the formation of HBr, we obtain the following experimental results (adapted

from Hill, 1977):

Cho Car20 (—rHgr)ox 103 (mol/L min)
0.225 0.2250 1.76

0.90 0.90 10.9

0.675 0.675 8.19

0.450 0.450 4.465

0.5637 0.2947 4.82

0.2881 0.1517 1.65

0.3103 0.5064 3.28

0.1552 0.2554 1.267

Determine the order of the reaction in relation to each component (adapted from

Fogler, 2000 and Hill, 1977).

Solution

We start from the rate of formation of HBr, i.e.:

! b/
THBr = /eCI‘ZIZ CBr
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Considering a’ + b’ =n, we obtain:
(rusr)o = k*Cfy,

where:
b=k ( CBrO )b/
CHzO

Taking the natural log on both sides of the equation and constructing the graph
(Figure 5.9), we obtain the reaction order # and the constant k,,.
Thus:

n=1.28
k*=1.198 x 1072
On the other hand, since

(rupe)o =k C&, C{;’i‘“ )

m A = Linear Fit of Datal_A

In rHBF(O

T T 1 "~ 1 1 "~ T 1 "~ T " T "1
-20 -18 -16 -14 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0

InC,,,

Figure 5.8 Differential method—initial rates.
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or

» [Crnl”
("upe)o = kCBrO |:_CH20 i|
Br0

Taking the natural log on both sides of the equation, we have:

o T gy 1 [@}
Chro Br0
In [Cr20/Chra0] Csoo In [(—ruer)o/Chh
0.0 0.150 —4.445
0.0 0.874 —4.38
0.0 0.6070 —4.30
0.0 0.362 —4.395
0.648 0.211 -3.779
0.641 0.0911 —4011
—0.489 0.421 —4.85
—0499 0.1766 —4.937

m A —— Linear Fit of Datal_A

ln[(rHBr )({ Br,]

I T I T I T T T I T T T 1
—-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8
In [Chi20/Cprol

Figure 5.9 Determination of @’ and b'.
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Thus, from Figure 9 we determine the exponent @’ =0.86. Knowing 7, we can
determine &' = 0.42 and the constant:

k=1.205 x 1072 [L/mol]"*” min "

5.5.1 Differential reactor

To determine the kinetic parameters, we use the differential reactor. In this continuous
flow system, the variation in concentration between the inlet and outlet of the reactor
should be small and finite. The conversions should be around 5-10%. Under these
conditions, the diffusive and mass transfer effects are avoided, assuring a kinetic regime
for the determination of the kinetic parameters. Unlike the case of the batch system,
the spatial time and consequently, the inlet flow and the mass or volume of the reactor
are varied. Therefore, the reaction rate is directly determined.

In a continuous system, the differential molar balance in a finite volume -AV will
be as follows:

The molar flow in the reactor inlet and outlet will be F4¢ and Fu,, respectively.
Therefore (Equation 4.13):

FA() — FAs + TAAV:O
Considering that AV =V, we have:

Fao — Fas .
(—ra) = % [mol/L min] (5.39)

If the reaction takes place at constant volume, we can approximate the rate for
concentration, 1.e.:

(Cao — Cas)vo

v (5.40)

(=7a) =

where vy is the volumetric flow and V is the reactor volume.

AV

Figure 5.10 Differential reactor—initial rates.
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Note that when the reactor volume is small, the space velocities are high, but the
space time is very small, and consequently, the conversions are very low. Thus, the rate
practically corresponds to the initial rate, i.e.:

(=7a)=(=74)o (5.41)

This is the rate measured experimentally and to determine the reaction rate con-
stants, we need a kinetic model, which may be of integer or fractional order, as has
been done previously. The difference here is that the rate was obtained experimentally,
thus avoiding problems of extrapolation and the use of approximation approaches in
the determinations of the tangents to the kinetic curves seen in the differential method.
Furthermore, complex integrations are avoided, as in the case of the integral method.

Taking the natural log on both sides of the equation, the parameters are determined
according to Equation 5.35, i.e.:

In (—740) =Ink* 4+ nln Cyg (5.42)

Example

ES.7 The hydrogenation of octene to octane was performed in a reactor differential,
by measuring the initial rates as a function of the respective concentrations of the
reactant B. It is known that the reaction order of hydrogen is 1. However, the order in
relation to octane is not known. The reaction is irreversible and the experiments were
performed at 1 atm and 500°C. Under these conditions, the following experimental
data was obtained:

CsHys + Hy — CgHig

C3H16 ~ B
Cao mol/L 0.1 0.5 1.0 2.0 4.0
(—rg)ox 10? mol/L 0.073 0.70 1.84 4.86 12.84

Using equation:
In(—rgg)=Ink* +nln Cp (5.43)

and placing the values of the table above in the graph (Figure 5.11), we obtain:

The angular coefficient is #=1.4, which is the reaction order with respect to
octene. The linear coefficient would be the reaction rate constant. However, sub-
stituting 7 = 1.4 in the equation above and the values corresponding to a particular
experimental data, the reaction rate constant is calculated. Therefore:

k=1.844 x 10~2(L/moles)** h™"
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InC,,

Figure 5.1 1 Determination of the specific rate.

Thus the rate will be:

(—74)=1.844 x 1072C}*Cy,

5.6 UNCERTAINTIES OF KINETIC PARAMETERS

An important point to consider during the determination of kinetic parameters is the
fact that experimental measurements can only be obtained with finite precision because
of the unavoidable occurrence of experimental fluctuations, as discussed in Section 1.8
and Section 1.9. Consequently, as kinetic parameters must be obtained with help of
uncertain experimental data, they are also subject to uncertainties and fluctuations.

For illustrative purposes, let us consider the first-order kinetic rate equation used to
describe the batch reaction system presented in Example ES5.1. Based on the proposed
example:

_ln(l — Xa)
t

k= (5.44)

where

_2P-Py

4
3 B (5.45)

A
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Besides, it was assumed that experimental measurements were available, as Py =4
atm and P =8 atm after t =8 min. However, the information presented in Example
ES.1 was not complete, because the pressure and time measurement systems were cer-
tainly subject to uncertainties and the intrinsic precisions of the measuring devices were
not reported. Thus, let us assume that the pressure and time measurements were sub-
ject to fluctuations that presented sample variances s3 and s?, respectively, as defined
in Equation (1.9.1) of Section 1.9. Then, if one additionally assumes that measurement
fluctuations were small (and they often are large!), it becomes possible to write:

1 In(1—Xy) 2
dk = ———dX, + dt =
A—Xpt 2 (SPo —2P)¢ (5.46)
p_ 2P dP In (%) .
(5Py —2P)t Py 12

Equation (5.46) shows very clearly that uncertainties in k (dk) result from the
intrinsic uncertainties of the measuring devices (dP, dPy and dt). The mathematical
operation performed to obtain Equation (5.46) is the well-known error propagation
procedure, valid when the fluctuations are small and can be somehow represented by
the differential of the analyzed variable or expression. In other words, if k can be
obtained as a complex mathematical transformation f() of other variables x1, x2, ...,
xNx in the form:

k=f(x1---xNx) (5.47)
then
NX of
dk=) ——dxi (5.48)

Finally, if it is assumed that the error measurements are independent and do not
affect each other (and real measurements are frequently correlated!!!), then it becomes
possible to write (Schwaab and Pinto, 2007):

NX [ 0f \°
T=>._ (5) sz, (5.49)

so that Equation (5.46) becomes:

2 2 5 2 1n(3T
P [— R ) 0 5
Sk_LSPo—ZP)J SP+|:(5P0—2P)L‘} S| 7 | (5.50)
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Now, using the available data and assuming that the sample standard deviations
are equal to sp =0.1 atm and s; = 0.1, Equation (5.50) becomes:

2
2 2 2 1 2 11’1(20716)
S 2 1 In (T5°)
% = [(20— 16)8:| 0.01+ [(20— 16)8 4} 0.01 +[ 8

0.01=1.98 x 10~* min~2

(5.51)

Therefore, in this particular case, k= 0.11 min™ and s? =1.98 x 10~*min ™2, so
that s, =0.014 min~". If it is assumed that the kinetic parameter follows the normal
distribution (and model parameters mostly do not follow this particular distribution!),
then it is possible to write Equation (1.9.9) in Section 1.9:

k= (0.137 £2%0.014) min~! with 95%confidence
k= (0.137 £ 2.5 % 0.014) min~! with 99%confidence

which shows that the uncertainty of & is in the second decimal place and is of order
0.03 min~! with 95% confidence or 0.04 min~' with 99% confidence. Therefore, it
is more appropriate to describe the kinetic parameter in the form:

k = (0.14 £ 0.03) with 95%-confidence
k = (0.14 £ 0.04) with 99%confidence

As one can see in Equation (5.49), the estimation of parameter uncertainties can
be quite laborious, although very important for practical reasons, as these parameters
are expected to be used for design of large reaction vessels. Therefore, the accuracy and
precision of the reactor design depends on the quality of available kinetic parameters,
justifying all efforts made to evaluate the precision of the obtained parameter. How-
ever, derivation and use of Equation (5.49) in real problems can be infeasible, given
the large number of variables involved, the nature of the mathematical functions that
transform the measured variables into the model parameters and the fact that measure-
ments can be correlated to each other and sufficiently large to render the differential
procedure useless. In these cases, the combination of parameter estimation procedures
and stochastic simulation tools can provide much simpler numerical strategies for
computation of parameter uncertainties, as described in detail in Chapter 11.

In order to illustrate how a stochastic procedure can be used to evaluate the pre-
cision of the calculated parameters, let us assume that Equations (5.44) and (5.45)
should be combined to generate the kinetic parameter k, by assuming that experimental
measurements are allowed to vary in the form:

Py =4+ (random() — 0.5),/125%,0 atm (5.52a)
Py =8 + (random() — 0.5),/12s3 atm (5.52b)
t =8 + (random() — 5)v12st? min (5.52¢)
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where the function random of the Excel spreadsheet provides random numbers uni-
formly distributed in the interval [0,1]. The radicand term is used to correct the variance
of the simulated data, as the variance of the uniform distribution is equal to 1/12. The
following procedure is then repeated 1000 times: (i) random numbers are generated;
(i) values of Py, P and ¢ are calculated; (iii) & is calculated and saved. Finally, the aver-
age value of k and respective sample variance are calculated as usual and described
in Equations (1.9.1) and (1.9.2) of Section 1.9. These numerical tasks can be easily
performed in a standard spreadsheet. The obtained results for one realization were
k=0.139 min""', si =2.14 x 10~* min~? and s, =0.015 min~!, which were very simi-
lar to the results obtained previously. Based on the uniform distribution and discarding
the 2.5% (25) smallest values of k£ and 2.5% (235) largest values of k values of k, to
respect the confidence level of 95%, it was possible to obtain:

0.114 <k=0.139 <0.167 min~" with 95% confidence

One must observe that the confidence interval of the kinetic parameter calculated
with the stochastic procedure was not symmetrical, as predicted by the normal assump-
tion, because of the many nonlinear transformations of the measured variables that
were needed to generate the value of k. Based on the uniform distribution and discard-
ing the 0.5% (5) smallest values of k and 0.5% (5) largest values of & to respect the
confidence level of 99%, it was possible to obtain:

0.110 <k=0.139 <0.172 min"! with 99% confidence

As the uncertainty of the kinetic parameter is located in the second decimal place,
it is better to write:

0.11<k=0.14<0.17min~" with 95% confidence

011 <k=0.14 <0.17min~" with 99% confidence

which are very similar to the ones calculated previously, although the confidence inter-
vals were a bit larger when the normal assumption was used because the normal
distribution admits that measurements can be infinitely large, whereas the uniform
distribution admits the existence of well-defined boundaries for maximum allowed
fluctuations.

5.7 REPARAMETERIZATION OF POWER-LAW RATE EQUATIONS

Existence of high correlations among the parameter estimates of a mathematical model
can cause significant numerical problems during estimation of model parameters (as
discussed in detail in Chapter 11), since minimization of the objective function may
become inefficient (Espie and Macchietto, 1988) and the statistical characterization
of the final parameter estimates may lack significance (Watts, 1994). For example,
some of these difficulties can be observed during estimation of parameters of power-
law rate equations, utilized throughout Chapter 5, because of the usually very high
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correlations among the obtained parameter estimates. As discussed in the previous
sections, power-law rate equations are commonly used in kinetic problems to describe
rate expressions and equilibrium conditions. Some examples are the Freundlich equa-
tion, used to describe adsorption of gases and liquids onto solid surfaces (Guo et al.,
2006), and the well-known nth-order reaction rate models:

y= k" (5.7.1)

where x and y are the independent and the dependent measured variables, and k and »
are two power-law model parameters. The correlation between the parameter estimates
for k and 7 are usually very high because they exert similar effects over y, which tends
to increase with x when either k or 7 are increased. In order to minimize the correlation
between the two parameter estimates, Equation (5.7.1) can be rewritten in the forms
(Schwaab and Pinto, 2008):

Y=k ( al ) (5.7.2)
Xref
x
y=exp |:A,ef+nln( )i| (5.7.3)
Xref

where x,,s is the reference variable. One must observe that model responses are
not affected by reparameterization, since inclusion of the reference variable leads to
redefinition of the model parameters, k,.s and A,, as:

ke = kxlh (5.7.4)

Ay = In (k) (5.7.5)

Particularly, Schwaab and Pinto (2008) showed that correlation between param-
eters A, and 7 might be nullified when:

>N y2In <x»}

NE >
Zi:l Vi

It is important to note that Equation (5.7.6) depends only on the available exper-
imental data and can be computed before the estimation of the model parameters,
as also discussed previously for the Arrhenius equation in Section 3.3.3. Besides, after
determination of parameters A,s and 7, the kinetic parameter k can be easily computed
in the form:

Xyef = €XP [ (5.7.6)

eAref

k= (5.7.7)

o
xref

The introduction of the reference variable x,, into the power-law rate equa-
tion allows for elimination of the parameter correlation and, consequently, for
reduction of the computational effort required for estimation of model parameters
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(Espie and Macchietto, 1988; Schwaab and Pinto, 2008). Particularly, Schwaab and
Pinto (2008) showed that the introduction of the reference variable can simultaneously
improve the precision of parameter estimates. For this reason, in the following sec-
tions the reparametrized form of the power-law rate equation will be used frequently
for quantitative analyses of kinetic data.

When Equation (5.7.1) is combined with the Arrhenius equation in the form

AE
y = ko exp (—ﬁ> x" (5.7.8)

the reparameterized form of Equation (5.7.3) becomes particularly useful, because
Equation (5.7.8) can be written as

AE (1 1 x
= A —— | = — 1 5.7.9
y eXP[ f = RT (T T,Ef> +nln <xref>i| ( )

with the simultaneous reparameterization of the Arrhenius equation (see Section 3.3.3)
and of the power-law rate function. In this case,

AE
Aver In (ko) = 2o+ 10 (X) (5.7.10)

ref






Chapter 6

Kinetics of multiple reactions

The multiple reactions involve parallel, series, and mixed reactions. They consist of
complex reactions in which the specific rates of each reaction should be determined.
They often occur in industrial processes. These reactions can be simple, elementary,
irreversible and reversible, or even nonelementary. Some cases are:

Series reaction

+H +H
N 2 2
HET NS0 —— T N0 —— ne” > on
Crotonoaldehyde Butiraldehyde Butanol

Series-paralel reactions

k
C+H,0 ——CO +H,

K,
CO +H,0 —— CO, + H,
Paralel reactions Fischer Tropsch

k.
CO+3H, 1, CH, + H,O

K
CO +2H, —2 5 [CH,,], + H,0

6.1 SIMPLE REACTIONS IN SERIES

Consider here the simplest irreversible and first-order reactions. If the reaction is
consecutive or in series of the type:

kq ko
A—— R ——
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The corresponding rates for each component in a system at constant volume are:

dCy
——3 =kiCa (6.1)
dC
d_tRZkch _kZCR (6'2)
dCs
s =k, Cr (6.3)

Considering that in the beginning of the reaction there is only pure reactant, we
have:

Ca + Cr + Cs=Cao (6.4)
Defining new variables:

Ca

= 6.5
Cio (6.5)

PA

and analogously gg and gs, the initial concentration Cyug is always used as a reference.
Making the time dimensionless (0 =kit) and substituting these new variables into
Equations 6.1 and 6.4, we obtain the following solutions:

pa=e"’ (6.6)
1
on=rpyle ! = (6.7)
_ 1 -0 X -0
Ao TR P T (€8)

Considering that

_k
X_k1

where y is a parameter of the specific rate.

By solving Equations 6.6-6.8, we obtain ¢4, ¢g, and ¢s as a function of 6 and
hence the concentrations of each component as a function of the time, represented by
the kinetic curves shown in Figure 6.1. The curves show that the concentration profile
of A decreases exponentially, and A totally disappears when 8 — co. On the other
hand, the concentration of R increases initially and then decreases, since R will be
formed over time and transformed into S. Note that the curve of R shows a maximum
and depends on the parameter yx, relating the specific rates of the reactions. The time
corresponding to this concentration can be determined as follows:

dCr —0o dor

? or @ =0 (6.9)
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C C. Cror ¢q
/ CS (pﬁmax
] \
Ca k= 0.1
K
N >
toa t tnax OF Oy
Figure 6.1 Concentration profiles.
Differentiating Equation 6.7, we obtain:
d(pR 1
R T [ye X _e =0 6.10
W= o | (6.10)

Consequently, we can determine the time corresponding to this maximum, i.e.:

In x
Omax = ———— 6.11
(x—-1 (-1

Substituting 0,,,x into Equation 6.7, we obtain the maximum concentration of R:

@R max = €XP(— XOmax) (6.12)

Substituting 0.« (Equation 6.11) into Equation 6.12, we finally obtain:

@R max = X[X/(]_X)] (6.13)
or
C max —
R — /(=] (6.14)
Cao

Observe that @ryua, or the maximum concentration of the intermediate Cgyyax
changes, when the parameter y is varied. This means that if the specific rate k, of
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reaction is higher than the specific rate kqof formation of R( - ), the maximum concen-
tration of the intermediate product R and the corresponding time #,,,, decrease. Figure
6.1b shows the behavior of the concentration of R as a function of .

We can experimentally determine the specific rates of the two reaction steps
through the kinetic curves. Upon reaching the maximum concentration of R (Cg max)
and the corresponding time #;,.y, the parameter x is calculated through Equation 6.13
or 6.14. Returning to Equation 6.11, 6.y is calculated. By the definition of O, = k11,
the specific rate k; is directly determined. Knowing y, the specific rate k; is calculated.

Example

E6.1 Consider the transformation of isopropylbenzene (A) in the presence
of hydrochloric acid in isopropyl-sec-butylbenzene (R) and isopropyl di-sec-
butylbenzene. Considering the following data obtained in laboratory, determine the
specific rates.

t (min) 0.5 1.0 1.5 2.0 2.23 25 3.0

Cy mol/L 0.60 0.37 0.22 0.14 0.107 0.08 0.05
Cr mol/L 0.38 0.58 0.68 0.71 0.715 0.71 0.69
Cs mol/L 0.02 0.05 0.10 0.15 0.178 0.21 0.26

Considering that C49=1 (mol/L), we can observe from Figure E6.1 that the
maximum concentration of R is Cgmax =0.715 mol/L and the corresponding time is
tmax = 2.23 min.

Thus,
Gmax = 0.715

Concentration

Figure E6.] Concentration profiles of the reaction in series.



Kinetics of multiple reactions 113

From Equation 6.13, we have:

x=0.15

Knowing x, we can calculate through Equation 6.11:

Omax =2.23

Consequently, the reaction rate constants are determined as:

ky = 1.0 min~!

ky = 0.15 min™"

6.2 SIMPLE PARALLEL REACTIONS

The parallel reactions occur when the initial reactants make part of more than one
reaction. The reactant A is transformed into several different products.

When there is only a transformation of reactants into products through two
irreversible first-order reactions, we obtain:

AP LR (6.15)
Ak g (6.16)

whose rates are, respectively:

(=74)=k1Cas + kaCy (6.17)
rr =k1Ca (6.18)
rs=kaCy (6.19)

If the reactions occur in gas or liquid phase at constant volume or in a batch
reaction, we have:

dCy

——; = (ki t+ka)Ca (6.20)
dCr
5 =kiCa (6.21)
dC;s
5 =kCa (6.22)
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Using the same variables defined previously (Equation 6.5) and solving the
equation, we obtain the following solutions:

Cs=xCr (6.23)
and
Ca
—Inga=—In——=(1+ x)kit (6.24)
Cao
where
_k
X= kl

From Equations 6.23 and 6.24, we can directly obtain the values of x and kq as
shown in Figure 6.2.

Figure 6.2 shows the influence of x on the concentration of each component. For
small values of yx, the specific rate k; is higher than k;, i.e., the transformation of

. k . k .
reaction A—5R is faster than that of A—>8. Consequently, the concentration of R
is much higher than that of S, since the reaction slows down the process and thus
is the controlling step. By increasing the value of x, the transformation of reaction

AgS is faster than that of AgR. Therefore, the accumulation of S, as well as its
concentration, is much higher than the concentration of the product R. Note also that
the concentration of A decreases rapidly.

The experimental data of concentrations as a function of the time are used to
calculate the specific rates ky and k;. x can be directly determined through the con-
centrations of the products R and S (if known) or through the angular coefficient of
Figure Cg versus Cg. On the other hand, the specific rate k1 can be determined by using
Equation 6.24 or through the angular coefficient according to Figure 6.2. Knowing k&
and y allows for determination of k.

Cs —Ing,

(1+x) k,

Cs ¢

Figure 6.2 Determination of the specific rates of the parallel reactions.
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Example

E6.2 Decomposition of A into R and S. Starting from 1 mole of A, the following
experimental results were obtained (expresses as molar fraction).

T (min) | 2

3 4 5 6 7 8 10 12 14 15

oA 0.74

0.548 0.406 0.306 0.223 0.162 0.122 0.090 0.067 0.050 0.027 0.015

@R 0.172 0.300 0.395 0.465 0.517 0.556 0.585 0.606 0.621 0.633 0.648 0.65
@s 0.026 0.150 0.197 0.232 0.258 0.278 0.292 0.303 0301 0.316 0.324 0.32

Initially, we should construct Figure E6.2 plotting of the concentrations versus
time and Figure E6.3 the concentrations ggrversus ¢g, from which we can obtain the
angular coefficient y.

Then, ploting in Figure E6.4 eq. 6.24 —In @A versus ¢ the angular coefficient is

determined

(14 x)ky.

The angular coefficient x =0.575.
The angular coefficient (1 + x) k4 =0.273. Thus,

ky=0.173 min!

ky =0.099 min~!

1.0 7 |-m—B ——C —4-D
0.9
0.8
] o A
0.7 -
4 R ._/..-—-.
§ 0.6 —
© b | /.
g 051 . A
a 4
3 04 é
= i /\ S
A A—A
0.3 [ I>\ A —A—A A—
4 A
0.2 - / el
2]/ A
0.1 " ~a
B \.\.
0.0 A TT—E—y
. T T T T T T T T T 1
0 2 4 6 8 10 12 14 16

Figure E6.2 Concentration profiles—parallel reaction.
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Figure E6.3 Relation between the molar fractions of R and S.

5
H A Linear Fit of Data1_A
4
3
o -
|
1 -
0 T T T T T T T T T T T T T
0 2 4 6 8 10 12 14
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Figure E6.4 Determination of the specific rates.
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6.3 CONTINUOUS SYSTEMS

In most cases, a continuous reactor is used and the reactions are carried out in gas
phase. Under these conditions, volume change may occur due to expansion or con-
traction of volume. Analogously, we can use the integral or differential methods. For

the determination of kinetic parameters, a differential reactor is used.
Consider two gas-phase reactions of the type:

A—M R4S (6.25)

A—S T (6.26)

The rates are, respectively:

(=ra) = k1Ca + k2 Cy (6.27)
TR = k]CA
rr = kZCA (628)

Defining the conversion X4 of the first reaction and X4, of the second reaction,
we obtain the corresponding molar fluxes:

Fr=FaoXa1 (6.29)
Fg=Fa0Xa1 (6.30)
Fa=Fao — FaoXa1 — FaoXa2 (6.31)

The total molar flow will be:
Fa=Fq0+ (1 —2X,) (6.32)

Knowing that

Ca= Fa (6.33)

v

where v is the volumetric flow (L/h) in which the volume variation ¢ is considered.
Therefore:
Fa FAO(1 - 2XA>

Cp=—= 6.34
AT vo(1 + ea1(Xa1 + €42Xa2) + €42Xa2) ( )

Thus, the corresponding rates in Equations 6.27 and 6.28 are transformed into:
Fao(1 —2X4)
vo(l + ea1Xa1 + 42Xa2)

Fao(1 —2X41)
vo(1 + 41 Xa1 + 42X 42)

(6.35)

7R=k1

(6.36)

1’T=k2
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The rates in a differential reactor in relation to R and T are:

dFgr

— = 6.37
qv =R (6.37)
dFr

_—= 6.38
qv =T (6.38)
Substituting the rates rrand 1 in Equations 6.37 and 6.38 and considering that:
dFr = Fao dX 4y (6.39)
dFr =2F40dX a2 (6.40)

Two differential equations are obtained.

In the differential reactor, the experimental rates are determined directly.

In the integral reactor, the system is solved by integrating the expressions above
and determining the kinetic curve of the conversions as a function of the space time.
From Equations 6.35 and 6.40, the following relation is obtained after integration:

k
X a1 = k—ZXAZ (6.41)
1

Substituting X4, in Equations 6.35 and 6.36, and integrating, according to
Equation $5.3:

XA
T= CA()/ dﬁ (53)
0 i
we obtain:
(1+ea1) + (1 +ea)k (ea1 +ea2)k _
( 1 n Kz) ln[l (1 + KXAl) WXAl} = Tkl (6.42)

where:
Xa1 +Xax=Xa

_k
-

K

With the experimental values of the conversions as a function of the space time,
the constants kjand k, are determined, respectively.

Example

E6.3 The m-xylene is decomposed into benzene and methane and at the same time into
p-xylene according to equations: (Adapted from Fogler)

m — X —— Benzene + CH,

m—X——p—X
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The reaction was conducted in a tubular reactor at 673°C. m-X was introduced
with 25% of inert, with a concentration of 0.05 mol/L and flux of 2.4 L/min. The
reactor has a volume of 1 mL. In the outlet, the measured molar flux of p-X was equal
to 0.077 mol/L. Calculate the specific reaction rates.

Solution
From the reactions, we can see that 4o = 0. So the value of g4 should be calculated,
le.:

Moles: basis 1 mol

m-X Benzene Methane Inert Total
0.75 0 0 0.25 |
0 0.75 0.75 0.25 1.75
Therefore:
EAl= 0.75
Calculating:

FA() = CA()I/() =0.05x24=0.12 mol/min

Fp=Cx0Xa2=0.077

Thus:

X2 =0.64
and

Xa1=0.35

Calculation of t:

\%
1=—=0.0416min ' =2.5s7!
[40]

However, from Equation 6.41, we have:

ky
5 =05

Substituting all values into Equation 6.42, we obtain:
ky=0.742s"

ky=1.35s""
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6.4 KINETICS OF COMPLEX REACTIONS

The irreversible and reversible complex or multiple reactions have a different behavior
and as such cannot be solved by simple integral methods. In most cases, numerical
methods are employed. These reactions can occur in series, parallel, or a combination
of both. The goal is to determine the rate constants for reactions of any order. Although
the order of these reactions is not integer, we can assume that it is entire in the different
steps. In such cases, an analytical solution can be obtained. The most complex solutions
of generic order will not be studied in this chapter. Consider the three cases as follows.

6.4.1 Decomposition reactions

k1 ka Ry

Py..... — =P,

A

Py

Consider P, as a final polymeric product and k1, k;, and k,, are unknown.
The rates are, respectively:

dCy
e (6.43)
ddCPl — k1, — krC, (6.44)
t
ddC”z — k> Cp, — ksCh, (6.45)
t
dCp,
= k,Cr, (6.46)
Defining the new variables:
Ca
QA= C_AO (6.47)

And, analogously, always considering the initial concentrationCy as a reference,
the dimensionless time (0 = k4t) should be used in this case. Substituting these new
variables and considering the boundary condition that in the beginning of the reaction
there is only pure reactant, we obtain the following integrated solutions:

o (6.48)
1 -9 —K0
on = e — e (6.49)
and
% _ (,in R R (6.50)
where:
K1=%,Kn=lz—: (6.51)

where «; is the measurement parameter of the rates of transformation in each step.
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Table 6.1 Reaction Rate Constants.

K K2Kn (pP, max GP/ max (pPz max 9P2 max
0.2 0.8 0.668 2.0 0.162 23
0.8 0.2 0.668 2.0 0.65 23
2.0 0.2 0.250 0.69 0.77 1.27
0.4 1.5 0.542 1.53 0.16 1.2

The solutions for these systems show that there are maxims for Py and P, and the
corresponding maximum times, 61 and 6, which can be obtained by differentiating
the rates and making them zero. We then obtain:

In x4
Op, max = ————— 6.52
N e =) (6:32
0 tn Z_Y 6.53
P> max =— m ( . )

Therefore, if the experimental values of the concentrations Py and P, are known,
the corresponding values of gp, max and ¢p, max are determined and the values of k1 and
k2 are calculated. Consequently, the values of 0p, max and 0p, max and finally the con-
stants are determined. Note that the maximum values depend on the relation between
the reaction rate constants and therefore on the values of x; and x1, according to
Table 6.1.

The results show that if k; > k1, as in the first case, the maximum concentration
of P, is lower, indicating that the transformation of P, is fast and that the limiting
step of the reaction is the transformation of Py into P,. In the second case, both
steps are limiting and the transformation of A into Py is the only fast step. The time
that corresponds to the maximum concentration depends on the reaction rates in the
different steps.

6.4.2 Parallel reactions
A— Py (6.54)
A+B,—» P,
Consider that Py and P, are the final products and that the constants &k, k; are

unknown.
The corresponding rates are:

dC
—d—tA =k C, — k2C4Cp, (6.55)
dCp
— dtz =k1C,Cp, (6.56)
where:
Ca+ CP1 4+ Cpr, =Cyo (6.57)
Csp, + Cr, = C320 (6.58)
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By making dimensionless, dividing and integrating Equations 6.56 and 6.57, we
obtain:

¢a=(1—=N)+ ¢+ (R/k1)In(pp2/N) (6.59)
where:

_k
K1 = kl

To determine k1, we can use Equation 6.59 from the product concentrations P,
substituting when the time ¢ — oo, and therefore, ¢4 = 0.

Thus:

Rﬁ (6.60)

T e, — 1)

We can then determine the concentration of B;, substituting Equation 6.60 into
Equation 6.59 and into Equation 6.56. After integration, we have:

¥
dfﬂB
Cpof = —/ 2 6.61
0= o T = NI+ g2 + (R Tl /N (6.61)
where:
1 Cg
R = — N = 2 C - N
CAO 5 CAO 5 By @p,

With this relation, we can express the above equation as a function of: ¢p, .
Considering 0 = k1t and knowing the concentration of the products P; and P>, we
can determine 1. The constant k; can be determined by Equation 6.61.

Example

E6.4 Consider a reaction of the type in dilute solution. The concentrations of the
products were measured at 40°C and are displayed in Table E6.1.

A+H,O— P,
A+B,— P,

The initial concentrations of A and B, are 1 mole/L. Determine the reaction rate
constants kq and kj.

Table E6.1

t (min) .41 29 76 194 43

[P](molll) 0.117 02 035 046 049
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Solution
The data allow us to calculate « through Equation 6.60.
The concentration of [P;] for t — oo will be in the dimensionless form as follows:

(0132:0.5
N=1
R=1

Thus, by using Equation 6.60:
k=142
Integrating Equation 6.61, we have:
Cao - k1 =2.57

ky = 2.57 min~!

ky = kk1 =3.65L (mol~! min~1!)

Figures E6.5 and E6.6 show the values of ¢p, versus ¢ from Table E6.1 and as
function of Equation 6.61, respectively.

Integration of Datal_B from zero:

i=1>10
x=0>0.49
Area Peak at Width Height
2.57802 0.49 0.0l 117.76805
0.5
—m— A .’I
1 ./.
"
0.4 - I/
l/
0.3 1
§
0.2 [
/

0.1 —/
0.0 T T T T T T T T T T T T T 1

0 5 10 15 20 25 30 35

t (min)

Figure E6.5 ¢p, versus time.
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Figure E6.6 According to Equation 6.61.

6.4.3 Series—parallel reactions
A+B— P

where k are the rate constants.

Pn—1+B_)Pn kn—l

This is the scheme of a polymerization reaction by addition of radicals. Although
this system is complex and usually solved by numerical methods, the general solution
using the integral method will be shown here. This is the easiest way to identify the
kinetic parameters involved and indicate a general solving method for complex reac-
tions of this type, although the numerical solution is more appropriate. We should start
from a batch system (constant volume), whose equations for the rates of reactants and
products are described as follows:

_dd% — koCuCs (6.62)
dgfl =koC,4Cp — k1Cp, Cp (6.63)
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dc
% =ky_2Cp, Cp — ky_1Cp_,Cp (6.64)
dCp,

- =ka-1Cr, Gy (6.65)

Considering that:
Ca + CP1 + CPz +--- 4 Cpn_1 + Cp, =Cao (6.66)

Since for each molecule of P; a molecule of B is consumed and for each molecule

of P, two molecules are consumed and so on, the global balance for B will be:

etc.

Cp+ Cr, +2Cm + -+ (11— 1)Cr,_, +nCry = Cgo (6.67)
Using the same dimensionless variables defined previously, ie, g4 = CC—:O, QB = g—;),

A generic parameter is also defined for the relation between the rate constants, i.e.:

ki
Ki=—
i kO
where i=1,2,...,n—1.
Equations 6.62-6.66 are transformed and after solving them, we have:

dor _ . on (6.68)
dea 7

By using the integration factor, we obtain the solution with the boundary condition

that YA =¢p, = 0:

1
(k= 1)

op, = (pa — ¢}') (6.69)

By relating ¢p, and ¢p, with ¢4, we analogously obtain:

d
ors _ ¥n _, ¢n

— (6.70)
dea PA Pa
Substituting from Equation 6.69, we have:
deps (%) K1 (ic, —1)

—K—=— 1—¢,! 6.71
d(pA 2 DA 1-— K1 [ a :| ( )

Using the integral factors with the boundary conditions = 0, ¢4 = 1, we obtain the

generic solution:

K1

op, = ] [(c1 = k2)pa — (1 = k2)@ + (1 —k1)@f2]  (6.72)

(1 —k1)(1 —K2) (k1 — K2
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Knowing the concentration p; as a function of the concentration of the component
@a, we can determine the concentration of P; by integrating Equation 6.71, which is
generically given by:

. 1 .
PP, =—Kipn " f W’[ (pa)dpa + Co, ™! (6.73)
A

where C is a constant. Therefore, to determine the reaction rate constants, we proceed
as in the case for reactions in series, in which the concentration of P; increases, reaches
a maximum and afterward decreases. From the condition of maximum concentration,
@piy1 is differentiated and equaled to zero.

For P1, the maximum concentration will be:

(mea)iz’(1(1il’(1> (6.74)

We observe that ¢p; m.x depends on the relation between the reaction rate constants
k1. Analogously, ¢pi11max Will be determined only as a function of the relations «;.

Knowing the experimental values of C4, Cp; as a function of the time #,,,,, we
can separately calculate gpm.x and consequently the rate constants. To determine the
reaction time ¢, we should start from Equation 6.68 and substitute 95 as a function of
@p;. We finally obtain:

L
= [ rodon
a foa)
In this expression, we only have the distribution of the reactant A as a function of
the other components.



Chapter 7

Non-elementary reactions

Nonelementary reactions can be identified when the order of reaction rate does not
match the stoichiometry of the reaction. An apparent elementary reaction does not
show the actual mechanism that may involve several intermediate reactions, which
in turn are elementary reactions. The overall reaction can have different intermediate
mechanisms. To understand the kinetics of this reaction is necessary to know the
intermediate steps, and, consequently, indicate which of these steps are crucial to the
overall process.
There are several classical examples:

1. 2NO+2H; -N,; +2H,0
The kinetics is:

N, = k[INOJ*[H.]

where [...] represents the concentrations of the component.
2. H;+Br; < 2HBr
The kinetics is:

rupr = k[Hy | [Br2]” [HBr]™

where # and m are not integer and, therefore, do not match the stoichiometry of
the reaction.

3. Ny +3H; < 2NH;
The kinetics is:

nH; = R[N [[Ha]"[NH;]™

If the exponents are not an integer and does not match the stoichiometry of the reaction.

What is the explanation? Stable molecules hardly react, only when they form free
radicals, carbenes or complex intermediates, ions, or valences. These very reactive
species combine easily with molecules or other intermediate species, reacting in suc-
cessive or parallel steps. These intermediate mechanisms should be known to determine
the reaction kinetics. This proves that the overall reaction rate constant is not always
true but includes several other constants relative to different intermediate steps of the
mechanism.
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These constants depend on the energy barrier or activation energy. Each step of
the mechanism has a different energy barrier. The higher the energy barrier, the more
difficult the particular step occurs. This implies that the energy involved in the process is
determinant to the reaction mechanism. The activation energy of the overall reaction is
not an average of the energies of each step, but a summation of all the energies involved.
For an initial analysis, we present some general hypothesis to deduce a kinetic model
of a nonelementary reaction.

Hypothesis

(a)  All steps are assumed to be elementary and irreversible.

(b)  One of the steps in slow and, therefore, determinant.

(c) The concentration of the intermediate is very low, since your formation and
decomposition are very fast (close to 1077 s).

(d)  The resulting rate of the intermediate is very fast and, in this case, we assume a
pseudo-equilibrium state.

(e)  The resulting rate of the intermediate species is the sum of the intermediate rates,
ie.:

1

where j in the intermediate species and 7 is the reaction of the intermediate step of the
global mechanism.

We can also demonstrate that the resulting rate is composed by several series and
parallel intermediate steps, analogous to the resistivity:

1
ri=
A Y i)

(7.2)

If either step is slow, the resulting rate is equal to the rate of this slow step, i.e.:
Vi =TRLS (73)

A pseudo-equilibrium state is defined when the resulting rate of the intermediate
species 1s zero, i.e.:

r=0 (7.4)

To compose a reaction mechanism involving intermediate species is necessary to
know some general rules:

(a) Establish the mechanism with all possible intermediate reactions, composed by
elementary steps.

(b) Know the electronic and atomic structure.

(c) Identify the products and intermediates.

(d)  The intermediates are highly reactive.

(e) Know the chemistry of the intermediate steps.
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Consider the classic case as follows:
The reaction:

2NO + 2H; — N; + 2H,0 (a)
The observed rate was:
N, = k1[NOJ* [H,] (b)

where the symbol [I;] represents the concentration of the component I;.

Note that the reaction does not match the stoichiometry, and, therefore, we have
a non-elementary reaction.

There are two mechanisms:

1. 2NO +H, L N N, + H,0; slow step
H,O, + H, L—) H,O

2. 2NO « £ N0, (d)
N>O, +Hy « & 5N, +H,0,  slow step (e)
H,0s + Hy « ~ 5 2H,0 (f)

For the mechanism (1), the slow reaction is the one and, therefore, determinant
step (c). Thus, by hypothesis, the resulting rate is equal to the limiting reaction rate:

N, =ki[NOJ*[Ha] (8)

This rate is in line with the observed rate (b).
For the mechanism (2), the limiting reaction is the second one (e) and, therefore:

™, =ks[N2O,][H;]
U (h)

unknown

An intermediate compound that appears in the reactions (e) and (f) is formed.
The resulting rate of this intermediate is unknown, but by the hypothesis of pseudo-
equilibrium should be zero. Therefore:

™N,0, = k3[NOJ* — k4[N2 03] — ks[N,02][H,] = 0

Thus:
N0 = —_Nop?
(k4 + ks[H3])
= —R3k__opm,] (i)

(k4 + ks[Ha])
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Substituting (i) into (h), we have:

k3ks

— 2 1
(k4+k5[Hz])[NO] [H] ()

™, =

The constant ks of the slow step is compared with the constant k4. In this case,
we assume that ks < k4 and ks is neglected. In these conditions, the rate (Equation j)
is simplified to:

n%=%?m0ﬂHﬂ (k)

This rate coincides with the observed rate (b). However, in this case, the reaction
rate constant includes the constants of all intermediate steps.

7.1 CLASSICAL KINETIC MODEL

Based on the classical kinetic theory and focusing on the previous example, it is possible
to foresee a reaction mechanism for activated molecules.

It consists of three steps. In the first one, a collision of molecules occurs to an
energy level that allows the formation an activated molecule activated A*. In turn, this
molecule does not have enough energy to be transformed into product and therefore
loses energy and is decomposed to the original molecule. This process is known as the
deactivation step of the activated intermediate molecule. Finally, part of these activated
molecules acquires enough energy to be transformed into product or be decomposed
into one or more products, undergoing a chemical reaction. The molecules surpassed
the kinetic energy barrier to react or be transformed into product. Summarizing we
have:

1. Activation of the molecules:
A+A B L Aaqpa (7.5)
whose rate relative to the activated molecule is represented by:
rar = ki[A]?
2. Deactivation of the activated molecules:
A+ A2 LAaqa (7.6)
The corresponding rate will be:
rax =k [A™][A]
3. Transformation of the activated molecule:

A — B R4S (7.7)
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With the following formation rate of S:

rs = ks [A"] (7.8)
As an example, we have the following overall reaction:

(CH3)2Nz — CeHg + Na

Showing the following intermediate steps:

(CH3)2N; 4 (CH3)2N — (CH3)2N; + [(CH3)2 N, J*
(CH3)2Nz 4 [(CH3)2Nz ]« — 2(CH3)2N»
[(CH3)2N2 | — [C3Hg] + N2

To determine the rate of product (S or R) formation, according to Equation 7.8, it
is necessary to know the concentration of intermediate species A*. Thus, the resulting
rate of A* will be equal to the sum of the rates in each intermediate reaction and, by
the hypothesis of pseudo-equilibrium state, will be zero:

rar =ki [A]* — k2 [A*][A] — k3 [A*] =0
Therefore:

ki [A]?

A= A
14°] (k3 + k2 [A])

(7.9)

Substituting this expression into Equation 7.8, we obtain the formation rate of the
product S, i.e.:

kiks [A]*

rs= 7 — (7.10)

(k3 + k2 [A])

This expression is equal to the equation of the rate (k), shown in the example
above.

The rate of formation of § can be simplified for certain conditions of concentra-
tions, as in the following cases:

(a) If the concentration of [A] is low: k; [A] < k3
Thus:

rs=k1[A)? (7.11)

In this case, the reaction kinetics is of second order.
(b)  If the concentration of [A] is high: k3 <« k; [A].
Thus:

 kiks

= [A] (7.12)
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In this case, the reaction kinetics is of first order, with an apparent constant which
includes the three constants of the intermediate reactions.

Therefore, depending on the experimental conditions, the nonelementary reaction
can be represented by a simple kinetics of first or second order. Herewith, we have
apparent reaction rate constants.

For a wide concentration range, we should use the expression of the overall
rate (Equation 7.10). It is observed that if the concentration of [A] appears in the
denominator, it is accompanied by constant k,, indicating that this species is deac-
tivated (intermediate) and that the molecules did not reach enough energy to be
transformed into product, returning to the initial state. On the other hand, if the
constant k3 appears both in the numerator and in the denominator, there was a
transformation of the intermediate species into the final product, indicating that part
of these species has reached a minimum energy level that which exceeds the energy
barrier.

7.2 CHAIN REACTIONS

In the beginning of the last century, Bodenstein observed that when the molecules of
H, and Cl, were subjected to absorption of one photon, they reacted to form HCI.
This reaction hardly occurs in the gas phase, since the energy required to transform the
reactants would be of the order of 200 KJ/mol. Nernst (1916), at the same time, also
explained that this is a chain reaction, in which radicals are initially formed and then
react with the molecules forming new radicals and subsequently forming products.
Bodenstein showed that with the absorption of one photon, it is possible to form 10°
molecules of HCI and this would only be possible by lowering the energy barrier. The
following steps occur:

(a) Initiation:
Clz hy 2CI* (radical)
(b)  Propagation:

Cl* +H, - HCl+ H*  (radical) AH=25k]J/mol
H* + Cl, - HCI + CI* AH =13k]J/mol

....... (cycle of 10° times)
(¢)  Termination:

2CI" - Cl

If we compare the energies needed to form HCI from the radicals with the total
energy required for the formation of HCI from Cl, and H, molecules, we found
that the first is much lower due to the high reactivity of radicals. The radicals are
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unstable and readily combine with other radical or molecules due to their lower
energies.

7.3 THEORY OF THE TRANSITION STATE

To explain the kinetics of the mechanism of chain reactions, we use the theory of
the transition state. According to Eyring, Evans, and Polaniy, a transition state with
energy Ey, is formed. In this case, there is only one degree of freedom corresponding
to the energy of vibration, due to the dissociation of the molecule. However, some
observations should be made and the following assumptions should be taken into
account :

According to the theory of Boltzman, there is a collision between molecules,
forming an intermediate state A*with energy E,.

If the molecule has energy lower than the energy barrier, it is deactivated and
returns to the initial state of the molecule A.

When the molecule exceeds the energy barrier, it does not return to original state.

The activated complexes are in equilibrium with the reactants, satisfying the Boltz-
man distribution. The movement of molecules causes an increase of energy and hence
an increase in temperature of the environment.

To overcome the energy barrier, several other independent products can be formed.

The mechanism can be represented as follows:

A Rk ae kR (7.13)

Energetically, the following sequence of steps is represented:

(a) Formation of radical:

Energy A

Reaction pathway

(b)  Equilibrium state:
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Energy

Reaction pathway

(c) Decomposition of the radical into products:

Energy l

AH,

f

Reaction pathway

In the initial state, there is a formation of radicals due to the collision of molecules

with energy E < E,,.

In the second stage, there is equilibrium between the molecules and the radicals
formed. The resulting rate in the equilibrium is zero. Therefore:

r=ki[A] - ks[A*] =0
Thus:

k
[A*] =1 [A]=K*[A]
2
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Where the equilibrium constant is:

_k
-

K*
Formation of the product:

R =k3[A"] (7.15)
Substituting Equation 7.14 into Equation 7.15, we have:

rr = K*k3[A]

Note that K* is the thermodynamic equilibrium constant, whereas k3 is a rate

constant. This rate constant can be calculated from theory of collisions and depends
on temperature, on the constants of Boltzman kg and of Planck 4,, i.e.:

ks = kZUT (7.16)
From the thermodynamics, the equilibrium constant is given by:

K* =K e AG'/RT (7.17)
Considering that:

AG’=AH® — TAS° (7.18)
Substituting this expression into Equation 7.17, we have:

K — ng—AHO/RTe AS°/R (7.19)

In this case, the pre-exponential factor depends on the entropy of the system, i.e.:
Ko=Kge2S'/R (7.20)

We define, therefore, a constant of the transition state: as:

szKoe —AHC/RT (7.21)

krst =
When compared with the Arrhenius equation :
kar = koe “E/RT (7.22)

We can conclude that the activation energy E* is equal to the energy of formation
of the activated intermediate state and, therefore, is lower than the energy barrier.
Herewith, the final state can be directly reached.
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Thus, the rate of formation of product R or S, expressed as a function of the
constant kst will be:

R = krsT[A] (7.23)

This equation explains the kinetics from the point of view of the concept of
transition state.

Example

E7.1 Determine the rate of formation of HBr considering the mechanism of chain
reaction, 1.e.:

(a) Initiation:

Br; L) 2Br'
(b)  Propagation of the chain:
* kZ/k/z * .
Br +Hy, «———HBr+H (radical)

H +Br, —  HBr+Br'
(cycle of 10° times)

(c) Termination:

2Br— ", Br,

Solution
The rate of formation of HBr will be:

ripr = k3[H ][Bra] + ka[Br |[Ha] — ko[HBr][H'] (7.24)

If the concentrations of the radicals [H*] and [Br*] are unknown, the rates in
relation to the radicals are determined separately:

rip = ka[Br ][Ha] — k5 [HBr][H'] — k3[H ][Bra] =0 (7.25)

7o = 2k1[Bra] — 2k4[Br 1* 4 k5 [HBr][H | — ka[Br ][Ha] + k3[H ] [Bry] =0
(7.26)

Summing up the two expressions, we obtain:

1/2
[Br*] = (E> [Br,]'/? (7.27)
k4
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Substituting Equation 7.27 into Equation 7.25 and rearranging, we have:

kz[Hz] : (k1/k4)1/2[]3r2]1/2
/e/z[HBr] + k3[Br,]

[H] = (7.28)

Substituting Equations 7.28 and 7.27 into Equation 7.24 and solving, we obtain
the rate:

2kak3(ky/ka)?[H,][Br,]*/>

THBr = & [HBr] &5 (B ] (7.29)
Where
R* =2kak3 (k1 /ka)'/?
Then, dividing by [Br;], we obtain the usual expression:
* 3/2
k*[H,][Br;] (7.30)

TR = e [FIBr] + k3 [Bra]

Example

E7.2 The formation of HBr is not elementary, as seen in Equation 7.24. Moreover, the
rate expressed in Equation 7.30 was confirmed experimentally. However, in order to
check this expression, some experimental observations were taken into account. The
following experimental observations were made (adapted from Fogler):

1. Inthe first experiment, it was observed that the rate is independent of the concen-
tration of [H;]. In this experiment, the concentrations of the other components
were kept constant.

2. In the second series of experiments, two observations were made:

For low concentrations of [HBr], the rate is independent of its concentration.
When the concentration of [HBr] is high, the rate increases inversely with its
concentration.

3. In the third series of experiments, two other observations were made:

For low concentration of [Br;] the rate varies proportionally to the concentra-
tion of [Br,]3/2.

If the concentrations]are high, the rate varies with the concentration of [Br, ]

Verify the expression of the rate in Equation 7.30.

172,

Solution
From the kinetic model, according to Equation 7.10 for each component separately,
we have:

kiks[A]*
(k3 + k2[A;])

THBr =
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In relation to [H,]:

From experiment 1, we can say that the rate is directly proportional to [H,] or of
first order in relation to [Ha].
In relation to Br,

From experiment 3 for low concentrations, the rate,r ~[Br,]|>? and therefore,
is in the numerator. For high concentrations, we can say from Equation 7.10 that
k3 < k3[Br;]. Thus, the resulting rate:

~ [Bf2]3/2

ra Bry] ~ [Br,]"/? (7.31)

From experiments 1 and 3, the rate can be expressed as follows:

klkZ[Hz] [Bf2]3/2

= 7.32
THEE = T s 1 ko [Bry ) (7:32)
In relation to [HBr], we have:

i — (7.33)

(k + &' [HBr])

From experiment 2, if the concentration is low, then and the rate is independent of
its concentration. On the other hand, if the concentration of [HBr] is high, then and,
consequently, the rate is inversely proportional to its concentration, i.e.:

1
ST .34
e~ TR (7.34)

Gathering Equations 7.32 and 7.34, the following rate is obtained:

R kika[H,] [Bry]*?
A8 (k3 [HBr] + ka[Br, ]

(7.35)

Dividing by [Br;], we obtain the expression of the rate which confers to the one
deduced theoretically, i.e., Equation 7.30:

k*[Hz] [sz]m

7HBr = [HB]‘]

(7.36)
ks + ko g

where k*, k,, and k3 are the values determined experimentally.

7.4 REACTIONS OF THERMAL CRACKING

These reactions are known in industrial processes and occur simply by decomposition
and in gas phase. However, it is a nonelementary chain reaction and occurs in different
elementary steps. For reactions such as thermal cracking in gas phase, there are several
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kinetic models, but the most interesting one is the model of Rice-Herzfeld. The main
idea is that in the first step of the reaction, the abstraction of the H from the reactant
molecule occurs and subsequently there is decomposition with formation of a new
radical. The process takes place through the steps of initiation, propagation, and
termination.

(a) Initiation:

A LN 2Rj (radical)

(b) Propagation of the chain:

R:+A — 5 R{H + R} (radical)
RS — 2 P+ R
(cycles of 7 times)

(¢c) Termination:
RI+ R~ p,

The most common radicals are CHj, C,H?, H", etc.
The corresponding rates are written:

(—ra) =k1[A] + k2 [R7][A]

Since the initiation rate is low, we can neglect the first term.

(—7a) = k2[RT][A] (7.37)
The corresponding rates to the radicals are, respectively:

rr: = 2k1[A] — k2[R71[A] + k3[R3] — ks[R}][R3] =0
rry = ka[Ri][A] — k3[R3] — ka[R}I[R3] =0 (7.38)

Summing them up, we have:

«_ RilA]
[Rz]—m (7.39)

Substituting Equation 7.36 into Equation 7.35, simplifying and considering that
the initial rate is low compared to the rates of propagation and termination, we obtain
the following expression:

kiks

*72

(7.40)
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Substituting Equation 7.40 into Equation 7.37, we obtain:

kikyk
(—ra) =\ = (Al (7.41)

The rate of conversion of A is of first order in relation to the concentration of [A],
but the reaction rate constant encompasses the four specific rates of the mechanism.
The apparent constant is determined experimentally, i.e.:

ko= kakaks (7.42)
k4

Note that the specific rates depend on the temperature and have their own
activation energies ¢, satisfying the Arrhenius equation, i.e.:

k/':k() CXp(—E,‘/RT) (743)

Thus, substituting Equation 7.43 into Equation 7.42 and taking the natural log
on both sides of the equation, we can obtain the apparent activation energy:

_E1+E2+E3—E4

E, 7.44
> (7.44)
The apparent frequency constant will be:
kiokaok
by = | R10R20R30 (7.45)
R4o
Example

E7.1 Consider the decomposition of acetaldehyde, whose reaction mechanism is
known:

CH3CHO — CH} + CHO*

CH: + CH3;CHO —2 5 CH + CO + CHy4

CHO* + CH;CHO —2 CH* +2 CO + H,

2 CH; —X 5 CyH,

Determine the rate of decomposition of acetaldehyde or formation of ethane.

Solution
The decomposition rate of acetaldehyde (which is now referred to as A) will be:

(=7a) =k1[A] + k2[CH3][A] + k3[CHO™][A] (7.46)
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The corresponding rates to the radicals:
roms = R1[A] + k3 [CHO™][A] - k4[CH3)* =0 (7.47)
o+ = k1[A] — k3[CHO™][A] =0

Summing up the two expressions, we obtain:

k
[CHO*| = —+ (7.48)
k3
Substituting into Equation 7.47, we have:

2k [A]

[CH3]= T

(7.49)

Substituting them into Equation 7.10 and neglecting the initiation term, we have:

2k,

3/2
» [A] (7.50)

(—=ra) =k

Thus, the decomposition rate of acetaldehyde is of order 3/2. The rate constant
encompasses the specific rates of the reaction step.
The rate of formation of ethane will be:

rcH, = ka[CHS)? (7.51)
Substituting Equation 7.13, we obtain:
rCyH, = 2k1[A] (7.52)

i.e., is of first order in relation to A, where A=CH;CHO.







Chapter 8

Polymerization reactions

Polymerization reactions are of great industrial interest, and their advancement in the
last 50 years has been significant. Particularly, Ziegler and Natta created the most
important commercial polymerization reactions, starting from olefins and generating
oligomeric products with the formation of carbon chains of high molecular weight,
using Ti-based catalysts for this purpose. With these catalysts, polymers of varying
degrees of polymerization can be produced. The first important outcome is that prod-
ucts having a certain range of hydrocarbons can be obtained; to this end the catalyst
plays a crucial role. As a matter of fact, new catalysts that are highly selective to the
desired carbon range have already been developed.

In order to comprehend the behavior of most polymerization systems it is nec-
essary to know the kinetics of the polymerization reactions, which involves different
steps and are somewhat similar to that seen in nonelementary reactions. The kinetic
rate expressions depend on the mechanism of polymerization, which constitutes a fun-
damental chemical problem. For this reason, the composition and structure of the
different involved steps should be known. Once this mechanism is established, the
reaction kinetics and the involved reaction constants can be determined. And although
the polymerization reactions are nonelementary, they can be identified when the order
of the kinetic rate expression does not match the stoichiometry of the reaction itself.

As a whole, polymerization reactions are those that lead to manufacture of
macromolecular chains (or polymers). The small molecules that react to form the
polymer chains are usually called monomers, and the small segments that constitute
the macromolecular chains and that are derived from the monomers are referred to
simply as mers. Polymers can be found naturally in living tissues (such as proteins,
polysaccharides, DNA and RNA) or can be manufactured through many different
chemical mechanisms. Particularly, synthetic polymers can be obtained through chain
(or addition) polymerization (such as free radical, ionic and Ziegler-Natta) and step
polymerization (such as polycondensation). In chain polymerizations, the meric seg-
ments are inserted into the polymer backbone according to a one-by-one mechanism,
in the form

Pi+ M—P;q (8.1)
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where P; represents a growing chain of size i, and M represents the monomer. On the
other hand, in step polymerizations the meric segments are inserted into the polymer
backbone in lumps, in the form:

Pi+Pj_>Pi+;' (82)

Usually, chain reactions depend on the existence of an active species, normally pro-
vided by a catalyst or an initiating compound. On the other hand, step reactions are
normally dependent on the reactivity of organic functions, such as hydroxyl and car-
boxyl groups in the case of polyesters or amino groups and carboxyl groups in the case
of polyamides. Typical chain polymers are polyvinyl compounds, such as polystyrene,
polyethylene, polypropylene and poly(vinyl chloride), among others. Among typical
step polymers are polyesters (such as PET, poly(ethylene terephtalate)) and polyamides
(such as nylon). Additional information about polymer materials and detailed discus-
sion about chain and step polymerizations can be found in standard polymer text
books (Odian, 2004).

Importantly, the final macromolecular structure of the produced polymer material
can be quite complex. As it may not be possible to control the reactions described by
Equations (8.1) and (8.2), the produced chains can be of different sizes, leading to
products that present distinct molecular weight distributions and, therefore, distinct
properties. Additionally, when more than one monomer takes part in the reaction,
the polymerization is usually named copolymerization and the manufactured products
can present distinct copolymer compositions and composition distributions, since the
composition can change along the polymer chain. Further, different monomers can
form blocks of different sizes and lead to formation of chain branches (due to presence
of lateral chemical functions). Additionally, the molecular structure of the final prod-
uct depends not only on the chemical nature of the reacting monomers but also on
polymerization mechanism, polymerization process and reactor configuration, defin-
ing the end-use properties of the final product. More interestingly, in order to facilitate
the manipulation of the polymer material and the operation of the polymerization pro-
cess, heterogeneous polymerization processes are widely employed for production of
polymer particles (including emulsion, dispersion, precipitation and suspension poly-
merizations) (Dowding and Vincent, 2000). Each process has peculiar characteristics,
which allow for production of different resins with distinct properties, enabling dif-
ferent applications of the produced polymer materials. Manufacture of polymers in
dispersed media is almost always advantageous, because the viscosity of polymer solu-
tions grows exponentially with the average chain size, making infeasible the mixing
and pumping of these solutions under mild temperature conditions. On the other
hand, when these materials are dispersed in a heterogeneous medium, the viscosity of
the heterogeneous system approaches the viscosity of the continuous system, making
manipulation of the mixture much simpler.

For all the reasons discussed in the previous paragraphs, it is impossible to review
the entire field of polymerization in the present chapter, so the reader is encouraged
to consult specialized textbooks for detailed discussion about polymerization mech-
anisms, kinetics and processes (Odian, 2004). Still, the most fundamental points of
polymerization kinetics are described in the following sections, assuming that reactions
are performed in batch reactors and in solution, according to some relatively simple
kinetic mechanisms. Although the presentation here is somewhat restrictive, we believe
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it will be useful, introducing the reader to the wonderful world of polymerization
reactions.

8. FUNDAMENTAL ASPECTS OF STEP POLYMERIZATIONS

Typical step polymerization reactions involve monomer molecules that present multiple
organic functions that can react with each other, such as the hydroxyl and carboxyl
groups that can react to produce an ester group and a short byproduct molecule (in this
case, water). Multiple chemical functionalities are needed to generate a macromolecule,
as chain growth implies that reaction must take place at both sides of the monomer
molecule. For instance, assuming that a monomer molecule contains two chemical
functions A and B that can react, the following mechanism can be proposed:

A—-R);=B+A—-(R);—B<+A—-(R);j—B+C (8.3a)
Pi+Pi<Pij+C (8.3b)

where R represents a repetitive mer and C is a reaction byproduct. One must observe
that Equation (8.3) represents infinitely many reaction steps, as 7 and j can vary from 1
to infinity. Therefore, despite the simple representation of Equation (8.3), the polymer-
ization mechanism is indeed very complex! In addition, one should observe that typical
organic reactions are slow and reversible, which means both the direct polymerization
step and the inverse depolymerization reaction must be considered. This explains why
the byproduct molecule must be removed from the reaction vessel, so high monomer
conversions can be achieved. This also explains why step polycondensations are usu-
ally performed at high temperatures and under low pressures (vacuum conditions), to
enhance the reaction rates and the rates of removal of byproducts. These characteristics
are the reasons for the peculiar designs of the vessels used in polymerization reactions.

Based on the proposed reaction mechanism, it becomes possible to write the
following set of mass balance equations:

dPi  Yilikp B o P;| < Ps , P; C
= 2 Thylly |Voki-DyyV
k=1 (8.4)
i 2 P, C
ky—— (k—1) 22|V
P> d(k—l)( )V
k=i+1

where k,, represents the kinetic rate constant of polymerization (esterification) and k4
stands for the kinetic rate constant of depolymerization (hydrolysis). Many important
points regarding Equation (8.4) should be observed:

1. Equation (8.4) describes an infinite set of coupled mass balance equations that
must be solved simultaneously, with i varying from 1 to infinity;

2. The first term on the right-hand side of Equation (8.4) represents the formation
of chains of size 7 as a consequence of polymerization reactions between chains
with size smaller than i;
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3. The first term on the right-hand side of Equation (8.4) is divided by 2 because of
the inherent symmetry of the proposed problem, as reactions between chains of
size k and i — k and between chains of size i — k and k are the same and should
not be counted twice;

4. The second term on the right-hand side of Equation (8.4) represents the consump-
tion of chains of size i when they react with other chains to form new chains of
larger size;

5. The third term on the right-hand side of Equation (8.4) represents the consump-
tion of chains of size i due to depolymerization;

6. The third term on the right-hand side of Equation (8.4) is multiplied by (i — 1)
because chains of size i contain (i — 1) chemical groups that were the result of
polymerization reactions and therefore subject to depolymerization;

7. The fourth term on the right-hand side of Equation (8.4) represents the formation
of chains of size i because of the depolymerization of larger chains;

8.  The fourth term on the right-hand side of Equation (8.4) is multiplied by 2/(k — 1)
because only two of the (k- 1) chemical groups of a chain of size k > i can produce
a chain of size i after depolymerization;

9. The volume V is explicitly represented in Equation (8.4) to remind the reader that
the density of the reaction system can change during the reaction course, leading
to volume changes that should not be neglected a priori.

For all the reasons presented above, the system of equations represented by Equa-
tion (8.4) does not present a closed analytical solution and should be solved almost
always with help of advanced numerical tools. In order to develop simple closed
solutions that can be used for analytical interpretation of the reaction effects, some
additional assumptions must be made. Initially, to avoid the necessary handling of
infinitely many mass balance equations, it may be necessary to monitor the evolu-
tion of the concentration of reactive chemical groups, which leads to the functional
modeling approach. In this case, Equation (8.3) can be represented in the form:

A+B<AB+C (8.5)

In this case, only four mass balance equations are needed to describe the course of
the reaction, in the form:

= Ry yV ke gy (56)
By
LA T (8.8)
9 L0y kv ke (8.9)
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where F¢ represents the rate of removal of the byproduct C from the reactor vessel.
If C is removed efficiently from the reaction vessel, so that C =0, then the functional
mass balance equations become:

‘;—‘;‘:— pegv (8.10)
Z—f:—k,,%gv (8.11)
‘Z‘—f:kl,%gv (8.12)
FC:kpégv (8.13)

Additionally, Equations (8.10-12) can be combined in the form:

dA AB

B Ay (8.14)

dA-B) _ A _B—a,_B, (8.15)
dt

wzoﬁA—i—AB:Ao%—ABo (8.16)

Inserting Equation (8.15) into Equation (8.14), then:

dA A A+ By— Ay
T Ty 8.17
dt Pv v (8.17)

Assuming that volume effects can be neglected (which should not be taken for
granted), and if reactants are fed in the stoichiometric conditions, so that Ay = By,
then:

A B Ay—AB 1

a2 _2_ 00 = (8.18)

Ay By Ao _1"‘%

On the other hand, if reactant B is added in excess with respect to the stoichiometric
conditions (and A is assumed to be the limiting reactant), then:

kp(BO—A0)
A _B+AO_BO _A()—AB _ (BO—Ao)exp<_th)

2 - (8.19)
AO AO AO Bo — Aoexp (—w)
If one defines the feed excess F in the form:
By — A
F=—— 8.20
- (8.20)
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then Equation (8.19) becomes:

kpFAO
A BiyA B, Aj—AB_ Fesp(-15)
Ay Ao A _F+1—exp(—w)

(8.21)

Figure 8.1 illustrates the effect of the feed excess on the course of polymerization
for a particular set of conditions. It can be observed that the increase of F leads to
acceleration of the reaction rates, as one might already expect when Ay is kept constant.
As it might also be expected, the concentration of reactant A approaches zero as time
evolves, while the concentration of B approaches a value that depends on the feed
excess.
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Figure 8.1 Effect of feed excess on the course of polymerization when Ag=1mol,V=1Land k, =1
L- mol~'-h~1,

8.1.1 The most probable Schulz-Flory distribution

It must be observed that a significant amount of information is lost when the full set
of mass balance equations presented in Equation (8.4) is replaced by the functional
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balances presented in Equations (8.6-9). For instance, Equation (8.4) allows for the
calculation of the full molecular weight distribution of the produced polymer material,
whereas this is impossible with the functional model. For this reason, it becomes
necessary to perform a more involved analysis of the reacting system in order to provide
information about the quality of the material that is manufactured when the functional
approach is employed. Such an analysis was originally carried out by Wallace Carothers
and Paul J. Flory in some of the most fundamental publications of the field (Flory,
1936).

In order to comprehend Flory’s approach, it is initially necessary to recognize that
the number of molecules in the reacting system decreases continuously when the poly-
merization reaction takes place. As Equation (8.3) indicates, the number of reacting
species present in the reacting mixture is reduced by one unit when a reaction between
the chemical groups A and B take place, assuming that the condensate byproduct is
properly removed from the system. Therefore, it is possible to write that:

M
Ao+ B
No=Y Njp= % (8.22)
i=1

M
fZZiLf’N"O (8.23)

Zf\ilNiO

where N is the total number of molecules inside the reacting system at the beginning
of the reaction, M is the number of different chemical species that contain the reactive
chemical groups, Njo is the total number of molecules of the reactive chemical species i
at the beginning of the reaction, f; is the functionality of the chemical species 7 (number
of reactive functional groups of chemical species i) and [ is the average functionality
of the system. Therefore, if a single reactive chemical species that contains the reactive
groups A and B is added to the mixture, then M= 1, f; = 2 and f = 2. Assuming that
reactant A is the limiting one, whenever it is consumed in a polymerization step the
number of molecules decreases, so that:

N;=Ny — (Ag — A) (8.24)

where N; is the number of molecules in the reacting system at time ¢. If the number
of molecules decreases, as the molecular segments remain the same inside the reaction
vessel, the average size (or mass) of the molecules must increase. As a matter of fact,
it becomes possible to write:

= NO NO

- - 8.25
N, No—(Ay—4A) ( )

where i is the average size of the molecules inside the reactor as a function of the
reaction time or of the conversion. Finally,

Aog+B
(0-}-0) Q2 +F)

= —(AO;'BO) — Aox “Q2+P—fx

(8.26)
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which is a beautiful equation that clearly shows that the average size of the produced
polymer material is a function of the feed excess, of the average functionality of the
molecular species and of the conversion of the limiting species. In the ideal case, when
F=0andf =2, then

(8.27)

which shows that the average molecular size increases with x and approaches infinity
as the conversion approaches the limiting value of 1. However, Equation (8.27) also
shows that molecular chain size grows very slowly with x in the beginning, reaching the
value of 10 (therefore, a mixture of short molecules, or oligomers) when the conversion
reaches the value of 90%. This reinforces the previous observation that condensate
byproducts must be removed from the reacting mixture to allow the preparation of
large molecules, as very large conversion values must be attained to produce long
polymer chains.

Example

E8.1 The average functionality of the feed mixture is rarely equal to 2 for many impor-
tant practical reasons. First, monomers cannot be produced with purity of 100% and
are often contaminated with compounds of different functionalities. Besides, as shown
in Equation (8.27), conversions must be too high to allow the production of large
molecules, which encourages the addition of multifunctional molecular species in the
initial reacting mixture to increase the value of f and allow the manufacture of large
molecules with lower conversion values. Besides, it may be necessary to compensate for
possible variations of F, as preparation of the feed mixture is subject to perturbations
due to the finite precision of actual equipment and the monomer feed can be impure.
For these reasons, Figures 8.2 and 8.3 show the effects of f and F on the average sizes
of produced polymer chains.
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Figure 8.2 Effect of F on average chain sizes (f = 2).
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Initially, Figure 8.2 shows that the feed excess exerts a highly deleterious effect
on produced chain size, leading to dramatic modification of the maximum attainable
molecular size and making the manufacture of large polymer chains more difficult.
As a matter of fact, when f =2, the maximum attainable chain size predicted with
Equation (8.26) becomes equal to

< 2+F)

Imax =
F

which is equal to 201 when F=0.01. This illustrates the enormous sensitivity of imax
to variations of F.

On the other hand, Figure 8.3 shows that the increase of the average molecular
functionality leads to an increase of the average molecular chain sizes, as one might
already expect, since the molecules can grow in more than two directions. This can
indeed lead to formation of molecular chains of extremely large sizes at relatively low
conversion values, which can cause the formation of gel (polymer material that cannot
be dissolved in organic solvents). The formation of gel constitutes a major technological
problem in many polymerization systems, as is well discussed in many papers published
in the open literature (Nogueira et al., 2005). Particularly, the denominator of Equation
(8.26) becomes equal to zero when the conversion attains the gel point, as shown below:

2+F
f

Xgel =

Therefore, the gel point presents a physical significance whenever f > 2 + F and
Xgel < 1.
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Figure 8.3 Effect of f on average chain sizes (F = 0).
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From a statistical point of view, if one assumes that all A chemical groups can
react with B chemical groups with equal probability, P4, then the following set of
probabilities, P;, can be assigned to formation of chains of size 7 in the reacting system:

P;=P (1 —Py) (8.28)

as (i — 1) bonds must be formed to produce a chain of size i. As a matter of fact,
Equation (8.28) does define a consistent set of probabilities, as:

Pi=(1-P Pl=(1-Py) ——m =1 8.29
; ( A); A =0-P) G55 (8.29)

In order to define how probability P4 can be related to the physical operation variables,
it is important to consider that the following mass balance conservation law has to be
satisfied:

Ny = ZiN,» =NtZiPi =(Np — Apx) Zz’Pi
i=1 i=1 =1
Ao+ By ) 1 ((2+F)Ao ) 1
= —A = —Apx ) ———
( f ) A =Pa f ) a=Pa
(Aot Bo 1 (2+FA 1
- ( : _on) = ( : —on) - (8.30)
Therefore:
2+ F) A <(2+F)Ao > 1
Np= - —Apx ) ——— 8.31
T Fo)ase #30
and
py=1_2FF-f_ fx (8.32)

24F ~ 24F

which is simply equal to x when the ideal case is considered, with f =2 and F = 0. Based
on the previous discussion, the normalized chain size distribution can be obtained by
replacing Equation (8.32) into Equation (8.28) in the form:

o fx P4 F—fx
Pi_(Z—I—F) ( 2+F > (8.33)

which is the well-known Schulz—Flory distribution of polymer chain sizes obtained in
ideal step polymerizations. Figure 8.4 illustrates the evolution of chain sizes when F =0
and f =2 as a function of conversion. It must be observed that the distribution has
an exponential shape and is not symmetrical, thus making it meaningless to represent
polymer chain size distributions with the normal distribution.
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Figure 8.4 Effect of conversion on the chain size distributions (f =2, F =0).

8.2 FUNDAMENTAL ASPECTS OF CHAIN POLYMERIZATIONS

Typical chain polymerization reactions involve monomer molecules that present unsat-
urated double bonds (vinyl groups) that can react with active species, including free-
radical species (free-radical polymerizations), metal complexes (as in Ziegler—Natta
polymerizations) or unstable ionic species (such as carbocations and carbanions in
ionic polymerizations). The sequential insertion of monomer molecules into the grow-
ing polymer chains characterizes this large set of distinct polymerization mechanisms,
in the form:

I-— (R)l * + M<I — (R)H-] * (8.343)

P;+ M<P; 4 (834b)

where I represents a fragment of the original active species, R represents a repetitive
mer and * describes the propagation of the chain activity after monomer insertion;
otherwise, polymer chains would not be formed. As discussed previously, one must
observe that Equation (8.34) represents infinitely many reaction steps, since ¢ can
vary from 1 to infinity. Therefore, despite a very simple representation of Equation
(8.33), once more the polymerization mechanism is indeed complex! Unlike typical step
polymerizations, chain reactions are usually extremely fast and essentially irreversible,
making it possible to neglect the inverse depolymerization step in most practical cases.
This explains why chain polymerizations are usually performed at milder temperatures
than are most step polymerizations.

So, chain polymerizations can involve many reaction steps, including chain initia-
tion, chain propagation, chain termination and chain transfer to other chemical species
(Odian, 2004). For this reason, the most important reaction steps are presented in the
Sections 8.2.1-5.
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8.2.1 Initiation

Initiation consists in the formation of primary active species that can initiate the chain
polymerization reaction. Initiators can be provided by manufacturers as active species
(for instance, as active Ziegler-Natta catalysts) or they can be produced iz situ during
the reaction (as in free-radical polymerizations). Therefore, the initiation step may be
absent in reactions that make use of previously prepared active compounds to initiate
the polymer chains. The interested reader should consult standard polymerization
textbooks for comprehensive presentation of the very large number of initiators used
commercially in polymerization technologies (Odian, 2004).

The most common families of initiators used to initiate polymerization reactions
are Ziegler—Natta complexes (frequently titanium complexes containing alkyl groups
and chlorine atoms, supported on inorganic materials such as silica and MgCl,)
and free-radical initiators (unstable compounds that are subject to homolysis when
excited thermally, magnetically, electromagnetically or through ultrasound, among
other sources of excitation). The commonest free-radical generators used commer-
cially are peroxides, such as benzoyl peroxide (BPO), and azo compounds, such as
azobisisobutyronitrile (AIBN).

Initiation reactions can usually be described in the form:

I(+ Cocat)—2Rx* (8.35)
R+ + M—P% (8.36)

where P; is a growing chain of size 1. Equation (8.35) indicates that a cocatalyst
can be eventually used to provoke the generation of the active species, as in redox
initiation mechanisms and Ziegler-Natta reactions (Odian, 2004). The active species
then initiates the polymer reaction through addition of a monomer molecule into the
polymer chain. When typical thermal initiation is performed, the use of a cocatalyst is
not necessary and it becomes possible to write:

dl

p— Y 8.37

7 d ( )
so that

[ = Iye ket (8.38)

where kg is the kinetic rate constant for the initiator decomposition. Equation (8.38)
describes the characteristic exponential decay of free-radical initiators(and of other
catalysts that are subject to deactivation or contamination). The half-life time (#1/) of
the initiator is the time required for the initiator concentration to reach half the initial
concentration, which is equal to:

to= lnk(l) (8.39)
d

Therefore, the half-life time of an initiating species is also a measure of the stability
of the analyzed species, decreasing with the increase of k.
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The mass balance for the active species R can be written in the forms:

dft* =2ky[I1V — ki [R¥][M]V (8.40a)
dR* .
= —kRIMIV (8.40b)

depending on whether the active species is generated in situ or fed in the active state. k4
is the kinetic rate constant for initiation. When radicals are generated iz situ, the activ-
ity is usually so high that active species generate polymer chains almost immediately,
allowing the utilization of the quasi-steady state assumption in the form:

*

CI; ~ 0= 2ky[11V =k [R¥][M]V (8.40¢)

so that the rate of initiation can be assumed to be equal to the rate of generation of
active species.

8.2.2 Propagation

This certainly is the most important reaction step of all chain polymerization
mechanisms, because it describes the growth of the polymer chains.

Pf + M—P},, (8.41)

As infinitely many reaction steps are represented simultaneously in Equation (8.41),
the rate equations related to the propagation step can be written in the form:

Rypi = ky[Pi_1][M]V — ky[Pi][M]V (8.42)
Rom = —ky <Z [Pi]> [M]V = — k,[P7][M]V (8.43)
i=1

as chains of size i are formed through propagation of shorter chains and consumed
through reaction with the monomer, while monomer molecules can react with all
growing chains of all sizes. k, is the kinetic rate constant for propagation and represents
the total concentration of active growing chains in the reacting mixture. An important
assumption in Equations (8.42—43) is that the propagation rate constant does not
depend on the size of the growing species, a controversial idea that has been refuted
by many studies in the literature (Odian, 2004; Smith ez al., 2005; Heuts and Russell,
2006). However, if k;, is assumed to depend on the chain size, the number of kinetic
parameters can become too high to be of practical use.



156 Chemical reaction engineering

8.2.3 Termination

The termination step describes the loss of activity of the growing polymer chains
and leads to formation of inactive (or more commonly dead) polymer chains. Many
different reaction steps can lead to inactivation of the growing chains, as shown below:

Pix + Pjx —D; —|—D7»: (8.44a)
Pix +P;x —D;; (8.44Db)
P;x + X—D; (8.44c¢)
P;x —D; (8.44d)

Equation (8.44a) describes the termination by disproportionation and is usually
associated with the abstraction of hydrogen atoms from active species, leading to for-
mation of unsaturated dead chains (or macromers, which eventually can be involved in
other mechanistic steps and affect the chemical and thermal stability of the final mate-
rial). This termination mechanism is predominant in polymerizations of vinyl acetate
and methyl methacrylate and leads to dead chains that are similar to the growing active
chains. Equation (8.44b) describes termination by combination and is predominant in
free-radical styrene polymerizations, leading to dead chains that are larger than the
original growing chains. Equations (8.44c—d) describe termination steps provoked by
smaller molecules (usually a contaminant) and by spontaneous rearrangements of the
active center of the growing active chain, respectively, being predominant in ionic and
coordinated polymerizations of olefins.

The occurrence of termination steps necessarily causes the appearance of at least
one additional family of polymer molecules: the dead polymer chains. For this reason,
the kinetic modeling of this reacting system can become quite complex, requiring
detailed modeling of infinitely many reacting species of multiple families of polymer
chains. For these reasons, closed analytical solutions of the mass balance equations are
almost always unavailable. In spite of this, termination rate equations can be written
for the species P; in the form:

Ripi = — kel P;] (Z [PkJ) V — ke[ P;] (Z [Pk]>
k=1

k=1
V = kix[Pi[X]V — kis[Pi]V (8.45)
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where kg, ki, kix and kys stand respectively for the rate constants for termination by
disproportionation, termination by combination, termination by X and spontaneous
termination. Similarly, for species D; and the rate equations become:

oo i—1
Ripi = kyalPi] (Z [Pk]> v+ ’% (Z [Pk][P,-k])

k=1 k=1
V + kix[PIX]V + ki [PV (8.46)
Rip— = kya[P;] (Z [Pk]> 14 (8.47)
k=1

In some reaction mechanisms, the termination steps may be absent, leading to so
called living polymerization reactions (Odian, 2004). Besides, as discussed previously,
the proposed analysis relies on the assumption that termination rate constants do not
depend on the size of the growing species, an idea that also constitutes a controversial
subject and which also has been refuted by many studies in the literature (Odian,
2004; Smith et al., 2005; Heuts and Russell, 2006). However, if k;4, ki, kix and kg
are assumed to depend on the chain size, as said previously the number of kinetic
parameters can become too high to be of practical use.

8.2.4 CHAIN TRANSFER

Among the many parallel reaction steps that can occur during chain polymerizations,
chain transfer to other molecules are certainly the most important ones. The chain
transfer step describes the transfer of activity from the growing polymer chain to
another molecule, leading to formation of a dead polymer chain and a short active
species that reinitiates polymerization. Although this reaction step exerts little effect
on the overall rates of polymerization (as the number of active species is not changed),
it can significantly affect the quality of the obtained material (as it interrupts the growth
of a polymer chain), being of great importance at industrial sites for the manufacture
of distinct polymer grades with different properties. Chain transfer reactions can be
represented in the general form:

P;x + X—D; + Pix (8.48a)

P;* —D; + Rx (8.48b)
with rate equations given in the form:

Rypi= — kux[P[X]V — kys[Pi1V (8.49a)

Ripi = Ry [PAIX]V + kys[P]V (8.49b)

where k;x and ks are kinetic rate constants for chain transfer to Xand spontaneous
chain transfer. Typical chain transfer agents (X) for free-radical polymerizations are
mercaptans and alcohols, while hydrogen is the most important chain transfer agent in
coordinated polymerizations. Besides, ionic and coordinated polymerizations are also
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subject to spontaneous chain transfer reactions. Monomer and polymer can also be
important chain transfer agents in many reacting systems. For instance, the monomer
vinyl chloride is a natural chain transfer agent in vinyl chloride polymerizations, while
poly(vinyl acetate) is an important chain transfer agent in vinyl acetate polymerizations.
Particularly, occurrence of chain transfer to polymer leads to formation of branched
macromolecules, with great impact on the final properties of the obtained materials.

8.2.5 QUASI-STEADY STATE BALANCES

When the active growing species is very active, produced iz situ and subject to termi-
nation reactions, accumulation in the reacting mixture is not likely to occur. This is
exactly the case of the vast majority of the free-radical reaction mechanisms. In this
case, the sum of all reaction rates is expected to be very close to zero, allowing the
proposition of quasi-steady state balances in the form:

Rypi + Repi + Ryrpi =0 (8.50)

If Equations (8.42), (8.45) and (8.49) are added, one can obtain the following quasi-
steady state balance equation:

kp[Pi1][M]V — ky[Pi][M]V — kya|P;] (Z [Pk]> V — ke[P;] (Z [Pk]) 14
k=1 k=1
— kix[PAIXTV = kes[Pi]V = kyx[PI[X]V — kyo[P]V =0 (8.51)
which can be written in the form

[Pi]=q[Pi-1] (8.52)

= kp[M]
kp[M] + (ktd + ktc) [PT] + (ktX + ktrX) [X] + (kts + ktrs)

(8.53)

q is normally named as the propagation probability, as it is a positive number
constrained in the interval [0,1] and represents the frequency ratio of the propagation
reaction, when compared to the remaining mechanistic steps. Equation (8.52) leads to
a very simple iterative equation, that can be written in the form:

[Pi]=q"'[P1] (8.54)

that indicates that the molecular weight distribution of growing polymer chains also
follows the Schulz—Flory distribution! It is amazing that the Schulz—Flory distribu-
tion appears in both the analyzed polymerization mechanisms by way of such different
reasonings. However, one should not be tempted to conclude that all polymerization
mechanisms lead to Schulz—Flory size distribution, although it is true that it appears
naturally in many different problems.
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Equation (8.54) is inadequate because it depends on [P1] and because Equation
(8.53) depends on [Pr]. Therefore, it is necessary to provide closed solutions for these
two values. Initially, it is simple to show that:

[ o P
Prl=Y 1P =[P g = % (8.55)
i=1 i=1
so that
[Pil=(1-q)q" ' [Pr] (8.56)

Finally, if Equation (8.51) is summed for all values of i ranging from 1 to infinity,
one gets (and note the fact that when i= 1 some additional rate equations are needed
because of the mechanistic steps described in Equations (8.36) and (8.48)):

2kgll]= (kig + kie) [PT + (kex + kis) [Pr] (8.57)

which has the general solution

2
[PT]=J (kex + kis)” + 8 (kus + ki) k] 8.55)

4 (ktd + ktc)z

Because k;x and k;s are usually equal to zero in most free-radical polymerizations,
and since part of the active free-radical generated by the initiator are consumed in
lateral reactions with impurities, solvents and reactants, Equation (8.58) is usually
presented in the form:

[ 2fiky[1
[Pr]= k’;’TdL] (8.59)

where f] is the initiator efficiency, a positive number in the interval [0,1], usually in
the interval [0.6, 0.8], that indicates the fraction of active species that actually initiate
growing polymer chains.

Finally, Equation (8.59) can be combined with Equation (8.43) in the form:

[2fikqll
Rov= — ky %[MW (8.60)

to provide the rate of polymerization of free-radical polymerizations and other poly-
merization mechanisms that are subject to bimolecular terminations. In this case, it
becomes possible to write the monomer balance equation in the form:

2fikalll e ZfIkd[IO]e_kdtM

—_ =— 8.61
kg + ke P kg + ke ( )
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dﬁM _ ke (8.62)
with
2frkallo]
K=k, | ———— 8.63
P ktd + ktc ( )

where K is the parametric lump that controls the course of the rate of polymerization.
It is important to observe that the rate of polymerization depends on many distinct
kinetic parameters and operation conditions, as shown in parameter K. The solution
of Equation (8.62) is:

M 2K [ kgt
In (ﬁo) = k—d (e T — 1) (8.64a)

M:Moe[if(ekzz_l)] (8.64b)

It is interesting to observe in Equation (8.64b) that the monomer mass is not
depleted even after infinite reaction time. As ¢ goes to infinity, the monomer mass goes
to:

M:Moe[_%] (8.65)

tabulation the importance of developing operation strategies to remove residual
monomer from final polymer product.

Based on Equation (8.54) it is possible to conclude that the average chain-length
of living chains can be given in the form:

[Pr]

- Ymilkl Ty 1 (8.66)

Yl [Prl (1-9)

As g usually is very close to 1 (typically above 0.99), living chains are very large
from the very beginning of the reaction (conversion equal to zero), constituting a major
difference with respect to step polymerizations, as average molecular weights increase
with conversion in the last case and become large only when conversions are high.

8.3 DIFFUSIVE LIMITATIONS

The viscosity of the reacting mixture can become so high during polymerizations that
the diffusive movement of the chemical species, and particularly of the larger molecules,
can become limited, leading to significant reduction of reaction rates. As a matter of
fact, in most polymerization processes, all elementary reaction steps can be eventually
affected by diffusional limitations when the polymer concentration is high. Therefore,
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the increase of the medium viscosity caused by the increase of the polymer concen-
tration can greatly affect overall reaction rates and molecular structure of the final
material.

The gel effect (or Trommsdorff effect) occurs typically when monomer conversion
(or, more precisely, polymer concentration) reaches a range between 20 to 40 wt%
and the mobility of the longer chains is reduced by the high viscosity, leading to dras-
tic reduction of bimolecular termination rates, resulting in accumulation of growing
radicals and the auto-acceleration of the rate of polymerization (Odian, 2004). Par-
ticularly, the final properties of the produced polymer materials can be significantly
affected by this phenomenon. Moreover, this can also lead to production of resins
with broad MWDs and cause the sudden elevation of the reactor temperature and
development of thermal runaway conditions. (Hui and Hamielec, 1972; Pollaco et al.,
1996; Alexopoulos and Kiparissides, 2007). Additionally, the gel effect can induce
the development of relevant nonlinear behavior in the dynamics of free radical poly-
merizations, especially when the increasing viscosity also causes the reduction of the
effective heat transfer coefficient between the reactor walls and the coolant fluid in the
reactor jacket. This can lead to a significant decrease of the heat removal capacity of
the reactor, resulting in thermal runaway, development of self-sustained oscillations
and appearance of multiple steady states (Pinto, 1995; Pinto and Ray, 1995a, 1995b,
1996).

The glass effect occurs when the bimolecular reaction steps that involve small
molecules, such as the propagation and chain transfer steps, are also affected by the
increasing viscosity of the reaction medium, causing the subsequent reduction of the
reaction rates and average molecular weights of the formed chains. As in the previous
case, these phenomena lead to enlargement of the MWD and strongly affect the final
properties of the produced polymer. The glass effect occurs when the reaction tem-
perature is below the glass transition temperature of the polymer, usually at monomer
conversions (or, more precisely, polymer concentrations) above 80 wt%. The conse-
quence of this phenomenon is the “freezing” of the reaction mixture and attainment
of a maximum conversion limit.

Modeling of diffusional limitations in polymerization reactions still constitutes
a technical challenge and most of the models that have been published in this field
are empirical or semi-empirical, depending on model fitting to available experimental
data. The proposed models usually have the general form:

k=kog(w) (8.67)

tabulation k is a generic kinetic rate constant, kg is the kinetic rate constant
when the polymer concentration is null and is an empirical or semi-empirical func-
tion that corrects the kinetic rate constant when the polymer concentration changes.
For instance, Freitas Filho et al. (1994) showed that the expression:

gw)=1—-w)" (8.68)
where y is an adjustable parameter that characterizes a certain reaction step and poly-

merization system, might be used to fit many experimental data sets available in the
literature.
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8.4 DEPOLYMERIZATION

Although the assumption of irreversible reaction steps in most polymerization studies
is reasonable when temperatures are mild and condensate byproducts of step polymer-
izations are absent, the fact is that this assumption can be bad when temperatures are
high and condensate products are present in the reaction medium. For this reason, it is
useful to define the ceiling temperature as the temperature when rates of polymeriza-
tion and depolymerization are equal at typical polymerization conditions, preventing
the growth of the polymer chains. In this case:

AH
AG=AH — TCAS=O:>TC=A—S (8.69)

As the polymerization reaction is usually quite exothermic and leads to significant
reduction of entropy (as molecules get bonded in the macromolecular chain), T, values
are generally high, above 200 °C. Despite this, some exceptions include the well-known
polymerization of @-methyl styrene, whose ceiling temperature is close to 40 °C, posing
many technological challenges to performing polymerization under normal industrial
conditions (Odian, 2004).

Interest in depolymerization reactions has increased steadily over the years. This
interest has been boosted by the increasing worldwide production of plastic goods and
the necessity to develop environmentally correct technologies for management and
disposal of plastic wastes. Chemical recycling techniques constitute possible solutions
for recycling of plastic wastes, converting plastic wastes into raw materials that can
be used commercially in other industrial processes, reducing the potentially harmful
effects of discarded materials. The most popular route for chemical recycling of plastic
wastes is thermal degradation, which can be accomplished through pyrolysis, partial
oxidation or gasification. Essentially, when submitted to high temperatures, polymer
chains depolymerize (usually though free radical mechanisms) into lighter fractions,
like that which is performed in typical petrochemical processes. However, thermal
degradation of macromolecules can be significantly affected by the treated material.
For instance, thermal treatment of polyolefins produces hydrocarbons in the range of
gasoline, whereas poly(methyl methacrylate) decomposes almost completely into the
original monomer above 400°C, offering an alternative for feedstock recycling (Braido
et al., 2018; Ros et al., 2019; Monteiro et al., 2019). Solvolysis and hydrolysis are
also popular chemical routes for depolymerization of step polymers, while enzymatic
enhancement of depolymerization mechanisms has evolved rapidly (Monteiro et al.,
2019).

Depolymerization reactions usually follow the random scission mechanism:

D;—Py+ P;_, (8.70a)
D, + C—Py + P, (8.70b)
or the depropagation scheme:

D,—~Di1 + M (8.71)
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although depolymerization mechanisms normally comprise many distinct parallel reac-
tions that take place simultaneously, leading to a broad mixture of products that must
be purified for end use, as is well-known in the oil industry.

8.5 CONCLUDING REMARKS

In this chapter, the fundamental aspects of typical polymerization reactions were pre-
sented. It was shown that step polymerization reactions can be described with help of
the functional modeling approach, revealing that the final properties of the produced
material are quite sensitive to modification of the feed composition and functional-
ity of the reacting monomers. Particularly, it was also shown that obtained polymer
materials are mixtures of chains of different sizes, following the Schulz—Flory size
distribution. It was also shown that chain polymerization reactions involve many dif-
ferent chemical species and reaction steps, although the adoption of the quasi-steady
state assumption, valid when the active growing chains are very reactive and subject
to termination, indicates that living polymer chains also follow the Schulz—Flory dis-
tribution. As the propagation probabilities of chain reactions usually are very close
to 1, living chains are very large from the very beginning of the chain polymeriza-
tion reaction, while average molecular weights increase slowly with conversion in step
polymerizations and become large only when conversions are high. Moreover, it was
shown that polymerization reactions can be subject to diffusive limitations, which can
significantly affect the course of the polymerization and the behavior of industrial
reactors. Finally, it was discussed that depolymerization reaction steps can be very
important when temperatures are high or condensate products are present, an idea
that has been explored in the chemical recycling of plastic wastes.

Example

E8.2 In the polymerization of methyl methacrylate in benzene, in the presence
of azobiisobutylnitrile, the following data were generated in laboratory (adapted
from Incomplete reference).

[M] (mol/m3) [l] (mol/m?) (=rm) (mol/m3) s~
9.04 0.235 0.193
8.63 0.206 0.170
7.19 0.250 0.165
6.13 0.228 0.129
4.82 0313 0.122
4.80 0.192 0.0937
422 0.235 0.0867
4.19 0.581 0.130
3.26 0.248 0.0715
2.07 0.211 0.0415
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It is known that the reaction mechanism occurs in the following steps:

(a) Dissociation of the inhibitor into radicals.
(b)  Addition of the monomer M to the radical.
(c)  Chain propagation of radicals.

(d) Termination by addition of radicals.

Analyzing the data from the table, is it possible to propose a polymerization rate
of the monomer including the different stages of the process?

With the data presented in the table, is it possible to determine the apparent
reaction rate constant?

Solution
The problem data allow us to verify some of the reaction rate expressions derived
previously, assuming that the initiation rate varies little with time.

Analyzing the effect of initiator concentration on the rate, we see that:

1. Choosing the same value of the concentration of M:

[M] (mol/m3) [l] (mol/m3) (=rm) (mol/m3) s~!
4.82 0313 0.122
4.80 0.192 0.0937

or
[M] (mol/m3) [l] (mol/m?) (=rm) (mol/m3) s~!
4.22 0.235 0.0867
4.19 0.581 0.130

From the first data set, we observe that for the same concentrations of [M],
when the initiator concentration drops 1.63 times, its square root decreases 1.27
times. This approximately corresponds to a decrease in the rate of 1.3 times. In the
second data set, we can see that when the initiator concentration is increased by
2.5 times, its square root increases by 1.57 times. This corresponds to an increase
in the rate of 1.49 times. These data show that the rate is directly proportional to
[I,]'/2. This in agreement with Equation (8.60), which can be written in the form:

vkoll2]
k;

(—=rm) =kp[M] (8.72)

2. Effect of the monomer concentration:
Choosing approximately the same concentration value of [I,], we observe how
the rate varies with the concentration [M].

[M] (mol/m3) [l] (mol/m?) (—rm) (mol/m3) s~
4.22 0.235 0.0867
9.04 0.235 0.193
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or
[M] (mol/m3) [l] (mol/m?) (—rm) (mol/m3) s~
7.19 0.250 0.165
3.26 0.248 0.0715

In this example, for both cases, maintaining the same concentration of [I], the
concentration of the monomer [M] is varied. In the first data set, the concentration
[M] increases by 2.1 times while the rate increases by 2.2 times. In the second data set,
the concentration of [M] decreases by 2.2 times and the rate also decreases by about
2.3 times. This shows that the rate is directly proportional to the concentration of [M],
as described in Equation (8.60).

By making:

k* =kp w (8.73)
t

Choosing any value from the for example:

[M] (mol/m3) [l] (mol/m?) (=rm) (mol/m3) s~

9.04 0.235 0.193

Substituting the values
(—rm) = R*[M] (8.72)
Then, one can obtain:

kx=0.0213s""!

Substituting the values of £* and [I,] into Equations (8.72) or (8.73), one can also
obtain:

ko= kp /% =0.146 (m?/mols)
t

Example

E8.3 In the previous example, the values of the constants were calculated as:
ko=10"%s""
ky = 1072 L/mols™"
k; = 5.107L/mols™!
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It is then proposed to calculate the concentration of the monomer after 7.2 min,
starting from the following values and assuming that 1% of the initiator has been

consumed:

[M] (mol/m3) [l] (mol/m?3) (=rm) (mol/m3) s

9.04 0.235 0.193

Solution
Starting from Equation 8.64a or 8.72:

Mgy, [l
where
k* =2kp w =1.91 x 107 (m’/mols)
.
Thus,
~In Mﬂo =0.822

But
[M]=3.97 (mol/m?)
And

 My-M

X
M M,

Thus, the conversion is equal to 0.56 or 56%.




Chapter 9

Kinetics of liquid-phase reactions

9.1 ENZYMATIC REACTIONS

The enzymatic reactions are of great interest and have great prospects for the future
of biotechnology. In general, the enzymatic processes are well known in the alcohol
fermentation and biological processes (e.g., physiology). The enzymatic fermenta-
tion processes can be promoted by microorganisms, such as bacteria and must, or
by enzymes which are produced chemically.

Generally, a fermentation process is represented by the transformation of organic
matter, which in the presence of enzymes or bacteria forms noble products of great
utility in food, pharmaceutical, and alcohol production industries.

The main types of enzymatic and fermentation reactions that occur are:

Soluble enzyme + insoluble substrate
Insoluble enzyme + soluble substrate
Soluble enzyme + soluble substrate

The reactions with both soluble enzyme and substrate occur in homogeneous liquid
phase in biological reactions, mainly used in the pharmaceutical industries. When the
enzymes are insoluble, the reactions are heterogeneous and the great advantage is that
these enzymes are not lost. In general, enzymes are anchored on solid materials with
high surface area and low pore volume. Insoluble substrates and soluble enzymes are
commonly used in the detergent industry.

Currently, biological reactions with animal cells are being studied. The kinetics
of these particular reactions is equally complex but also belongs to the same reaction
category.

The action of enzymes is also explained by the energies involved and by the tran-
sition state theory, as described before. Intermediate complexes are formed, which in
turn have lower energy barrier, thus allowing its transformation into products.

The kinetic model can be represented schematically following the same approach
as in Chapter 7, i.e.:

ky /k
S+EN EspyE (9.1)
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where

S =substrate (reactant)
E =enzyme
ES* = enzymatic complex.

Note that the presence of water in these reactions is essential.
Equation 9.1 is represented by the following sequence:

(a) Formation of the complex:
ES*
(b)  Equilibrium state:

ka /ky
S+ E<~—ES* (9.2)

(c) Decomposition of the complex into products:
ES*(+H,0)-2 P (9.3)

ES*(+H,0)-24

Figure 9.1 shows the potential energy over the course of the reaction. Without
the enzymes, the energy barrier (or activation energy) is high and the complex ES*
formed is unstable and quickly deactivates. This energy barrier is drastically reduced
in the presence of enzymes, facilitating the transformation of the complex ES*into
final irreversible products P and S. This behavior is explained by the transition state
theory.

9.1.1 Kinetic model

The reaction rate relative to the substrate is obtained by Equation 9.1, i.e.:
(—=7s) =k1[E][S] — k2[ES”] (9.4)
rp =k3[HO][ES™] (9.5)

where [-] represents the concentration.
In relation to the complex ES*, we also have:

res = kilEJ[S] — ka[ES*] — k3[ES*][H,0] = 0 (9.6)

However, not all enzymes are consumed and the complexed enzymes are partly
recovered. In this context, the free enzymes are those which participate in the initial
reaction. From the balance of enzymes, we have:

Er=E+ ES* (9.7)
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Energy

Activation energy (barrier)

Without enzyme (gray curve)

With enzyme (black curve)

Reaction enthalpy

/

AHg
p
S Products

Reaction pathway

Figure 9.1 Different energy profiles involved in the enzymatic reactions.

From Equations 9.6 and 9.7, the concentrations of the complexed enzymes are
determined:

“_ ki[ET][S]
[ES"]= k1[S] + ka2 + k3[H, 0] (5-8)

Substituting Equation 9.8 into Equation 9.5 and considering that (—75) =7, we
have:

_ kiks[E7][S][H, O]
(=7s)

" Ri[S] + ka + k3[H,0] (9.9)

However, the amount of water is too large and its concentration practically does
not vary compared to the variation of substrate and enzyme concentrations. Therefore,
it is assumed that its concentration remains constant. Thus, we can also consider the
term k3[H, O] = constant = kj;

Thus:

_ RiR3[ET][S]
(_TS)_—kl[S]—i—kz—i—k’g (9.10)
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The Michaelis constant is obtained by dividing the equation by ky:

_k2+k§

K
M k:

(9.11)

tabulation the other hand, it is known that the maximum rate is obtained when all
enzymes are complexed. Therefore, by making;:

Vimax = k3[ET] (9.12)
Substituting these new parameters in the Equation 9.10, we obtain:

_ Vmax[S]
(—rs>—[S]+—KM (9.13)

There are special cases that simplify the expression of the rate.

If the concentration of S is low, we can simplify the equation which expresses the
rate by considering that S < Ky1.

We then obtain a rate which is directly proportional to the substrate concentra-
tion, and a linear variation is observed, i.e.:

Vinax[S]
Kwm

(—r5) = (9.14)

If the substrate concentration is high, we obtain the inverse, and the equation
which expresses the rate can be simplified since Ky < S. In this case, the rate of
disappearance of the substrate is equal to the maximum rate. Thus:

(_7S)=Vmax (915)

It is very common to use the half-life method, assuming that half the maximum
rate is reached. This is extremely convenient, since the experiment can be stopped
after reaching the concentration corresponding to half of the maximum rate. By
adopting this method, we have:

Vmax
2

(=rs)=

and substituting into Equation 9.13, we have:
Ky =[Sy (9.16)

The three cases can be seen in Figure 9.2.
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Ky = [3]1/2 [S]

Figure 9.2 Rate versus concentration of substrate.

9.1.2 Determination of the kinetic parameters

For determination of kinetic parameters, we use both the differential and integral
methods. In the integral method, the experimental rates are directly determined by
using small variations of the concentration. In the case of batch reactors, a strong
agitation of the reaction system should be conducted, avoiding problems of diffusion
and promoting a homogeneous mixture of the reaction system with no temperature
gradient. For low conversions, as we have seen, the rate is directly proportional to the
concentration of the substrate.

9.1.2.1 Differential method

In the differential method, Equation 9.13 is generally transformed in a more convenient
format, i.e.:

1 Ky 1

(9.17)

+
( —7rs ) Vmax [S] Vmax

When placed on a graph (Figure 9.3), this expression gives a straight line, whose
slope can be used to determine the Michaelis constant.
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[-rs]

Figure 9.3 Differential method.

9.1.2.2 Integral method

In the integral method, we start from the equation of the rate and the system is chosen.
The experiments are usually conducted in batch reactors, and, consequently, we use
the equation of the batch reactor (Equation 4.7) as a function of the substrate:

S
t=—f ds (9.18)

(=7s)

So

Or in terms of the conversion, making:

Xy = 203 (9.19)
So
and
" dx
£ = [so] / A (9.20)
) (—rs)

The rate shown in Equation 9.13 is transformed as a function of the conversion
and we obtain:

e Vi1 =X
)= L
1- X —
(1=X) + 5%

(9.21)
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1
—Eln(-l - XS)

{ [S,]
K

Figure 9.4 Integral method.

Substituting the rate into Equation 9.20 and integrating it between 0 and X4, we
obtain:

[So] Xo Km

Vmax max

In(1 - Xs) (9.22)

Rearranging and placing in Figure 9.4, the constant Ky is determined:

Vmax [SO] XS
e ) 9.23
Kum Ky ot ( )

—%ln(l —Xs)z

The parameters Ky and Viys, are simultaneously determined with the data of X
versus ¢.

We can observe from Equation 9.22 that the rate of this reaction involves a zero-
order (first term) and first order (second term) kinetics. For longer times, it satisfies
the first order kinetics. On the other hand, for shorter times, the zero-order kinetics
predominates.
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Example

E9.1 The decomposition of H,O, is conducted with an enzyme E and the products
H,0O and O; are obtained, according to the following mechanism:

H, 0, + E-X5 [Hy 05 E*]
[H,0,E*]-5H,0, + E

[H,0,E] + HyO—5H,0 + Oy + E

The experimental results that were obtained are displayed as follows:

t (min) 0 10 20 50 100
[H0,] (molll) 002 00177 00158 00106  0.005

(a) Calculate the Michaelis constant and the maximum rate.
(b)  If the concentration of enzyme is triplicated, what is the time necessary to achieve
a conversion of 95%?

Solution
With this mechanism, we obtain a rate equal to Equation 9.13, i.e.:

Vmax [HZ 02]

78) = H,0,7 + Kuy

Whose solution in a batch reactor is given by Equation 9.23:

Vmax _ [HZOZ] &

1
—Zln(1 - Xs) =
t Km ISV
Considering that:

[H>02]o — [H20;]
[H20:]o

X =

where X is the conversion
Since [Hy O3]p = 0.02, we obtain:

t (min) 0 10 20 50 100
[H20,] (mol/L) 002 00177 00158 00106 0.005
Xs 0 0.115 0210 0470  0.750
Ut xIn(l — Xa) x 102 — 1193 1178 1269 1386

x 102 - 1.125 1.05 0.94 0.75
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0.0140 -

[ | | |} B
Linear Fit of Data1_B

0.0135

0.0130

In(1-X )/t

0.0125

0.0120

00115 4+——7—-+-—F-—-"+—"F-—-"""7T"—""FT""T""T""T"3-
0.0070 0.0075 0.0080 0.0085 0.0090 0.0095 0.0100 0.0105 0.0110 0.0115
X/t

Figure E9.] Determination of the rate constants.

The angular coefficient is —0.56. Therefore, since [H,O2]o = 0.02, we have:
Kym =0.0354
The linear coefficient is equal to 0.018, therefore:
Vinax =6.37 x 107* (mol/L) x min !
If the enzymes are triplicated, we have:
Vimax =k3E7r =3 x 6.37 x 107*=1.911 x 10~ (mol/L min)
Thus, the time necessary to reach a conversion (Xs) of 0.95 will be:

t=15 min

9.1.3 Effect of external inhibitors

Enzymes can be competitive and noncompetitive and affect the reaction rate. In certain
cases, they work as a blocker, which is advantageous in medicine. On the other hand,
it can significantly reduce the capacity of active enzymes.
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In the case of competitive enzymes, the substrate competes with the external
blocker in the same active enzyme. Therefore, it depends on the adsorption capacity
of active enzymes. In the opposite case, both the substrate and the external inhibitors
do not compete with the same activated enzyme and the capacity of the reaction will
depend on the adsorption strength in the active enzymes.

Note that the kinetic models are different but can be deduced in the same manner.

In the competitive model, we have the following system:

kZ/kl * k3
S+ E<~—ES*(+H,0)—P +E
k, [k, "
B+ E<—ES (9.24)

where

E = free enzymes
ES and ES* = complexed enzymes
B =blocker.

Non-competitive

SIYILL
ocoodqoo

O Blocker . Substrate . Enzymes
Competitive

0 g goo ®
000000000

O Blocker . Substrate . Enzymes

Figure 9.5 Competitive and noncompetitive models.
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The rate of formation of the product P can be determined, and the following final
expression is obtained:

k3K1[SI[ET]
—rg) = 9.25
TSRS+ Kl 92
where:
Ki=ky/F;
Ky =ka/k,
Example

E9.2 The data displayed in Figure E9.2 were obtained experimentally. It is known that
the reaction mechanism is complex, although the kinetics of the reactions is not known.
The following scheme of reactions involved in the transformation of a substrate § into
the product P in the presence of an enzyme E is proposed.

ko /k
s+ E Mg

2.4——
2.2—-
2.0—-
18
161

1.4.: \

1.2

Vmax(-rg)

1.0 4 -

0.0 0.1 0.2 0.3 0.4 0.5
[S] mmol/l

Figure E9.2
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ES*(+H,0) 5P + E

ka kS
ES* + E<—SES*

where S represents the substrate and E represents the enzyme. The experimental results
are presented in the following table (adapted from Fogler, 2000):

Vimax (—75) 2.5 1.5 1.0 0.5 0.6 0.6
[S] (moles/L) 0.02 0.04 0.06 0.1 03 0.4

Derive the expression of the rate with respect to the substrate S and determine
the constants. If possible, make simplifications. Calculate the constants using the data
displayed in Figure E9.2.

Solution

(—rs) =k1[E][S] — k2[ES"] (9.26)
But:

rEs- = R1[E][S] — k2[ES*] — k3[ES*] — ka[ES*][S] + ks[SES*] =0 (9.27)

rspse = k4[ES*][S] — ks[SES*] =0 (9.28)
But:

[Etr]=[E] + [ES*] + [SES*] =0 (9.29)

From Equation 9.28, we have:

[SES*] = IZ—;‘[ES*][S] (9.30)

Substituting Equations 9.30 and 9.29 into Equations 9.27 and 9.26, we have:

(—rs) = k1 [S][ET]

But the reverse constant favors the formation of the complexed enzyme [ES*|
and consequently ks>> k4. The last term of the numerator is neglected and after
transforming we obtain:

(—rg) = ki[SI[ET]
k1[S] + Km
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where:
Ky = (kzkw constant of Michaelis
3
in which:

kl [ET] = Vinax

We then have:

Vinax[S]

78) = 1] + K

Transforming this equation we obtain:

KM _ Vmax

TS

From the table we obtain:

(9.31)

Vimax (—Fs) 2.5 1.5 1.0 0.5 0.6
& (moles/L)~! 50 25 16 10 33

0.6
25

Placing the values of the table in Figure E9.3, we obtain:

m A
25| —— Linear Fit of Data1_A
2.0
3
L 154
3
NS
1.0 H
0.5 -

1/8

Figure E9.3 Determination of the constants.
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From this figure and linear regression we obtain the following results:
Ky =0.042

k1=0.36

9.1.4 Kinetics of biological fermentation

In biological fermentation, the substrate is in contact with bacteria and therefore the
microorganisms grow. Living cells comprise a series of reactions of large application
in the health sector, such as insulin, antibiotics, and food production. In the processes
with biomass, there are cells which consume nutrients for energy generation and cell
growth.

The most common examples are:

Substrate (S) + Cell (C) — Cells (C) + Product (P)
[Fruits] + Bacteria — Bacteria + alcohol
[Organic matter] + Bacteria — [More bacteria] + [Product + CO,, H,O]

To monitor the growth of the cells or bacteria, we can use the graph displayed
in Figure 9.6, which shows the variation of cell concentration over time. This graph
shows the different phases that appear and disappear in a kinetic process.

1. In phase I, there is an induction period in which the cells get adapted to the
culture medium. The function of this phase is to transfer nutrients (proteins) for
the cells, thus forming enzymes and new substrates and causing a multiplication

Phase Il

Phase IV

Phase Il

Cells concentrations

Time

Figure 9.6 Growth of cells.
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of new cells. This largely depends on several factors such as the reaction medium,
substrate concentration, and pH.

2. In phase II, there is a period of cell growth. This means that there are enough
nutrients and cells enabling rapid cell growth.

3. In phase III, there is a stable period and there are not enough nutrients for cell
growth. In this stage, equilibrium between the formation of cells and transport
of nutrients is established.

4. In phase IV, a period of cells deactivation (death) occurs, since there are no more
nutrients. Products and subproducts are formed, and they can alter the properties
of the reaction medium, especially the pH, which may cause cell deactivation or

death.

The rate of cell growth practically follows the same expression of the rate, accord-
ing to Michaelis equation. However, we must also take into account the concentration
of cells, as follows:

k[SI[C]

S (9.32)

rc=

These constants must be determined. In most cases, empirical rates of cell growth
are used, and according to Monod equation, we have the following expression:

rc = u[C] (9.33)

where 1 is an empirical coefficient and the unit is given in s~!, since the concentration

is measured in g/dm?3. This coefficient was determined by Monod equation:

[S]

= Mmax T T 9.34
H=n [S] + KMonot ( )
where:
Kumon = Monod constant.
Thus:
[SI[C]
= Mmax7c7 1 9.35
re=H [S] + KMonot ( )
Therefore, this is similar to the Michaelis equation.
There are several other empirical expressions, as the Moser equation:
(€]
= Mmax 7 ;e 9.36
rc=up 5 kST (9.36)
where

k and X are the empirical constants.
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9.1.5 Mass balance

Note that the mass balance in the reactors should take into account the rates of living,
generated, and dead cells. Both in the batch reactor and in the CSTR, we have the
following expression in relation to cells mass flow:

[Ginlet] - [Goutlet] + [Tproduced] = [raccumulated] (937)

However, the resulting rate will be:

[7generation of live cells] = [7gencrated] — [7dead] = (7g—"m) (9.38)
Therefore, from Equation 9.37, we have:

[Glo — [Gls + (rg—rm) =7a] (9.39)

In a liquid-phase continuous system, we have the following expression as a function
of the cells concentration:

dC
([Clo = [Cls)vo + (rg — rm) =~ (9.40)
Since there is no flow in a batch reactor, we have:
dC
(rg —1m) = " (9.41)

The same balance should be done in relation to the substrate, but in this case, the
rate will be the transformation of the substrate, i.c.:

(=rg)V = % (9.42)

With these equations, the rate constants can be determined by using the differential
and integral methods (Chapter 5).

Example

E9.3 We need to determine the kinetic parameters of an enzymatic reaction with the
substrate S and different concentrations of cells, according to the following table:

Experiment Substrate [S] (g/L) Cells [C] (g/L) Rate r (g/L s)

I 2 0.9 1.4

2 4 0.45 1.25
3 8 0.25 1.10
4 10 0.15 0.80
5 12 0.10 0.80
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By using the Monod equation, calculate the constants.

Solution

From Equation 9.35:

e ISNC)
e [S] + KMonot
Transforming:
KMonot 1 _ g
Mmax[S] Mmax rc
KM Vmax
14+—=
[S]  —7s

Substituting the data, we obtain the following table:

Experiment 1[S] Cells [C] (g/L) [C]ir

I 0.5 0.9 0.642
2 0.25 0.45 0.360
3 0.125 0.25 0.227
4 0.10 0.15 0.187
5 0.0833 0.10 0.125

In the graphical form, we obtain Figure E9.3.
Solving it, we obtain:

0.65

0.60

CC/rC 0.55
0.50
0.45
0.40
0.35

0.30

0.25

0.20

=B
- -~ .DataiB i
4
[ .
2 0.94915
//
/‘///
.- o1ss18
T T T T T T
0.1 0.2 0.3 0.4 0.5

Conc.Celulas - C,

Figure E9.4  Graph constructed from Equation E9.3.

(9.35)

(E9.3)

(9.28)
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From this figure we obtain:

KMonot —0.095
MmaX
1
=0.135
MmaX

By linear regression:

Y=A+BxX
Parameter Value
A= 0.135
B = 0.94
R = 0.99

Therefore,

Mmax = 7.4

Knmon=7.03

9.2 LIQUID-PHASE REACTIONS

Liquid-phase reactions are very important because they occur in different forms. The
presence of ions in solutions can significantly affect the dielectric constant of the sol-
vent. These reactions are very fast due to energy transfer efficiency, primarily due to
collision between the molecules and the small distance between the molecules in the
liquid phase.

There is also the effect of the acidic medium on the solvation due to the formation
of complexes and transfer of protons. A classic example is presented as follows:

CH3I+ClI” — CH3Cl+ 1™

This reaction is 10° times greater in a solution of dimethylacetamide than in ace-
tone. The collision between the molecules is very intense due the approximation of the
molecules with ions in solution, influencing other molecules.

@] O] O Molecules
or Oci
O HNON®) Cl ions
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The major problem is how to calculate the kinetics of these reactions. There are
several proposals and one of them is gas collision theory, because they are of the same
order of magnitude. Collisions occur repeatedly with high frequency, so they constitute
multiple collisions. It is estimated that the distances between the molecules in the liquid
phase are approximately equal, whereas in the gas phase are quite different. Moreover,
besides the attractive forces, there are also repulsive forces, but the important thing
is that for the reaction to occur it is necessary to overcome the energy barrier Ej.
Differently from the reactions in the gas phase, the collisions in the liquid phase are
10-1000 times higher, but depend on other properties such as the viscosity.

The formation of radicals is also important since they are not in equilibrium and
therefore have a great energy capacity and a greater degree of freedom that allows
overcoming the energy barrier, but is much lower when compared to the equilibrium
state. The collision of the molecules favors the formation of these radicals which are
far more numerous in the liquid phase. On the other hand, diffusional problems exist
and, in certain cases, may be limiting in the process.

We saw earlier that in the photochemical reactions, an initiation step occurs due
to absorption of a photon, favoring the homolytic breaking and forming two free
radicals. In the liquid phase, these radicals are neighbors and can recombine themselves
or combined with other radicals or molecules.

9.2.1 Liquid solutions

It is a common practice to try to relate the activity coefficients of ions with the com-
position and dielectric constant under certain conditions of temperature. The most
indicated theory is that of Debye-Huckel, for dilute solutions. This theory is not valid
when the concentrations are high.

A certain analogy is made with the transition state theory to predict the influence
of ionic strength on the reaction rate constant. The model is the same as for the theory
of transition state presented previously. An intermediate complex is formed (Figure
9.7), according to the reaction:

A+ Byl A B R (9.43)

We will not make the deduction, and details can be found in Hill’s book. According
to this theory, the rate constant for a bimolecular reaction would be given by:

k= ko PAYE (9.44)
)\.AB*

where:
ko = constant when it is infinite

va and yp = activity coefficients of A and B, respectively
AABs+ = activity coefficient of the activated complex.

In general, these activity coefficients are not thermodynamically known and can be
determined by analogy with the existing data for the compounds, with the exception
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Potencial energy

Energy barrier
Energy level of reactants

AH® - Reaction enthalpy < 0

Energy level of products

*

Course of the reaction

Figure 9.7 Energy barrier.

for the activated complexes. On the other hand, the theory of collisions is used to
determine the rate constant, and we therefore obtain [Hill]:

3/87Ny/1000
loglf0 =logoko + ZZA.ZBﬂ[W} (9.45)

where:
za and zp = charges of the ions A and B, respectively
g = charge of the electron
¢ = dielectric constant
kp = Boltzman constant
w =ionic strength.

Ny =Number of Avagadro

This ionic strength depends on the concentration of the reactants and the charge
of the respective ions. Usually, it can be expressed by the following equation:

where:
[C;] = molar concentration of the component.

When the solution is diluted, we can calculate the constants above 25°C and the
value of the Equation 9.44 is determined. Thus:

logX, =log ko + 224.25.0.509./1k (9.46)
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log,, (k/ko)

am) Z, Zg=>(+)

cm) Zy Zge(0)

b® ZyZpe=p(-)

(0-0.4) \/ﬁ

Figure 9.8 Constants as a function of the ionic potential (adapted from Hill, 1977).

This is known as the equation of Bronsted—Bjerrum for dilute solutions.

It is observed that the rate constant depends on the ionic strength, which in turn,
can vary substantially from one solution to another. Experimental results showed that
depending on the ionic charges, the rate constants may vary positively or negatively
with the ionic strength, as shown in Figure 9.8:

There are other important variables that can affect the rate constants. One of them
is the pressure. When the pressure is low, it does not affect, but when it is high, the
rate can increase or decrease, depending on the volume of the system.

Example

E9.4 The reaction (Adapted from Hill):
H,0, + 2H" + 21" — 2H,0 + 2
We observed the following rate at 25°C:
r=ki[H2O2][I7] + k2 [A*] — k3[Ho O2][17][H]

And the following experimental data:
Check if these results are consistent with the kinetic model?
Solution

We start from Equation 9.46:

log,y k =log oko + 224.25.0.509. /1
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Table E9. (Hill)

1 (kmol/m?) k; (m3/kmol s) ky (m3/kmol)? s~
0 - 19

0.0207 0.658 15

0.0525 0.663 12.2

0.0925 0670 1.3

0.1575 0.694 9.7

0.2025 0.705 9.2

Note that

Case (a)—the first term contains only the constant k.

Thus, in this case, the equation of Bronsted-Bjerrum contains only a negative ion

- = —1.
Therefore:

szOz-ZI_ = O

In this case, the constant &k is independent of ionic strength, i.e., for any value
of u the constant k; has the same value. Table E9.1 gives that the values of k; are

approximately the same.
Case (b)—the second term k; contains the ions [I7][H™]

Thus:

R Rmt) = -1

thus, the equation becomes:

log,ok =log pko — 2 x 0.509/1

Substituting the values, we have:
When M= 0, kz =19. Thus, k() = 19k0.

Therefore:

log,ok=1278 — 1.018,/i

For the other values of the table and Figures E9.5 and E9.6, k; is calculated, i.e.:

w (kmol/m?3)

k (experimental)

ky (calculated)

0

0.0207
0.0525
0.0925
0.1575
0.2025

19
15

12.2
.3

9.7
9.2

19

13.5
.1
9.31
7.49
6.61
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Figure E9.5 Calculated versus experimentally determined constants k, as a function
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9.2.2 Acid—base reactions

These reactions occur by proton transfer. The protonated or nonprotonated species
or perhaps the intermediate species react with the other components of the reaction.
According to Bronsted, the following reaction scheme occurs:

HX+Y—->HY+X (9.47)

Bronsted + Conjugated base Conjugated acid + Acid

Unlike the previous case, this reaction does not involve electrons, and, therefore,
there is no repulsion. The molecules get polarized and have a high degree of solvation
in a polar solvent.

The rate or rate constant follows the theory of Bronsted-Lowry and is a function
of the ions, in particular of hydronium ion, which is a combination of the proton with
water. It also depends on the concentrations of conjugate acids. Its expression is [Hill]:

k= ko + ku+ [H;O7] + kop-[OH | + 3 kux[HX] + 3k, [Xi] (9.48)

Hidronic ion acids bases

This constant depends on the temperature and mainly on the pH of the solution.
When weak acids and bases are involved, we can simply have,

k= ko + k- [H3O1] + ko~ [OH ] + kiya[HA] + ka-[A7] (9.49)

The contribution of the terms depends on the experimental conditions and,
depending on the case, may be discarded and simplified. Thus, when an acid is weak,

Kua + Ky H]

g

[HA]

Figure 9.9 Dependence of k* with acid strength.
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as for example CH;COOH (HA ™ neutral) and its conjugate base CH;COO~ (A™), we
have in the equilibrium:

HA
[H"]=Ka [[ A]] (9.50)
In this case, we can simply have the expression above, i.c.:
k=ko + ku+ [H;07] + koy- [OH | + kpa[HA] + ka-[A7] (9.51)
where
k* =ko + ks [H;0] + ko [OH]
Thus,
k=Fk* + [HA] + (/eHA +leA%> (9.52)

Placing eq. 9.52 in a graph (Figure 9.9), we obtain the constants, i.e.:
The constants £* and the acid constants can be determined separately from the
angular coefficient.

9.3 REPARAMETERIZATION OF THE MICHAELIS-MENTEN
EQUATION

As seen in Section 3.3.3 and Section 5.7, and discussed in detail in Chapter 11, nonlin-
ear models may rely on parameters that present high correlations among themselves,
which can cause significant numerical problems during estimation of model parame-
ters, as the minimization of the objective function may become inefficient (Espie and
Macchietto, 1988), and the statistical characterization of the final parameter esti-
mates may lack significance (Watts, 1994). Some of these difficulties can be observed
during the estimation of parameters of rate equations that are based on the Michaelis—
Menten equation, utilized throughout Chapter 9, because of usually high correlations
among obtained parameter estimates. As discussed in the previous sections, rate equa-
tions based on the Michaelis—Menten expression are commonly used in enzymatic and
fermentation problems to describe rate expressions and equilibrium conditions.

Initially, the Michaelis-Menten equation can be written in different forms,
including:

Kq[S]

RS:_TIQ[S] (9.53)
S

Rs= Gt KD (9.54)
__ KB

Rs= K+ 51 (9.55)
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[S]
A+ B ([S] = [Slef)

Rg=- (9.56)

where Rg is the rate of consumption of the substrate S; Ky, K5, K3, K4, K5, Kg, A and
B are model parameters and [S],.r is a reference numerical value. Additionally:

Ki=—;K4=—;Ks=—;Kg=— 9.57

=K== gike=g ( )
1+ Ka[S],ef K

A .B= 9.58

K, ’ K, ( )

Using the approach developed originally by Schwaab and Pinto (2007, 2008) to
perform the reparameterization of the Arrhenius equation (see Section 3.3.3) and of
the power-law rate model (see Section 5.7), and consequently to remove the undesir-
able correlation between model parameters and improve parametric precision, it is
necessary to understand that the covariance matrix of parameter uncertainties (V)
can be calculated in the form (see Chapter 11):

2 2
v 011 %12
a= 2 2 = NE 2
U |E @) @), B
i dory i = dory i

when the model output y depends on two model parameters, oy and a, Therefore, in
order to remove the parameter correlation and improve the quality of obtained model
parameters it is necessary that:

() (2 =0 9.60
> (i), (ior) = e

i=1

"M Z
[N leo]
N
D

=3}
Sl%
N—
=T

zZ
—_ o5}
S
Ble
N—
N
j=1}

(=1}
s
N—"

(9.59)

ME
—
fle

Il
-

As one can observe, Equation (9.60) cannot be satisfied when the model output is
Rg and Equations (9.53-56) are used to describe the rate equations, as derivatives
of these equations have always the same sign and the sum of the derivatives cannot
become equal to zero. This explains mathematically why the respective model parame-
ters are correlated strongly and the final parameter estimates frequently lack statistical
significance. On the other hand, when Equation (9.56) is used as reference:

NE

NE /8Rs\ (R [S], (IS1; = [STrer)
> (5) (), = X

P A+ B (S — [Sle))]* [A + B (IS]; = [SLet) |

~ Rgl Rél ( S]t - [ ]ref) _
Z T =0 (9.61)
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Therefore:
NE R§,
N ﬁ (9.62)
re NER_§,»
=1sy;

tabulation provides a suitable and original reparameterization of the Michaelis—
Menten equation when rate data are used for purposes of parameter estimation.

Example

E9.5 The data presented in Table 9.53 represent the rates of consumption of a cer-
tain substrate in a fermentation process. The data must be used for estimation of the
parameters of the Michaelis-Menten equation, using the techniques described in detail
in Chapter 11. The obtained results are shown in Table 9.54 and Figures 9.53-35.

Table 9.2 Rates of consumption (Rg) of
substrate S as a function of
the concentration.

mo s mol/L.
[S] mol/L Rs mol/L-h
0.1 0.204
02 0.298
03 0.425
0.4 0.449
0.5 0.460
06 0.570
0.7 0.580
0.8 0.591
0.9 0.624
| 0.692

Table 9.3 Parameter estimates for different parametrizations of the Michaelis—Menten equation.

2
Model Equation ay a ol % 02, % o= Ul?(fu
Equation (9.53) 2296 2509 oo 00 |
(O[] =K, h_l;az =K, L/mol)
Equation (9.54) 0.436 1.092 2.6 x 1073 73 x 1073 -0.92
((11 = K;, h; o) = Kz, Lh/moI)
Equation (9.55) 0915 0.399 6.3 x 1073 6.8 x 1073 0.98

(1 = K5, mol/L-h; a; = K¢, mol/L)

*Based on the linear approximation of the objective function.

It is important to observe that application of Equation (9.62) leads to [S],.r = 0.542
mol/L, which is the value that leads to essentially null correlation between parame-
ters A and B, as expected, clearly indicating the validity of Equation (9.62). Besides,
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Figure 9.54 Estimated parameter A as a function of [S]..f in Equation (9.56).
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Figure 9.55 Estimated parameter B as a function of [S];.f in Equation (9.56).
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Figure 9.56 Variance of parameter A as a function of [S].. in Equation (9.56).
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Figure 9.57 Variance of parameter B as a function of [S]..f in Equation (9.56).

1
08 —r"
06 )
04 i

/

0.2

ISy 0

-0.2 /-

—0.4
06 4

-0.8
-1

[S]ref (mol/L)

Figure 9.58 Correlation between parameters A and B as a function of [S].f in Equation (9.56).
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Figure 9.15 Fit of experimental data in Table 9.53 with Equations (9.62).

this parametrization of the Michaelis-Menten equation also leads to the most pre-
cise parameter values, as shown in Figure 9.535, clearly indicating that removal of the
parameter correlation allows the estimation of more meaningful model parameters.
Figure 9.57 shows the quality of the model fit, which is the same in all cases, as the
parametrization does not change the relationship between input variables and model

responses.
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One criticism that can be raised regarding Equation (9.62) is the fact that reaction
rates are usually not measured in the lab. As a matter of fact, experimental proce-
dures usually provide concentrations or mass values, so that the dynamic mass balance
equations must be considered in the form:

das) _ [S] (9.63)
dt A+ B([S] = [Sf)
tabulation leads to the following implicit dynamic equation
s], _
(A = B[S]ef) In ST, + B ([S], — [S]p) =—¢ (9.64)
0

tabulation must be solved numerically to provide the desired solution. Although
Equation (9.64) is implicit, it can be derived with respect to parameter A, leading to:

[S],
P(ﬁﬁ (9.65)

and with respect to parameter B, leading to:

s, S(BE)

0A — (A+B(IS, - Sle))  df

oisl,  1SL{ ISkt (B) — (181~ 1810)} g

0B (A+ B ([S]; — [Slef)) Codt |,
S
{[S]refln (Q) (Sl - [S]o)} (9.66)
ST
Therefore:
ST | AISL|  ~=dISI[*, (ISl
24|, o ,,,=_let}n(@)
Sl
{[Shefln (%) — (181, - [SJO)} =0 (9.67)
and
SN 4 in () (151, — 1))
[S]ef = L (9.68)

E d[S]
Zi:l dr

L ()]
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tabulation suggests the following discretized form for calculation of the reference
concentration value:

Z;:l ([Sllﬁ ti1 ) (5 ) : 0)
S (st ) i (s—])]

[S]ref =

(9.69)

Example

E9.6 In order to illustrate the robustness of the parameterization proposed in Equation
(9.69), the enzymatic model described below

disl _ [S]

tabulation sampled in the interval [0, 2] h with sampling times of 0.01 h (201
points), 0.1 h (21 points) and 0.5 h (5 points). Then Equation (9.69) was used to cal-
culate the values of [S],.;, which were shown to be equal to 0.684787 mol/L, 0.685421
mol/L and 0.691386 mol/L, indicating that the reference parameter is not very sensitive
to modification of the sampling frequency. A similar exercise was performed through
manipulation of the final reaction time, which was made equal to 1 h (11 points), 10
h (101 points) and 100 h (1001 points), keeping the sampling interval equal to 0.1 h.
In this case, the reference values were respectively equal to 0.830011 mol/L, 0.532027
mol/L and 0.532026 mol/L, indicating that the reference value changes with experi-
mental batch time (because it is an average of measured concentrations) but converges
fast to an asymptotic value (because it is an average that is weighted by the reaction
rates that converge to zero if the reaction time is too long). As a matter of fact, the
following empirical and very simple equation can be suggested for [S],.:

[Slo + [SInE

[S]ref = 2

tabulation [S] is the initial concentration and [S]y is the last experimental point of
the batch. In the analyzed cases, these values would be equal to 0.634624 mol/L in the
first three numerical experiments (constant batch time) and 0.780604 mol/L, 0.5000
mol/L and 0.5000 mol/L in the remaining three numerical experiments (constant
sampling time).







Chapter 10

Heterogeneous reaction kinetics

Heterogeneous reactions occur in gas or liquid phase or in both phases in the presence
of a solid as a catalyst or as reactant, which depends on the process in use. Usually,
the reactions in gas—solid phase or gas-liquid-solid phases depend on the industrial
reaction conditions. In catalytic processes, the catalyst promotes the reaction rate in
the gas or in the liquid phase.

The ammonia synthesis N, + 3H, — 2NH3; is a classic example of a catalytic
reaction in gas phase, as shown in Figure 10.1.

The ammonia synthesis is one of the most important processes in the production of
fertilizers. The reaction is exothermic (AH = —46 k]J/mol NHj3) and runs at relatively
low temperatures (~400°C) and high pressures (*60-100atm). The kinetics is an
example of a heterogeneous system occurring on iron-based catalyst.

The limiting step of the kinetics is the chemical reaction occurring at the surface.
However, there are diverse physical and chemical phenomena, besides mass transfer
and internal diffusion inside pore particles affecting the global reaction rate. There are
different steps:

Diffusion of reactant molecules through the fluid in the direction of the surface.
Diffusion of molecules from the surface through pores.

Chemical reaction on surface sites.

Diffusion of molecules (not reacted and products) from the sites through pores in
the direction of the external surface.

5. Diffusion of molecules (not reacted and products) from the surface in the outflow
direction.

o=

However, the main question is what reaction kinetics occurs on the surface sites?
What is the expression of the total reaction rate and what parameters or variables are
involved?

\ 4
A 4

Catalytic Bed

Figure 10.I Ammonia synthesis.
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10.1 EXTERNAL PHENOMENA

Imagine a cross section of the reactor, as shown in Figure 10.2. Reactants and prod-
ucts flow through the reactor containing solid particles but the reaction occurs at the
surface.

There are mass transport in the fluid flowing in the direction to the surface and
diffusion inside pores, as shown in Figure 10.3, with concentration varying along this
path.

Reactants

Particles

/Surface of the catalyst

Distance

Figure 10.3 Concentration profile through the film.
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The film at the surface and its thickness depend on the hydrodynamics in the
reactor. Reactants reaching the surface react forming products that must return in the
outflow.

There are two possibilities:

1. The mass transfer through the film is facile. In this case, the global reaction rate is
determined by the chemical reaction rate at the surface of the catalyst. Therefore,
the chemical reaction is the limiting step of the process.

2. The mass transfer through the film is slow and, therefore it is the limiting step. In
this case, there is a diffusional barrier in the film surrounding the surface of the
catalyst.

This latter case is unwanted for kinetic data acquisition and must be eliminated or
avoided. Experiments must run at high velocity or high Reynolds number, diminishing
the film surrounding the surface.

To verify experimentally the mass or diffusion phenomena, one measures the con-
version by varying the molar flow rate or mass, changing height and diameter of the
reactor, as illustrated in Figure 10.4.

In the first case, one fixes the dimensions (L/D) by varying the mass () or molar
flow rate (F), and measure the conversion. If for successive experiments the conversion

Xa
A
Experiments
IL
L/D fixed

D

W/F
Xa

W/F cte
\Y

linear

Figure 10.4 Mass transfer effects.
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\ 4
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31/d,
Figure 10.5 Effect of particle sizes on the conversion due to diffusion.

changes, there occur mass transfer effects. However, if conversion did not change, these
effects are negligible. In the second case, we change the linear velocity by modifying
the diameter, keeping the ratio W/F, and if conversion varies there are mass transfer
effects.

Figure 10.5 illustrates the concentration gradients formed in the film surrounding
the solid for different cases.

10.2 INTERNAL DIFFUSION PHENOMENA

Catalysts contain active sites which are located inside the pores. Therefore, molecules
must first diffuse into the pores. Figure 10.6 shows reactant A diffusing in the pores
until reaching the sites before reaction.

The internal molecular diffusion inside pores can be the limiting step and therefore
it is unwanted. Basically, there are three forms of diffusions occurring in the pores of
the catalyst:

1. Molecular diffusion: may occur in big pore diameters (1-10 um) where the mean
free path of the molecules is small compared to the pore diameter.

2. Knudsen diffusion: exists in middle pore diameters (10-1.000 A) where the mass
transport happens by collision between the molecules and the wall.

3. Configuration diffusion: exists in pores where the diameter of molecules is of the
same order of the pore diameter.
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Figure 10.6 Diffusion of molecule A in the pore.
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Figure 10.7 Concentration gradient in the neighborhood of the surface.

How can we verify diffusion in pores and when it is the limiting step of the process?
There are two experimental procedures:

1. Measuring the conversion as a function of the particle size—the reaction is per-
formed by varying the particle sizes dp, keeping constant all other variables
(temperature, pressure, flow rate, and total mass of the sample). If diffusion
limitations exist, the conversion increases with successive decreasing particles dp,
until attaining a constant value, as shown in Figure 10.5. Any diameter less or
equal is free from diffusion resistance and hence, the kinetic regime is the limiting
step of the process.

2. Measuring the activation energy of the reaction from the kinetic constants at differ-
ent temperatures—graph In(k) versus 1/T, which allows to calculate the activation
energy. If the energy of activation is lower at higher temperatures compared to
the value at lower temperatures, there are diffusional limitations, which must be
eliminated or avoided as shown in Figure 10.8.

Therefore for kinetic measurements, high temperatures are not recommended to
avoid diffusional effects. Table 10.1 presents the different possibilities that may occur
in a gas phase catalytic reactions.
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Table 10.] Comparing Different Reaction Regime Conditions in the Gas Phase.
Limiting Step Energy of Activation Influence of Particle Sizes Influence of Flow
Reaction (pure kinetics) E Nil Nil
Internal diffusion E/2 I/dp Nil
External diffusion E < 5 kcal/moles I/d Voe

10.3 ADSORPTION-DESORPTION PHENOMENA
Aggregated systems (solids, liquids, and gases) have two energy types:

1. Kinetic energy, Ec, or thermal energy—inducing particles (atoms or ions) with
different possibilities of motions such as translation, rotation, and vibration.

2. Interaction energy between particles, E;, such as van der Waals and electrostatic
forces.

The order of magnitude of these energies defines the system.
(a) When Ec > E;, the molecules have maximum freedom, since the distance between

molecules varies. The volume of the system is a function of the temperature,
pressure, and number of molecules. It is classified as an ideal gas system.



206 Chemical reaction engineering

R=0 R#0

Figure 10.9 Interaction between particles in a condensed system (solid or liquid).

(b) When Ec~E;, the molecules or atoms have less degree of freedom. Molecules
move but the distance between them varies little. The volume of the system is
a function of the temperature, number of molecules, and ions, independent of
pressure. It represents the liquid state.

(c)  When E¢ « E;, the volume depends only on the number of molecules. Molecules
and atoms have only vibration-free movement, and the kinetic energy is attributed
to the vibration of molecules around the same position. It represents the
adsorption of molecules on solids.

Systems (b) and (c) are called condensed matter state, since the volumes are defined
and less sensible to pressure variation. For condensed systems, the molecules on the
surface or at the interface of another system present different situations:

1. Particles located inside the system are susceptible to forces in all directions and
the resultant force is zero.
2. Particles at the surface have forces deriving only from inner particles.

Figure 10.9 shows the different systems.

Therefore, as shown in Figure 10.9, particles at the surface have an excess of energy,
denominated as superficial energy, Es. This energy is responsible for the surface tension
of the liquid and adsorption of fluid over solids.

A catalytic reaction involves physical-chemical phenomena of adsorption and
desorption besides chemical reaction. As shown in Figure 10.10, the energy barrier
or activation energy of a catalytic reaction is lower than the activation energy of a
noncatalytic reaction due to the adsorption and desorption phenomena.

The adsorption in a catalytic reaction is an exothermic phenomenon. However,
either the adsorption of molecules at the surface or desorption from the surface occurs
under different strengths, decreasing the degree of freedom that facilitates the reaction.
The energy of activation of a catalytic reaction is, therefore, lower than the energy
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Figure 10.]10 Comparison of a catalytic and a noncatalytic reaction. Potential energy changes during
the reaction path.

barrier. Thus, it is necessary to determine the adsorption and desorption rates in a
catalytic process.

Thermodynamically, we do explain the adsorption phenomenon of a fluid at the
surface from the Gibbs free energy. It should be spontaneous and, thus, AG,q, <O0.
However, the final entropy of the system diminishes too, since the disorder is lower
when molecules are adsorbed, or AS < 0.

AG=AH — TAS (10.1)
Adsorption:
AH,4,=AG 45 + TAS, 4 (10.2)

Since AG,gs <0 and AS < 0, then the enthalpy change of the system is less than
zero, and thus the adsorption is an exothermal phenomenon.
Depending on involved nature of forces, there are two types of adsorptions.

10.3.1 Physical adsorption or physisorption

Its characteristic is low interaction between molecules and solid surfaces. The result-
ing forces are of the same order of the van der Waals forces, and the enthalpy of
adsorption is in the same range of the condensation enthalpy or evaporation gases
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(—0.5-5 kcal/mol). In this kind of adsorption, several layers of molecules can be formed
and the adsorption force decreases with increasing layers.

The physisorption occurs at low temperatures and is more intense if the temper-
ature is near the condensation. Since the interaction energy with the surface is small
and due to the inexistent activation energy of adsorption, the physisorption attains
quickly the equilibrium, and thus it is reversible. However, materials having very small
pores (zeolites, carbons) exhibit slow physisorption, which indicates that the diffusion
in pores is the limiting step of this process.

The physisorption of gases on solids is frequently used for textural analyses of
catalysts and solids, such as surface area and pore distribution and sizes.

10.3.2 Chemical adsorption or chemisorption

The chemisorption characteristic is the strong interaction between molecules and sur-
faces. The chemisorption enthalpy (—AH,q;) is of the order of 10-100 kcal/mol, thus,
of the same order of the reaction involved in chemical bindings.

Different from the physisorption, the chemisorption is irreversible and occurs at
higher temperatures than the condensation temperature, and since the interaction is
specific between molecules and solids, the adsorbed molecules form a monolayer.

The chemisorption processes need longer times to attain the equilibrium condition,
in particular at low temperatures. There are two types of chemisorptions:

— Activated chemisorption: The adsorption rate varies with temperature and with
self-activation energy. It follows the Arrhenius equation.

- Nonactivated chemisorption: This occurs quickly and indicates very low energy
of activation or zero-activation energy.

10.3.3 Comparing physical and chemical adsorptions

The adsorption phenomena can be illustrated by the potential energy curve, as shown
in Figure 10.11. When a gas approaches the surface of a metal, occurs dissociative
adsorption of a diatomic gas X, over the metal M.

Curve F shows the physisorption pathway of a gas X, toward the metal and curve
Q the chemisorption pathway when the gas molecule is first dissociated as X-X. One
may conclude that when the gas approaches the surface, the physical adsorption is
important for the next step, the chemical adsorption. In reality, all molecules are ini-
tially physisorbed approaching the surface with less energy. If not, it is necessary to
activate the gas molecule, providing high energy for dissociation. However, molecules
firstly physisorbed must overcome an energy barrier and then chemisorb. The bar-
rier is located at the intersection of both curves F and Q. When this intersection is
located above the axis, according to Figure 10.10, then the activation energy is E,,
and adsorption follows reaching the maximum adsorption state with an adsorption
enthalpy AH, 4, highly exothermic, but when located below the axis, it is not activated.
Noteworthy is that the energy barrier of activation is much lower than the enthalpy
needed for direct dissociation of the molecules.

Chemisorption of gases over solids is often used for metallic surface area and
dispersion of particles on supported catalysts analyses. Table 10.2 presents some
properties comparing the physical and chemical adsorptions.
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Figure 10.11 Potential energy curve for physisorption (F) and chemisorption (Q).

Table 10.2

Properties Physisorption Chemisorption

Solids All solids Depends on the gas
Gas All gases Depends on the solid
Temperature Close to the boiling gas Higher temperatures
Coverage Multilayers Monolayer
Reversibility Reversible Irreversible
Activation energy Zero Not zero

Heat of adsorption

Low (—0.5 to 5 kcal/mol) High (—10 to —100 kcal/mol)

104 ADSORPTION ISOTHERMS

The amount of gas adsorption in a solid is proportional to the mass and depends on
the temperature, pressure, solid, and gas nature. Thus, the number of moles of gas
adsorption at the surface is:

n=f(P, T,gas, solid)

(10.3)
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Figure 10.12 Adsorption isotherms.

For constant temperature, the equation is simplified as:

n zf(P)T,gas,solid

which is called “adsorption isotherm,” relating the amount of gas adsorbed with the
equilibrium pressure at constant temperature.

The experimental results are classified into six different types of adsorption
isotherms and are shown in Figure 10.12.

The isotherm of type I indicates chemisorption, where saturation occurs at rel-
atively low pressures, with the formation of a complete monolayer. These isotherms
represent microporous material. Isotherms classified as type II and VI represent the
physical adsorption. Isotherms II and III indicate infinite adsorption as P/Py— 1,
corresponding to physical adsorption on multilayers occurring on nonporous or
macroporous materials.

Isotherms IV and V are equivalent to isotherms Il and IIT but with finite adsorption,
which indicates pore fill of the macro- or mesoporous materials.

The last isotherm type VI (in steps) occurs on nonporous uniform surfaces and
indicates the adsorption layer by layer, where each step corresponds to the maximum
adsorption capacity of a monolayer.
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10.5 ADSORPTION MODELS

Some models have been proposed interpreting the adsorption—desorption phenomena.
The most important models are described by the isotherms introduced by Langmuir,
Freundlich, and Temkin.

10.5.1 Langmuir model

The first quantitative theoretical model of gas adsorption in solids was proposed by
Langmuir in 1916. Langmuir assumed the following hypotheses in this model:

The solid surface has a finite number of adsorption sites.

Each site can only adsorb one molecule.

All sites have equivalent energies or equal adsorption enthalpies.

The adsorption is independent of neighboring adsorbed species or the enthalpy is
independent of the surface coverage.

The adsorption and desorption rates are equal at equilibrium.

At equilibrium and constant temperature and pressure, the number of adsorbed
molecules at the surface is 74. The fraction of sites occupied by A molecules is ,:

B

N

fp= A (10.4)

m

7. At constant temperature, the adsorption rate of A molecule varies with the partial
pressure P4 and the number of nonoccupied sites. The desorption rate varies with
the number of occupied sites.

10.5.1.1 Adsorption of a single molecule

Assume the adsorption of a single molecule Aat the surface. The fraction of sites
occupied and unoccupied are:

04 = fraction of occupied sites of A molecules.

(1 —6,4) = fraction of unoccupied sites or free sites.

where
0,4 = Nads
Mim
and
n,, = number of molecules of a monolayer.
Schematically,
Agas (1—06,)

7 D
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The adsorption rate of A is directly proportional to the partial pressure of A and to
the fraction of free surface sites. This proportional factor is called adsorption constant

k,. Thus,
Tads = Rapa(1 — 04) (10.5)

However, simultaneously occurs desorption of adsorbed A on surface sites. The
desorption rate of A is directly proportional to the fraction of occupied sites or adsorbed
A molecules, and k4 is the desorption constant. Thus,

TdESdeeA (106)

Of course, the resulting rate is the difference of adsorption and desorption rates;
however, it is assumed that they are in equilibrium, which means that molecules are
constantly adsorbed and desorbed allowing the adsorption of new molecules and free
sites. Thus, at equilibrium, we have:

Tads = Tdes

Hence, we can determine the fraction of occupied sites of A molecules, according
to the equation:

kapA

P = ——F"——
47 ka + kapa

This equation can be written as function of the equilibrium adsorption—desorption
constant, which is a thermodynamic property. Defining,

kq
Ky=2
A ko
Thus,
Kapa
Op = ———— 10.7
A 1+ Kapa ( )

It is the Langmuir equation of a single adsorption molecule. Note that the fraction
of surface sites can be determined experimentally by measuring adsorbed volumes in
a system of constant pressure and temperature, according to the ideal gas law, since

o = — Vads (10.8)

Vmonolayer

The order of magnitude of the equilibrium constant K, indicates the affinity of the
gas with the solid. For high K4 values, the equilibrium is shifted toward adsorption
and vice versa. There are two extreme cases to be considered:

1. If Kapa~0,the equation becomes 64 = Kapa, i.e., the surface coverage is propor-
tional to pressure A. This situation occurs when p4 ~ 0, i.e., on the initial stretch
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of the isotherm, or when K4 ~ 0, i.e., when the gas affinity with the solid is very
small.

2. If Kapa> 0, the equation becomes 84 =1, or, the coverage is a complete mono-
layer. It occurs when p4 > 0, i.e., near the vapor pressure of A, or when K, >0,
i.e., when high affinity of gas with the surface.

10.5.1.2 Dissociative adsorption

Assuming the adsorption of a molecule A, on the site * which occurs according to:
Ax(g) + 27(s) = Ay (10.9)
In this case, the adsorption and desorption rates are, respectively:

Tads =kapa(1 — 04)° (10.10)
Tdes = k0> (10.11)

The dissociation of molecules occurs on two sites simultaneously.
At equilibrium, we have:

Vads = kapA(l — 04 )2 = kd@i

Since

ka
KA:k_d

Rearranging, we determine the fraction of occupied sites due to dissociation, thus,

g, = YKaba (10.12)
14+ /Kapa

This is the Langmuir equation for dissociative adsorption.

10.5.1.3 Adsorption of n-molecules

Going on, adsorption—desorption of several molecules, reactants or products, we have
similar situation, as shown in the following scheme:

A B 1-6,-0
gas _} gas w ( A B)
0A 93 A/ 9H
— — —
Surface

Then, the fraction of free sites is:

0,=(1—60, — 05 —0k...)
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where 0 and 6 are the fractions of occupied sites by reactant B and product R,
respectively.

If the adsorption and desorption rates are similar to the rates presented in Equa-
tions 10.5 and 10.6, for each component and considering the equilibrium constant
similarly, we get the following system:

04 =Kapaby
0 = Kpppb, n
Or = Krpr,

Y 0;i=(Ks-pa+Kp-pp+Kr-pr+---)0,

———
> Kip; (1-3-6:)
Thus,
> Kipi
Oj=—""—— 10.13
2 1+ > Kipi ( )
and
6= (10.14)
1+ Y Kips ’

Therefore, we can determine the fraction of occupied sites of each component
from Equation 10.14, since

0; = Kipib,
Thus, for example, for component A, we get:

Kapa
s = 10.15
4 (1+Ka-pa+Kp-pp+Kr-pr) ( )

If one of the components is dissociated, we substitute the corresponding term by
square root. For example, if A is dissociated, then

JR
0, ADA (10.16)

(1 + Kapa + Kp - pg + Kr - pr)

These expressions of occupied fraction sites by associated or dissociated molecules
are important for the determination of the adsorption and the desorption rates, as
shown in Equations 10.5 and 10.6. Moreover, they are also important for the determi-
nation of the reaction rates occurring simultaneously with adsorption and desorption,
as presented in the next sections.
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10.5.2 Other chemisorption models

The Langmuir adsorption model fails because:

Not all sites are active.
The adsorption enthalpy depends on the surface coverage degree. Adsorbed
molecules may interfere on the adsorption of neighboring sites.

The dependence of the surface coverage with the heat of adsorption was accounted
on two other models. The Freundlich model presents the coverage surface as:

0 =kpP/" (10.17)

where k and 7 are constants and assume values higher than one. Freundlich’s equa-
tion was originally introduced as an empirical correlation from experimental data.
However, it can be derived theoretically with following considerations.

The heat of adsorption decreases logarithmically with the surface coverage,

AH,4s=Aln 6 (10.18)

where 6 assumes values varying between 0.2 and 0.8.
Temkin’s model assumes a decreasing linear relationship of the heat of adsorption
with the surface coverage:

AH,.4=AHy(1 — B6) (10.19)

where AH) is the initial heat of adsorption. The degree of surface coverage is, in this
case, given as follows:

RT

0= ATE In (aP) (10.20)

where a is the constant related to the enthalpy of adsorption and 8 is constant.
Noteworthy is that despite of all limitations, the Langmuir model is used in
majority for kinetic models.

106 MODEL OF HETEROGENEOUS REACTIONS

Molecules are bonded at the surface (on active sites) by both physical and chemical
adsorption processes. The nature and strengths of molecular bindings at the surface
sites are of fundamental importance for the occurring reaction. The catalytic activity
depends on the adsorption strengths, as shown in Figure 10.13. The activity is low
when the adsorption strength is weak, which indicates the presence of van der Waals
forces. However, for strong adsorptions bindings (chemical bonds), the activity is also
very low. Therefore, intermediate adsorption strengths favor higher activity.

Moreover, products which are strongly bonded may make the desorption-freeing
sites for the adsorption of new molecules difficult.
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Figure 10.13 Activity vs Adsorption strength.

10.6.1 Langmuir-Hinshelwood-Hougen-Watson-model
(LHHW)

This model consists of sequential steps which depend on the molecular or dissoci-
ated adsorption forms and the nature of one or more active sites at the surface. One
determines the rates for each step and assumes what the rate limiting step is.

Irreversible mono- and bimolecular reactions

For the decomposition reaction of a reactant over one kind of surface active site where
both reactant and product are likely adsorbed, the reaction occurs with the adsorbed
species.

A-RR

Neglecting external mass transfer and diffusion effects, and assuming the chemical
reaction as the limiting step, there are three main steps:

1.  Adsorption of A at the surface

o kalky
<>

A+ A*
where * =surface active site, A* =adsorbed molecule at the surface, k, and

k4 = adsorption and desorption constants, respectively.
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Surface chemical reaction
The decomposition occurs with the adsorbed reactant species transforming into
product adsorbed species on free site. Thus,

k
A*—

R*

where k is the specific rate constant of a monomolecular irreversible reaction,
where the unit is square meters per mole time, and R* is the product adsorbed
species.

Desorption of the product

The adsorbed R* species is desorbed, releasing one active site and producing R
gas molecule.

R*ka/de* + *

Schematically we obtain:

A R

Surface

There are three possibilities:

Adsorption of A is the limiting step.
Chemical reaction is the limiting step.
Desorption of R is the limiting step.

Here, we illustrate one possibility:
(b) Chemical reaction as the limiting step
Assuming that the surface chemical reaction relative to step (2) is irreversible, first

order, and the limiting step. Then, the reaction rate is:

r=kos (10.21)

But, the surface fraction of adsorbed A species was calculated assuming

adsorption—desorption rates of reactant A and product R in equilibrium, according
to Equation 10.15. Then, by substituting we obtain:

kKapa
(14+Ka-pa+Kg-pr)

(—r4)= (10.22)
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For a bimolecular reaction we proceed similarly, with a second component B
reacting with A and the formation of a product R, or

A+B-R

Assuming that both reactants and products are adsorbed and in analogy, we obtain
the surface coverage of each adsorbed species.

If the adsorption—desorption rates of species are in equilibrium, we can calculate
the corresponding surface fractions from Equation 10.15.

If the bimolecular reaction is irreversible and limiting step, then the reaction rate
is proportional to the surface fractions of adsorbed species A and B. Thus,

r = k065 (10.23)

The fractions of adsorbed species A and B were calculated considering all adsorbed
species, according to Equation 10.15. Thus,

kKsKppaps
(1+Ka-pa+Kgp-pp+ Kg-pr)?

(—ra)= (10.24)

This expression is valid only for case (b), when the surface chemical reaction is the
limiting step. When the adsorptions or desorptions either of reactant or products are
the limiting steps, then the corresponding rates are not in equilibrium.

When the adsorption of A is the limiting step, then:

Tads 7 Tdes(adsorption-desorption of A)

Treagio = 0

Tads = Tdes
Equations 10.22 and 10.24 are similar and thus generalized in the following form:

(Kinetics) (potencial strength)

( adsorption — desorption term)"”
Thus,

1. The numerator contains the kinetic constants and the potential strength of a
catalytic reaction.

2. The exponent 7 in the denominator represents the number of active sites, or the
number of sites involved in the reaction.

3. The denominator represents the contribution of adsorption—desorption steps in
equilibrium.
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Figure 10.14 Eley-Rideal model.

10.6.2 Eley-Rideal model
This model derives from the previous one. For example, the catalytic reaction in the
gas phase is:

A(g) + B(g) — P(g) + R(g)

For this model, we assume that one of the reactants (products also) is adsorbed at
the surface site while the other is not, as shown in Figure 10.14.
Thus, B and R do not adsorb and Equation 10.23 becomes:

r=kOaps (10.25)
where

Kz =0

Kr=0

Thus, similar to Equation 10.24, we obtain:

kKapaps
10.26
14+ Ka-pa+Kgr-pr) ( )

(—TA)=(

10.6.3 Effect of the temperature and energies

As already known, both the kinetic constants and equilibrium adsorption—desorption
constants depend on the temperature. However, the kinetic constant is also a function
of the activation energy, following the Arrhenius equation, while the adsorption—
desorption constants depend on the heat of adsorptions or desorptions, respectively,
both exothermic. Thus, starting from Equation 10.26, we obtain:

k=ko - exp(—E/RT)

K;=Kjo - exp(AH,/RT)
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where AH; <0.
For a catalytic reaction, the rate is given by:

Tcat = kcat . eXp(Ecat/RT> (1027)

Equating 10.26, after substitution of the corresponding kinetic and adsorption—
desorption constants, we obtain the apparent activation energy:

E...=E — AHa + AHp (10.28)

As seen, the apparent activation energy involves the kinetic activation energy as
well as the adsorption—desorption enthalpies of adsorbed species. The rate of a catalytic
reaction is easier than for a noncatalytic reaction since the energetic barrier is lower,
increasing the activity of the reaction which explains the catalytic effect.

10.7 DETERMINATION OF THE CONSTANTS

For determining the rate constants, we use similar methodology as presented pre-
viously: the integral or differential methods. The differential method is frequently
used and easily visualized in the graphic solution after transforming the rate equation.
For example, for a monomolecular, irreversible, and first-order reaction, the rate is
expressed in Equation 10.22. It was deduced assuming that the reaction rate is the
limiting step and both reactants and products adsorbed. Thus,

1 1 Kg Pa
4= — pr= 10.29
K TR T RGP ) 1o
It is illustrated graphically in Figure 10.15.
PA/(-1) For p,=0
1/k
1/k xK, {
Pa

Figure 10.15 Determination of kinetic parameters.
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Example

E10.1 Experimental results of a catalytic reaction are presented in the following table.
The conversion was kept around 5%, and therefore, it should be considered as a
differential reactor. Mass or diffusion effects were eliminated. The reaction is:

Cyclobexanol — cyclohexene + water

It suggests a reaction rate, where adsorption—desorption and reaction occur, and
the reaction is the limiting step. Try to estimate the constants with the following data,

assuming that the adsorption—desorption constants of the products are approximately
similar [Hill].

Experiments Rate r x 10° Pcy (atm) Pcy (atm) P20 (atm)
(moliL s)

33
1.05
0.565
1.826
1.49
1.36
1.08
0.862
0

0 1.37

—VONCUAWN —
WO —WWpMNpPDNOoNUT —
wrnoooow —— —
wowoou — — — — —

Solution

OH

A—R+S

First, verify from this table what components are adsorbed.

1. ForA:
From the equation 10.22, we consider the adsorption—desorption of component
A, keeping the partial pressures of products or other components constant. Thus,

kKapa

r=(1+KA'pA+KR'pR)
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From the experiments:

Experiments Rate r x 10° (moliL s) Pcyy (atm) Pc, (atm) P20 (atm)
| 33 | | |

2 1.05 5 | |

3 0.565 6 | |

e Note that if Pcy- =Pgo=1 then:

e Increasing the pressure five times, the rate decreases three times.

e Increasing (experiments 2 and 3) pressure 1.2 times, the rate falls ~2 times.
e Increasing (experiments 1 and 3) pressure six times, the rate falls ~6 times.

In fact with increasing pressure, the rate is not directly proportional to the
partial pressure but inversely proportional, although not equal, which suggests
adsorption—desorption of A in the denominator term. Therefore, A is strongly
adsorbed.

For S (H,0):
Keeping the partial pressures of A and R constant, from experiments:

Experiments Rate r x 10° (mollL s) Pcy (atm) Pcy (atm) P20 (atm)
6 1.36 3 0 5
7 1.08 3 0 10

Increasing the pressure two times, the rates do not change too much (practically
1.3 times). The adsorption is weak, decreasing slightly, which suggests negligible
adsorption of S.

For R (CH™):

Keeping the partial pressure of the other components constant, from experi-

ments we observe:

Experiments Rate r x 10° (mollL s) Pcy (atm) Pcy (atm) Pyz0 (atm)
| 33 | | |
8 0.862 | 10 10
4 1.826 2 5 |
5 1.49 2 10 |

e From experiments 1 and 8 — Increasing the pressure 10 times, the rate falls
four times.

e From experiments 4 and 5 — Increasing the pressure two times, the rate falls
1.2 times.

It suggests that component R is adsorbed; however, compared with adsorption
of A its adsorption is weak, although greater than that of S.
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We observe that all components are adsorbed and that the adsorptions of the
products are almost of the same order, weakly adsorbed. Therefore, assuming
that the reaction is irreversible, first order, and the limiting step, we obtain from

Equation 10.22:

kKapa
(1+Ka-pa+Kr-pr)

or rearranging, we get:

1 1
+_

1 Ke o, K pa
kK, k

pa+ kKApR+ m[?s:T

[ S N S N
a b c d

a+byr+cy, +dy; =X

From the experiments:

(10.30)

(10.31)

Experiments Rate r x 10° (moliL s) Pcy (atm)

Pcy (atm)

PHZO (atm)

| 33 I
2 1.05 5
3 0.565 6

Pr=Ps=1.0
Thus,

y2=y3=1

ax+by; =X
where

cx=cy, + dy;

ax=a+ cx

ax=0

b=1.146 x 10°

k=1/b=8.72 x 10~¢(L/moles) s
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10.8 NONCATALYTIC HETEROGENEOUS REACTIONS

Noncatalytic heterogeneous reactions are reactions of gases reacting with the solid.
These reactions are very important in the regeneration of catalysts, elimination of
coke or carbons at the surface blocking pores after the deactivation process. Also, for
the combustion of particulates from exhaust gases which are eliminated by trucks,
due to the incomplete combustion of diesel, releasing huge amounts of fine carbon
particles, and therefore causing environmental problems.

There are several other cases of solid reactions, such as elimination of H,S using
ZnO solids, which transforms the oxide into sulfte that are discarded after completion
of reaction. Some typical examples are as follows:

1. Burning coke from catalysts

C+0,;,—CO; (10.32)
2.  Elimination of sulfur compounds forming H,S

ZnO + H,S— ZnS +H,0 (10.33)

The question here is to know the kinetics of these reactions involving diffusion
phenomena during the reaction. The solid particle is consumed due to the chemical
reaction, but as it proceeds transforms the material into ashes or inert material whereby
gas flows and diffuses until reaching the surface for reacting. Thus, there is another
limiting step which is the diffusion of gas through the solid. On the other hand, the
adsorption—desorption phenomena of gases may occur at the surface and can also be
limiting or not. In general, the surface is nonhomogeneous and these phenomena occur
on different surface sites.

For simplifying, we disregard the adsorption—desorption phenomena, focusing
mainly the diffusion and surface reaction steps. Evidently, time is an important vari-
able, since we want to know how long it takes for total consumption of the solid or
transformation of the solid. An example is shown in Figure 10.16.

There are two important steps:

—_

Diffusion of gas (O;) through the inert layer (ash) until the interface.
2. Reaction at the interface with the formation of products and diffusion.
From the mass balance of gas (O;), we get:

Mo, (477%)|, = Mo, (4mr?)| ., =0 (10.34)
Since no generation or accumulation of gas (O,) occurs, we obtain the equation

in the differential form:

d(.Mo2 7’2)

o =0 (10.35)
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Reaction
CO,
Diffusion s = Ash
[O:]
r:
R, i
I
Figure 10.16 Non catalytic reaction model.
However, from Fick’s law, we have:
. dC
Mo,| =D—> (10.36)
r dT
Substituting Equation 10.36 into Equation 10.35, we obtain:
d(Mo,) _
dr
Rearranging, we get:
. dC
Mo,| =-D=22 (10.37)
r dr

Solving the equation for the boundary conditions

d dCo, ,\ _
d7< DW’)—O

, we have:
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1.0l

C/Co

|
I
I
I
I
I
I
I
I
I
I
I
0

Ro R(t) R

Figure 10.17 Concentration profile of oxygen.

We obtain:
dif(ﬁdgfz)zo (10.38)
T

With boundary conditions:
r= R() Co2 = CIozlo

r= Rinterface COZ =0

We obtain:
Co, g 1/R—1/r
Co,0 ~ 1/R—1/Ry

The concentration profile of O , in the solid is shown in Figure 10.17.
3. Reaction at the interface with the formation of product and diffusion.
(a) Oxygen flows at the interface
From the derivation of Equation 10.38, we obtain:

dC C
-D d°2 = = —D% (10.39)
r interface (F — R_()) r2
4. Carbon balance
[Generation rate] = [Accumulation rate]
d(4/37R3 C
. (4xR2) = —p TR pce)Co, (10.40)

dt
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where
7., = solid reaction rate per unit area (g/m* min)
oc = density of carbon (g/m?)
& = fraction of carbon
D = diffusion coefficient of oxygen.

From this expression, we get the consumption of carbon at the interface:

dR ¢
— = 10.41
dt  (pce) ( )

Carbonl/gas (O,) balance at the interface
We know that for each mole of oxygen reacting 1 mole of CO is released.
[Rate of carbon C disappearing] =[O, flow at the interface]

. C
r’cz_MOZ(R =D—[0211§2 (10.42)
interface
R — —
( Ro )

Then, substituting Equation 10.42 into Equation 10.41 for r=0, R=Rg, we
obtain:

R _p— Clow (10.43)

dt 1 1
(pce) (K - R_())

With the boundary condition = 0 and R = R and integrating, we obtain:

(pce)R? R\’ R’
= R0 13 () +2(= 10.44
' = 6DCoy, R,) T°\R, (10.44)

The time needed for the total consumption of carbon is obtained when R = 0.
Thus,

(pce)R3
_ (10.45)
6DCo,),
If the conversion is defined as:
(4/3)7R3 R\
X=1- P (10.46)
(4/3)7R3 R,
Substituting in Equation 10.44, it results as:
(PC‘?)R% 2/3
t=—-"—""011-3(1-X)*3+2(1-X) 10.47)
6DCro1 [ ( | (
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Example

E10.2 Calculate the time needed for burning carbon particulates from the exhaust
gases of trucks using data at 700°C and 850°C as shown in the following table.

T (°C) 700 T (°C) 850 Conversion X
t (min) t (min)

0 0 0

2 4 0.00054
6 8 0.00238
10 I5 0.00572
16 30 0.01086
25 45 0.01821
38 60 0.02839
55 80 0.04242
70 120 0.06215
90 150 0.07533
130 200 0.09211

From 10.47, we calculate:

F(X)=[1-3(1-X)"+2(1-X)] (10.48)
0.10
B
1 —O—D
0.08 Linear Fit Data1_B
© . N
= 850°C o
? ] 700°C
& i
+ 0.06 150 min
© |
(]
O
=)
w 0.04 Coef.ang. —4.914 x 10™
0 _
&
< 002 A
0.00 -

T T T T T T T T T
0 50 100 150 200

t (min)

Figure 10.18 Plot of equation 10.47.
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Thus,

t-6D C[Ozlo

=F(X 10.49
ek =) (10.49)

Figure E10.18 shows the results.
From the angular coefficient, we calculate the parameter 8.

_ DGy

0 =4.914 x 107"
(oce)RG

B

10.9 REPARAMETERIZATION OF THE LHHW EQUATION

As seen in Section 9.3 and discussed in detail in Chapter 11, nonlinear kinetic models
may rely on parameters that present high correlations among themselves, leading to sig-
nificant numerical problems during the estimation of model parameters and prejudicing
the statistical characterization of the final parameter estimates (Espie and Macchietto,
1988; Watts, 1994). Some of these difficulties can also be observed during the estima-
tion of parameters of LHHW rate equations, utilized throughout Chapter 10, because
of the usually high correlations among the obtained parameter estimates. As discussed
in the previous sections, LHHW rate equations are based on reaction mechanisms that
explicitly consider adsorption steps and occurrence of chemical interactions between
the active catalyst sites and the reacting chemical species. In its simplest form, reac-
tion rates can be controlled by adsorption phenomena, often described in terms of the
Langmuir equation as:

K. Ct
= A (10.50)
1 —i—KzCZ
Cb
G=—a—r (10.51)
K5 + K4CA
KsCt
(=4 (10.52)
Ks + C;
Cb
C4 = A 10.53
" TATB(C - O 1o

where C¢ is the concentration of reactant A on the catalyst surface; C§ is the bulk
concentration of reactant A in the reacting system; Ky, K», K3, K4, Ks, K¢, A and B
are model parameters; and C.lz\ref is a reference numerical value. Additionally:

1 K, K, 1
K= —3 Ky = 23 K5 = —L Ko = — 10.54
=i Ks=ke=1 ( )
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— . — I .

A

As a matter of fact, Equations (10.50-5) are quite similar to the ones described and
studied previously in Section 9.3, when the Michaelis-Menten equation was used to
represent the rates of substrate consumption in enzymatic and fermentation problems.
Therefore, very similar numerical approaches can be used for reparameterization of
the Langmuir equation and estimation of more precise model parameters.

Example

E10.3 Using the approach developed originally by Schwaab and Pinto (2007, 2008)
to perform the reparameterization of the Arrhenius equation (see Section 3.3.3) and
of the power-law rate model (see Section 5.7), it was shown in Section 9.3 that the
Michaelis—Menten equation could be better described in the form:

[S]

Rs=-—
A+ B([S] = [Slef)
with
NE &
[S] ~ Zi:l [S]Z
ref NE Réz
i=1 @

when experimental rate data are available for the respective substrate concentra-
tions. Therefore, in Equation (10.53), the value of Cfnef that allows the calculation
of independent parameters A and B with maximum accuracy is:

NE (C9);

L L),
Aref = 4
(C);

P I
=)

when equilibrium concentration data are available for the respective bulk concentra-
tions in adsorption experiments.

Example

E10.4 In adsorption experiments, the experimenter usually defines the initial bulk
concentration and measures the final attained concentration so that:

M ads CZ

A+B(Ch-C}

VoCao = VoCh +
Aref)
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where Vj is the volume of the solution that contains the adsorbate A at concentration
Cao in the beginning of the experiment and M, is the mass of adsorbent put in contact

with the adsorbate solution. Therefore:

Ch[A +B(Ch - Ch )]+ (%) €
A+B (CZ - Cf\ref)

A0 =

or
Mgs (Mads> _ (CAO B Cf\) [A + B (Czl‘)\ B Cf\ref)]
Vo \ Vo ) ch
or
2 Ma S
B(Ch) + (A ~B(Cao+ Che) + ) Ch — ACao + BCaret =0
or
2 Ma S
(Ch)"+ (4" = (Con-+ Cha) + 552 ) Ch = A4"Cao + Cu =0
where
A* = é; B* = l
B B

(10.56)

(10.57)

(10.58)

(10.59)

(10.60)

Although the investigation certainly defines Vo, M,y and Cug as inputs (x) and
C% as output (y), from a mathematical point of view Equations (10.56-10) are com-
pletely equivalent. In spite of that, Equations (10.56) and (10.58-10) are significantly
more complex because they do not allow the independent evaluation of the adsorption
parameters, unless previous knowledge of the parameter values is available. However,
when Equation (10.57) is considered a reference for estimation of model parameters

of the form:

_ X1k (x2k — x31) [A + B (331 — CZref)]
X3k

Vk

where x1, = Vor; x2p = Caop; X3 = Cf\k; and y, = M4, In this case,

y _ Xk (X2 — X31)

0A k X3k

Ay | Xk (xar — X3¢) (36 — Ch p)
0B b - X3k

(10.61)

(10.62)

(10.63)
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so that, in order for

=y | By| | oaxd G —x30)” (x5 — Ch)
o= = =) > =0 (10.64)
o AL 9Bl X3k
NE x%k(xz;(—x%)z
ch o= S 0 10.65
Aref — P 2 = ( . )
Zkal x”e(xzk*xye)
- 3k
Example

E10.5 An adsorption experiment was performed, using V = 100 mL, C49 =10 g/L and
different masses of adsorbent, as shown in Table 10.50.

Table 10.50 Equilibrium bulk adsorbate concentrations for different masses of
adsorbent.

M. (g) O 025 050 075 100 125 150 175 200 225

Ch(g/L) 1036 802 597 405 268 185 130 100 080 068

According to Equation (10.65), Czref=0.9314 g/L can allow the estimation of
independent model parameters when y = M. For this reason, Equations (10.56-60)
were used for estimation of the model parameters and the parameter correlations are
shown in Figure 10.50. The obtained results confirmed the expectations that y = M, 4
would provide independent parameters and showed that nearly independent parame-
ters could be obtained with the same value of Cf‘ref =0.9314 g/L when y = Cy4p. On the

1 T
0.8 4,:77\1
0.6 /'/
0.4 //
o 0.2 /.
< 0
02 /V/'J/
-0.4
-0.6 /
. ="
08—
D el \ \ \ |
0 0.5 1 1.5 2

CAref(g/L)
—e—y=Mads —e—y=CA0 y =CAb (2) y =CAb (1)

Figure 10.50 Parameter correlations for different formulations of the parameter estimation problem
using the Langmuir equation.
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other hand, the parameters obtained with y = C4 were strongly correlated to each other
when either Equation (10.58) or Equation (10.57) were used. It must be emphasized
that, despite the modification of the analyzed output model responses and objective
functions, parameter values and model performances were very similar in all cases,
as illustrated in Figure 10.51. However, use of y= M,y led to much better statistical
behavior of obtained parameter estimates, as shown in Figure 10.50

12
10}
8 ¢
d
2 6 ®
S
4 e
o
2 .
® ® ]
0
0 0.5 1 1.5 2
Mads (g)
® Experiments y = CAb y=Mads

Figure 10.51 Model performances for different formulations of the parameter estimation problem
using the Langmuir equation.

In general, LHHW kinetic rate expressions have the general form:

YL KNS G
Re= AL s A (10.66)
T4+ K TT= G

where k represents one particular reactant, and m are the numbers of terms in
the numerator and denominator of Equation (10.66), respectively, Kthd KiD are the
kinetic rate constants associated with the ith terms of the numerator and denominator
of Equation (10.66), respectively,;C is the number of reactants.;nd p;; and g;; are the
kinetic rate orders associated with component j at the ith terms of the numerator and
denominator of Equation (10.66), respectively. Based on Equation (10.66), it is not
possible to derive a general solution for the reparameterization of a general LHHW
reaction rate equation. In spite of that, reparameterization can be performed iteratively
with the help of appropriate numerical procedures, as discussed by Schwaab et al.
(2008). In this case, a suitable objective function must be proposed (for instance, the
summation of the absolute values of all parameter correlations) and then the reparame-
terizing values (for instance, the reference concentration used in Equations (10.56-60))
must be manipulated in order to reduce the value of the proposed objective function
iteratively, until attainment of the minimum possible correlation values. This is exactly
the procedure illustrated in Figure 10.50, which shows parameter correlation values
as a function of reference concentration.
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Chapter 11

Determination of kinetic parameters
through parameter estimation

As we had the opportunity to observe in the previous sections, in order for reaction
rate expressions to be used for kinetic analyses and design of chemical reactors (as
discussed in detail in the following chapters), it is necessary to determine first the
kinetic rate constants with the help of available experimental data. Formally, this
numerical procedure that transforms available experimental data into useful model
parameters that can be used to perform simulations and equipment design is named
parameter estimation.

Parameter estimation procedures are important in many different chemical engi-
neering fields, and particularly in the field of chemical kinetics, for development of
mathematical models (such as reaction rate expressions), since design, optimization
and advanced control of chemical processes (and chemical reactors in particular) usu-
ally rely on mathematical models, which in turn depend on parameter values obtained
with the help of available experimental data. For this reason, the parameter estimation
problem is discussed in this section more formally.

Before initiating the presentation of mathematical details, it is important to recog-
nize that chemists and engineers frequently search for correlations among the variables
involved in a problem in order to develop and implement model-based process simu-
lation and process design strategies. As a matter of fact, accurate models can be very
useful for simulating experimental responses under the desired experimental condi-
tions and to design process equipment of distinct sizes without incurring the expensive
costs of experimentation. For these reasons, mathematical models find ample use in
most engineering areas, especially to control, design and optimize process operations.

Models can be developed based on theoretical grounds (for instance, detailed reac-
tion mechanisms and mass balance equations) or on empirical premises (for instance,
power-law rate expressions), and they are useful if they can accurately represent the
actual experimental behavior of the analyzed system. Consequently, theoretical mod-
els are not necessarily better than empirical models, as theoretical assumptions can
be incorrect or incomplete to describe the considered problem. Thus, in the present
section both theoretical and empirical reaction rate expressions are equally valued.
Moreover, mathematical models are usually classified, in terms of time dependence, as
dynamic (when the model can be used to follow changes during the simulation time) or
stationary (when model responses do not change with time). Analyses of batch reaction
problems usually make use of dynamic reaction rate models, while design of chemical
reactors normally employ stationary versions of the reaction rate models. Most times,
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numerical procedures are also needed to solve the model equations and calculate the
output model responses, so that the mathematical model can be defined less strictly
as the set of equations and numerical tools that are needed to solve the mathematical
equations and describe the analyzed experimental problem.

Almost always the mathematical model depends on variables that cannot be mea-
sured experimentally and must be determined with the help of experimental data,
like the kinetic rate constants and respective activation energies. These variables are
generically called model parameters and must be estimated before there can be any
meaningful use of the mathematical model. For this reason, the fundamental aspects
of the parameter estimation problem are discussed in the next sections.

11.1 DEFINITION OF THE PARAMETER ESTIMATION PROBLEM

During the proposition of mathematical models, two distinct entities must be defined:
the model structure (the mathematical relationship that correlates output model
responses, y, and model inputs, x) and the parameters of the model. For example,
linear and exponential models are presented in Equations (11.1) and (11.2):

y=a-x+ (11.1)
y=oa-exp(B-x) (11.2)

In reaction rate problems, x and y involve pressures, concentrations and tem-
peratures at distinct times, the parameters o and B usually are reaction rate constant
and activation energy, respectively. As one can see in Equations (11.1-2), the model
structure can only be used when the parameter values are also known.

A very simple linear model can be obtained when a reaction mechanism comprises
two parallel reactions of the form:

ky
A-B (11.3)
AS3C

where A, B and C are chemical species and ki and k;, are kinetic rate constants. If
reaction conditions are kept constant, the relative amounts of reactants B and C are
correlated to each other in the form:

Cc=-=Cp (11.4)

where C¢ and Cp are the molar concentrations of the reaction products C and B, and
the parameter:

- (11.5)

o
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is a measure of the selectivity. Whereas C¢ and Cp can be measured experimentally, o
must be estimated through proper manipulation of C¢ and Cj as the slope of Equation
(11.4), as illustrated graphically in Figure 11.1.

2.5+
2

1.5 1

C¢ (gmol/L)

0 0.2 0.4 0.6 0.8 1 1.2
Cg (gmol/L)

® Experimental —@— Estimated

Figure 11.] Measured concentrations and estimation of parameter « in Equations (11.4-5). « is the
slope of the experimental data. Experimental data were generated by assuming that
Cc= 2Cjp and adding a random noise of amplitude + 0.1.

As illustrated in Figure 11.1, the estimation of the model parameters involves the
determination of the parameter values that lead to the smallest difference (or highest
similarity, or likelihood) between the values predicted by the model and the val-
ues observed experimentally. Therefore, the parameter estimation procedure should
manipulate the parameter values in order to minimize the difference between the
model responses and the experimental data, leading to a definition of an optimiza-
tion problem. However, in order to minimize the difference between model responses
and observed data, it is necessary first to define how this difference can be calculated.
In the area of parameter estimation, this difference (or distance) is normally named as
the objective function.

One must observe that measurement uncertainties, as defined in Section 1.9, must
also be considered during the parameter estimation procedure, because unavoidable
experimental fluctuations can affect the experimental data and therefore the obtained
parameter estimates. Besides, due to unavoidable experimental uncertainties, param-
eter estimates will also be uncertain to some extent, leading to uncertain model
predictions. In order to show this, Figure 11.2 reproduces the information content
of Figure 11.1, assuming the occurrence of much larger experimental fluctuations.
As one can observe, proper identification of the slope in this case can be much more
difficult.

Based on the above, the parameter estimation procedure can usually be divided
into three main steps: (i) definition of the objective function that evaluates the distance
between model responses and experimental observations; (ii) determination of the
parameter values that minimize the objective function (usually performed with the help
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s}
=4

2.5+
o ]
1.5
1 (]

Cc (gmol/L)

Cg (gmol/L)

® Experimental

Figure | 1.2 Measured concentrations and estimation of parameter « in Equations (I1.4-5). « is the
slope of the experimental data. Experimental data were generated by assuming that
C¢ =2Cjp and adding a random noise of amplitude 1.

of a suitable numerical procedure); and (iii) statistical interpretation of the obtained
results. These three steps are discussed in the following sections.

11.2 THE OBJECTIVE FUNCTION

The definition of the objective function is important and must provide an unambiguous
measure of the distance between the values calculated with the model, y*, and the values
obtained experimentally, y¢. From a mathematical standpoint, the distance between y*
and y¢, d(y*, y¢), must satisfy the following axioms (Kreyszig, 1978):

(i)  dy*y°)eR and d(y*,y°) =0 (11.6)
so that distance is a real and positive number;

(i1) d(y*,y°) =0 iff y* =o° (11.7)
so that distance equals zero if and only if elements y* andy® are equal;

(i) d(y*,y)=d(*,y") (11.8)
so that distance is commutative; and

(iv)  d(y*,y°)<d(y*,z) +d(z,5°) (11.9)

so that the triangle inequality is satisfied, indicating that the shortest trajectory between
two points is the one that connects the points directly.

It must be observed that in real problems y* and y* contain many values, so that
d(y*,y¢) must be computed with vectors containing NE data points. It must be observed
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that any distance function that satisfies the axioms (i-iv) of Equations (11.6-9) is
suitable for proposition of the parameter estimation problem, so that it is not possible
to say that one objective function is better than another if both satisfy the axioms.
However, the objective function should also contain statistical meaning, which can be
regarded as a fifth technical requirement for function d(y*, y°).

In order to introduce statistical meaning into the objective function it is convenient
to formulate some hypotheses. The first hypothesis is the perfect model assumption,
which considers that the proposed mathematical model explains the relationships
among the variables accurately. Based on this assumption, observed experimental
data and values calculated with the model are not equal because of unavoidable
experimental fluctuations, represented in the form:

Y=y +e (11.10)

where e represents the unknown experimental fluctuations. In fact, & also contains
modeling errors and variability associated with the model predictions, which are
neglected at this point because model inaccuracies cannot be defined a priori with-
out meaningful comparison with available experimental data, and because there is no
reason to believe that the investigator is interested in a model that is known to be inad-
equate or incorrect. Therefore, although a perfect model does not exist, the perfect
model assumption seems to be appropriate for purposes of model building.

The second hypothesis is the perfect experiment assumption, which considers that
the collected experimental data represent accurately and precisely the real behav-
ior of the analyzed system. Therefore, the perfect experimental hypothesis assumes
that experimental fluctuations observed during the measurement stage are due to the
unavoidable uncertainties associated with the measurement process only, as discussed
in Section 1.9. Also, this assumption considers that the probability of finding the mea-
sured experimental values is maximum and that no other alternative set of experiments
would represent the analyzed system better.

Combining the perfect model and the perfect experiment assumptions, it becomes
possible to write:

E{y} =E{y* + e} =E{y*} + E{e} =E{y*} =" (11.11)

where E{M} represents the average of B, so that the variance of the experimental data
can be written as:

NE . e *)2
SZEZM (11.12)
Y NE — NP

where NP is the number of estimated parameter values, in accordance with Equations
(1.9.1-2) of Section 1.9. The denominator of Equation (11.12) is related to the loss
of degrees of freedom when one uses an additional parameter to adjust available data
with a mathematical model (Himmelblau, 1970; Bard, 1974; Schwaab and Pinto,
2007). In Equation (11.12), sﬁe is a measure of the experimental precision of available
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experimental data, if the two underlying assumptions are appropriate. Therefore, it
becomes natural to propose:

SRy — i)

Fopj=d (¥, y*) =s5. = “NE_NP (11.13)
or simply
NE
_ e *\2
Fobj= Y (% = ¥}) (11.14)

i=1

Equations (11.13-14) satisfy the four previously proposed axioms of the distance
(objective function) and contains significant statistical meaning, as minimization of
Fopi is equivalent to assuming experimental fluctuations should not be higher than the
maximum admissible value, given the proposed hypotheses. Equation (11.14) is known
generically as the least-squares function, and estimation of parameter values through
minimization of Equation (11.14) is called as the least-squares estimation problem.

Example

E11.1 The widespread use of the least-squares procedure is associated with the fact that
it allows the development of analytical solutions when the model is linear in respect
to its parameters. For example, let us assume that:

NP
Y (x, @) =Y af;(x) (11.15)
j=1

where f;(x) are functions of the input variables x (commonly named variable effects)
and «; are the model parameters. In this case:

2
NE

NP
Fobj=> ¥ = Y oifi(xf) (11.16)
i=1

i=1
In order to minimize the objective function:

NE

aFOb' e — e e
Bak] => 29 =) oifi(x) | (~fulxi) =0,k=1, ...,NP (11.17)
i=1 j=1

so that the matrix representation of the solution can be written in the form:

a=M""Y (11.18)
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where:
- NP NP
;ﬁ(xf)f](xf) ;fl(xf)fNP(xe)
M= : . (11.19)
NP NP
;fNP(xf)fl(x,) . ;fNP(xf)fNP(x,)
- NP
;yffl(xf)
Y= | (11.20)
NP
;yffNP(xf)

In the case of Equation (11.4), which has the form of Equation (11.15), and Figures
11.1 and 11.2, the solution becomes:

Ly 1 NE
— -1y, — Co:
a= [a_ k1:| Y= [Zc } [;CC,CB,] (11.21)
Using real numbers, in Figure 11.13:
Cpi Cii Cpi? C.i Cpi
(g/mol) (g/mol) (g/mol) (g/mol)
0.148 0.155 0.02191 0.02291
0.204 0.445 0.0418I 0.09109
0.229 0.564 0.05250 0.12929
0.452 0.833 0.20458 0.37654
0.455 0.999 0.20705 0.45473
0.644 1.227 0.41435 0.78969
0.607 1.495 0.36888 0.90806
0.823 1.656 0.67664 1.36246
0.847 1.718 0.71738 1.45522
1.085 2.094 1.17757 2.27256
Then:
I NE
[a } [Zc&} [ZCC,»CB,} =2.025 (11.22)
i=1 i=1

The reader can observe that, although the estimated value of was close to the true
value of 2, the obtained parameter estimate was perturbed by the experimental errors.

When the least-squares procedure is considered, there is an implicit assumption
that experimental measurements are independent (that is, the uncertainties that affect



244 Chemical reaction engineering

a certain measurement do not simultaneously affect a second measurement) and con-
stant throughout the experimental region; otherwise, the use of Equations (1.9.1-2) of
Section 1.9 and of Equations (11.12-14) would not be possible (Schwaab and Pinto,
2007). However, actual measurement systems can provide data values that correlate
and be subject to errors that change with the experimental condition. In other words,
the uncertainties of temperature and pressure measurements can be correlated if, for
example, the measurements are affected by a common heat source placed at the sam-
pling process lines, for instance. Furthermore, high temperature values may be more
prone to measurement fluctuations than low temperature values due to heat dissipa-
tion to the environment. Therefore, there are many incentives for the formulation and
proposition of more involving objective functions, ones that can take these important
statistical effects into account (Larentis et al., 2003; Alberton et al., 2009; Da Ros
etal.,2017).

Although the development of distinct objective functions based on rigorous sta-
tistical principles falls beyond the scope of the present text, it is important to point
out that the maximum likelihood method can be used to formulate objective functions
that present different statistical properties for data measurements subject to uncertain-
ties (Schwaab and Pinto, 2007). Among the infinitely many objective functions that
can be formulated and adjusted to the characteristics of the particular measurements
being analyzed, those based on Gaussian behavior (or normal behavior) are the most
common. Skipping some formal aspects of the derivation, if the hypothesis of normal
behavior is added to the previous perfect model and perfect experiment assumptions,
then the following objective function can be proposed:

Fob (@ = (¥ — y* @) V;1 (¥ — y* (@) (11.23)

where « is the vector of parameters (with dimension NP), y© is the vector of experimen-
tal measurements (with dimension NY x NE, where NE is the number of experiments
and NY is the number of responses at each individual experiment), y* (@) is the vector
of model responses (with dimension NY x NE), and Vy is the covariance matrix of
measurement fluctuations, which has the general form:

2 2
S11 7 SINY

V=1 . (11.24)

2 2
SNY,1 T SNY,NY

where s7; can be calculated with replicates in the form:

5 Zk 1 1 1 (J’z k— yi) ()’i,l - T,’)
Sy = NR -1

(11.25)

where NR is the number of replicates, s? ; is the sample covariance between variables y;
and y;, y; . is the kth replicate of variable y,, and y; is the sample average of variable v,
defined in Equation (1 9.2) of Section 1.9. s? ; is a measure of the dependence between

variables y; and y;: if s? +is close to zero, Varlables y; and y; are independent and do not
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fluctuate together; if siz/ is positive, variables y; and y; tend to fluctuate along the same
direction; if sii is negative, variables y; and y; tend to fluctuate in opposite directions.

Example

E11.2 Larentis et al. (2003) studied the combined reforming of carbon dioxide
and partial oxidation of methane over Pt/y-Al, O3 catalyst and performed replicated
experiments in order to calculate the covariance matrix of measurement fluctuations
associated with the determination of concentrations of the many chemical species
involved in the chemical reaction system being analyzed. The experimental data col-
lected at 800 °C at the output stream of a lab-scale reactor are presented below, with
the respective sample averages, variances and standard deviations.

T CH, 0O, co CO, H, H,O N>

(°C) (gmol/m®) (gmol/m?®) (gmol/m?) (gmol/m3) (gmol/im®) (gmol/m3) (gmol/m?)
800 0.629 0 3.008 3.868 0.194 0.16l 3.496

800 0.8I5 0 2.726 3.805 0.301 0.318 3.401

800 0.608 0 3.163 4.006 0.093 0 3.476

800 0.52 0 3.128 4.095 0.091 0.126 3.397

800 0.377 0 3.104 4.23 0.07 0.089 3.486

800 0.437 0 3.049 4.238 0.077 0 3.555

2

Species  Average y; (gmol/m3) Variance s?; (gmol/m®)?  Standard deviation s, ; (gmol/m?)

CH, 0.564333 0.024439 0.156330
O, 0.000000 0.000000 0.000000
Cco 3.029667 0.025206 0.158764
CO, 4.040333 0.032859 0.181270
H, 0.137667 0.008457 0.091960
H,O 0.125667 0.014124 0.128802
N, 3.468500 0.003654 0.060447

Finally, the covariance matrix of measurement fluctuations associated with the
determination of concentrations is equal to:

[ 0.0204 0.0000 —0.0154 —0.0225 0.0109 0.0123 —0.0043]
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
—0.0154 0.0000 0.0210 0.0157 —0.0123 —0.0135 0.0028
—0.0225 0.0000 0.0157 0.0274 —0.0123 —0.0131 0.0046
0.0109 0.0000 —0.0123 —-0.0123 0.0070 0.0082 —0.0022
0.0123 0.0000 —0.0135 —0.0131 0.0082 0.0128 —0.0041
—0.0043 0.0000 0.0028 0.0046 —0.0022 —0.0041 0.0030

Therefore, one can see that the calculation of V, in Equation (11.23-25) is sim-
ple when replicated experiments are available. As one can also see above, matrix
V, is not necessarily diagonal (that is, measurement fluctuations are not necessarily
independent and variables tend to fluctuate together, in response to similar sources of
perturbations, such as the unavoidable fluctuation of catalyst activity) and can contain
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significantly different covariance values. For this reason, the hypothesis of independent
measurements and constant variances should always be evaluated carefully, especially
if convincing experimental replicates are not available.

Despite the results shown in Example 11.2, if it is assumed (or shown experimen-
tally, as advised) that measurement fluctuations are independent and not correlated to
each other, matrix \'A becomes diagonal and Equation (11.23) can be written in the
form:

. * (o
Fol@) =D % =———" (11.26)

which has the form of a weighted least-squares function whose weights are the exper-
imental variances of the obtained experimental responses. According to Equation
(11.26), the importance of the experimental response for computation of the objec-
tive function diminishes with the increase of the experimental variance, a fact that
makes a lot of sense. According to Equation (11.26), the most important experimental
points are the ones measured more precisely. Therefore, proper characterization of
experimental variances is extremely important when one is interested in explaining
available experimental data with help of a kinetic model. More interestingly, if a single
experimental response is considered (NY = 1) and all experimental variances are equal
(when all experiments are measured with the same precision), then Equation (11.26)
can be reduced to Equations (11.13-14), indicating that the least-squares procedure
is equivalent to the maximum likelihood procedure when measurement uncertainties
follow the normal behavior, sample variances are equal, measurement fluctuations
are independent, and perfect model and perfect experiment assumptions are good.
This clearly shows that the least-squares procedure should be used only after care-
ful thought about the statistical nature of available measurements! And, Equations
(11.23-26) explain why proper characterization of experimental uncertainties is so
important for quantitative analyses of actual kinetic data.

Example

E11.3 In order to illustrate the importance of proper characterization of experimen-
tal errors for quantitative analyses, a simple exercise is proposed below. Let us first
consider that a chemical reaction can be described in the form:

Al (11.27)

Assuming that the reaction is carried out in solution and in batch mode, then the
following set of mass balance equations can be written:

dCy

= —k1Ca=>Ca = Cpoe (11.28a)
dc
d—tB:Iech:kchoe’klt:Cg — Cuo (1 - e*klf) (11.28b)
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where Cyg is the initial concentration of reactant A, and it is assumed that the initial
concentration of product B is equal to zero. It is also considered here that the following
set of experimental data are available:

t C4 Cs, sa SB

)  (moll)  (moll)  (moll)  (moliL)
0 | 0 0.0l 0.01

| 0.53 0.55 I |

2 0.08 0.85 0.1 0.1

The reader should observe that the sum of C4 and Cjp is not Cyg, due to the
unavoidable measurement fluctuations. In addition, the reader should observe that
the standard errors of the distinct measurements are not equal, due to the variation of
measurement performances in the experimental grid, and that the second experimental
point is measured with higher precision than the first. Based on the available data, the
following objective function can be proposed:

(a1 = Cane™1")” | (€4, = Caoe 1)

Fo (k1) = T
]( ) 53&1 Siz
_ 2 . Cpn2
(G- Cnll=e ™) (Cp—Cu(i=ct) o
SB1 SB2

Then, minimization of Equation (11.29) (which must be performed with help of
numerical methods, as discussed in the following sections) leads to k; = 1.07 h™.
Interestingly, if the experimental data are changed as:

t (h) C4 (mol/L) C5, (mol/L) sa (mol/L) sa (mol/L)
0 I 0 0.0l 0.0l

I 0.53 0.55 0.1 0.1

2 0.08 0.85 I I

then minimization of Equation (11.29) leads to k; =0.72 h~'. One may wonder why
the parameter value changed if the concentration values remained the same. The
answer is provided by Figure 11.3. Although concentration values remained the same,
measurement precisions were different in both analyzed cases and the kinetic model
attempted to remain closer to the most precise experimental values, which makes a lot
of sense! Therefore, one should not neglect the proper characterization of experimen-
tal measurements during quantitative kinetic analyses, as obtained results can be quite
sensitive to variations in measurement precision.
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Figure 1.3 Sensitivity of parameter estimates and model responses to modification of measurement
precision.

1.3 ERROR PROPAGATION AND PARAMETERIZATION OF THE
ESTIMATION PROBLEM

Based on the discussion presented in the previous sections, one might be tempted to
write Equation (11.28) in the form of straight lines, as:

Ca
:1 —_— | =—
ZA n(CAO> klt

Cs
2B =In <C—AO> = —klt

in order to allow the derivation of an analytical solution for the problem proposed in
Example 11.3. As a matter of fact, similar strategies were suggested by many investi-
gators in the past, when computer resources were not so well developed as they are
today. In the case analyzed in Example 11.3, this “analytical” approach would prob-
ably lead to formulation of the following objective function and set of transformed
experimental data:

(11.30a)

(11.30Db)

e

t (h) 2 %
0 0 0
| -0.63488 ~0.7985
2 -2.52573 -1.89712

Foby (k1) = (41 — (=kit1))* + (25 — (~kat2))’

+ (251 — (_k1t1))2 + (252 — (_kltl))z

(11.31)
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whose minimization can be performed analytically in the form

_ Znl + 2t + 2t + 2t

k
1 213 4213

(11.32)

and leads to kq = 1.03 h™', which is different from both the values obtained in Example
11.5 and is not consistent with the measurement precision of observed experimental
responses.

As a matter of fact, for many reasons no one should feel compelled to transform
experimental data nowadays. First of all, computer resources and numerical techniques
have seen tremendous developments recently, so that the use of analytical solutions
that are based on gross approximations of the experimental scenario are no longer
necessary in many mathematical problems and therefore should be avoided. Besides, it
must be clear that the statistical nature of the measurement system can be completely
modified when experimental data are transformed. To illustrate this, let us assume that
a transformation of the measured data is proposed in the form:

z=f(y) (11.33)

where y is the measured experimental value (Cy, for example) and z is the transformed
measured response (In (g—;()), for example). f represents a mathematical function that

maps y into z (z=In(y), for example). Assuming y is subject to small fluctuations
of order dy (and this is an important assumption, as the likely occurrence of large
measurement deviations may render the proposed analysis even more complex), then
it becomes possible to write:

dz=""dy (11.34)

tabulation can be used to interpret the transformation of statistical responses in
the form:

2 2
sng{dzz}zE{(j—’;) dﬁ}z(%) s (11.35)

In other words, the function f transforms simultaneously the experimental data and the
respective statistical characteristics of the measurement system, leading to a completely
different estimation problem and to a distinct set of parameter estimates. This explains
why Equation (11.32) leads to a different kinetic rate constant value, when compared
to the results presented in Example 11.3. In the analyzed case:

1 1\?
dza = C—AdCA:>s§A = (C_A) SZCA (11.36a)
d ! dCp=>s? ! g (11.36b)
e ——— S = —_— N .
< Cao—Cp 77w Cao—Cp) ~©
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so that the uncertainty of the transformed variable z,4 increases when the measured
value of C4 diminishes, while the opposite behavior is observed for the transformed
variable zg. Therefore, large absolute z4 and zp values are not informative for purposes
of parameter estimation and should be properly weighed during numerical calculations.
Unless this artificial transformation effect is taken into consideration (which is very
rare in the field), as a rule of thumb the reader should always avoid the artificial manip-
ulation of experimental data and instead make use of available numerical procedures
for quantitative analyses whenever necessary.

Example

E11.4 A popular procedure employed in many temperature-dependent kinetic prob-
lems is the transformation of the Arrhenius equation in the form:

z:ln(k):ln(ko)—If—TzA—Bx (11.37)

tabulation z and x are the transformed experimental variables and A and B are the
estimated model parameters. However, the real experimental variables are k£ and T,
which can be obtained with different error contents. Using simple error propagation
analysis:

1 (1),
dz= Edk:sz =z Sj (11.38a)
1 2 1\* 2
dXZ—ﬁdTist T ST (11381))

tabulation clearly show that the uncertainties of both z and x change considerably
in the experimental range, even when the precision of both k& and T measurements
can be considered constant in the analyzed experimental grid. Therefore, the use of
Equation (11.37) and of estimation procedures based on Equation (11.37) should be
avoided whenever possible.

1.4 NUMERICAL MINIMIZATION OF THE OBJECTIVE FUNCTION

According to the definition of the objective function, F,pj(e) must be minimized
through manipulation of parameter values («). Thus, it becomes necessary to choose a
suitable optimization method to determine the unknown value of & that leads F,j(et) to
its minimum value. However, this can constitute a complex numerical task: the num-
ber of experimental data values (NE x NY) and model parameters (NP) can be large;
the proposed mathematical model can comprise a large set of nonlinear equations; the
model parameters can be highly correlated (as discussed afterwards); and the objective
function can present multiple local minima. For all these reasons, different numerical
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approaches have been proposed for minimization of the objective function and esti-
mation of model parameters, as discussed in many scientific articles and textbooks
(Himmelblau, 1970; Bard, 1974; Schwaab and Pinto, 2007).

It is not intended to review this very wide area of knowledge in the present text.
Nevertheless, it is important to understand that the numerical methods employed most
often for estimation of kinetic parameters are based on derivative-based procedures
such as the Newton and the Gauss—Newton methods. According to these methods, min-
imization must be performed along a direction in the parameter space that combines
a gradient vector (the vector of first derivatives with respect to the model parameters,
which indicates the direction of fastest variation of Fp;(e)) and the Hessian matrix
(the matrix of second derivatives in respect to model parameters, which indicates the
curvature of Fpi(a) and is used to evaluate the point of minimum along the descend-
ing direction). On the other hand, direct search methods perform the minimization
of the objective function based only on sampling of F;(a), without calculation of
derivatives. Both gradient and direct search methods may be classified as local deter-
ministic search procedures, since the search starts from an initial parameter guess and
then evolves to a minimum, following an iterative trajectory that is determined by the
initial guess. For this reason, it must be emphasized that proper selection of a good
initial guess can be of fundamental importance to achieve convergence, which can
be a serious drawback of this class of numerical methods, since good initial guesses
are often unavailable in real kinetic problems. Additionally, these methods are not
able to discriminate between local and global minima, making it necessary to perform
the minimization several times, using different initial guesses in order to verify if the
calculated minimum point represents a global character.

The Newton method is based on the quadratic approximation of the objective
function and can be presented in the form:

ot = ok —H Vi (11.39)
where
T
3F)bj aFobj
Vi = : e 11.40
ok daq 011=a,1( daN aN=(x§1 ( )
9 Fop @ Fop;
df 7 dondan
Hyo=1: o (11.41)
azFobi e azFobj
doN dory 30‘%\1

are respectively the gradient vector and the Hessian matrix of the objective function.
At the point of minimum of Fj(e), the gradient vector is equal to zero, so that the
size of the gradient vector can be used as a convergence criterion to evaluate the rate
of convergence and the quality of the approximation. Given an initial guess for the
optimization variables, a’, Equation (11.39) must be employed recursively until the
convergence criterion is attained.

The main advantage of the Newton method is the fast rate of convergence when
the initial guess is sufficiently close to the unknown desired solution, something that
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is unfortunately rare. Additionally, the method requires the calculation of first- and
second-order derivatives of Fop;(a) with respect to the NP searched parameters and the
inversion of the Hessian matrix at each numerical iteration. Even when the compu-
tation of the derivatives is performed numerically, through small perturbations of the
optimization variables around the analyzed guess, the calculation of derivatives can be
computationally expensive. This explains why many numerical procedures have been
developed to circumvent the calculation of derivatives and inversion of the Hessian
matrix. A popular alternative numerical approach consists in sampling the objec-
tive function around the initial guess and selecting the next guess as the sample that
provides the lowest value for the objective function. Additional information regard-
ing derivative-based and direct search methods can be found in standard parameter
estimation textbooks (Himmelblau, 1970; Bard, 1974; Schwaab and Pinto, 2007).

An additional group of optimization procedures that can be used for estimation
of kinetic parameters is formed by stochastic optimization algorithms. This group
includes many distinct techniques, including Monte Carlo procedure, genetic algo-
rithm, simulated annealing, differential evolution and particle swarm optimization
(PSO), among many others (Kirkpatrick et al., 1983; Goldberg, 1989; Kennedy and
Eberhart, 1995; Storn and Price, 1997; Schwaab et al., 2008; Schwaab and Pinto,
2007). These algorithms are characterized by the random character of the search and
the large number of evaluations of the objective function, which assure a high prob-
ability of finding the global point of minimum. Plus, these algorithms do not require
the definition of initial guesses for parameter values and do not use derivatives, mak-
ing the numerical performance more predictable and less dependent on the model
structure and experience of the analyst (Schwaab and Pinto, 2007). Despite that, it
is important to emphasize that stochastic optimization algorithms do not ensure that
the global minimum will indeed be attained and that these techniques can lead to very
low rates of convergence. This explains why hybrid optimization algorithms have been
proposed often (Schwaab et al., 2008). Hybrid algorithms associate the global search
characteristics of the stochastic algorithms (usually in the first stages of the iterative
numerical procedure) with the fast convergence features of the local search algorithms
(usually in the last stages of the numerical search, when good guesses are expected
to be available for parameter values). Nevertheless, the main advantage of stochastic
procedures is the fact that these techniques allow more rigorous statistical analyses of
parameter estimates, which can be very important in kinetic problems for reasons that
are discussed in the following sections.

According to typical stochastic procedures, the optimization process starts with the
random generation of Npt candidates in the parameter space. Each candidate is then
used for computation of F,pi(e) and afterwards the obtained results are ranked with
respect to the obtained objective function values (the best candidates are the ones that
lead to the smallest values of the objective function). Finally, the best set of candidates
is used to update the full list of candidates and the search region. The criteria used for
updating the list of candidates and search region constitute the main characteristics of
each considered stochastic procedure.

Example

E11.5 A very simple and useful stochastic procedure is the Monte Carlo algorithm.
According to this technique, candidates must be initially generated within the search
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region with the help of a random number generator. For example, if an Excel
spreadsheet is used to implement the procedure, the expression has the general form:

max

ak=ak. + (ak - afnin) random () ,i=1, ..., Neand (11.42)

tabulation &f is the minimum admissible parameter value at iteration k, &, is
the maximum admissible parameter value at iteration k, & is the ith parameter candi-
date at iteration k, random () is a function that generates random numbers uniformly
in the interval [0, 1] and Ncand is the total number of candidates generated by the
numerical scheme. According to Equation (11.42), the parameters that characterize
the numerical procedure are @, , o0 and Ncand, which define the search region and
the refinement of the numerical search. Then, the objective function must be computed
for each parameter candidate, resulting in an ordered list of Ncand parameter values
and respective objective function values. If the best candidate (aﬁpt, the one that leads
to the smallest objective function value) is used as reference, then the search region

can be updated in the form:

k k
o — o, .
aktl=ak  — (e = ) 5 i), (11.43a)
k k
(07 — .
ol =al + (nax — i) 5 ‘“‘“)r (11.43b)

tabulation 7 is an additional numerical parameter (0 <7 < 1) that characterizes the
contraction of the search region and controls the speed of convergence. Typically, 7 is
close to 0.9, as larger r values lead to slow convergence, while smaller 7 values lead to
inefficient exploration of the search region. After calculation of the new boundaries
of the search region, the procedure must be repeated. The iterative procedure must be
interrupted when the search region is sufficiently small or when the objective function
values stop changing significantly, according to an additional numerical parameter that
specifies the tolerance of the iterative scheme.

11.5 STATISTICAL CHARACTERIZATION OF MODEL ADEQUACY

After finding the minimum of the objective function, it becomes necessary to evaluate
the statistical significance of the obtained results. This evaluation must consider model
ability to explain available experimental data, quality of estimated model parameters
and uncertainty of model prediction.

As discussed in the previous sections, an important assumption considered the
model to be perfect. The quality of this hypothesis should be verified a posteriori, at
the end of the parameter estimation phase, by comparing the experimental data with
the model predictions. In short, the model cannot be discarded if differences between
model predictions and available data are comparable to the unavoidable fluctuations of
the experimental measurements. Once more, the reader should observe that the appro-
priate characterization of experimental fluctuations is of fundamental importance for
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final evaluation of obtained results. For example, if the least-squares objective function
of Equation (11.14) is used to perform the estimation of the model parameters, then:

A2 Fobj

b 11.44
= NE— NP ( )

tabulation §§

is a measure of prediction variance, which can be compared with the
experimental variance, si, with the help of the standard statistical F-test, as illustrated

in Equation (11.14) (Himmelblau, 1970; Bard, 1974; Schwaab and Pinto, 2007):

2

F) Y _po 11.45
NR—1,NE«NY-NP < 37 =¥ < ENRZ1,NEsNY-NP (11.45)
y

where 1 — ¢ represents the confidence level (for 99% confidence, ¢ =0.01) and NEx
NY - NP and NR -1 represent the degrees of freedom of prediction variance and exper-
imental variance, respectively. The limits of the cumulative F distribution in Equation
(11.45) can be calculated with the help of standard functions provided by the vast
majority of commonly used spreadsheets. For example, in the Excel spreadsheet the
reader will find the functions DIST.F and INV.E, which can be used for computation
of the limits of Equation (11.45).

If the ratio between variances should fall within the acceptable interval, meaning
the variances are not considered statistically different within the specified level of
confidence, one may conclude that the perfect model assumption cannot be ruled out
and that the model is good. On the other hand, if the ratio between the variances
should fall outside the acceptable interval, meaning both variances can be considered
statistically different within the specified level of confidence, one may conclude that
two cases are possible.

When prediction variance is higher than experimental variance, it is possible to
conclude that the model is not able to explain the available data within the experimen-
tal precision, so that additional efforts should be made to improve model performance
(for instance, changing the kinetic rate equations). However, it can also indicate that
experimental errors have been underestimated (especially when a small number of repli-
cates is considered) and that efforts should be made to characterize the experimental
fluctuations more accurately. When model prediction variance is lower than experi-
mental variance, it is possible to conclude that model performance is unexpectedly
good, suggesting the model is possibly overparameterized and that efforts should be
made to improve model performance (for instance, reducing the number of parameters
in the kinetic rate equations). However, this result can also indicate superestimation
of experimental errors (especially when a small number of replicates is considered)
and that efforts should be made to characterize the experimental fluctuations more
accurately.

If the maximum likelihood function of Equations (11.23-26) is used to perform
the estimation of the model parameters, then the objective function can be interpreted
as the x? function in the form:

28) F 201-3) 11.46
XNEsNY—NP < L'obj < XNE«NY-NP (11.46)
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The limits of the cumulative x? distribution in Equation (11.46) can also be calcu-
lated with help of standard functions provided by the vast majority of commonly used
spreadsheets. For example, in the Excel spreadsheet the reader will find the functions
DIST.CHI and INV.CHI, which can be used for computation of the limits of Equa-
tion (11.46). If the final objective function value falls within the acceptable interval,
meaning the differences between model responses and experimental data are accept-
able statistically within the specified level of confidence, then one may conclude that
the perfect model assumption cannot be ruled out and that the model is good. On the
other hand, if the final objective function value falls outside the acceptable interval,
then differences between model responses and experimental data are not acceptable
statistically within the specified level of confidence, so two cases are possible.

When the final objective function value is higher than the acceptable limit, it is
possible to conclude that the model is not able to explain the available data within the
experimental precision, so that additional efforts should be made to improve model
performance (for instance, changing the kinetic rate equations). However, as in the
previous case this outcome can also indicate that experimental errors have been under-
estimated (especially when a small number of replicates is considered) and that efforts
should be made to characterize the experimental fluctuations more accurately. When
the final objective function value is lower than the experimental variance, it is pos-
sible to conclude that the model performance is unexpectedly good, suggesting that
the model is possibly overparameterized and that efforts should be made to improve
model performance (for instance, reducing the number of parameters in the kinetic
rate equations). However, once more this can also indicate superestimation of exper-
imental errors (especially when a small number of replicates is considered) and that
efforts should be made to characterize the experimental fluctuations more accurately.

It is also common to report the correlation coefficient between model responses
and respective experimental outputs in the form:

NE x~NY U,
Dimt jzl(yij - )’f)()’i’i —Y; )

NE \—~NY = NE —~NY /_« %
\/[Z,‘:1 ,‘:1()’5,,' - y;)z] I:Zizl ,‘:1()’,‘,,‘ =Y )2]

p= (11.47)

The correlation coefficient p is a normalized form of the covariance (as defined
in Equation (11.47)), varying inside the interval [-1, 1]. When experimental and cal-
culated data are similar, p is close to 1 (in other words, experimental and calculated
data are correlated to each other). For this reason, when p is higher than 0.9, it is
normally assumed that the model is adequate; when p is lower than 0.7, it is normally
assumed that the model is poor. However, it must be observed that the correlation coef-
ficient does not take into account experimental fluctuations or the number of model
parameters, meaning that it must be employed with care. For example, high correla-
tion coefficients can indicate the occurrence of superparameterized models (and the
model should thus be regarded as poor). Additionally, low correlation coefficients
can indicate the occurrence of large measurement fluctuations (and the model thus
should not be blamed for the lack of fit). For these reasons, the correlation coefficient
should not be employed as a universal criterion for specification of model adequacy
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and should preferentially be combined with the other statistical analyses to provide a
more conclusive evaluation of model adequacy.

1.6 THE CONFIDENCE REGION OF PARAMETER ESTIMATES

Generally speaking, a good kinetic model should be able to explain the available exper-
imental data within the precision of the measurements and simultaneously rely on
parameters that are statistically significant (in other words, are statistically different
from zero) and independent from each other (in other words, parameters whose val-
ues can be determined independently from the values of the remaining parameters).
As shown in Section 5.6, parameters can be subject to uncertainties because of the
unavoidable occurrence of experimental fluctuations; however, in some cases param-
eter uncertainties can be so large that the model parameters can be confused with
the null value. In other cases, estimated parameter values can be correlated strongly,
meaning that modification of one parameter of the model can be compensated by the
manipulation of the remaining model parameters, making the proper understanding of
variable effects uncertain. Furthermore, the existence of high correlation between some
of the model parameters can introduce severe numerical difficulties into the parameter
estimation problem, usually resulting from an inappropriate mathematical represen-
tation of the model, poor experimental design or the intrinsic nonlinear nature of the
system (Schwaab et al., 2007; Schwaab and Pinto, 2008).

In order to evaluate the points raised in the previous paragraph, it is necessary to
determine first the confidence region of the parameter estimates; in other words, the
region of the parameter space where parameter values can be regarded as statistically
acceptable. The parameter estimates are significant when the confidence region (within
the specified confidence level) does not contain the null value.

Parameter uncertainties and parameter correlations can be calculated with the
help of the covariance matrix of the parameters estimates, V,. The meaning of V,
is similar to the meaning of the covariance matrix of measured model responses, as
defined in Equation (11.24), replacing the experimental measurement fluctuations by
the parameter uncertainties (caused by the experimental uncertainties). Omitting the
technical details, the covariance matrix of parameter uncertainties can be shown to
present the approximate form (Himmelblau, 1970; Bard, 1974; Schwaab and Pinto,
2007):

V,=2H," (11.48)

tabulation H, is the Hessian matrix defined in Equation (11.41). Therefore,
Equation (11.48) establishes a clear connection between the characteristics of the esti-
mation problem (objective function, model, experimental errors) and the precision of
the model parameters. Even more interestingly, when model sensitivity to variation
of model parameters increases (derivatives become larger), parameter uncertainties
decrease (as V, is proportional to the inverse of H,). Therefore, Equation (11.48)
reinforces the importance of having a proper definition for the objective function and
indicates that the functional representation of the model affects the quality of the
obtained model parameters, as proposed by distinct reparameterization techniques. It
must be emphasized that the main diagonal of the covariance matrix V, contains the
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variances of the parameter estimates, while the off-diagonal elements of V,, characterize
the covariances between pairs of parameters, which measure the degrees of dependence
among the parameter estimates. In an ideal estimation problem, the obtained covari-
ance matrix of parameter estimates, Vg, should be diagonal, as model parameters
are expected to be independent of each other. However, Equation (11.48) shows that
this ideal result is rarely obtained. As a matter of fact, the correlation p; between
parameters i and j can be defined as:

Vi
Vil
tabulation vj; is the element of the ith row and jth column of matrix V. The closer
the absolute value of pj is to 1, the worse the quality of the obtained model parameters
is. It can be proposed heuristically that absolute values of p;j lie below 0.7.
Calculation of Hy and V, at the end of the estimation process also allows the

determination of confidence intervals for the parameter estimates with the help of the
Student’s ¢-distribution, as shown in the form:

Pij = (1149)

1-¢ 1
i & Iy Ng-np i) (11.50)

where tll\&%NE_NP is the ¢ value of the Student’s ¢-distribution, defined for NY-NE — NP
degrees of freedom and cumulative probability of 1 — . As reported before, 1 — ¢
represents the confidence level (for confidence of 99 %, ¢ is equal to 0.01). The limits of
the Student’s #-distribution in Equation (11.50) can be calculated with help of standard
functions provided by the vast majority of commonly used spreadsheets. For example,
in the Excel spreadsheet the reader will find the functions DIST.T and INV.T, which
can be used for computation of the limits of Equation (11.50).

Example

E11.6 In Example 11.3, the objective function was defined in the form:

(C4 — CAOe_km)z (C4, — CAOe_kltz)z

Fob‘ kl = +
] ( ) 5%11 Sfxz
—bk 2 _ 2
+ (C§1 - CAO (1 —e kltl)) + (CEZ - CAO (21 —e kltz)) (11.51)
SB1 SB2
so that

8F0b]' _ 2 (CIEM — CAoefkltl) (CA()tle*kltl) n 2 (Cfu — CAoefkltz) (CAotzefkltz)

Ok1 Sa1 Shz
n 2 (Cfn — Cao (1 - e‘k'”)) (—CA0t1e_km)
5%%1
2(C8, — Cao (1 — e=k112)) (=Cagtae—rt2
+ ( B2 A0 ( ez )) ( Aobae ) (1152)
SB2
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an

82F0b]' 2 (CAotle_kltl)z n 2 (Ci\l — CAoe_kltl) (—CAot%e_kltl) n 2 (CAotze_kltz)l

2 - 2 2 2
Ok SA1 Sa1 SA2

i 2 (sz — CAOe—kltz) (_CAOt%e—kltz) N 2 (CAOtle_kltz)Z

Sia %
2 (Cle_n — CA() (1 — e—kltl)) (CAot%e_kl“) 2 (CAOtze_kltz)z
+ 2 + 5
SB1 Sk
4 2(Cha = Cao (1= %) (Cuotie ™) 1153
SB2
2 a—1
V= skar]=2 [a Fozbl] (11.54)
oky

Equations (11.52-53) show explicitly that the uncertainties of the model param-
eters depend on the available data points, on the mathematical structures of the
proposed objective function and kinetic model and also on the experimental preci-
sion. As one can see, the calculations associated with the determination of parameter
uncertainties can be quite complex even in very simple kinetic problems; therefore,
investigators involved with kinetic modeling and determination of kinetic parameters
should be encouraged to develop fundamental programming skills and to rely on the
support of appropriate computer software.

In order to illustrate how the formulation of the estimation problem can affect
the calculation of parameter uncertainties and distort the statistical significance of the
obtained estimates, Equation (11.31) is also used to calculate V,. In this case:

9Fop
o= 281 (ghy ~ (ko) + 26 (5 — (~his)
+ 211 (25 — (k1)) + 282 (25, — (—kit2)) (11.55)
92F 1
=4t} + 46 (11.56)
ok

The differences between Equations (11.52) and (11.55) are enormous!! This
shows once more that the estimation problem should not be manipulated only to
allow the derivation of analytical expressions, without sound comprehension of
the consequences for interpretation of the statistical significance of the obtained
parameters.

Finally, for the sake of completeness, in case 1 of Example 11.3, 0.548 h™! < k=
1.072h™' <1.596 h™!; in case 2 of Example 11.3,0.126 h™! < k1=0.715h"' < 1.304 h™!;
and in the case of Equation (11.31), 0.022 h™! < k1= 1.028 h™! <2.034 h™!. To perform
the calculations, it was necessary to define the confidence level (assumed to be equal to
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95%, so that ¢ =0.05) and the degrees of freedom (NE* NY — NP=2%2 — 1=3).
Thus, in this case the ¢ value becomes equal to 3.18, as calculated with the cumulative
Student’s ¢-distribution in the Excel spreadsheet. The reader must observe that the
parameter estimate is significant in all cases within the established confidence level of
95%, as the confidence intervals do not include the null value.

Although the computation of confidence limits for model parameters can be
important for statistical interpretation of the actual physical meaning of the obtained
parameter estimates, confidence limits calculated with Equations (11.48-50) are rough
approximations of the real confidence limits of the parameters. This is because deriva-
tion of Equation (11.48) assumes that measurement fluctuations are small and because
Equation (11.50) neglects the correlations among the many possible model parameters
(Himmelblau, 1970; Bard, 1974; Schwaab and Pinto, 2007). For these reasons, param-
eter uncertainties can be characterized better when confidence regions, rather than
confidence intervals, can be computed. The confidence region of parameter estimates
can be defined as the set of all parameter values that can provide model predictions
comparable to the available experimental data, within the specified statistical level of
confidence.

Assuming the objective function can be approximated around the point of mini-
mum by a quadratic function, as described in Equations (11.56-57), where represents
the parameter estimates:

Foy 1 . .

Fopj (@) = Foi(@) + (o = &) =22 + = (o — &) "Ha (o — &) (11.57)
o

Fopj (@) — Fopj(@) = (@ — &)V, (@ — &) (11.58)

The right-hand side of Equation (11.57) represents an ellipsoid in the parameter
space, justifying the usual assumption that the confidence region of parameter estimates
has the shape of an ellipsoid (which can only be confirmed when Equations (11.56—
57) provide good local approximations of the objective function, which is usually
not the case!). If one assumes that parameter values follow the Gaussian distribution
(which must not be true either!), the right-hand side of Equation (11.57) defines the
chi-square variable computed with NP degrees of freedom (Himmelblau, 1970; Bard,
1974; Schwaab and Pinto, 2007). Consequently, the confidence region of the parameter
estimates can be calculated in the form:

(@ —&) 'V, (o« — &) < X307 (11.59)

After minimization of Fop(a) and calculation of &, V. ! and Xzz\f(llf‘b), parameter values
that satisfy Equation (11.58) can be obtained, reported and plotted. However, as the
covariance matrix of experimental fluctuations Vy is usually characterized poorly (or
is even unknown) and the covariance matrix of parameter estimates represents only
a rough approximation of the true matrix V,, Equation (11.58) is usually presented
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in alternative forms, such as (Himmelblau, 1970; Bard, 1974; Schwaab and Pinto,
2007):

NP

A Tvu-li A
(@ —&) Vo (0= &) = Ty —Np

Fobi(&)F&:ﬁE*NﬁNP (11.60)

N NP (1-9)
FOb](u) E Fob](o‘) <1 + mFNP,NE*NnyP (11.61)

The use of Equations (11.58-60) is facilitated tremendously by stochastic proce-
dures, such as the Monte Carlo algorithm presented in Example 11.4, as many samples
(often thousands of samples) of F,p; () and respective values of @ become available
after convergence. This can be regarded as a major advantage of most stochastic algo-
rithms employed for estimation of kinetic parameters. Additionally, it is important
to emphasize that Equation (11.60) does not make use of the quadratic approxima-
tion of Equation (11.56), which allows the computation of more realistic nonelliptical
confidence regions of parameter estimates than the ones computed with Equations
(11.58-59). The reader must observe that the continual development of computer
resources is promoting the fast and simultaneous development of numerical tech-
niques used for characterization of kinetic parameters, so that this particular area
of knowledge now constitutes an effervescent field of investigation.

Example

E11.7 The estimation problem proposed in Example 11.3 was solved once more with
help of a Monte Carlo procedure. The parameter k; was searched in the interval [0, 2]
and 1000 candidates were used at each iteration to perform the numerical search.
The adopted absolute numerical tolerance was set to 0.001 both for the size of the
search region and the modification of the objective function. Finally, the contraction
rate was set to 0.9. Based on the data reported in Example 11.3, NE x* NY — NP=3
and NP =1. Assuming a confidence level of 95% (¢ =0.05), then according to the
cumulative F-distribution available in the Excel spreadsheet:

0.95
FY* =10.128

. 1 .
Fopj (@) < Fop; (&) <1 + §F%95)> =4,376F o (@) (11.62)

At the point of minimum for case 1, ky = 1.072 h~! and Fy; (k1) = 0.2928. There-
fore, all k1 values that lead to Fy; (kl) <1.3028 are statistically acceptable in case 1.
At the point of minimum for case 2, k; =0.716 h™" and Fy; (k1) =0.3534. Therefore,
all ky values that lead to F,p; (k1) <1.5465 are statistically acceptable in case 2. Fig-
ure 11.4 shows acceptable parameter values and respective objective function values
calculated with the help of the Monte Carlo procedure in both cases. The reader must
observe that the confidence limits are not symmetrical, as imposed by the quadratic
approximation.



Determination of kinetic parameters through parameter estimation 261

1.8
1.6

1:4 ! ‘

Fob/
-
e o?

0.8
0.6
0.4
0.2

0.4 0.6 0.8 1 1.2 1.4 1.6
ky (™)

®Case 1@Case 2

Figure 1 1.4 Confidence region of parameter values and respective objective function values calculated
with help of the Monte Carlo procedure in both cases of Example | 1.3.

11.7 UNCERTAINTIES OF MODEL PREDICTIONS

After evaluation of model adequacy and quality of model parameters, it becomes nec-
essary to characterize the intrinsic uncertainties of the predictions provided by the
model. Given the uncertainties of the parameter estimates and the use of the param-
eters for calculation of model responses, it seems clear that model responses are also
uncertain to some extent. In particular, if one assumes that parameter uncertainties are
small (and Figure 6 shows that uncertainties can be large), it is possible to write:

V,=BV,BT +V, (11.63)

where Vy is the covariance matrix of model responses and

W B
3(11 30(1\11)
B=||: -.: (11.64)
PNy .. BNy
dorq JNP

so that matrix B contains model sensitivities to changes of parameter estimates (Him-
melblau, 1970; Bard, 1974; Schwaab and Pinto, 2007). Based on the covariance matrix
of model responses, the confidence intervals of model predictions can be defined as:

1-% 1
Yi £ tnpany-np i)? (11.65)
. . o o 18 ,
tabulation v; is the ith diagonal element of matrix V,, ty, 3, is the Student’s ¢

variable defined for NE « NY — NP degrees of freedom of the associated estimation
problem and cumulative confidence level of 1 — ¢/2.
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As described previously for the parameter estimates, Equations (11.62—63) assume
that measurement fluctuations are small, while Equation (11.64) neglects correlations
among the many possible model responses (Himmelblau, 1970; Bard, 1974; Schwaab
and Pinto, 2007). For these reasons, the uncertainties of model responses can be charac-
terized better when confidence regions (rather than confidence intervals) of parameter
estimates are considered. In this case, if stochastic parameter estimation procedures
are used, execution of this task becomes relatively simple, as all parameter candidates
that satisfy Equation (11.60), for instance, can be used to calculate the respective
model responses, which are statistically meaningful model outputs that belong to the
confidence region of model predictions.

Example

E11.8 The estimation problem proposed in Example 11.3 and solved in Example 11.7
with help of a Monte Carlo procedure led to the confidence regions of parameter
estimates shown in Figure 11.4. The parameter values shown in Figure 11.4 were then
used for computation of the model outputs, leading to the model prediction boundaries
presented in Figure 11.5, which constitute the confidence regions of model responses
for cases 1 and 2.

1.2 ‘ ‘ ‘
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Figure | 1.5 Confidence region of model responses calculated with help of the Monte Carlo procedure
in both cases of Example | 1.3: (a) Case | and (b) Case 2.
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11.8 PARAMETERIZATION OF THE ARRHENIUS EQUATION

As shown in Section 3.3.3, the Arrhenius equation can be written in different forms,
including the one shown below:

E/1 1
k=exp [A -2 (T - Trefﬂ (11.66)

tabulation

E

11.67
RTref ( )

A=In (kref) =In (ko) —

and E is the activation energy. Ty is an arbitrary reference value that can be used to
normalize the Arrhenius equation.

Using the numerical tools presented in the previous sections, Schwaab and Pinto
(2007b) and Schwaab ef al. (2008) investigated the estimation of A and E in different
temperature-dependent kinetic problems. Particularly, A and E were estimated for the
problem presented in Example 11.3, assuming that concentrations of species A were
available at different reaction temperatures and using the usual least-squares objective
function of Equation (11.14). The authors were able to show both analytically and
numerically that there always is an optimum value of Ty that allows the estimation
of model parameters with minimum correlation and maximum precision and that
this T, value is placed inside the interval [T, Tinax], where T and Thax are the
minimum and maximum experimental temperatures used to generate the experimental
data employed in the estimation procedure.

In order to illustrate the points raised in the previous paragraph, Figure 11.6 shows
the effect of T, on the parameter correlation between A and E in Equation (3.3) for a
certain set of experimental data, clearly showing that the parameters can be estimated
independently if T is selected appropriately. In other words, Figure 11.6 clearly shows
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560 580 600 620 640 660 680 700
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Figure 11.6 Correlation between A and E in Equation (3.3) as a function of T, after estimation of
model parameters in a temperature-dependent kinetic problem described by a first-order
reaction rate equation as shown in Example | 1.3 (Schwaab and Pinto, 2007b).
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Figure 1 1.7 Relative uncertainties of parameters kr¢ (line) and E (dashed line) in Equation (3.3)
as functions of T\, after estimation of model parameters in a temperature-dependent
kinetic problem described by a first-order reaction rate equation as shown in Example
I'1.3 (Schwaab and Pinto, 2007b).
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Figure 11.8 Elliptical approximation and likelihood confidence regions of parameters k. and E cal-
culated with the traditional Arrhenius equation, after estimation of model parameters in a
temperature-dependent kinetic problem described by a first-order reaction rate equation
as shown in Example | 1.3 (Schwaab and Pinto, 2007b).

that proper manipulation of the parametric form of the model can allow the estima-
tion of independent model parameters, which is certainly amazing and encourages the
development of different parameterized versions of kinetic rate models. Additionally,
Figure 11.7 shows that the point of minimum correlation between A and E is also
the point where the error contents of both parameters are minimum, showing that
manipulation of the parametric form of the model can also allow the estimation of
more precise model parameters, which is certainly important for practical purposes,
as parameters are expected to be as precise as possible. Furthermore, Figures 11.8 and
11.9 illustrate the effect of Tt on the confidence region of the parameter estimates, as
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Figure 11.9 Elliptical approximation and likelihood confidence regions of parameters k..t and E cal-
culated with Equation (3.3) and reference temperature of 628.45 K, after estimation of
model parameters AandE in a temperature-dependent kinetic problem described by a
first-order reaction rate equation as shown in Example 11.3 (Schwaab and Pinto, 2007b).

calculated with the help of the elliptical approximation and the parameter candidates
provided by a stochastic parameter estimation procedure. Particularly, Figure 11.8
shows that the elliptical approximations can indeed provide poor approximations of
the real confidence regions of the parameter estimates, as discussed before. However,
Figure 11.9 shows once more that proper manipulation of the parametric form of the
model can allow the estimation of smaller and well-behaved confidence regions of
model parameters, reinforcing the possible benefits of investigating the use of different
parameterized versions of kinetic rate models.

1.9 CONCLUDING REMARKS

In Chapter 11, the parameter estimation problem was presented and used to estimate
kinetic rate constants in kinetic problems. As discussed in previous sections, the param-
eter estimation procedure comprises three main stages: (i) definition of the objective
function; (ii) minimization of the objective function; and (iii) statistical analyses of the
obtained results. Mathematical tools were then developed and used to perform the
tasks of the different estimation steps. Particularly, the maximum likelihood method
was presented as a powerful technique to estimate kinetic rate parameters, combining
experimental data, model equations and statistical characteristics of the measuring
system. As a matter of fact, it was shown that the precise determination of experi-
mental fluctuations is of fundamental importance for model building, evaluation of
model adequacy, characterization of parameter quality and determination of confi-
dence regions for both model parameters and model responses. Finally, it was shown
that proper manipulation of the parametric form of the model can allow the estimation
of independent and more precise model parameters, encouraging the development of
different parameterized versions of kinetic rate models.






Chapter 12

Experimental design

In Chapter 11, the parameter estimation problem was presented and discussed. Partic-
ularly, it was assumed in Chapter 11 that both the experimental kinetic data and the
kinetic model were available. Nevertheless, the mathematical structure of the model
and the effects of the independent variables on the dependent variables are usually
unknown during the earlier stages of an experimental kinetic study. At these initial
stages, very frequently it is not even known which variables in a set can indeed affect
the analyzed process responses. In these cases, the use of statistical techniques for pro-
posal of experimental designs can be quite helpful (Box et al., 1978; Montgomery and
Runger, 2002; Schwaab and Pinto, 2011).

Statistical experimental design constitutes families of experimental design pro-
cedures that attempt to maximize some sort of metrics that depend on previous
knowledge about the analyzed experimental system and the main result the analyst
seeks. As a consequence, the number of distinct design procedures is enormous, so it is
not possible to review this entire area in a single chapter of one book. Nevertheless, in
the following sections some fundamental aspects of statistical experimental design are
discussed, so that the interested reader will be able to characterize the most important
features of the particularly analyzed kinetic problem and feel encouraged to search for
additional information in the open literature.

In order to organize the presentation of the following sections, four fundamental
experimental design problems are considered:

1. Problems where the analyst does not know the effects caused by experimental
design variables (x) on response variables (y), so that the investigator wants to
characterize the influence of input variables on response variables with maximum
precision with help of NE designed experiments (x1 x5 ..., XNE);

2. Problems where the analyst does know the reference kinetic model that must be
used to describe a particular kinetic problem and wants to design a batch of NE
experiments (x1 X2 ..., xNg) that can allow the estimation of model parameters
(e) with maximum precision;

3. Problems where the analyst has already performed NE experiments
(x1,%2,...,%XNE), handles a set of NM model candidates to describe a particu-
lar kinetic problem (y}!(x, a}!), ¥} (x,0d"), ..., y¥y(x, a}ly)) and wants to define
the best model candidate through sequential experimentation and selection of one
additional experiment (xNg41);
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4. Problems where the analyst has already performed NE experiments (x; x5 ...,
xNE), has selected a reference model to describe a particular kinetic problem
yM(x, M) and wants to define the most precise set of model parameters through
sequential experimentation and selection of one additional experiment (xng+1)

Almost certainly, the reader will be able to fit the analyzed problem into one of
these four large families, as described in the following sections.

12.1 FACTORIAL EXPERIMENTAL DESIGN

When the analyst does not know the effects caused by experimental design variables
(x) on response variables (y), the main objective of the investigation probably is the
characterization of influence of input variables on response variables with maximum
precision, with the help of NE designed experiments (x; x5 ..., xNg). In this case, the
main objective of the experimental study is the determination of correlations among
input variables (in kinetic problems, usually temperature, pressure, catalyst composi-
tions, contact time, spatial velocity, time and feed compositions) and process responses
(in kinetic problems, usually reaction rates, selectivities, reaction yields and product
compositions). Therefore, x is a vector of NX inputs and y is a vector of NY responses.
The experimental design procedure must then provide a set of NE experimental con-
ditions (x1 x2 ..., xng) for determination of the influential effects of experimental
variables on outputs. Thus, the main product of the experimental design procedure is
a spreadsheet X that contains a set of experimental conditions of the form:

X1,1 ... X1,NE
X=| : - (12.1)

XNX,1 -+ XNX,NE _| NxxNE

In classical factorial experimental designs, experimental conditions (experimental
condition for variable i at experiment j) must be uniformly distributed over the exper-
imental region. Therefore, the analyst must provide the range of feasible experimental
conditions for each variable x(; nin) and X max), =1, . . ., NX, and the experiments are
selected as all possible combinations among the selected variable levels (experimental
conditions) of the independent manipulated variables. Consequently, the investigator
must also provide the number of variable levels NL; for each input variable.

Example

E12.1 In a certain kinetic problem, the investigator wants to determine how reaction
yield (Y) responds to modification of reaction temperature (T'), reaction pressure (P)
and contact time (). Therefore, in this case:
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The order is wrong. The vectors x and y should be presented before this sentence,
which refers to NL, xmin and xmax.

T
xi=|P|,yi=[Yl
_9 i

3 70 110
NL=1|2 |,xmin=| 1 [,%max 3
2 30 60

tabulation T is given in °C, P in atm and in min. In order to obtain a uniform
distribution over the whole range of experimental conditions, the following conditions
must be satisfied:

70,90, 110
NL = 1,3,

30,60

and the experimental design becomes

113311331 1 3 3

7070 70 70 90 90 90 90 110 110 110 110
X =
30 60 30 60 30 60 30 60 30 60 30 60

with NE=3 x 2 x 2 =12 experiments.

Although factorial designs are quite simple and seem somehow natural, the fact
is they rely on a solid theoretical structure, and they can be very helpful. In order
to provide the desired correlations among the analyzed variables, empirical linear
correlation models are normally used to perform the initial correlation analyses, as
described in Example 11.1 of Chapter 11, in the form:

NP
YW x ) = efi(x) (12.2)
j=1
with
a=M""Y; (12.3)
where

NP NP
;fl(xf)fl(xf) ;fl(xf)fNP(xf)

M= : o (12.4)
NP NP
YoINe () f(xS) - D e () e ()

i=1 i=1
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NP
Y ovifi(xs)
i=1
Y= : (12.5)
NP
D yiiNe(xf)
i=1
V,=2M"! (12.6)

In Equation (12.2), «; is an empirical model parameter that measures the relative
importance of the experimental effect f; (x). Usually, Equation (12.2) is presented in
the particular form:

NX NX
yM (x,a) =ap + Za,-xi + ZZb,’,’x,'X/ (12.7)
i=1 i=1 j>i

where parameter ag (bias) is associated with the effect f (x) =1; parameters a;,
i=1, ..., NX (linear main effects) are associated with the effects f;(x) = x;; and param-
eters b;j,i=1,...,NX, j > i (synergetic, interaction or nonlinear effect) are associated
with the effects f;(x) = x;x;.

The extremely important property of Equations (12.3-7) is the fact that the design
matrix M (and therefore the covariance matrix of model parameters V) is diagonal
in factorial designs, allowing the independent determination of the model parameters
(and respective variable effects). For this reason, factorial experimental designs in the
form of Equations (12.3-7) are called orthogonal designs. However, in order to obtain
orthogonal designs, it is necessary first to reparameterize the model equations in the
form:

NX NX
W@ =ao+ Y azi+ Y Y bizz (12.8)
i=1 i=1 j>i
with
. ( Xmax+Xmin
=2 xm(“_xz_ ) (12.9)
(g )

Reparameterization of the model can be fundamental for quantitative analyses for
many practical reasons: (i) it allows for calculation of independent model parameters;
(i1) it removes physical units of model parameters and variables, allowing direct com-
parison of obtained parameter values; and (iii) it allows objective ordering of input
variables in terms of relative influence on process responses, as shown in the following
examples.
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Example

E12.2 In Example 12.1, it is possible to write:

T-90
20

gi= 1
i
so that the experimental design becomes:

-1-1-1-10 0 0 0 +1 414141
Z=|-1-1+14+1-1-14+1+4+1-1-1+4+1+1
-1+1-14+1-14+1-14+1-141-1+1

with
M— b b b
y© =ao +a121 + a222 + a3z3 + 0132122 + 0132123 + 0232222
and
r NE NE NE NE NE NE NE N
>1 >z Yz 223, >z1,i22, Y 21,23, Y2223,
i=1 i=1 i=1 i=1 i=1 i=1 i=1
NE NE ) NE NE NE ) NE 5 NE
2 21 PR Do71,i%2, D R1,i%3, DR R2, D713, D 71,i%2,i%3,i
i=1 i=1 i=1 i=1 i=1 i=1 i=1
NE NE NE 5 NE NE 5 NE NE )
> 22 > -21,i22,0 23, Y2223, 2.7 2, D R1,iR2,R3, DRy A3,
i=1 i=1 i=1 i=1 i=1 i=1 i=1
NE NE NE NE NE NE NE
M=| 23 2 71,i%3,i 272,23, 2R3, Yo21,i%2,i%3  D.%53,%, Y232,
i=1 i=1 i=1 i=1 i=1 i=1 i=1
NE NE NE NE NE NE NE
DoRiR2 DR A2 275 30 D R1,i%2,i%3i 2R3, YR R,i%30 %5 R1,i%3,0
i=1 i=1 i=1 i=1 i=1 i=1 i=1
NE NE NE NE NE NE NE
DoR1,iR3 DR R3 D oR1,iR2,iR3, D R3 R, DRy R 2R3, 273,81,
i=1 i=1 i=1 i=1 i=1 i=1 i=1
NE NE NE NE NE NE NE
Zzz,m,i Zzuzz,iza,i Zzz)im,i Zz&izz,i Zzz,isz,i 223’1-21,;12,;' Zzz)iz&i
i=1 i=1 i=1 i=1 i=1 i=1 i=1
130 0 0 0 0 O
08 0 0 00O O
0013 0 0 0 O
M=| 0 0 0 13 0 0 O
00 0 0 8 0 O
00 0 0 08 O
00 0 0 0 0 13
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One important problem associated with standard factorial experimental design is
the resulting large number of experiments (NE), equal to:

NX
NE= (HNL,) NR (12.10)

i=1

tabulation NR is the number of replicates at each experimental point, which must
be equal throughout the experimental grid to assure the orthogonal properties of the
final experimental design. This can lead to explosive growth of NE, as NX and NL;
increase. For instance, in Example 12.1 NE becomes equal to 81 if NL; = NL, = NL3
= NR = 3. For this reason, Schwaab and Pinto (2011) recommended the use of NL
= 2, when the investigator is interested in determining the coefficients of Equations
(12.8-9), or NL = 3, when the investigator is also interested in the determination of
quadratic coefficients in the form:

NX NX NX
M (z,0) =a + Zdz’zl‘ + ZZ@/Z;’Z/ + ZC,‘Z,-Z (12.11)
i=1 i=1 j>i i=1

The use of quadratic coefficients can be important in problems that are associ-
ated with the optimization of experimental responses and in which the occurrence
of points of maximum or minimum must be found during the investigation. Particu-
larly, Schwaab and Pinto (2011) showed that the precision of the model parameters of
Equations (12.8-9) increases very slowly with NL, so that the use of NL > 2 is almost
always difficult to explain.

In order to reduce the number of experimental points in the design, it is important
to observe that factorial designs contain fractions that are also orthogonal and that
also allow the computation of independent model parameters. For instance, when
NL =2, factorial designs can be divided sequentially into two parts of equal size that
remain orthogonal, giving birth to fractional factorial designs, represented in the form
2NX=Nd ' \where Nd is the number of sequential divisions imposed on the original plan.
The repartition of the original plan is possible while NE =2NX-Nd ~ NX (Schwaab
and Pinto, 20011). Obviously, as the number of experimental points is reduced, the
number of model effects that can be observed with the empirical model must also be
reduced, to assure the existence of appropriate degrees of freedom for the estimation
problem and also because some experimental effects become confounded, as observed
in Example 12.3.

Example

E12.3 In Example 12.1, when NL =2 for all variables, the experimental design
becomes:

2 70 110
NL=|2 > Xmin = 1 s Xmax = 3
2 30 60
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where T is given in °C, P in atm and 6 in min. In order to obtain a uniform distribution
over the whole range of experimental conditions, the following conditions must be
satisfied:

70,110
NL=| 1,3
30,60

and the experimental design becomes

70 70 70 70 110 110 110 110 ]
X=({11331 1 3 3
3060306030 60 30 60 |

—1-1-1—-14+1+1+1 417
Z'=| -1-1+141-1-1+1+1
—141-1+1-1+1-1+1 |

tabulation NE=2 x 2 x 2 =8 experiments (or 24, if each experiment is replicated
three times for computation of experimental variances). One must observe that the
original full factorial design can be split into two halves that contain four experiments
(NE =4 > 3 =NX) of the form:

[ —1 —1 41 +1]
Z'=| -1 +41-1+1
| —1+1+41-1

-1 —1 +1 +17]
Z2=| -1+1-1+1
| +1 -1 —1+41

In the case of the full factorial design, the following empirical model can be used for
quantitative analyses:

yM =ay+a121 + @z +a3z3 + bizziza + bizzizs + bz

tabulation the empirical model used as reference must be much smaller when the
fractional experimental design is proposed:

yM =ap +a121 + a222 + aszs

Therefore, repartition of the experimental design imposes the necessary simplifi-
cation of the quantitative analyses. Besides, it is easy to show that in the fractional
factorial plan Z', 21 = —223, 22 = —2123 and z3 = —z12,. This means that synergetic
effects are confounded with the linear main effects in the simpler Z' experimental
design, indicating that the experimenter will not be able to calculate the synergetic
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effects and that, if they do exist, they will be interpreted as the effect of another dif-
ferent variable. Similarly, it is easy to show that in the fractional factorial plan Z?,
%1 =22%3,%32=21%3 and 23 =21%2.

As illustrated in Example 12.3, one important issue to consider when proposing
the use of fractional factorial experimental design is the proper characterization of
confounding and understanding which variable effects can indeed be calculated with
the empirical model of Equations (12.8-9). In order to do this, most textbooks, spread-
sheets and statistical applications provide tables and intrinsic functionalities that can
be used to characterize the confounding of variable effects.

Example

E12.4 A simple technique that can be used to characterize confounding is computation
of correlation matrixes. In this case, each analyzed effect must be associated with a
virtual variable, as shown below for plans Z and Z':

Z Z Z3 Z,1Z) ZiZ3 ZyZ3
-1 -1 -1 +1 +1 +1
-1 —1 +] +| -1 -1
-1 +1 -1 -1 +1 -1
—1 +1 +] -1 -1 +1
+1 -1 -1 -1 -1 +1
+1 -1 +| -1 +] -1
+1 +1 -1 +1 -1 -1
+1 +1 +] +| +] +1
zZ zZ) Z3 z,z) Zz3 Z)z;5
-1 -1 -1 +1 +1 +1
-1 +1 +1 -1 -1 +1
+1 -1 +1 -1 +1 -1
+1 +1 -1 +1 -1 -1

that lead to the following correlation matrixes:

zZ z zZ3 7 Z,z3 Zz3

zZ
z
Z3
z,7;
Z1z3
Zz3

[eNeoNoNoNo R
[eNeoNeoNoR o]
[eNeoNeRoNeNe
[oR NeoNoNoNo]

=X =NeNoNo)
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z z) Z3 Z,2; Ziz3 Zz3
z; | 0 0 0 0 —I
z; 0 | 0 0 -1 0
z3 0 0 | -1 0 0
Z1Z) 0 0 —1 | 0 0
Z,Z3 0 -1 0 0 | 0
ZyZ3 -1 0 0 0 0 |

that clearly indicate the occurrence of confounding in the fractional factorial plan.

An additional point to be emphasized is the fact that experiments must be repli-
cated to provide experimental precision, as described in Sections 1.8 and 1.9. Although
replication of all experiments constitutes a sound experimental strategy, this can lead to
a significant increase in experimental effort. In order to reduce the number of replicates
and simultaneously keep the orthogonality of the experimental plan, most experimen-
tal designs include the center of the experimental region as an additional experiment
that must be performed and replicated. In this case, the experimental errors are nor-
mally assumed to be the same throughout the experimental grid and equal to the value
provided by the replicated central condition, which frequently constitutes a strong
simplifying assumption about the behavior of experimental variances and should be
considered carefully by the analyst.

Example

E12.5 In Example 12.3, the inclusion of the central point leads to the following
experimental design

70 70 70 70 110 110 110 110 90 90 90
X=({11331 1 3 3 222
| 3060306030 60 30 60 454545

-1 -1-1-14+1414+14+1000
Z=|-1-1+14+1-1-1+14+1000
| -1+1-141-1+1-141000

with NE=2 x 2 x 2 + 3 =11 experiments.

Before finishing this section, it is important to observe that, whenever possible,
the experiments in experimental design should be performed in random order to avoid
confounding with uncontrolled external effects and the undesired capturing of external
effects by estimated model parameters.
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Example

E12.6In Example 12.5, let us assume the experiments are performed in the exact order
in which they are presented. Let us also assume that contamination of the feed lines
takes place after the fifth experiment and goes unnoticed by the investigator. Then,
as reaction yields decrease after the fifth experiment, quantitative analysis concludes
that reaction yields tend to decrease with temperature, as the last six experiments
are performed at higher temperature levels. This is certainly incorrect and does not
represent the real effect of temperature on yields but rather the effect of confounding
between the reaction temperature and the undesired and unmeasured contamination
effect.

Example

E12.7 One might argue about the necessity to implement factorial design plans instead
of the usual one-variable-a-time plan (or cross design). For instance, in Example 12.1,
let us assume that a cross design approach is used. Then, the following design can be
assumed:

-1+41 0 0 0 0000
Z=| 0 0 -1+10 0000
0 0 0 0 -1+1000

with NE =9 experiments. In this case:

zZ Z) Z3 Z12Z) Z,z3 Z)z;5
- 0 0 0 0 0
+1 0 0 0 0 0
0 -1 0 0 0 0
0 +1 0 0 0 0
0 0 -1 0 0 0
0 0 +1 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0

that leads to the following correlation matrixes:

zZ z zZ3 7 Z,z3 Zz3
zZq | 0 0 - — —
z 0 | 0 - - -
Z; 0 0 | - — —
Z1Z) — — - - — —
Z123 — - - - — —
Z,Z3 — — - - — —




Experimental design 277

that clearly indicates that synergetic effects cannot be computed and that the proposed
design is unable to capture the existence of nonlinear interaction effects among the
many variables of the system. As a matter of fact, cross designs can only be useful
during the very early stages of experimental analyses, for initial screening of variable
effects, or when determination of individual quadratic coefficients is recommended for
further modeling purposes. As factorial designs explore the experimental region much
more efficiently and allow the determination of synergetic effects, the use of factorial
design approaches is normally much more effective for quantitative analyses than are
cross designs. Despite that, it is typical to combine cross design and factorial design
when determination of individual quadratic coefficients is sought.

The interested reader is strongly encouraged to consult the literature for illustrative
examples of applications of factorial experimental design in kinetic problems (Nele ez
al., 1999; Larentis et al., 2001; Bhering et al., 2002; Larentis et al., 2003). Example
12.8 illustrates the use of factorial design for interpretation of kinetic problems.

Example

E12.8 Matos et al. (2001) studied the effects of reaction operation conditions on slurry
propylene polymerizations performed with a standard Ziegler-Natta catalyst. In order
to carry out the experimental study, the authors proposed a 27~ fractional factorial
experimental design (7 variables at 2 experimental levels, with 4 sequential repartitions
of the original full factorial design) with replicates at the central point, as described in
Table 12.1.

Before using the data for quantitative evaluations, it is important to emphasize
some relevant practical points related to Table 12.1:

1. Design variables were selected a priori, based on previous knowledge of the
authors, and included P (propylene partial pressure, as propylene is the main
reactant and P reflects variations of the reactant concentration), PH, (hydro-
gen partial pressure, as hydrogen is known to affect the catalyst activity), T
(reaction temperature), [T7] (the titanium concentration in the slurry), A/T; (the
ratio between aluminum and titanium molar concentrations in the mixture, as
provided by a first aluminum compound that activates the catalyst), ¢ (reaction
time, as it is not possible to take samples from the reactor during the reaction
course) and A/ T, (the ratio between aluminum and titanium molar concentra-
tions in the mixture, as provided by a first aluminum compound that activates
the catalyst);

2.  Experimental conditions were defined in accordance with the reparameterized
plan presented in Table 12.2;

3. Experiment HO was an industrial reference, included in the plan to allow the
direct comparison with the plant performance and industrial validation of the
obtained results;

4.  All experiments were replicated at least twice, although experiment H6 had to
be interrupted because of excessive production of polymer material, flooding the
reactor and indicating that it should not be repeated;
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Table 12.] Experimental design for investigation of slurry propylene polymerizations
performed with Ziegler—Natta catalysts.

P PH, T [l t Pol
Code Order (kgflem?) (kgflem?) (°C) (mg/L) AIT, (h) AT, (g)
HO | 7 | 65 200 09 2 2 299
HO 15 7 | 65 200 09 2 2 317
HO 28 7 | 65 250 09 2 2 353
HO 37 7 | 65 25 09 2 2 372
HI 6 6 0 50 200 09 | 14 54
HI 9 6 0 50 200 09 | 14 59
H2 31 6 | 70 400 113 1 14 307
H2 59 6 | 70 400 113 | 14 340
H3 8 6 | 70 200 09 3 2 457
H3 10 6 | 70 200 09 3 2 495
H4e 32 6 0 50 400 113 3 2 3I8
H4 56 6 0 50 400 113 3 2 338
Hs 29 8 0 70 200 13 1 2 214
Hs 58 8 0 70 200 13 12 201
H6 13 8 0 70 400 09 25 14 860
H7 57 8 | 50 200 113 3 14 145
H7 60 8 | 50 200 113 3 14 156
H8 11 8 | 50 400 09 I 2 72
H8 13 8 | 50 400 09 I 2 195
HY 34 7 0 60 300 101 2 1.7 358
H9 35 7 0 60 300 101 2 17 355
H9 55 7 0 60 300 101 2 17 363
HY 36 7 0 60 300 101 2 17 37
HIO 38 7 | 60 300 101 2 17 452
HIO 39 7 | 60 300 101 2 17 42

Table 12.2 Experimental design for investigation of slurry propylene polymeriza-
tions performed with Ziegler—Natta catalysts in the reparameterized
form.

Code P=z; PH)=z, T=2z; [Ti]=Z4 AlT=z; t=z; AlT,=z;

HoO 0 +1 +05 -l -1 0 +1
Hl -l - - - - - -
H2 -1 +1 +1 +1 +1 -l -1
H3 - +1 +1 - - +1 +1
H4 -1 —I -1 +1 +1 +1 +1
H5 +1 —I +1 - +1 - +1
Hé +1 —I +1 +1 -1 +1 -1
H7 +1 +1 —I - +1 +1 —I
H8 +1 +1 -1 +1 -1 —I +1
H9 0 =l 0 0 0 0 0
HIO 0 +1 0 0 0 0 0

5. The reference experiment HO was used as a blank (which most frequently is the
role of the central point) and was repeated several times during the execution of
the plan to ensure that the catalyst remain active;
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6. Experiments H9 and H10 were used as central points, because hydrogen par-
tial pressure behaved as a discrete variable for experimental reasons (absence
or presence of hydrogen) and could not be manipulated to provide the mean
pressure value of 0.5 kgf/cm?;

7.  Experiment H9 was replicated four times in order to better characterize the
experimental variances;

8. Asrecommended, experiments were performed in random order, to prevent the
inclusion of external effects on the quantitative analyses;

9. The apparent high number of experiments (60) was due to the execution of other
simultaneous experimental studies in the same experimental unit;

10. The main process response was the polymer yield (y = Pol).

Based on Table 12.1, the variance of the measured polymer yields was calculated
in the form:

10 NR; i—Yi :
o X NR =D T NR - D DT =371¢’
. _ _
N (NR - 1) 3 (NR; = 1)

tabulation NR; represents the number of replicates of experimental condition 7, and
Yk represents the kth measurement available for experimental condition 7. Therefore,
assuming measurement fluctuations follow the normal distribution and that the degree
of confidence is equal to 95% (see Sections 1.8 and 1.9):

e=+42s=439g

As the original factorial plan was partitioned four times, the experimental designs
presented in Tables 12.1 and 12.2 do not allow the independent calculation of syner-
getic effects (total of 21), as they are confounded with the main linear effects (total
of 7). According to the model presented in Equation (12.11):

yM =ap + a121 + a222 + 323 + 434 + aszs + ask6 + azzy
yM =C42L£2D)+ GBS E£27) 21 + (=32 +£21) 20+ (151 £26) 23
+ (110 £25) 24 + (=76 £ 25) z5s + (137 £28) 26 + (=34 £ 25) 27

Therefore, all analyzed variable effects are significant (as the confidence intervals
of model parameters do not include the 0), indicating that the prior knowledge of
the authors was important for proper selection of the input variables. Besides, the
observed effects indicate that P (z1), T (z3), [Ti] (z4) and ¢ (z6) exert positive effects on
the polymer yields, as it might already be expected, as yields normally increase when
reactant concentrations, reaction temperatures, catalyst concentrations and reaction
times increase. On the other hand, the observed effects indicate that PH (z3), A/ T (z5)
and A/ T, (z7) exert negative effects on the process response, so that the operation levels
of these variables should not be kept above levels required to achieve desired process
performances. For instance, PH; controls the average molecular weight of the product
and must increase when products of smaller molecular weights are desired, imposing
the increase of the catalyst concentration if polymer yields should remain constant.



280 Chemical reaction engineering

On the other hand, as both A/T; and A/T5 are needed to activate the catalyst system,
some sort of optimization of the catalyst system formulation must be performed to
assure maximum possible catalyst activity. Finally, based on the process responses,
reaction temperature can be regarded as the most influential process variable in the
analyzed experimental region, as the respective model parameter was found to be
the largest one, followed by reaction time and catalyst concentration. As said before,
direct comparison of obtained parameters can only be carried out because the model
was calculated in the reparameterized form, after removal of the physical units of the
input variables.

122 OPTIMAL EXPERIMENTAL DESIGN FOR PARAMETER
ESTIMATION

A different family of experimental design comprises techniques that are usually named
as optimal experimental designs. In this case, the analyst normally knows the reference
kinetic model that must be used to describe a particular kinetic problem (perhaps
owing to his or her previous experience in the field) and wants to design a batch of
NE experiments (x1 X3 ..., xNE) that can allow the estimation of model parameters («)
of the reference model with maximum precision. In a certain sense, factorial design
can also be regarded as optimal experimental design for Equations (12.8-9), although
these equations lack physical meaning. Besides, optimal experimental designs are more
general than factorial designs, because a smaller number of assumptions are imposed
on the design problem.

From a mathematical point of view, optimal designs search for NE experiments
(x1 x2 ..., xNE) that allow the maximization of a certain performance index defined
in the experimental region. Therefore, the experimental design becomes equivalent
to an optimization problem, where the manipulated variables are the experimental
conditions (Box et al., 1978; Edgar and Himmelblau, 1988; Montgomery and Runger,
2002; Schwaab and Pinto, 2011). The performance index is usually related to the
quality of the obtained model parameters, as described by the covariance matrix of
model parameters, in accordance with Equation (11.48) of Chapter 11 in the form:

V,=2H," (12.12)

which can be reduced to the form:

-1

NE

V, = |:ZBZB,{| (12.13)
k=1 NPxNP
oyM

Bk:[L } (12.14)
9 5 Iny<np
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tabulation the standard least-squares objective function is used for estimation of
model parameters and derivatives of higher orders are neglected (Box et al., 1978;
Montgomery and Runger, 2002; Schwaab and Pinto, 2011).

Performance indexes (]) are generally formulated in the form:

min

= det (V, 12.15

]1 X1y...9XNE ¢ ( ) ( )
min

L= xl’.”’xNEtrace Vo) (12.16)

tabulation propose the minimization of the parameter variances (or maximization
of the parameter precision). Optimization of Equations (12.15-16) can be compu-
tationally expensive, especially when the number of designed experiments (NE) is
large and experimental regions are not regular. However, the ability to handle arbi-
trary NE values and irregular experimental regions constitutes a major advantage of
optimal experimental designs when compared to factorial experimental plans. Fur-
ther, in order to facilitate a design problem, most problems assume that the designed
experiments (x; X;..., xng) must be selected from a pool of candidate experiments
(x1 x2 ..., xnG-NE) selected a priori by the investigator, according to previous expe-
rience and limitations of the experimental setup. This way, optimization must be
performed in a discrete set of candidate design plans (Nj,,), whose number is equal
to:

NG
Npjan = (NE > (12.17)

so that Ny, is the combination of NG candidate experiments in sets of NE exper-
iments. The combinatorial nature of the optimization procedure can constitute a
numerical difficulty that must be tackled when NG and NE values are large, and
this can be regarded as a major disadvantage of the proposed procedure, especially
because factorial designs can be proposed easily. Another disadvantage is the neces-
sity to provide the reference model and to compute model derivatives, which can be
difficult in more involved kinetic analyses.

Example

E12.9 In Example 11.3 of Chapter 11, the following set of kinetic equations are used
to describe the analyzed reaction system:

dC
A —k1Ca=Cy = CA()e_klt
dt
dCB —klt —kll‘
T—kch—kchoe =Cp=Cyo (1 —e )
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so that
C t
M __ A _ _
yo = |:CB i|sx— |:CAO:|,O[_ [kl]
Therefore,
B— % . —tCAoe_klt
N % - tCAoefklt

BTB=21>C} e 21

NE -1

_ 202 —2k1t,

Vo=2|) 1 Chpe 1%
k=1

As the proposed problem involves a single kinetic parameter, performance indexes
presented in Equations (12.15-16) are equal. In this case, minimization of the proposed
performance index is equivalent to maximization of:

NE
202 =2kt
J=max ZtkCAoke 1%
k=1

which leads to:

aJ
3Ca0k

NE
_ 2 —2kyt, __
=2 5 Cuppe 1% =0
k=1

a] NE
e 2) 1, Ciope 1% (1~ katy) =0
k=1

The first equation cannot be satisfied, because all variables are positive, indicating
that the point of optimality is a boundary of the experimental region. In this case,
maximization of | clearly imposes the use of the highest possible values of Cyo. This
makes sense, as the increase of Cyag leads to higher rates of reaction and more precise
determination of the kinetic rate constant. On the other hand, assuming that NE = 1,
it becomes clear that the optimum sampling time is:

; 1
=
tabulation indicates that determination of the optimum sampling time requires
some previous knowledge of the kinetic rate constant. When nonlinear reaction mod-
els are considered, this is almost always true and explains why optimal experimental
designs are not used very frequently for experimental screening and initiation of exper-
imental studies, as it is usually very difficult to obtain good guesses of unknown kinetic
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rate constant values. For this reason, the use of optimal design plans is more common
in kinetic analyses when empirical linear models in the form of Equation (12.2) are
considered.

12.3 SEQUENTIAL EXPERIMENTAL DESIGNS

As described in the previous section, it can be difficult to propose optimal experimen-
tal designs for real nonlinear kinetic models when some sort of previous knowledge
of the kinetic rate constant values is not available. However, in many problems the
analyst has already performed NE experiments (x1 x5 ..., xnyg) and has not yet been
able to select the best kinetic model or determine the kinetic parameters with sufficient
precision. In these cases, some models and respective kinetic parameters are indeed
available, although perhaps discrimination of the best model has not been possible,
and the quality of the model parameters must be improved. Therefore, the investiga-
tor still handles a set of NM model candidates to describe a particular kinetic problem
(WM (3, 001), YA (, 1), ..oy M (x,0)y,) ) and wants to define the best model can-
didate through sequential experimentation and selection of at least one additional
experiment (xng+1). Otherwise, even if a kinetic model has been already selected, the
investigator may want to improve the quality of the model parameters with the help
of at least one additional experiment (xng41). These problems lead to formulation of
sequential experimental design procedures.

According to the sequential experimental design procedure, the available experi-
mental information (due to availability of NE previously performed experiments or to
previous experience of the analyst) can be initially used to provide estimates for the
parameters of the many candidate models under consideration. Then, in the second step
at least one additional experiment (xng.1) must be designed through maximization of
a certain specified performance index, as discussed in the previous section; however,
as guesses for model parameters are assumed to be available, numerical computa-
tions are indeed possible, and optimization can be performed in a meaningful manner.
Then, in the third step the selected experiments are performed in the lab and the set
of experiments is enlarged. Finally, in the fourth step the researcher updates the model
parameters for the models under consideration and returns to the initial step if the
obtained results are not conclusive and recommend a new round of experimentation.

In most problems it is usually much more difficult to perform the experiments than
to design the experimental conditions. Therefore, the number of designed experiments
depends mainly on the time required to carry out the experiments. If experiments
can be performed fast (for instance in a couple of hours of a couple of days), then
the investigator will find few reasons to select and perform more than one experi-
ment per iteration. However, if the experiments are too long (as in agriculture, for
instance) or a high throughput experimental device is used to perform many experi-
ments simultaneously, the analyst may find it adequate to design many experiments
simultaneously.
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12.3.1 Sequential experimental design for model discrimination

Many times, and especially during the first stages of the model development process,
available experimental data can be explained by different kinetic models. This is quite
common in the field of chemical kinetics, as different kinetic mechanisms that lead
to different kinetic models can explain available experimental data with similar sta-
tistical significance (Knozinger et al., 1973; Schwaab et al., 2006; Froment et al.,
2011). Therefore, assuming the investigator considers a set of NM reasonable can-
didate kinetic models to explain the data, Figure 12.1 illustrates how the proposed
sequential experimental design procedure should be implemented (Gonzéiles-Velasco
etal.,1991; Schwaab et al., 2006; Schwaab et al., 2008; Froment et al., 2011; Schwaab
and Pinto, 2011; Alberton et al., 2013).

Initial experimental

set
\
Estimation of model New experiment (s)
parameters nl is performed
\

Statistical analysis
of models quality

Is it possible to
discriminate
the models?

Stop

Is there
only one
suitable model ?

Design new
experiment (s)

End

Figure 12.1 Sequential experimental design procedure for model discrimination.

Different performance indexes can be used for design of additional experiments.
For example, a performance index can be very simply formulated to represent the
average discriminating capacity of the experimental plan in the form (Froment et al.,
2011; Schwaab and Pinto, 2011):

NE+NS NM NM

I= > > (yfw (g, ) — ¥ (x/g,ot,-))2 (12.18)

k=NE+1i=1 j>i

where maximization of Equation (12.18) assumes that the best experimental condi-
tions for discriminating between candidate models are those that lead to maximum
differences among respective model predictions. Although the basic reasoning behind
Equation (12.18) is correct, this equation lacks statistical significance. For this reason,
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many publications have proposed different performance indexes for model discrimi-
nation problems, based on more rigorous statistical arguments (Schwaab et al., 2006;
Schwaab et al., 2008; Alberton et al., 2013). For example, the discriminating capacity
between rival models i and j can be written in the form:

Jigl) = (PP IyM (x) = yM 01TV Iy ) — M ()] (12.19)

tabulation P; and P; are the probabilities for the analyzed models to be the cor-
rect models, calculated with help of a chi-square distribution, z is a parameter that
defines the relative importance of the rival model probabilities for the design, and V;;
is a matrix that depends on the covariance matrix of model predictions of the form
(Schwaab et al., 2006; Schwaab et al., 2008):

Vij=2Vy(x) + Vi(x) + Vj(x) (12.20)

where V, is the covariance matrix of experimental fluctuations and V; is the covariance
matrix of model predictions calculated for model i (as described in Chapter 11).

Example

E12.10 Let us assume that two models are being considered for representation of a
certain kinetic experiment: a first-order model, of the form:

(1)
y{/l = Cg) = CAoefkl t

and a second-order model in the form:
~ Ca
1+ kYt

According to Equation (12.18) and assuming that a single additional experiment
must be designed at each iteration:

2
2 (1) C
— (M N oM . — —k t_¢
]—(y, (g, 0ti) — (Mﬂ;)) (CAOe ! 1+k<12)t>

As shown in Example 12.9, the performance index increases continuously with
Cao, so the initial concentration must be as high as possible. On the other hand, for
determination of the best sampling time for model discrimination, the following design
equation can be proposed:

3

OINE+1

) CAONE+1
=2 (CAONE+16 ke

2
1+ kg )l’NE+1

2
k(l 'CaonE+1

(1+/€(2)tNE )2 -
1 INE+1

1 L
—k{Y Caonpgrehn e 4
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Assuming the maximum allowed value for C49 =1 mol/L, and that the previous

experiments indicate k(]l) = k§2) =1h"!, it becomes possible to build Figures 12.2 and
12.3.

1.2
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L
o
40:9
@
..O

0.6

Ca (mol/L)
O

0.4

"‘Ou.,‘." $00000000000000000000
0 1 2 3 4 5 6
Time (h)

® 1st Order Model ~ ®2nd Order Model
Figure 12.2 Expected model predictions.
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Figure 12.3 Performance index as a function of the sampling time.

Figure 12.2 shows that model responses are indeed very similar, while Figure 12.3
shows that the best experimental condition for discrimination between the two model

responses combines the high initial concentration of reactant A with sampling time of
t=0.35 h.

12.3.2 Sequential experimental design for parameter estimation

Even when the kinetic model that best describes the available kinetic data has been
determined, there may still be incentives for improvement of the parameter estimates.
In this case, the investigator normally attempts to reduce the correlations among the
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model parameters or to enhance the parameter precision (diminish the parameter uncer-
tainties). Figure 12.4 illustrates the sequential design procedure that can be used in this
phase of the experimental study to increase the precision of the parameter estimates
(Froment et al., 2011; Schwaab and Pinto, 2011).

Initial experimental

set
Estimation of model New experiment (s)
parameters — is performed
\

Statistical analysis
of parameters
uncertainty

Is it possible
to decrease parameters
uncertainty?

D

Are the parameter
estimates precise
enough?

Design new
experiment (s)

Figure 12.4 Sequential experimental design procedure for parameter estimation.

Different performance indexes have been developed for the sequential design of
experiments for estimation of precise parameters, but they are all based on some sort
of metrics of Equation (2.13-16), as described in Section 12.2 (Pinto et al., 1990; Pinto
et al., 1991; Alberton et al., 2011). The difference now is that previous information is
assumed to be available for the estimable model parameters. For this reason, Equation
(12.13) is usually written in the iterative form (Froment et al., 2011; Schwaab and
Pinto, 2011):

NE+NS
aneins =Vane T D BiBe (12.21)
k=NE+1

tabulation NS is the number of selected experiments in the new design iteration.
It is important to observe that model discrimination and precise parameter estimation
can be combined and performed simultaneously with the help of information measures,
as described by Alberton ef al. (2011).

Example

E12.11 In Example 12.9, let us assume that information about the kinetic rate constant
is available in the form:

a=[k1]=[1.00], Vong = [07] =10.01]
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Assuming that a single experiment must be designed to improve the precision of
parameter kq, according to Equation (12.21):

S T
Vone+1 = Vone + Bneri BNE+

_ w1 _ 2 2 —2k1tNE
T=Vonei1 = 100 + #5551 Chonpae ™ N

Minimization of parameter uncertainty is equivalent to maximization of | in the
previous equation, which can be observed graphically in Figure 12.5.

100.16
100.14
100.12 ° *

100.1 -
100.08 o
100.06 °
100.04 (.

100.02 o0e,
@
1004° 0000s0eese
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Figure 12.5 Performance index as a function of the sampling time.

As one can see in Figure 12.5, the best experimental condition for estimation of
k1 is tng+1 =1 h. However, according to Figure 12.5, the expected improvement of
the parameter accuracy is not significant at these conditions. This is because Equation
(12.13) is based on the standard least-squares function. If the maximum likelihood
procedure is applied, as discussed in Section 11.2 of Chapter 11, then Equation (12.13)
becomes:

-1

NE
Vo=|) BV, B, (12.22)
k=1 NPxNP

and Equation (12.21) becomes:

NE-+NS
Voueins=Vane + ), BV, 'Be (12.23)
k=NE+1

tabulation V), is the covariance matrix of the experimental measurements. In this
case,

—2R1tNE+1

oNE+1 —

2 2
9ca
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and it becomes clear that improvement of parameter precision requires a reduction in
the experimental errors (with possible modification of measuring devices and proce-
dures). When o2, =0.01 (mol/L)?, for instance, Figure 12.6 can be drawn, showing
that the parameter variance can be reduced from 1 x 1072 h? to 0.88 x 1072 h? with
the additional experimental point.

Figure 12.6. Performance index as a function of the sampling time when 62, = 0.01
(mol/L)2.

124 CONCLUDING REMARKS

In Chapter 12, statistical design procedures were presented and discussed. The main
features of four families of statistical designs were discussed and illustrated through
examples. The first family of statistical designs comprised factorial designs, used most
often for initial screening of experimental problems and based on empirical mathe-
matical structures. The advantageous aspects of orthogonal designs were presented
and illustrated through simple examples. Then the concept of optimal experimental
design was presented and used to introduce the families of sequential experimental
designs for model discrimination (in which the investigator handles multiple candidate
kinetic models) and for parameter estimation (in which a model has been selected but
the investigator attempts to improve the quality of the model parameters). Finally,
it was shown that the use of the maximum likelihood approach allows for explicit
consideration of experimental measurement errors in experimental planning.






Chapter 13

Kinetic exercises

13.1 SOLUTION OF KINETIC EXERCISES

Example

ER.1 The following reaction was performed in a batch reactor:
2N05 — 2N,04 + O,

Calculate the activation energy using the half-life time data for different temperatures.

T(C) 300 200 150 100 50
tin(s) 39x1073 39x1073 88x102 46 780

Solution

As seen, this is a nonelementary reaction and can be a first- or second-order reaction.
Assuming a first-order reaction rate, we calculate the specific rate constants for

different temperatures, using Equation 5.18. Results are shown below:

_0.693
B t12

k

Thus, Table 13.1 presents the values of k1 varying with temperature:

Table 13.1

T(°C) T (K) 2 k Ln k,
300 573 0.0039 177.7 5.18
200 473 0.0039 177.7 5.18
150 423 0.088 7.87 2.06
100 373 4.60 0.150 —1.89
50 323 780.0 0.00088 —7.02
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Figure 13.1 shows the Arrhenius plot which does not follow a straight line. How-
ever, between 50°C and 200°C, the experimental data fit very well in the Arrhenius
plot (Figure 13.2). From this figure, we calculate the energy of activation equal to
23,400 cal/mol. In conclusion, experiments were carried out under kinetic conditions
in this temperature range. However, for higher temperatures, there are diffusion effects.

64 300°C —u-=F

In k

T T T T T T T T
0.0016 0.0020 0.0024 0.0028 0.0032
1/T

Figure 13.1 Arrhenius plot.

200°C

—E/R =—-12446,9

E = 23400 cal/mol

T T T T T T T T T T T
0.0020 0.0022 0.0024 0.0026 0.0028 0.0030 0.0032
1/T

Figure 13.2 Activation energy.
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Example

ER.2 Demonstrate that the reaction rate of the product for an autocatalytic reaction:

A+BXLB4+B

can be expressed as:
1
B =/€1[(C0 —Cp) — ﬁczz;}

where:
Co=Cao + Cgo

Show that the maximum concentration of B is equal to:

C C
Ch oy = 20 (1 n BO>

2 Cao
Solution
r8=k1Ca + kiCp — K, C2 — k1 Cp
Then,

r8=k1(Ca + Cp — Cp) — K, C2
But,

Co=Cs+Cp
Thus,

1
B =/€1[(C0 —Cp) — Ecﬁ]

The maximum concentration of B is given by the following equation:

Cao Cao
CBmax=—7 |1+ —
B 2 ( * CAO)

Example

ER.3 The following reversible reaction is carried out in a tubular reactor at 25°C:

i

C
N
2CH,NCO —=CH,N N —C.H.
e
‘C‘)
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The equilibrium constant at 25°C is equal to 1.25. The conversion is 90% of the
equilibrium conversion. Pure reactant is fed at 0.36 L/h and with a concentration of
0.2 mol/L. The reactor volume is 0.5 L. Assuming a first-order reaction rate for both
direct and reverse reactions, calculate the specific kinetic rate constants.

Solution

As seen this is a reaction type like:
2A< R
The resultant reaction rate is, therefore:
r=kC, —k'C,

This can be rearranged as follows:

1
r=kC,, [(1 — Xga) — RXA]

Since:
Cao
Cr=—7-2Xa
2
However, in equilibrium, the resultant rate is zero and thus:

k XAe
K=—=——7—=125
k21— Xaye)

or
Xp,=0.714

Expressing the resultant rate as a function of the conversion, we obtain for R =0
the following Equation 3.21:

Xa
erCAO (1 — X—Ae)

Substituting this rate expression in the PFR equation (Equation 4.17) and
integrating we obtain for R =0 a similar equation as Equation 5.24, namely:

XA

() = Cao deA
0
Xa\_  k
—ln(l - XAe> = (XAe)r(t) (5.24)
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Since the conversion is 90% of the equilibrium conversion, we get:
where:

Xa 0.642
=—=0.89
X, 0714
Then:
T 5207
Ae

Since t =V /vy =83.3 min.
Thus,

k=1.89 x 102 min~"

k'=1.51x 1072 min~!

Example

ER.4 The reaction was performed in a batch reactor and in the gas phase. 10% N,
was introduced in the reactor at 2atm and 450°C. After 50 min, the pressure was
3.3 atm. The reaction is irreversible and of first order. Calculate the specific reaction
rate constant. If the same reaction would be performed in a piston system with variable
volume, how volume changes keeping pressure constant at 2 atm and considering the
same conversion as before? Calculate the initial concentration?

HC—CH, — CH, + €O

Solution
The reaction is:

A—R+S

First, the reaction occurs at constant volume, so we calculate the partial pressures.
The initial partial pressures of reactant and N, (inert) are:

PN, =0.1 x2=0.2atm
pao=1.8atm

The partial pressure of A is therefore:

a
pa=pao — B(P — Do)
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After 50 min, the total pressure of the system is 3.3 atm and the initial pressure
2atm. Since, Av=2—1=1 and a=1, then:

pa=18-1(3.3-2)=0.5
Thus, the conversion is:

XAZPAO—_pAzojz

pao

The rate is a first-order reaction and for a constant volume it is equal to:
(=74) =kRCy =RCuo(1 — Xa4)

Substitute the rate equation in the batch reactor equation and integrate. Then,

X
t=C /A—dx‘*
- A°0 kCao(1 — X4)

—In(1 — X,) =kt
Substituting the conversion and time, we calculate the specific rate constant:
k=0.0256 min~"

In the second part, we assume a closed piston system and constant pressure;
however, volume changes due to the gas expansion. Thus,

V=Vy(1+eaXa)
The expansion factor is:

A— R+S

A R S Inert  Total

Initial 0.9 O 0 0.1 1.0
Final 0 09 09 0.l 1.8
Thus,

Vxa=1 — Vx,=0
=——"=038
oA Vx,=0

Substituting these values, we obtain:

V=0.1(1+0.8 x0.722)=0.157L
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The initial concentration is:

_onPo_ 0.9 x2

- = =3. 1072 mol/L
Cao="RT = 0.082273 1 450) — 03 x 107" mol/

Example

ER.5 The reaction A—>2R + %S is carried out in a PFR reactor in the gas phase and
under isothermal conditions. Reactant A is fed with 30% inert gas at 10atm and

800 K. The reaction is irreversible and second order. Data are presented in the table
13.2 below.

Table 13.2
V. (min~") 0.02 0.0095 0.0062
Fs (mol/min) 0.5 0.8 2.0

The total flow rate is 7.2 mol/min. The energy of activation is 30 kcal/mol. Calcu-
late the specific rate constant and comment results. Diffusion effects were eliminated.
What variables must be calculated?

70% A Fs = 7.2 mol/min
30% /

10 atm, 527°C

Solution
If the rate is a second-order reaction and occurs in the gas phase, we get the following
rate expression as function of conversion:

(—ra) =kC3

(1—X4)?
(1) = kG X

Substitution in the PFR equation:
Xa

c _/(1+8AXA)2dXA
= k(l—XA)2

dXa
0

The solution of this integral is:

X
(1+ eA)zﬁ + €3 X4 + 2e4(1 + e4)ln(1 — X4) =k Cyo
- AA
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Calculation of Cyug:

_ onPo _ 0.3 x10

C =
AYTTRT T 0.082 x (273 + 527)

Calculate conversion:

_ Fa—Fa  Fx _ 2Fs
~ Fao 2Fa  Fao

Xa

The initial flow rate of A:

FA() = yA()F() =0.7x72=S§ mol/L

=4.57 x 1072 mol/L

Calculation of conversions from Fg data is shown in the following table 13.3:

Table 13.3

V. (min~") 0.02 0.0095 0.0062

Fs (mol/min) 0.5 0.8 2.0

Xa 0.2 0.32 0.80

k (L/mol min) 58 x 1072 5.9 x 1072 6.0x 107"

Calculate &:

1
A—2R + 3 S
A R S Inert Total
Initial 0.7 0 0 0.3 1.0
Final 0 1.4 0.35 0.3 2.05

gz Vst = Va0 205160 g
VXA=O 1 ' |

The equation becomes:

4Xa

m + Xa+4In(1 — Xa)=1kCyo

Substituting these values, we calculate k, as shown in the table 13.3.

Observe that the first two columns at 800K indicate constant k values equal to
5.85 x 1072 (L/mol min). Since diffusion effects were discarded, probably the tem-
perature was not correct. The third column shows a value which is 10 times greater
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than the previous ones, and therefore we calculate the correct temperature, since the
activation energy is given and constant.

= koe(E/RT)

However, first we must calculate the constant ky. The specific constant at 800K
is 5.85 x 1072 (L/mol min). If the activation energy is E = 30,000 cal/mol, then,

ko=8.25 x 10°
Hence, with k= 5.85 x 102, we obtain:
k=koe /R =585 . 1072 =8.25 - 106e~13090/2T)

Thus, T=912K or 639°C.

Example

ER.6 The following reaction mechanism was proposed to explain the formation of
polyurethane and polyesters.
Initiation:

RSH-*LRS* + H°
Transfer:
H* + RSH-%H, + RS"

Propagation:

RS® + CH, = CHR' % RSCH, — CH*R’
RSCH, — CH*R’ + RSH-*RSCH, CH, R’
Termination:

2RS* X5 RSSR

Determine the rate of disappearance of thiol (RSH). The stoichiometry of the
global reaction is:

RSH + CH, = CHR'—*>RSCH, — CH*R/

Check the experimental results and determine the specific kinetic constant,
assuming an irreversible reaction. Compare it with the global reaction rate.
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Solution:
Naming: A=RSH, R;=RS; MR; =RSCH,-C*HR’;, M=CH,=CHR/, and
P =RSSR.

Then, the mechanism can be written simply by the following equations:

ALLRe 4 He

H* + AX%H, + R
R + M- MR
MRS + AX5 R + R,
2R3, p

The rate of disappearance of A is:

—ra=ki[A] + k2[A][H®] + k4[MR{][A] (13.1)
rge = k1[A] — k2[A][H®]=0 (13.2)
o_ki
[H*]= k_z (13.3)
MRr: = k3[RT][M] — k4[MRT][A] =0 (13.4)
rre = ki[A] + ka[A][H®] — k3[R}][M] + ks[MR}][A] — ks[R}]? (13.5)
k1[A]
Thus,

2ki[A] = ks[RS]?

2k{[A
Ry} = 22 (13.6)

From Equation 13.4 we get:

or:

k3[R 1[M] = k4[MR1][A]

ks [Ri1[M]

MR;]= 13.7
MRy == (13.7)
Substituting Equation 13.6 in Equation 13.7, we obtain:

R;[M
[MR}]=k3[ UIM] [2k4[A] (13.8)

k4[A] ks
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Substituting Equation 13.8 in Equation 13.1, we obtain:
—ra=Rk1[A] + k2 [A][H*] + k4[MR}][A]

2k4[A]

—ra=2k1[A] + ks[M] | =
5

Neglect the first term of this equation, which represents the initial rate, when
compared to step 3. Therefore, the rate expression of disappearance of A is as follows:

2kq[A]

(13.9)

The concentration of the monomer M in the rate equation indicates that it is a
first-order reaction in relation to the monomer.

Note that the concentration of reactant [A] varies with time.

Table below presents data of reactant [A] varying with time.

t(s) 0 350 400 500 640 750 830
[A] 0.874 0.223 0510 0.478 0.432 0.382 0.343

For the global reaction, the rate of disappearance of [A] is second order:

RSH + CH,= CHR'—>RSCH, — C'HR’
A+ M—> MR

Thus, the rate equation is:
—ra = k[A][M] =k[A]? (13.10)

Assuming equal initial concentrations of A and M: [Ay] = [My]
Therefore, comparing these equations, we conclude that the rate expressions are
different:

—ra = k[A]V2[M] (13.11)

Verifying if the rate of the global reaction 13.10 is correct, assuming a second-order
and irreversible reaction.
The expression as function of conversion is:

(—74) =kCE =kCE,(1 — Xa)?
Substituting in the batch reactor equation, we get:

Xa

———— =kCyot 13.12
=X A0 ( )
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Verifying Equation 13.11, assuming proportionality we get:
—ra=k[A][M]
(—ra) = kCY*Cy=kCIH1 = X,)*> (13.13)

Substituting this equation in the batch reactor equation and further integration
results in:

1

We calculate the specific constants from the following table 13.4 (last two columns).

Table 13.4
t(s) Al X k (Equation 13.12) k (Equation 13.14)
0 0.8740 0

350 0.5100 0.416476 0.002333 0.00189

400 0.4780 0.453089 0.00237 0.00188

500 0.4320 0505721 0.00234 0.00180

640 0.3820 0.562929 0.002303 0.00171

750 0.3430 0.60755 0.002362 0.00170

830 0.3240 0.629291 0.00234 0.00165

Mean value 0.002341 0.00177

Note that the specific kinetic constant for the global reaction is 2.34 x
1073 L/mol min, while for the real model it is likely different, or 1.77 x 103 L/mol min.

Example

ER.7 The following irreversible reaction A—>3R was studied in the PFR reactor.
Reactant A is fed with an inert gas (40%) at 10atm and 600K and a flow rate of
1.0 L/min. Product R was measured in the exit gas for different space velocities, as
presented in the following table. The rate is a second-order reaction. Calculate the
specific rate constants.

Ve (min~") 5x 1072 757 x 1073 3.52x 1073 [.55x 1073
Fg (mol/s) 0.05 0.15 0.20 0.25
Solution

Since the rate is a second-order reaction and occurs with variable volume, we have:

(1— X,
() =k G e
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Substituting in the PFR equation, we obtain:

4 eaXa)?

. +eaXa

tCAO‘/ k(1 — X2 X4
0

The solution is as follows:

X
(14 ea)* 2 + €A X4 + 2ea(1 +£4) In(1 — X4) = hCag
(1—Xa)
Calculate g4:
A— 3R
A R | Total
Initial 0.6 0 0.4 1.0
Final 0 1.8 0.4 2.4
Then, e4 =1.4

Calculate initial conditions:

—  Concentration:

_ yA()P() _ 0.6 x 10
- RT  0.082(600)

CA() =0.121 mol/L

—  Molar flux:

FA() = Z/()CA() =1.0 x 0.121 =0.121mol/L

—  Conversion:
Fao — Fy Fr
X = =
4 Fao 3Fa0
5.75X
2 2PA 1 1.96X4 +6.72 In(1 — Xa) = kCao
(1 —Xa)

From these data (Table 13.5), we calculate the specific rate constant k:

Table 13.5

Ve Fr X k

0.05 0.05 0.137 0.0795
0.00757 0.15 0.413 0.0798
0.00352 0.20 0.550 0.0801
0.00155 0.25 0.688 0.079

k (mean)= 0.0798
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Example

ER.8 The thermal decomposition of isocyanite was performed in a differential reactor
and the following data were obtained:

ro (mol/lLmin) 49x 107 6 x10™° 1.IxI10™* 24x1073 22x1072 1.I8x 107" 1.82
Cao (mol/L) 0.2 0.06 0.020 0.05 0.08 0.1 0.06
T(K) 700 700 750 800 850 900 950

Determine the reaction order, activation energy, and the specific rate constants for
each temperature.

Solution
The rate can be expressed for a general order: r=k,C’;

These values correspond to the initial rates and concentrations. Transforming in
logarithmic form, we obtain:

In(rg)=Ink, + 7 InCy,
where:
k = koe™E/RT)

For determining the reaction order, we use the first two columns in the following
table 13.6 and at the same temperature. Thus,

(4.9 x 104 = =7.62  In(6 x 10~5)=—9.72
In(0.2) = —1.60 In(0.06)=—2.81
—7.62=1In k—1.6n
—-9.72=1In k—2.81n

Thus, n=1.73

Table 13.6 Specific rate constant.

ro CAO T k 1T
0.00049 0.2 700 0.007942 0.001429
0.00006 0.06 700 0.007802 0.001429
0.0001 1 0.02 750 0.095652 0.001333
0.0024 0.05 800 0.427807 0.00125
0.022 0.08 850 1.746032 0.001176
0.118 0.1 900 6.344086 0.001111
1.82 0.06 950 236.671 0.001053

Thus, 7 is not an integral order.
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Figure 13.3 Arrhenius plot.

The reaction rate is thus:

ro=kCL7
or:
o
h=_0_
C1,73
A0

From Table 13.2, we calculate the specific rate constants and plotting these values
in Figure 13.3, we calculate the activation energy.

Example

ER.9 The reversible reaction was studied in the PFR reactor:
A+BSR

The specific rate constants are unknown; however, the equilibrium constant is
10 L/mol. The exit conversion is 70% of the equilibrium conversion. The feed concen-
trations of A and B are each one equal to 2 mol/L, and the feed rate is 0.2 L/min. The
reactor volume is 0.1 L. Calculate the direct and reverse specific velocities.
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Solution

The resultant reaction rate is as follows:

However, for equimolar concentrations, we obtain

r=kC% — k' Cy

In terms of conversion it becomes:

r=kC?, [(1 —Xa)* — ! XA]

KCao

At equilibrium, 7 =0 and substituting K =10 and C49 =2, we obtain:
KCyo=K.=20

1
— — 2 —_——
O_[(l Xae) ZOXAe]

20X3 —41X4e+20=0

Finally, we get:

Xae=0.80 and X/, =1.25
Substituting:
Xae
KCyo= 4

From the Equation 13.5, we get:

(1 _XAC)Z
7’=kci0 |:(1 - XA)Z — X—AeXA
or:

X4 X
e (1-50) (- )

XA e
where:
X/
k=4
Xa

(13.15)

(13.16)

(13.17)
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It is the reaction rate as function of the conversion. Substituting Equation 13.17 in the
PFR equation, we obtain:

dx
r:CAO/TA (13.18)
0

(%)
A Xae) gy (13.19)

In ; X,
XAe
where:
K.—1
k*=(k — 1)kCag X4e (13.20)

c

Since the final conversion is 70% of the equilibrium conversion, we have:

X' X
k=4 =156 and —2=0.7
XAe Ae
Thus,
(- %)
K J—
In Xae) | _0.608=k"r
1 Xa
K J—
( XAe)
However,
T= K =2
[40]
0.608 =k*t
Then,
k*=0.304

From Equation 13.20, we get:

K. -1

k* = (k — 1)kCao Xae

Cc
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Substituting the values, we have:

k = 3.57L/mol min
K =0.178 min~"

Example

ER.10 The biological reaction follows the Monod equation and kinetic constants are
unknown. From the data in the following table 13.7, calculate the constants.

Table 13.7 Experimental data.

Experiment Caubstrate (/L) Ceeis (g/L) Rate (glg-s)
| 2 0.9 1.5
2 3 0.7 1.5
3 4 0.6 1.6
4 10 0.4 1.8
Solution
The cell growth rate is expressed by the Equation 9.33:
rc = u[C]
where:
P &
e [S] + KMonod
Thus,
e ISIC]
e [S] + KMonod
or:

[S1+ Knonod __ [SIIC]
Mmax rc

This expression is conveniently transformed into:

Kytonoa 1 _[C] (13.22)
Mmax[S] Mmax rc

These data are plotted in Figure E13.4.
Therefore,

Bvtonod _ ¢ 949
:u’max
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Figure 13.4 Determining rate constants.
=0.13518
:u'max
Thus,
Mmax = 7.4
Knion =7.02
Example

ER.11 During fermentation, oxygen was consumed at 28°C. The following data were
obtained at 23°C. The rate equation follows the basic fermentation equation. Calculate
the maximum rate at 28°C. Using the half-time equation calculate the constant Ky;.

Po, (mmHg) 0 0.5 1.0 15 2.5 35 5.0
o, (Lo, /hmg,,..) 0 235 33 37.5 ) 43 43
Solution

Figure 13.5 displays the rate as function of the partial pressure.
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50

—4—B
{425 R R
40 -
~ 807 T=23°C
o
€
<
8 20
=
0
10
04
0.52
T T T T T T T T
0 1 2 3 4 5
R, (mmHg)

Figure 13.5 Rate versus pressure.

From Equation 9.17, we obtain the following expression, considering that 1 mol
of oxygen is consumed by 1 mol of substrate:

1 Ky 1
= + (13.23)
(_702) Vmax [Poz] Vmax

Plotting in Figure 13.6, we get:

0.045 —

Data1lD

0.040

0.035 ~

(17r62)

0.030

0.025

0.020

—T - T 1 1T T T T T T
00 02 04 06 08 10 12 14 16 18 20 22
(1/P.,)

Figure 13.6
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From this Figure 13.6 we determine:

=0.01991

And

Vimax =50.22
Since,

(%

T T
Then:

301
V. =35022—=251.7
max 296 ’

Finally we calculate:

Ky
=0.01107
Vr/nax
and
Ky =0.565

For half-life time, we get from the figure: —rp, =21.3 and Py, =0.52.
According to Equation 9.16, we obtain:

Ky =[S]1,2=0.52

This value is approximately the same as obtained from the graphic solution.

Example

ER.12 Decomposition of H,O, occurred in the presence of an enzyme E and the
corresponding concentrations are presented in the following table. Using the enzymatic
kinetic model:

H,0, + EX5 [H, 0,E]
[H,0,E" <5 H,0, + E

[H, O.E*] + HzogHzo +02,+E
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t (min) 0 10 20 50 100
[H,0,] (mol/ll) 002 00177 00158 00106  0.005

(a) Calculate the Michaelis constant and the maximum rate.
(b) Tripling the enzyme concentration, what time is needed to reach 95% conversion?

Solution
From the classic reaction mechanism, we demonstrated that the reaction rate is
expressed by Equation 9.13.

Vmax [Hz 02]

(=78) = 1H,0,] + Ku

The solution in a batch reactor is given by Equation 9.23:

_% In(1—Xs) = ‘;?M" - [H;;)Z] ?
where:
Xg = [H,0,]o—[H,0,]
[H,0:]o
where:

X is the conversion of [H, O, ]

Since [H20,]p=0.02, we calculate the values in the below table 13.8 and plot
Figure 13.7.

Table 13.8
t (min) 0 10 20 50 100
[H,0;] (mol/L) 0.02 0.0177 0.0158 0.0106 0.005
X 0 0.115 0.210 0.470 0.750
I/tln(l — X,) x 10? - 1.193 1.178 1.269 1.386
Xslt x 102 - 1.125 1.05 0.94 0.75

The angular coefficient is —0.56. Then, if [HO;]o =0.02:
Ky =0.00354
The linear coefficient is 0.01802 and

Vinax = 6.37 x 10™* mol/L min
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0.0140

= B
—— Linear Fit of Data1_B

0.0135

0.0130

-In(1-X )/t

0.0125

0.0120

0.0115 — 7T T - T 1 T T T T T T T T
0.0070 0.0075 0.0080 0.0085 0.0090 0.0095 0.0100 0.0105 0.0110 0.0115
X/

Figure 13.7 Plotting eq. |13.24, from data shown in the table above.

Tripling enzymes we obtain:
Vimax =k3ET=3 x 6.37 x 107*=1.911 x 10~ mol/L min
The time needed for a conversion of Xg=0.95 is according eq.9.22:

t=189 min

Example

ER.13 The following reactions are represented by second-order reaction rates:

AXLOR

AL s

The reaction was performed in a PFR reactor at 500 K. Calculate the specific rate con-
stants for a conversion of 83% of the reactant A. The molar flow rate is 0.181 mol/min
and the volume of the reactor 1.0 L. Reactant A is fed with 50% inert gas and the total
pressure is 10 atm. The selectivity was 70%. Neglect volume variation.
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Solution
The reaction rates are represented as:

TR = k1Ci
rs = szf‘

Relative to the reactant, it follows:

(—ra1) = 5
(—7a2) =715
k
(i) =% s (71 ; /ez)cj —krC2
k* = <% +k2> (8.25)

Substituting these rates in the PFR equation, we obtain the following solution
(Equation 6.8):

Xa

mzk CA()T (1326)

The total feed molar flow rate is: Fy =0.0181 mol/min
Then:

Fap=0.5Fy=0.090 mol/min

Initial concentration:

P
Cao= y}% —9.06 x 10~2 mol/L
Volumetric flow rate:
F
vo=—2 =0.993 L/min
Cao
Space time:
14
T=—
vo
t=1.0

For 0.53 conversion, we obtain from eq. 13.26:

k*CA()T =1.127
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Neglecting volume variation, we calculate the space time as 1.0 min.

Thus:
k*=12.4L/mol min
As defined, the selectivity is:

so ' _ki_ oo
—7A k*

Thus:
k1=0.7k* =8.71 L/mol min
and from eq. 13.25

k, =8.04 L/mol min

Example

ER.14 The following reactions occur during the formation of ethyl bromide:

CyHsBr % CyHE + Br

Br* ++ CyHsBr—2 HBr + C,H,Br*
C2H4Br*ﬁ>C2H4 + Br*

Br* 4+ CyHyBr*—% C,HyBr,

The activation energies for each step are E;=20kcal/mol, E; =15 kcal/mol,
E3; =20kcal/mol, and E4=10kcal/mol, respectively. Determine the decomposition
rate of C;H;sBr and the apparent activation energy.

Solution
Rename

M= C2H5Br, RI = CzH?, RE = BI'*, R; = C2H4Br*

MELR; + R,

Ry + M=% HBr + R,
Ry CoHy + Ry

Ry + Ry 5P,
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Thus, the reaction rates are as follows:

(—=rm) = k1 [M] + k2[R ][M] ~ k2[R{][M] (13.27)
ri, =ki1[M] = ka[Ry ][M] + k3[R3] — ka[R;][R3] =0 (13.28)
Ry = —R3[R3] + k2[R ][M] — R4[[R1][R3] =0 (13.29)

Add Equations 13.28 and 13.29, we obtain:
ki[M]

L= 13.30
37 2k4[Ry] ( )
Substitute Equation 13.30 in Equation 13.28:
kiks
RiJ* = 13.31
[ 1] 2k2k4 ( 33 )

Substitute Equation 13.31 in Equation 13.27:

(—rm) =ka[R; 1[M] = | kf,jf3 [C,HsBr]

Thus, the decomposition rate is a first-order reaction.
Considering that:

ka — koef(Ea/RT)
or
ki — koe—(Ei/RT)
Using logarithm and equaling, we obtain:

E, - Ei+E,+E; —
2
E, = 27.5kcal/mol

E4 =27.5 kcal/mol

Example

ER.15 The hydrodenitrogenation reaction was carried out in a batch reactor at 100°C,
containing 20 g/L. CoMo/Al, O3 catalyst. Samples were collected and conversion is
calculated with time as shown in the table below:

t (min) 0 5 10 20 30 40 50
Xa 0 0.30 0.50 0.73 0.85 0.93 0.97
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Determine the reaction order and calculate the specific rate constant.
If the observed reaction rate at 100°C is four times the rate at 80°C and the catalyst
concentration is doubled, calculate the reaction rate at 90°C. Calculate the conversion

after 10 min.

Solution
Assuming a first-order reaction rate:

(—74) =kCa=kCso(1 — Xa)

Then:
1
t=—7 In(1 - Xa)

Thus, from the date in table 13.9 we calculate:

Table 13.9

t (min) Xa k

0 0 -

5 0.3 0.0713

10 0.5 0.069

20 0.73 0.065

30 0.85 0.063

40 0.93 0.066

50 0.97 0.070
Mean value 0.067

The mean specific constant value k is:

k=0.0676 min~!

However:
7100 _ 4
780
Then:
@ —4
kso
Thus:
0.0067
kgo = =0.0167 min~!
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From these values, we calculate the activation energy:

E=Rr—ntkio/kso) 4 65 10% cal/mol

(1/Ts0) = (1/T100)
Calculate kg:
ko =ke™RT) =2 .83 x 10’
Therefore:
k=2.83 x 10%~(1:8x107/RT)
The specific rate constant at 90°C (363 K) is:
koo =0.0341 min ™"
How the catalyst concentration affects the rate?

(—ra)1 _ kiCL kg 0.067

cat _

(—ra)s  kaC2 ke x2 2x0.034

In fact, the rate was not affected.
The conversion after 10 min at 90°C is:

(1—Xy4) :e—kt — e—0.034><10 —0.711

X4=0.288

Example

ER.16 The reaction A+ B — 2R was studied in a differential reactor containing 40 g
catalyst. A mixture of A and B is introduced in the reactor and the following data

(Table 13.10) were obtained.

Table 13.10
Feed Partial Pressures (atm)
Feed Molar Flow
Rate (Fy) (molih) Pao Pgo Exit Molar Rate, R
1.7 0.5 0.5 0.05
1.2 0.5 0.5 0.07
0.6 05 0.5 0.16
03 0.4 0.6 0.16
0.75 0.6 0.6 0.10
2.75 0.6 0.4 0.06

Assuming the general kinetic rate equation (—7,) = /eP%Pg determine the parameters

a, B, and k.
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Solution
A+ B— 2R
Fao— F Fr— Fr
o= =
Fao 2F 0
F
X, = TR
2Fo
Pao Pgo Xa
0.5 0.5 0.05
0.5 0.5 0.07
0.5 0.5 0.16
0.4 0.6 0.2
0.6 0.6 0.1
0.6 0.4 0.05

From the conversions, we calculate the partial pressures P4 and Pp:

Pa=Ppo(l —Xy)

PB =PB()(M—XA),W1’1€I'CM=PB()/PAO

M Xa P4 Pg

| 0.05 0.475 0.475
I 0.07 0.465 0.465
| 0.16 0.420 0.420
1.5 0.2 0.320 0.520
| 0.1 0.540 0.540
0.66 0.05 0.570 0. 370

From the relation:

(=ra)=(=rp)=(1/2)rr

It follows:

(—74) =Fa0Xa/W =Fr/2W = YrFy/2W, where W =0.040kg

Fo Yr (=ra)
1.7 0.05 1.062
1.2 0.07 1.050
0.6 0.16 1.200
0.3 0.16 0.600
0.75 0.10 0.937
2.75 0.06 2.062




320 Chemical reaction engineering

Using the least square method and the equation:

(—ra) = kP%PY

In(—r4)=Ink+a'InPy + b'In Pp

From Equation 5.38 for N experiments and for j tests, we obtain:

Yi=Ap+ A1 Xy, + A2 Xy

With simultaneous equations, it follows:

N
> XyY
=1

N N N N
ZXZ/Y] = Ay ZXz,' + Aq leixli + Ay ZX%/
I=1 I=1 I=1 I=1

I=1

N N N
ZY,- = NAy + A4 ZXU +A; ZXZ/'
=1 =1 =1

N N N
= A ZXu + Aq ZX%,- + A Zle-le
=1

(—ra) Py P Yj le XIjZ Xz,' X2j2 le * Xz,'
1.0625 0.475 0.475 0.6006 —0.7444  0.5541 —0.7444  0.5541 0.5541
1.05 0.465 0.465 0.0488 —0.7657  0.5863 —0.7657  0.5863 0.5863
1.2 0420 0420 0.1823 —0.8675 0.7525 —0.8675 0.7275 0.7275
0.6 0.320 0.520 —0.5108 —1.1394 1.2982 —0.6539 04276  0.7450
0.9375 0.540  0.540 —0.0645 —0.6162 03797 —0.6162 03797  0.3797
2.0625 0.570 0370 —0.7239 —0.5621 0.3160 —0.9942 09884  0.5580
x 0.4403 —4.6953 3.8868 4.6419 3.6886 3.5764
X ij*Y; X3

—0.0451 —0.0451

—0.0374 —0.0374

—0.1581 —0.1581

—0.5820 —0.3340

—0.0397 —0.0397

—0.4069 -0.7197

—0.0258 —0.5866

Substituting these values, we obtain following equations:

0.4403 = 6Ap —4.6953A1 — 4.6419A,

—0.0258 = —4.6953 + 3.8868A; + 3.5764A,
—0.5866 = —4.6419A0 + 3.5764A1 + 3.6886A;
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Solving these equations, it follows:

Ag=-0.7423

A1=0.9639

A, =-2.035
Then:

K =0.476 mol atm/kg h

Example

ER.17 Ethanol dehydrogenation was carried out in the integral reactor at 275°C and
following experimental data (Table 13.11) were obtained:

X 0.118 0.196 0262 0339 0446 0454 0524 059 060

P (atm) [ | [ | | [ [ [ [
W/Fso (kgee h/kmol) 02 04 06 088 153 1.6 266 422 454

X 0.14 02 025 028 035 0.14 019 023 027 032 0.1 O0.l6

P (atm) 33 3 3 3 4 4 4 4 4 7 7
W/Fs (kgee h/kmol) 02 04 06 088 16 02 04 06 08 16 02 04

X 0.194 02014 0254 01 0148 0175 0.188 0229
P (atm) 7 7 7 10 10 10 10 10
W/Fxo (kgeae h/kmol) 0.6 0.88 16 02 04 06 0.88 16

The equilibrium constant is K = 0.589. The feed is an azeotropic mixture of ethanol
and water containing 13.5% (molar) of water. Estimate the adsorption—desorption and
reaction parameters, using the conversion as variable regression. Which model fits best
the experimental data?

Solution
We may suggest different models as listed below.
Model 1: reversible reaction and adsorbed product

r= k@APB — k/QR
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k[ by 1 Hape ]

(1+Ka-ps+Krpgr) K(1+Kapy+ Kr-pg)

Assuming a differential reactor and rearranging:

Kr Krx K K 1] K
[m+M‘z]X”Z<”K_J‘r(1 Xally

Model 2: irreversible reaction and adsorbed product
r= k@APR
Assuming a differential reactor and rearranging:

kKapapr
(14 Ka-py + Kr.pr)

Model 3: irreversible reaction and nonadsorbed product
r= k@APB

Assuming a differential reactor and rearranging:

1 1
-+ EPAO(l — Xa)

_ baobs .,
kK 4 == 1-Xa)

From experimental data and the corresponding models, we obtain X4 after
linearization.
Model 1: Varying pressures for constant flow rates

P 4 0.2 y

Py X
| 0.135 0.118 0.0140
3 0.405 0.14 0.0410
4 0.54 0.14 0.0547
7 0.945 0.112 0.098
10 1.35 0.1 0.143
P w 0.4 y

Py X
| 0.135 0.196 0.0255
3 0.405 0.2 0.0763
4 0.54 0.196 0.1022
7 0.945 0.163 0.1863
10 1.35 0.148 0.2709
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Varying flow rates for constant pressures.

P W 0.6 y
P, X
| 0.135 0.262 0.0352
3 0.405 0.25 0.1073
4 0.54 0.235 0.1459
7 0.945 0.194 0.2691
10 1.35 0.175 0.3935
J w 058 y
P, X
| 0.135 0.399 0.0462
3 0.405 0.286 0.1498
4 0.54 0.271 0.2040
7 0.945 0.214 0.3849
10 1.35 0.188 0.5681
P w 1.6 y
P, X
| 0.135 0.454 0.0694
3 0.405 0.352 0.2473
4 0.54 0.32 0.3460
7 0.945 0.254 0.6643
10 1.35 0.229 0.980
12 P vs X, (1/r constant)
y=-3.7987x + 1.684
R?=0.8705
i °
y = -3.3676x + 1.1449
0.8 4 R?=0.951 B
o o6 y = 03.7672x + 1.0311 *"
3 R?=0.9771 .
2 044 y=-38971x+0.8361 ¢ '.\\ .
R® = 0.8985 AN N o
:\\ \'\ °
0.2 {y=-1.9793x + 0.3118 N m\,
R?=0.4708 Mo "
\\é \Q \'\ R
o _x , R Sy , ,
0.1 0.2 0.3 0.4 0.5
-0.2- Conversion (Xa)
® W=066 m W=088 ® W=16 X W=02 W =04

— — — - Linear (w = 0.66)
Linear (w = 0.4)

Linear (w = 0.88)
Linear (w = 0.2)

Figure E13.1 Model I.

Linear (w = 1.6)

i



324

Chemical reaction engineering

PvsX ,(1/r constant)

0.4

0.7 A y = —4.3405x + 1.759
R?=0.9905 °
0.6
05-
y = —3.2403x + 1.0791
@ R? = 0.9995
o 04
- N o
= y =-2.9141x + 0.8337 N,
2 03- R?=0.999 \,
N \'\ o
y =-2.8086x + 0.645 N .
0.2 R2=0.9835 AN "
A .
FS ]
y =-1.8209x + 0.3028 N
014 R®=0.9488 \ >
X
0 T T T T T T T 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Conversion (X,)
4 W=0.66 H W=0.88 ® W=16 X W=02 W=0.4
— —— - Linear (w=0.66) —-:—-— Linear (w=0.88)  ==-=--=--- Linear (w = 1.6)
Linear (w = 0.4) Linear (w = 0.2)
Figure E13.2 Model 2.
w P, P, P | y
X (1 —x)
0.2 0.865 0.135 0.118 0.882 0.0205
0.4 0.865 0.135 0.196 0.804 0.0375
0.6 0.865 0.135 0.262 0.738 0.0517
0.88 0.865 0.135 0.339 0.661 0.0679
1.6 0.865 0.135 0.454 0.546 0.1020
w P, P, P 3 y
X (I —x)
0.2 2.595 0.405 0.14 0.86 0.180
0.4 2.595 0.405 0.2 0.8 0.336
0.6 2.595 0.405 0.25 0.75 0.472
0.88 2.595 0.405 0.286 0.714 0.660
1.6 2.595 0.405 0.352 0.648 1.089




Kinetic exercises 325

w P, P, P 4 y
X (I —x)
0.2 3.46 0.54 0.14 0.86 0.321
0.4 3.46 0.54 0.196 0.804 0.600
0.6 3.46 0.54 0.235 0.765 0.857
0.88 3.46 0.54 0.271 0.729 1.198
1.6 3.46 0.54 0.32 0.68 2.032
w P, P, P 7 y
X (I —x)
0.2 6.055 0.945 0.112 0.888 1.016
0.4 6.055 0.945 0.163 0.837 1915
0.6 6.055 0.945 0.194 0.806 2.767
0.88 6.055 0.945 0214 0.786 3.957
1.6 6.055 0.945 0.254 0.746 6.829
w P, P, P 10 y
X (I —x)
0.2 8.65 1.35 0.1 0.9 2.101
0.4 8.65 1.35 0.148 0.852 3.979
0.6 8.65 1.35 0.175 0.825 5.780
0.88 8.65 1.35 0.188 0.812 8.344
1.6 8.65 1.35 0.229 0.771 14.405

From Figures E13.1 and E13.2, we obtain the linear and angular coefficients, Model 2.

With these coefficients, we calculated the corresponding constants. Note that the
angular coefficients are similar for both Models 1 and 2.

Example

ER.18 The following reaction mechanism denotes different bondings of enzyme E with
the substrate S. Two different complexes were formed: a binary reactive complex ES
and a nonreactive ternary complex ESS.

ko /k
S+ ESNES

ES + S25K,

k4 /k
Es¢SELp
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(a) Describe the reaction rate of the product P(r,) based on this mechanism?

Show how inhibition occurs in the product rate equation P when compared to
the reaction rate based on the Michaelis-Menten mechanism for a single site.
(c) Compare the maximum rates for both models and for what S value it occurs

(Vinax = k+Ciko)). Plot 7, as function of [S].

ka /k
Sy + E<2—;E51

by Jk
S, + E(z—;ESZ

ES-SE4 P,

ES*SE+ P,
Solution
(a) Rate equations for ES and ESS

res = k1 [E][S] — kL [ES][S] + k5[ESS] — k/[ES] (13.32)

ress = ka[ES][S] + k5 [ESS] (13.33)

Assuming steady state for [ES] and [ESS], we have:
df’Es/dt =0
drgs/dt =0

The total enzyme concentration is:

[Eo] =[E] + [ES] + [ESS] (13.34)

From Equation (13.32):

Ky [ES] + ko[ ES][S] — R [ESS] + ki[S
(57 = FLESI+ ol ]Ll][s] H[ESS] + k:[S]

From Equation (13.33):
k5 [ESS] = k2[ES][S]

From Equation (13.34):

[ESS] = :—,Z[ES][S]
2
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Substitution of [ESS] results:

[Eo)
ES] =
[ES] Tk 1 I
k1[S] K>
where: k,, = ki + ks
k1
since k, = k, [ES] we have:
o hlElIS)
=7 a2
R [S]
8]+
51 P g,

where: k, [Eg] = Vinax

Vinax[S]

N§
o 18]+ 1~

kp:

(13.35)

(13.36)

The nonreactive complex formation promotes inhibition because the amount
of enzymes decreases with increasing product formation. Comparing Equation
(13.30) with the Michaelis-Menten equation, it shows that the term [S]?/K,
is responsible for the decreasing rate formation of the product. The inhibition
depends on k,,, [S], and K;. (K, decreases with more [ESS] formation).

Since:

Vinax[S]

N

rp:

The rate is maxima when:

Thus:

kt [EO] \% kaZ

7 =
pmax kaz

km + kaZ +

when Vi =k, [Eo]

Therefore:
Vmax A\ kaZ
Tpmax =
kK
km + kaZ + 2

K>

(13.37)

(13.38)
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Vmax is smaller when compared to Michaelis-Menten mechanism.
For the Michaelis-Menten it is: V,,3.k,[Eo]

Io

A

Prgx - == === === ———=— -

» [S]

[S] Optimum

Example

ER.19 Determine the polymerization grade using the rate equation based on free
radicals.
The mean polymerization grade Xy is determined by the following expression:

—M

Y

XN

Plot the concentration of the monomer with time or space time for the batch,
CSTR and PFR systems, separately.

Using 3 CSTR in series of equal volumes, calculate the final volume for a final
conversion of 90%.

Plot the concentration of the monomer with space time in the PFR and 90%
conversion.

Varying the parameters (ko, k,) discuss the results:

Data:

Mg = 3 mol/dm?

Lo =0.01 mol/dm?

ko =10"3s"1

k, =10 dm’/mol s

k; =5 x 107 dm3/mol s
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Rate of monomer disappearance (—ry)

The rate of disappearance of the monomer occurs in the initiation and
propagation steps.

From Equation 8.38, we get:

2yko[1
(=) = Ryl 2]
t
Calculation of the polymerization grade X
From the definition:

XN = = 3
27 2ykoll2] + ki (R%)
where: [M] = M.

When the concentration of the initiator does not vary with time ([I2] = [I2]o),
then, Equation 8.36 becomes:

R*= | w =4.47 x 10~ mol/dm’®
t

Since M = My(1 — X)) = 3(1 — Xy), the expression of Xy results:

 RM-R
 2yko[L2] 4 ky(R*)?

XN
Xy = 1.34 x (1 — Xy)

(b) Concentration of the monomer with time:
The rate equation of consumption of the monomer or formation of polymer is
given as:

—rm=—1, =k, MR*

For batch reactor (Equation 4.7):

M ax

_ M
t_MO/ (—7m)
0

Changing the integration interval:

My—M dM
= idXM:—ﬁ

X
M My 0
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Then:

Substituting (—7y):

t=— In(M — M)

Thus, the concentration of the monomer with time in a batch reactor is:
M =M, x exp(—tk,R*) (13.39)

e For PFR:

Changing the integration interval and substituting expression of (—ry), after
integration, we obtain the concentration of M as function of space time t

M= M, x exp(—tk,R") (13.40)

e For CSTR:
_ dXu

i (—=7m)

Similarly:

My-M

X
M M,

Substituting (—7y) results:

My — M

"7 & MR*

Rearranging, the concentration of the monomer with the space time is:

My

M=—— 13.41
thk,R* 41 ( )

Figures E13.1 and E13.2 display the concentration profiles of batch, PFR, and CSTR
systems, respectively.



Kinetic exercises 331
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Figure E19.1 Batch.
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Figure E19.2 PFR and CSTR.

For comparison, we plotted the profiles in the same figure.
As seen, the concentration of the monomer decays more significantly on the PFR

reactor.
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(c) Calculation of volumes for a final conversion of 90% on 3 CSTRs.
Since:

Xai — Xai-1

T, =
Tm

Equating 7;:

For each reactor:

Xai — Xai-1

2ykol1]
k;

V,'=U0 X

kp[1 — X4l

Equating the volumes V; =V, and V; = V3, we obtain:

Xm1 X —Xwm
(1—Xm) (1—=Xm)

The final conversion is 90% (Xum3 = 0.9). Solving these systems, we obtain Xjq
and XMz:

Xwm1 = 0.535
Xm2 =0.784
XMz =0.9

Figure E19.3 displays the volume of the reactor (since, V1 = V, = V3) as function
of vy.
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Output vs/ Volume
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e

500

1 CSTR

400

300

Volume (1)

3 CSTR

200

100

0 0.5 1 15 2 25 3
Output (//5) X107

Figure E19.3 CSTR in series vg.

From this figure, we conclude that the volume in one CSTR reactor (blue line) is
greater than in three reactors in series.

(d) Varying parameters ko and k,.
Using the equation of a PFR reactor:

M
t_/‘ dXum
) (=rm)
Mo

Substituting (—ry) and after integration results:
M= M, x exp(—tk,R")

where:

. |2vkoll2]
R —_— k—t
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Varying ko and k,, we obtain:

a5 t vs. [M] (PFR)
3
Kp=05
25 \\
= 2
o
HARN
s Kp=5
=15 \ \ P
1 \ Kp =10
K =50\
05 \py\
0 th=50 : .
0 5 10 15
t(s-1) x10°

Figure E19.4(a).

t vs. [M] (PFR)
35
3
25
s , \ Ky = 0.00001
[s}
: \ \
s
=15
\ \ Ko = 0.0001
1
\ Ko = 0.001
0.5 Ko=0.1
Ko =
0 :
0 5 10 15
t(s-1) x 10°

Figure E19.4(b) Influence of parameters Ko and K,,.
We see that the influence of K, is more significant than of K. Therefore, the
parameter controlling the polymerization kinetics is the propagation constant. The
concentration is strongly affected for higher K, values.

i
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Example

ER.20 The polymerization reaction of high carbon chains occurs in the liquid phase
varying with space time or very high mean residence times.
(a) In this case, the propagation step is greater than the initiation step:

’
|
7i

Or (LCA)
Calculate the concentration profiles of the monomer M in PFR and batch reactor
separately.

Solution
Substitution of Equations 8.38 (or 8.39) and 8.30 in the relationship:

’
|
i

gives:
n M kiz,
—_— > —
i I\ 2kok;

PFR and batch

dM
e = (8.42)

Substituting Equation 8.38 in Equation 4.7:

/ dXu

T=1=

(=7m)
My

Batch and PFR

Equation 8.43

M, [Bylol

ln—=kp ktko

)_1]
Moy

or

M =M, x exp |7k, ZVIEIZO] (%) _ 1])
t
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M] X t (PFR
3.005 (M) ( )

. 3

[s]

£

g

o

g 2.995

=

S 2.99

c

8 2,985

C

[0}

[$]

S 298 \

o ~ \

2.975
¥
2.97 T T T T
0 20.000 40.000 60.000 80.000 100.000
Time (s)
PFR or batch reactors
Xm 0.0089
Polymerization grade 1.0089
Xn—Conversion of the monomer
(_rA)l klcl klOO 0.067

cat __

(—ra)s  kaC2. kg x2  2x0.034

(1 _ XA) :eikt — 670.034><10 =0.711

X4=0.288

13.2 PROPOSED EXERCISES

Example

EP.1 Calculate the equilibrium concentration of the reforming reaction and following
feed composition (molar fraction): 0.15 Ny; 0.60 H,O; 0.25 C,Hy. The temperature
is constant at 527K at pressure of 264.2 atm. Assume principal reaction.

Hzo + C2H4<—>C2H5OH
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Data:
Component AGggy (keal) AHYgg¢ (keal)
H,O —54.63 —57.79
CyH, 16.28 12.49
C,H;OH —40.3 —56.24
Example

EP.2 The reaction occurs in a batch reactor and determines the specific rate constant
from the following experimental data.

(e}
Il I}
HC/C\C/ \CI HC \C/C\OCH3 H* -
I | 4+ CHOH —— I ! + " 4
HC._ -CH 8 HC. ~CH
~CH CH
t (s) 0 27 45 62 79 93 105 120 00
®(ecm™) - 0.352 0.646 0.813 0.969 .12 1.26 1.40 3.5

Assume a second-order reaction under isothermal conditions at 25°C. The initial
concentration is 3.6 x 1073 mol/m?3.

Example

EP.3 The decomposition of DME (dimethylether) occurs at 504°C, according to the
reaction:

(CH3),0 — CH4 + H; + CO

Reactant is fed with 30% inert (N,). The kinetics is unknown and therefore
following experiments were performed in a batch reactor at constant temperature.

t(s) 390 777 1195 3155 00

P (mmHg) 408 488 562 799 931

Verify if the reaction rate is first or second order?
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If the experiment would occur in a continuous system at constant pressure (initial
pressure), calculate the space time for a conversion reached before at the end reaction.

If the volume is 5 L, calculate the flow rate needed for the continuous reactor for
the same conversion.

Example

EP.4 The specific rate constants at 273K is 0.001 min~! and at 373K equal to
0.05 min~1.

(a) Calculate the activation energy.

(b)  Calculate the collision factor.

(c) Calculate the rate and compare with item b.

(d)  Calculate the specific rate constant at 700 K. Comment results.
Example

EP.5 1t is known that for an increase of 10°C of temperature the rate is doubled.
Assuming constant activation energy and constant kg, show the following relationship.

10E \'*
T=||———
RlIn2
Show how the activation energy changes with enthalpy, according to the equation.

E=C-a(-AH")

where C and « are constants. What is the meaning?

Example

EP.6 Interpret the following graphs and explain the mass transfer effects. Show how
the activation energy varies with temperature.
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Example

EP.7 The reaction:
CH;COOCH;s + NATOC¢H; - CH3COO Na + 2CsHsOH

is performed in a batch reactor and in the liquid phase. Feed concentrations are equimo-
lar and equal to 30 mol/m?. During heating up, reaction may occur and when counting
begins, the concentration of reactant was 26.9 mol/m? and of the product phenol was
7.42 mol/m?. Assume irreversible reaction and following rate expression:

CaCp

R

r==k

where C4 = concentration of ester CH;COOC¢H;s, Cp = concentration of phenolate
NatOC¢H;, and Cg = concentration of phenol CsHsOH.

Following experimental data were obtained by collecting samples with different
times:

t (kseg) 0.72 216 432 8.64 20.6 27.2

Gy (mol/m3) 22 18.2 15.3 12.15 8.5 73

Show that the rate of the equation is correct and determine the kinetic specific
constants. The temperature is 30°C and the total pressure is 1 atm.

Example

EP.8 The enzymatic reaction is competitive and the reaction mechanism is as follows:

E+S<LES

ESSE 4P

where E = Enzyme, [ =Initiator, and ES, EI = Complexes.
Show that the rate of product P formation is given according to the equation:

Vinax[S]
[1]
(81 + Ku (1+ %)

rp=

where Ky = Michaelis constant and K; = Inhibitor (k4/k3) constant.
Do all simplifications needed and justify.
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Example

EP.9 The reaction (CH;);COOC(CH;);—> C,Hg+2CH3COCH; was performed in a
batch reactor, measuring total pressures with time at 50°C.

t (min) 0 25 5 10 5 20

P(mmHg) 75 105 125 158 170 194

Write the rate equation as function of total pressure for n-reaction order.

Show how P varies with time and determine the reaction order.

Choose an approximate integral order and calculate the constant by the integral
method.

Example

EP.10 The parallel reactions are irreversible and the ALL2R and AL 8 product rates
are of second order with respect to reactants. Reaction was performed in a PFR reactor.
Feed composition was 50% for A and 50% for Inert. The molecular weights are 40
and 20, respectively. The exit flow rate of product R is 6 mol/h. The total flow rate
is 1000 mL/min at 10 atm and constant temperature 400°C. Assume ideal gases. The
reactor volume is 2 L and the selectivity relative to R is 85%. Calculate constants k;

and k,.

Example

EP.13 The consecutive reaction is A—'>R—2§ performed in a batch reactor. The
reaction rates are first order and irreversible. The ratio at 50°C is known as:

At 70°C, this ratio is 1.5. Calculate the maximum concentration of R, when the
time is 30 min at 50°C. Calculate % = 3 the activation energy and the selectivity of R.

Example

EP.12 The hydrodenitrogenation is performed in a PFR reactor at 100°C and 60°atm.
The following results were obtained in a batch reactor:

7 (min) 0 5 10 20 30 40 50

Xa 0 0.3 0.5 0.73 0.85 0.93 0.97

Calculate the volume for a conversion of 80% and feed rate of 10 L/min.
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Example

EP.13 The propane oxidation to acroleine was done in tubular reactor according to
the reaction:

CH;CH = CH,+0,-% CH,= CHCHO + H,0

The fixed bed reactor contains 0.5g of a catalyst and operates at 623K and
constant pressure. The following data were measured:

Fr (min) 0.2l 0.48 0.09 039 0.6 0.14 | 44
pp (atm) 0.1 02 0.05 03 0.4 0.05 0.5
Po (atm) 0.1 0.2 0.05 0.0l 0.02 04 0.5

Determine the reaction orders assuming an irreversible reaction.

Example

EP.14 The reaction is irreversible and the specific rate constant is equal to:
CoH, Cly—> CH, Cls+HC
k=102 21940/T (5 1)
During the reaction, other subproducts were formed. Cl; may poison the catalyst when

their concentration is higher than 150 ppm. The Cl,/HCI ratios were observed with
different temperatures, as shown in the following table.

T (°C) 408 440 455

Cl,/HCI 1.7 x 1074 32x107* 40x 107*

For the design of a tubular reactor of 0.15m? and temperature of 450°C and
at 1 atm the molar flow rate is 41.7 mol/kseg. Find out for what conditions catalyst
poisoning can be avoided?

Example

EP.15 The dimerization of phenyl isocyanate in the liquid phase is performed in a
tubular reactor, according to the following reaction:

The reaction rate is second order and zero order for the catalyst concentration.
The reverse reaction is first order. Data are presented below at 25°C:
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2CH,NCO —=CH,N

Equilibrium constant: 0.178.

Specific rate constant k=1.15 x 1073 L/mols.

Activation energy: E=1.12 kcal/mol and E’ = 11.6 kcal/mol.

Pure reactant is fed at 1 mol/L and 0°C. Calculate specific rate constants at 200°C
for 80% conversion and exit flow of 0.6 mol/min.

Example

EP.16 The reaction is performed in a batch reactor at 25°C:

Cl

1
No o Cts
4+ CHOH —— + H" 4+ cI-

Samples were collected with time and measured by conductivity, according to the
table:

t(s) 0 27 62 93 120 10000

Q(ecm™ - 0.352 0.813 1.12 1.40 35

Equal concentrations were introduced in the reactor. The reaction is second order.
Determine the specific rate constant?

Example

EP.17 The reaction ethanol to diethyl-ether was studied in a differential reactor and
data are shown in following table. Using potential law and LH equations determine
the reaction order with respect of each component and if possible calculate the kinetic
and adsorption-desorption constants.
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Experiments Pa (atm) Ppe (atm) Pigua (atm) Rate (mollgcq min)
I 1.0 0.0 0 1.34x 1073
2 0.9 0.1 0 1.32x 1073
3 0.7 03 0 1.35x 1073
4 0.4 0.6 0 1.31 x 1073
5 1.0 0.2 0.8 0.35x 1073
6 0.5 0.2 0.3 0.85 x 1073

LH—Langmint-Hinshelwood

Example

EP.18 The catalytic reaction is irreversible. With data presented in the table, determine

the reaction mechanism and propose a LH rate expression. The conversion is lower
than 5%.

Experiments Pa (atm) Pr (atm) Rate (mollg ., min)
| 1.0 I 33x 1078

2 5 I 1.5% 1073

3 10 I 0.56 x 107>

4 | 10 0.86 x 107>

5 2 5 1.82 x 107°

6 2 10 1.49 x 1075
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Reactors







Chapter 14

Ideal reactors

INTRODUCTION

In the first part of this book, we have studied the kinetics of homogeneous and hetero-
geneous chemical reactions as well as the influence of parameters on the reaction rates
not taking into account diffusion and mass effects. These phenomena are caused by
heat and mass transfer limitations. Therefore, the parameters have been determined
under kinetic control regime in the absence of transport phenomena effects. When
these phenomena take place, the observed rate is lower than the intrinsic kinetic rate.
The effects must be determined separately.

Unlike heat or mass exchangers, for reactors we should take into account a gen-
eration term in the mass and heat balance due to the chemical reaction, therefore the
chemical reaction rate.

The conventional chemical reactors comprise batch and tank or tubular reactors.
The batch reactors are used in small-scale processes while tubular reactors have been
preferentially applied in large-scale production. The advantages and drawbacks of
batch and continuous reactors are shown in the table below:

Batch Continuous

Advantages Advantages

Small scale Large scale

Homogeneous phase—liquid or gas Homogeneous and heterogeneous phases
Any pressure and temperature Any pressure and temperature

Low cost High cost

Requires labor Requires skilled labor

Simple equipment Appropriate control equipment
Drawbacks Drawbacks

Huge losses (time and material) Unforeseen problems

The batch reactor is advantageous for small-scale processes, such as drug produc-
tion and fine chemicals. However, the batch reactor should be constructed in such a
way to avoid preferential paths, with very efficient stirring system so that the mixture
is homogeneous. Samples may be collected intermittently or at the end of the reaction
allowing to obtain the composition of the intermediate or final products. For kinetic
studies, sampling is carried out at different times to monitor reaction system as function
of time.
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The drawbacks depend on the system scale. The reactor has to be loaded, unloaded,
and cleaned, sometimes resulting in longer time than the reaction itself. The batch
reactor requires less labor, however, requires special care to avoid contamination. Batch
reactors are utilized in pharmaceutical industry, fine chemicals, natural products, and
processes little known.

The continuous reactors are mostly used in large-scale industries and in numerous
industrial processes. They may be used to operate homogeneous and heterogeneous
processes for several months or even years producing large amount of products. The
operating conditions are wide but require a continuous control and consequently more
labor.

Reactors face serious problems of flow including heat and mass transfer limi-
tations. The flow regime affects the system, especially heterogeneous ones. The most
important variables such as flow, temperature, and concentration should be monitored
continuously requiring high precision instruments.

The main disadvantage is the occurrence of clogging or overloading demanding
immediate interruption of the reactor, especially in systems with potentially explosive
reactions.

In a continuous tank-type reactor, the flow should not follow preferential paths. In
the continuous tubular reactor, the flow can be in extreme cases: laminar (not desired)
or turbulent (desired), but without dead volume. The type of flow may cause radial
and longitudinal diffusion effects causing radial or axial temperature and concentration
gradients and consequently affecting the chemical reaction.

Dimensioning a reactor can be easy when the flow is ideal. To study the flow, one
invokes the so-called “population balance.”

Let us consider an irreversible first-order reaction in isothermal conditions, whose
solution is:

“In(1—X,) =kt

where X, is the conversion of reactant A, k is the rate constant, and ¢ is reaction
time. Time ¢ is the contact time or residence time of molecules in the reactor. In batch
reactors, the time measured is equal to the average contact time of the molecules. In a
continuous system, the residence time of the molecules may be or not the same for all
molecules since it depends on their distribution in the reactor, which in turn depends
on the fluid flow. Therefore, it is impossible to determine the rate constant without
the “true” reaction time.
We can consider the following cases:

(a)  All fluid elements or molecules have the same residence time in the reactor or
the same average contact time, characterizing a perfect mixture—ideal batch or
tank.

(b)  The fluid going through the reactor has uniform composition at any cross section
of the tube characterizing a “plug” flow—ideal tubular reactor.

(c) The fluid flow or distribution of molecules is not uniform in the cross section;
molecules flow with different contact times along the reactor, characterizing the
nonideal reactors.
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(b) Transversal flow

Products
(a) Longitudinal flow
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Reactants

Reactants

Figure 14.] Shapes of tubular reactors.

The flow also depends on the reactor shape. The cylindrical tubular reactor is the
most used but there are other shapes as conical and cylindrical trunk with transversal
flow, which change the velocity profile affecting the flow as shown in Figure 14.1.

The choice of the type of reactor depends on the flow and other factors:

(a) Residence time.

(b)  Pressure drop in the reactor.

(c) Type of load in the reactor (catalyst or filling).

(d) Internal or external heat exchange, which depends whether the reaction is
exothermic or endothermic and consequently if the operation is isothermal or
adiabatic.

The flow in the reactor and also the superficial velocities in a cross section of the
reactor vary with the condition and shape of the reactor. The velocity profile for the
laminar flow in a cylindrical tube can be calculated. It presents a parabolic velocity
distribution, which is a variable in the cross section, causing different contact times
of the molecules along the reactor; this situation characterizes a nonideal reactor. In
turbulent flow, when the Reynolds number is high, the velocity distribution varies in
the cross section: high velocities near the walls and more uniform velocities in the
center of the tube. These velocity profiles can be calculated by Van Karman theory.
The larger the Reynolds number the higher the velocity and more uniform the velocity
profile in the reactor, approaching the ideal flow and favoring a uniform contact,
therefore, allowing an ideal mean residence time of the molecules. The heterogeneous
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reactors, particularly catalytic reactors, have highly variable velocity distribution, and
although it is possible to predict the behavior of the fluid in these systems, it is very
difficult to calculate the voids, which create channeling. The flow depends on the type
and placement of the catalyst particles inside the reactor. On the other hand, reactors
containing catalysts allow higher contact between molecules due to a large contact area
promoted by catalyst particles, which enhances chemical reactions between molecules.
The higher the Reynolds number and therefore the higher the fluid velocity, the more
similar the flow will be to a turbulent flow and to an ideal reactor.

Besides the flow, one should consider the mass and heat transfer limitations. In
reactors without bed, one may calculate the heat and mass exchange and determine
the conditions for an adiabatic or isothermal operation, since the temperature profile
in the reactor is known. For uniform velocities, the heat transfer depends on the heat
capacities; if they are constant, the temperature profile is uniform. Otherwise, there
are considerable deviations and consequently large temperature variations. In catalytic
reactors, there is also the influence of conductive heat of the particles. The temperature
affects substantially the rate constant and consequently the reaction rate. At the same
time, mass transfer limitation may be present due to convection and diffusion inside
the pores of the particles, which depend on the fluid flow and the diffusive proper-
ties of molecules. Mass transfer limitation affects significantly the rate constant and
consequently the reaction rate causing different residence times of the molecules.

These considerations also apply to continuous-tank reactors, batch or semibatch.
However, the manner of contact between molecules also depends on the geometry of
the reactors. One should avoid dead volume and for this purpose strong stirring can
be used. The higher the stirring the better the contact between molecules and the lower
the chance of dead volume. The contact is instantaneous and the concentrations in the
tank or in the batch should be uniform, and if possible equal to the reactor outlet.
One reaches the ideal condition when the mixture is perfectly uniform. Figure 14.2
illustrates the different cases.

Fluid flow
Laminar Turbulent Plug flow
—
—
Batch Tank

Stirrer Stirrer

Figure 14.2 Reactors—types of flow.
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14.1 TYPES OF REACTORS
The conditions for classifying ideal reactors are as follows:

Tubular reactor: The contact time is the same for all molecules or fluid elements along
the reactor when the velocity is uniform in the cross section of the tube, satisfying
the plug flow. All molecules have the same velocity. Therefore, the concentration
is uniform in a cross section of the tube and varies only along the reactor. In the
isothermal case, the temperature remains constant in the longitudinal and radial
directions. In the nonisothermal case, the temperature varies along the reactor. This
reactor will be denominated ideal PFR (plug flow reactor).

Tank reactor: The molecules should have the same mean residence time in the tank.
Therefore, the concentration inside the tank should be equal to the concentration
at the reactor outlet, implying in a uniform and perfect mixture. To reach a perfect
mixture, dead volume must be avoided so that the mean residence time is uniform. A
reactor in these conditions will be an ideal CSTR (continuous stirred-tank reactor).

Batch reactor: The mixture must be perfect leading to a homogeneous concentration
throughout the reactor volume. The reactor should be well stirred and dead volume
cannot be present. The temperature is also uniform.

142 DEFINITIONS AND CONCEPTS OF RESIDENCE TIME

As seen previously, the concentration varies with the reaction time or contact time in
the batch reactor.

In continuous reactors, the concentration varies with space time, which is a vari-
able equivalent to time but measured as a function of reactor volume and inlet flow of
the fluid (or inlet velocity of the fluid). The flow is measured experimentally by using
a rotameter or mass flow meters (MFM) through conductor signals. They are concrete
measurements. We can define the new variables as follows:

Space velocity: ratio between the feed volumetric flow and reactor volume. It represents
the feed rate per unit volume to achieve a given concentration or conversion of the
reactant in the reactor outlet. One can interpret the space velocity as the velocity
with which a fluid element or molecules pass through the reactor volume to achieve
a certain conversion. If F4y (mol/h) is the molar flow, vo (m3/h) is the volumetric
flow at the reactor inlet, and V (m?) the reactor volume, then:

= Ot
Ue—s—V(h ) (14.1)
or
. Fao -1
Ue_s_—CAO » V(h ) (14.2)

where Cy49 and F4q are, respectively, the initial concentration and initial molar flow
of the reactant A (i.e., at the reactor inlet).
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Space time: the inverse of space velocity, i.e., the ratio between the reactor volume and
the feed volumetric flow. It represents the time in which a fluid element or molecules
pass through the reactor volume to achieve a final concentration or conversion of
reactant. Therefore, we have:

7=—(h) (14.3)
vo

As an example, v. = 5 h~! means a feed rate of S Vh~! to process the reaction in
order to achieve 80% conversion. On the other hand, t = 5 min represents the time
required to process a feed rate in the volume V and achieve 80% conversion, or
each 5 min one processes a load in the reactor volume to achieve 80% conversion.

Residence time: the residence time ¢ takes into account the time in which each fluid
element or molecule passes through the reactor and it depends on the molecules
velocity inside the reactor; therefore, it depends on the flow in the reactor. Residence
time is equal to space time if the velocity is uniform in a cross section of the reactor,
as in ideal tubular reactors. This situation is not valid to tank reactors, since the
velocity distribution is not uniform. In most nonideal reactors, the residence time is
not the same for all molecules, leading to variations in radial concentrations along
the reactor; and therefore, the concentration in the tank and at the reactor outlet is
not uniform. That means we need to define initially the residence time and calculate
the residence time distribution for each system.

Tracers: one can determine experimentally the local and mean residence time in sys-
tems where no reaction occurs. One chooses a nonreactive fluid and adds a tracer,
measuring its concentration at the outlet of the reactor. In general, a dye is used
but other alternatives are possible such as conductivity, radioactive materials, etc.
since they can be measured. The nonreactive fluid flows through the reactor and
the tracer is introduced as step or pulse. To simplify, we will use a tank reactor with
volume V and a nonreactive liquid with inlet volumetric flow vy. One introduces
a dye with concentration Cy at the reactor inlet and measures its concentration at
the reactor outlet from the instant ¢ = 0. By the balance, we have:

Step tracer experiment

Flow of non reactive fluid —— Tank reactor

lCO Tracer
Yo
"4
== 9
Yo

Figure 14.3 Mass balance of nonreactive fluid in the tank reactor.



Ideal reactors 353

{molar flow of tracer entering system, mol/h} — {molar flow of tracer leaving system,
mol/h} = {molar flow of tracer accumulating, mol/h}

v,Co — v,C=V(dC/dt)

Integrating for t =0, C=Cy, and for t #0, C= C,yy and considering that 7 is space
time:

7=—(h)

Vo

We obtain:

C
C—Ozl —exp(—t/1) (14.4)

The tracer concentration at the reactor outlet varies exponentially with time,
indicating that its distribution varies inside the reactor. The molecules have differ-
ent residence times and leave the reactor with a concentration in exponential form.
This is the concentration distribution in an ideal tank reactor.

Generally, one relates the concentration with a residence time distribution func-
tion, assuming that a fraction of molecules has a residence time in between ¢ and
t+dt. At time ¢, the tracer concentration at the reactor outlet is C. Therefore, one
measures a fraction of molecules that remains in the reactor in a time shorter than ¢ and
another fraction that remains in the reactor in a time longer than ¢. The first fraction
is represented by the cumulative distribution function F(¢) and the second fraction is
represented by the difference (1 — F(¢)) which remains for a time longer than ¢. This
last fraction contains no more Cy at the reactor outlet. A balance at the reactor outlet
leads to:

vo[l — F(t)] x Co 4+ voF(t)Co =voC

along with Equation 14.4:

F(t):CE()Zl —exp(—t/7) (14.5)

Therefore, the cumulative residence time distribution function is determined
by measuring the concentration versus time at the reactor outlet. The function is
represented graphically as follows:

We have the mean residence time if residence time is equal to space time (¢ = 1) or
if Area 1 =Area 2 in Figure 14.4. One can notice that a fraction of molecules in the
first area has a residence time lower than # and another fraction in Area 2 has longer
time. Similar fractions have a residence time corresponding to the mean value, which
we designate ¢ (mean residence time).

In the ideal PFR, the residence time is the same for all molecules, assuming con-
stant and uniform velocity. The outlet concentration of the tracer is equal to the inlet
concentration. Therefore, F(¢)=1 or ¢ =t. The mean residence time is equal to the
space time.
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Figure 14.4 Curve of the residence time distribution function.

Any other form of residence time distribution in between ideal CSTR and ideal
PFR behaves as a nonideal reactor.

To determine the function F(¢) from experimental data, we use the property G, as
shown in Chapter 1. If G is any property (conductivity, ionization, wavelength, etc.)
proportional to the concentration, in which G is the magnitude at the inlet and G, at
the outlet, then the cumulative residence time distribution function, which remained
in the reactor at an instant shorter than ¢, will be:

G(t) — Gy

L 14.
(G2 — Gy) (1.6l

F(t)=

Example

E14.1 A nonreactive tracer is introduced into an inert fluid that flows through a reactor.
The inlet concentration of the tracer is 2 g/m? and its concentration C at the reactor
outlet is given according to the following table:

t (min) 0.1 0.2 ) 2 5 10 20 30

C (g/m®) 1.96 1.93 1.642 1.344 0.736 0.286 0.034 0.004
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The reactor volume is 1 m> and the feed volumetric flow is 0.2 m3/min. Determine
the cumulative residence time distribution function (F) and the mean residence time.

Solution

Space time:

Vv 1 .
tzv_o(h):ﬁzs min

Calculation the function F:

G(t)—G1 2-C(z)

(G2 — Gy) 2
t (min) 0.1 0.2 | 2 5 10 20 30
C (g/m3) 1.96 1.93 1.642 1.344 0.736 0.286 0.034 0.004
F(t) 0.02 0.035 0.179 0.328 0.632 0.866 0.983 0.088
1.0
0.8
Data: Datal_B
Model: Boltzmann
0.6 - Chi*2/DoF = 0.00001
= | RA2 = 0.99996
v A1 —8.69359 +4.14906
0.4 7 A2 099782  +0.00285
x0 —10.084 14 +2.52512
- dx 4.65647 +0.1517
0.2
A,
00 T T T T T T T T T T T 1
0 5 10 15 20 25 30

t (min)
Figure E14.] Residence time distribution.

The mean residence time can be determined by the graph assuming equal areas
A1 and A, according to the dashed line corresponding to 7 =5 min. The cumulative
distribution function as a function of time is shown in the above table. Longer times
indicate a fraction of molecules that leaves the reactor at a time longer than the mean
residence time.
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Pulse tracer experiment

Another method to determine the residence time consists in introducing the tracer as a
pulse at a short time. The response of tracer concentration at the reactor outlet can be
calculated assuming that a fraction of molecules AF left the reactor at an interval of
time At. A fraction of molecules leaves the reactor with concentration Cy and another
fraction leaves without Cy at the outlet. Therefore, at the interval of time At we have
the following balance:

vo AF(t) x Cy=1v7C
At the limit At — oo, we have:

AF(t) dF C

T - 14.7
Atlr—n>0 At dt Gy ( )

The variation of the cumulative residence time distribution function is represented
by a Gauss curve, indicating the concentration variation C(¢) as a function of time
according to Figure 14.5:

Integrating:

/dF:/(C/CO)dt

But from the curve, we conclude that:

JEe-t (€

Entrance Response

G

i« |deal PFR
|~

Non ideal reactor

~

Figure 14.5 Residence time distribution curve.
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One defines E(t), residence time distribution function as:

dF
< =E)
or
dF(o) e
g =TxXE0=¢ (14.9)
Therefore:

/dF:/th(t)dt

Then, the mean residence time will be:
Z:/ t x E(¢)dt (14.10)

In ideal cases: in the ideal PFR, the response is instantaneous under pulse. On the
other hand, in the ideal CSTR, the response will be a noninstantaneous distribution of
molecules, as shown in Figure 14.5.

Example

E14.2 Determine the mean residence time in a CSTR reactor using a tracer that provides
the following data:

t (min) 0 5 10 15 20 25 30 35
C (mol/m?) 0 84.9 141.5 141.5 113.3 56.6 283 0

The tracer concentration has been measured at the reactor outlet. The reactor
volume is 2 m> and the volumetric flow at the outlet is 7.2 m3/h.

Solution

We plot the graph of concentration at the reactor outlet from data in the table. After
integrating, we determine the area and calculate tCy with Equation 14.7:

7Cp=2.830
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Then, using Equation 14.9, we have:

C(t
E(t):L) (14.11)
‘L’C()
160 - ® B — Polynomia | Fit of Datal_B
140 .
120
1 (]
s> 100 4
£ ]
8 80 | -
o
é 4
S 60 - A
40 4
20 4
O T T T T T T m 1
0 5 10 15 20 25 30 35 40
t (min)
Figure EI4.2 Concentration versus time.
t (min) C (molim®) E@ t-E)
0 0 0 0
5 84.9 0.03 0.15
10 141.5 0.05 0.5
15 141.5 0.04 0.75
20 113.2 0.02 0.8
25 56.6 0.01 0.5
30 28.3 0 0.3
35 0 0

The mean residence time is determined by Equation 14.10, i.e.:

f:/t-E(t)dt

Figure E14.3 shows the curve ¢, E(t) versus ¢.
By integrating it according to Equation 14.10, we obtain the mean residence time:

=15 min
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® D —— Polynomia | Fit of Data1_D
0.8 u
0.6
n
W04
L]
0.2 1
0.0 T T T T T T 1
0 5 10 15 20 25 30 35
t (min)

Figure E14.3 Residence time distribution.

Calculating the space time:

Vv 2

L _166mi
v 7.2/60 i

T=

Thus,

t=16.6 min

143 IDEAL REACTORS

The kinetics of reactions has been studied for different reaction systems in liquid or
gas phase, simple and multiple reactions, taking into account volume variation for
different cases, and an important conclusion is that the understanding of kinetics is
fundamental to the design of reactors.

To design reactors, we have to calculate molar and energy balances considering
that reactions can also take place under nonisothermal conditions. These balances
contain always the generation term due to the chemical reaction, which is represented
by the reaction rate.

The conventional ideal reactors are batch, continuous, and semibatch. The condi-
tions established for ideal reactors were shown in the previous section, and recapping,
tanks should have perfect mixture and tubular reactors should have plug flow.

The molar balance in an open system is shown in the following scheme and
Figure 14.6 considering any reaction initially at constant temperature:
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M

Variation of number of mol of the
component in the system per
unit time

A+Bo R+S
Molar flow of products

R and S or nonconsumed
@) | Molar flow of reactants leaving dV
reactants Aand B

entering dV
Fj (mol/h)

| F + dF; (mol/h)

dz Different from other systems, that only exists
(5) if reaction takes place

4)
Number of mol of reactant that becomes product
Formation rate of product r; [mol/(h.vol)]

Figure 14.6 Molar balance in an open system.

Molar flow of — Molar flow of + Generation or = Accumulation rate
component j component j consumption rate of of component j, per
entering system, leaving system, component j due to unit volume V
per unit volume V per unit volume V chemical reaction,

per unit volumeV
(1] (2] B3] (4]

Considering F; as the molar flow of component j, G, as the generation or
consumption rate, and #; the number of moles of component j, we have:

dn;

F,‘()—F,' + G,‘ = 1z

(14.12)

The balance can be carried out to any component, reactant or product, and
presents the unit mol/time.

The generation or consumption rate is given per unit volume in this system, being
represented by the reaction rate within each volume element AV. Then,

dn;

- (14.13)

Ffo—F,‘—i-/Y,‘dV:

This is the general equation of a molar balance for any component j of a chemical
reaction.
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Cho Cyo Variable Cuo Variable
Yo Y%

odp
& &

C, Variable C, Variable

@YE :
AV

(a) (b) ()

Figure 14.7 Accumulation term and reaction term.

We must distinguish clearly the reaction term from the accumulation term. Let us
consider the following schemes in Figure 14.7:

Reactions usually occur in steady state in the continuous tubular and tank reac-
tors, but if there is a disturbance on the system, this disturbance will appear in the
accumulation term (4), since the reaction does not depend on the operation. The reac-
tion manifests through the reaction rate, in the generation term of the molar balance
(3). In case (a) of Figure 14.7, one feeds the reactant A with concentration Cyo and
volumetric flow vy at the reactor entrance. If the reactor is ideal (perfect mixture),
the concentration of A in the tank (C,) is uniform and equal to the concentration at
the reactor outlet. While in steady state, there will be no variation in the tank height
(b1) or in the outlet concentration. In case (b), the initial concentration in the tank
varied because of a feed with different concentration from Ca, causing a change in
the concentration at the tank outlet; therefore, this disturbance will manifest in the
accumulation term. In case (c), there was variation in the volumetric flow caused by
failure in the pump or leak in the pipe, which leads to a variation in height of the liq-
uid and consequently variation in the accumulation term. All these disturbances cause
variations in the outlet concentrations resulting in a nonsteady state regime.

We will consider systems operating at steady state and therefore the last term will
be null. Then:

Fio —Fi+/r/dV=O (14.14)

14.3.1 Batch reactor

Basically, there is no flow in the batch reactor and we need to determine the total
reaction time to calculate the reactor volume that processes a particular reaction and
achieves a desired final conversion. We also need to know the reaction rate through
the intrinsic kinetics or the opposite: determining the intrinsic kinetics or reaction rate
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from the reactor volume. In the batch reactor, one disregards the terms (1) and (2),
and therefore Equation 14.13 becomes:

/r,-dV:%

In a closed system, the volume is constant, and thus:

W=

Therefore, integrating between Cjp and C;, we calculate the total reaction time:
G
dG;
7j
70

Using the conversion as a variable, we have for liquid or gas systems without
contraction or expansion of volume:

Ca=Cao(l —Xa4)

t=CA0/ dXa (14.15)

This is the time required to reach a final conversion and it can be calculated by
determining the reaction rate (7).

In a closed gas system, one assumes a piston that keeps the pressure constant
but allows variation in the gas volume (expansion or contraction). In this case,
Equation 14.15 becomes broader, i.e.:

Xa
—n / dX (14.16)

_TA

where:
V=Vo(1+eaXa)

And ¢4 is the factor of expansion or contraction defined previously.

The reaction time depends on the kinetics and therefore on the reaction type. If
the reaction is simple, complex, irreversible, reversible, or multiple, one may integrate
the equation using analytical or numerical methods.
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Minimum ratez

Average rate
2
X4

Maximum rate

treaction

Figure 14.8 Average rate and time in a batch reactor.

To design the batch reactor, one should consider, besides the reaction time #,, the
operation time ¢y, which takes into account stops, unloading, cleaning, and reloading
of the reactor. The total time will be:

t=t, +t

Considering the daily capacity of the reactor as G (i.e., the daily mass of desired
product, kg/day), the total number of daily batches as N and the average density of
the mixture as p, then the batch reactor volume will be:

G
reactor = ——— 14.17
Veacto ,ON ( )

Usually one assumes a safety factor to calculate the reactor volume. This factor is
arbitrary and often 100% higher than the calculated volume. However, this consider-
ation is unnecessary since one can predict the reaction time from the reaction kinetics.
The reaction rate is high in the beginning but decreases with reaction time. Thus, the
initial reaction rate is maximum and then decreases inducing the reaction time to be
very long to convert the remaining reactants. If we take into account this time and also
the operation time, the process yield may become not viable. Therefore, it is desirable
to obtain an average rate, i.e., a value in between the initial (maximum) and the final
one. One should choose a rate whose tangent line to the curve in Figure 14.8 has
origin in the point corresponding to the operation time (indicated to the left on the
abscissa axis) and touches the curve at the point corresponding to the reaction time.
The conversion is not complete, but high, remaining little reactant to be converted.
The operation time is estimated. One chooses the final reaction time after reaching the
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conversion X4 corresponding to the tangent to the curve. The remaining reactants can
be recycled. The average rate will be:

(kg/h) (14.18)

Average production rate:
t,+ 1o

Example

E14.3 A reaction A + B — 2R takes place in liquid phase in a batch reactor. One
introduces the reactants with initial concentrations of 1.5 and 3.0 kmol/cm?, but the
reactor already contains the product R whose initial concentration is 2.25 kmol/cm3.
Calculate the reactor volume aiming a production of 20 ton/day. The final conversion
of reactant A was 80%. The operation time including opening, cleaning, and loading
of reactor was 46 min and the density of the final mixture was 880 kg/m?. The reaction
rate is known and given by the following expression:

e k1C4Cp
~ kyCr+ k3Ca
where:
ki =0.3kseg™!

ky =0.625 cm3/kmol
k3 =0.36 cm®/kmol.

Solution

Rearranging the rate expression as a function of conversion (reactant A):

Ca=Cao(1l —Xa4)
Cp=Cso(M — Xa)
Cr=Cso(R +2Xa)

where C49, Cpo, and Cgy are the initial concentrations of reactants A, B, and product R.

k1Cao(1 — Xa) (M — X4)

A= NLEX] (14.19)
where:

M= Cpgo/Cao

R = Cro/Cao

N=FkyR + k3

k' =2ky — k3.

Substituting the numerical values, we obtain:
M=2

R=1.5

N=1.3

k' =0.89.
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Substituting the rate expression 14.19 into Equation 14.15, we obtain:

0.8
(N + k/XA)dXA

t:CA°O F1Cao(1 = Xa) (M — X2)

(14.20)

Integrating:

t=1.80h

Total time includes operation time:
t.=2.58h

The desired production of R is 20 ton/day. If conversion of A is 80%, it is necessary
to have 25,000 kg of reactant/day. In this case, the mass per batch will be 2687 kg,
i.e., 1343 kg of A and 1343 kg of B. Using the density of the mixture, we calculate the
reactor volume:

V=3.0m’

Example

E14.4 For the production of propionic acid, one dissolves a sodium salt into a solution
of hydrochloric acid according to the reversible and second-order reaction:

C,HsCOONa + HCl — C;Hs COOH + NaCl

In the lab, a student collected samples at different times, neutralizing them with a
0.515N NaOH solution. The initial concentrations at 50°C were the same. The data
are shown in the table below:

t (min) 0 10 20 30 50 o0

NaOH (mL) 525 32.1 235 18.9 14.4 10.5

Calculate the reactor volume to obtain 453 kg/day of product. The loading and
unloading time is 30 min. The desired final conversion is 75%. The density of the
mixture is 0.21 kg/L.

Solution

The reaction is reversible and of second order, therefore, we have:

Xa
dXa
=C — 6.2
! AOO/ (=74) (6:2)
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where:
SR )
r—_/e[Cq — —CR:|

or

r=kC3, [(1 —Xu)? - %Xf\}

(14.21)

Since the initial concentrations of reactants are the same, C49 = Cpo, we substitute the

Equation 14.21 into Equation 6.2 and integrate:

(%)
K — ———
k*:lln (1) XAC

t « Xa )
1—
( Xae

K

where X 4. and X/;, are, respectively, the real and imaginary equilibrium conversions,

given by the following equations:

k X2
K=-=—"4¢ _~—1538
R (1=Xge)?
2K
K:km —1=1.672
k*=ky — ks

Calculating the conversion:

Number of moles =V /1000N (normality) = V/1000=0.515

The values are shown below:

A B
t(min)  V(ml) m X | — (Xa/Xe)  x— (Xa/Xae)  Ln[x~1-AB] Kk

0 525 0.027 0 | 1.672 - -

10 32.1 00165 0388 0514 1186 0.3224 0.0322
20 235 00121 0551 03I 0.982 0.6393 0.0319
30 189 000973 0639 0.0 0.872 0.958 0.0319
50 144 000741 0725  0.0926 0.764 1.597 0.0319
00 105 000540 0.800 0 - - -

075  0.0625 0.7345

CA() =0.0270 mol
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Therefore:

k* =k, ng0 (x —1)=0.03188

k,=0.0797

But:

ko=ki — ks =ka(K — 1)

where K=kq/k, =15.8

k, =0.0054 L/mol min

k1 =0.085L/mol min

1.6
1.4+
1.2+

1.0

In[x "% A/B]

0.8
0.6—.
0.4—.
02-

0.0

m B — Linear Fit of Data1_B

Y=A+BX

B =0.03188

Combining the Equations 6.2 and 14.21 and integrating to a final conversion of

10 20 30 40
t (min)

Figure E14.4 Determination of constants.

0.75, we calculate the final reaction time:

t=61.1 min

The total time required will be #reaction + foperation = 91.1 min

t=91.1min=1.51h

50
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To produce 450 kg/day of product operating under final conversion of 75%, one should
feed the reactor with 604 kg/day of reactant. Considering the total time as 1.51 h, we
have the mass per batch, i.e.:

M =38 kg/batch
If the mixture density is 0.21 kg/L, we calculate the reactor volume:

V=180L

Example

E14.5 An enzymatic reaction is carried out in a batch reactor according to the reaction:
Urea + Enzyme (E) — Complex ES — 2NHj3 + CO, + E
The reaction is irreversible and represented by the following rate:

2,66 x 1074Cy
T 0125+ Cy

where Cy is the urea concentration.
Calculate the reactor volume considering a daily production of 200kg, final
conversion of 80%, and operation time of 60 min.

Solution

The rate equation is given by an enzymatic reaction rate:

— Vi Ca
" Ky +Ca
where:

Vmm =enzyme’s maximum rate
Ky = Michaelis constant.

Rearranging the equation as a function of conversion of A:
Ca=Cao(1 — Xa)

Cao is the initial concentration of urea (reactant).
Then:

_ 2.66 x 104CA0(1 — XA)

- 14.22
"AT 70125 1 Cao(1 — Xa) ( )
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where:

Ky =0.125

Vin=2.66 x 10~* mol/(sL)
CA() =0.1 mol/L

K =Km/Cao=1.25.

Substituting the rate expression 14.20 into Equation 14.15:

0.8
K, + (1 — Xa)dXa
¢ m = 14.2
x 'V CAO/ 1-X,) ( 3)
0
Integrating:

t X Viax =Km|[ — In(1 — X4) + X4]
Having X4 = 0.8, we have:

t=1.136s=19min=0.31h
The total time is freaction + Zoperation = 79.0 min

t,=79.0min=1.31h

To produce 200 kg/day of product considering the final conversion of 80%, one
should feed the reactor with 250 kg/day. If the total time for the reactor operation is
1.31 h, the mass per batch is:

M =11.0kg/batch

If the density of the mixture is 1kg/L, the reactor volume is:

V=11L

14.3.2 Continuous tank reactor

There is flow through the reactor and one aims to determine the total volume of the
reactor in order to achieve a desired final conversion. Usually one knows the reaction
intrinsic kinetics, but additional data such as feed flow and mean residence time are
necessary. The residence time of the molecules is not uniform and there is dead volume
with preferential paths. In this reactor, let us consider the steady state, disregarding
the accumulation term.

From general equation, we will consider the inlet and outlet flows, i.e., terms (1)
and (2), but will disregard the accumulation term, thus Equation 14.13 becomes:

Fo—F+7rV=0 (14.24)
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V,

reactor

Figure 14.9 Balance in a continuous tank reactor.

This equation applies for each component, reactant or product. Since, in most
cases, the reactor is used for processing liquid phase reactions, one can consider the
volume constant. Therefore, considering the conversion of A (limiting reactant):

Fao — Fa=FaoXa

We have:

FaXa=(—r4)V (14.25)
For the product we have, considering the ratios:

Fao—Fa  Fpo—Fp Fr—Fgo

aFAo - bFAo o 7’FAO
Then:
r
FaXy = (;) (rr)V (14.26)

The signal of rate (rg) is now positive, indicating the product formation rate,
considering no initial flow of product (Fro = 0). The ratio between the reaction stoi-
chiometric coefficients (aA + bB — rR) is given by (r/a). This equation is also valid for
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gas-phase reactions and those with varying number of moles. In the particular case, in
liquid phase, we can use the concentration as the main measurement variable, because

Fao = Caovo
and
Fa = Cavo = Caovo(1 — Xa)
Therefore, to calculate the reactor volume, we have the following general equation:

\% X
— =1=Cy—2
v (—=74)

(14.27)

where 7 is the space time.
The reaction rate (—r4) was determined for different cases. We have seen that for
irreversible reactions, first- and second order at constant volume, we have, respectively:

(—7a) =kCa(1 — X4)

or
(—74) =kCaCp=kClo(1 — Xa)(M — Xa)
where:
Cao
M= A
Cgo

k = rate constant

Therefore, to calculate the reactor volume or inlet and outlet flows in the reactor
we should know the rate constants, which are usually irreversible, reversible, multiple,
complex, enzymatic, or polymeric.

14.3.2.1 Mean residence time in the CSTR

The residence time of reactants in a tank reactor has a variable time distribution.
However, it may be calculated directly by means of:

f _ Vreactor

Voutput

where V is the reactor volume and v is the volumetric flow at the exit of the reactor.
If the system has constant volume, for instance, in case of liquid reactants, the outlet
flow is the same as that of the inlet flow vy, therefore, the mean residence time is equal
to the space time 7. On the other hand, if the reaction occurs in gas phase and there is
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volume variation (contraction or expansion of volume), the flow rate v varies and the
mean residence time is given by:

- V['CZIC or V
f— Lreactor _ =" (14.28)
Vourpur Vo1 +eaXa) (1 +eaXa)

In the latter case, the mean residence time 7 is different from the space time 7.
In short:

If Vis constant, f =1

If V varies (gas), f #t

Example

E14.6 The saponification reaction of ethyl acetate in solution of sodium hydroxide is
rapid and the kinetics has been determined. The rate constant is given by:

1780

where k is the rate constant, L/(mol min).

If the ester concentration is 6 g/ and sodium hydroxide is 5 g/L, calculate the
molar flow at the entrance of a CSTR which has 100 L. The reaction temperature is
40° C and the final conversion should be 98%.

CH;CO,C,Hs + NaOH — CH3;CO;Na + C,H;OH
A+B—R+S

The reaction is irreversible, second order, and at constant volume (liquid phase).
Therefore, the rate will be:

1’=/€CACB

Initial concentrations:

n m 6

Cao= 1= 7rr = g = 0.068 1 mol / L
A
VO

|/

f V=5L
— R (mole/L)
Coom e ™ 3 _0125mol/L
=V T VxM a0 o 0me
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Thus, concentration of A (ester) is 0.0681 mol/L and it is the limiting reactant.
The rate will be:

(—7a) =kCip(1 — X2)(M — Xa)

where:

Cgo
M=—=1.83.
Cao

Calculating k at T =40°C =313 K, we obtain k= 318.5 L/(mol min).
Calculating t:

Xa
—=1=Ca07
Vo kC3o(1 = Xa)(M — X4)

T=2.65min

= CaoV =2.56 mol/min

Fao

Fap=2.56 mol/min

Example

E14.7 The reaction A — 2R occurs in liquid phase in a CSTR reactor of 5L. One
introduces 1 mol/L of reagent A. The concentration of the product was measured at
different temperatures as shown below. Calculate the conversion at the outlet of the
reactor if the feed volumetric flow is 0.5 L/min at 50°C.

vo (L/min) T(C) Cz (mol/L)
0.12 13 1.8
0.90 13 15
0.90 84 1.8

Since the reaction occurs in liquid phase, there is no volume variation and therefore
the rate may be of first or second order. Let us determine the order and rate constant
using the results shown in the table, assuming a second-order kinetics whose rate as a
function of conversion is:

(—ra)=kC2 = Cio(1 — Xa)?
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Substituting the rate in the molar balance equation of a CSTR reactor (Equation
14.27):

Z—1'—C —XA
vo o RC(1 - Xa)

Calculating the conversion:

Cao—Cs _ Cr

= =X
Cao 2Cx0 4

Substituting the values of Cg, C49=1mol/L and vy into equation of t:

vo (L/min) 7 (min) T (°C) Cr (mol/L) Xa k (L/(mol min))
0.12 41.6 13 1.8 0.9 2.163
0.90 5.55 13 1.5 0.75 2.160
0.90 5.55 84 1.8 0.9 16.21

The rate constant was calculated by Equation 14.29 and presented in the table
above.

Similar values of k were determined at T=286K and one can assume that the
initial hypothesis is true. Since we have values of k at different temperatures, we can
determine the rate constant at any temperature by determining the activation energy E
using the Arrhenius equation. Substituting the values of k and temperature one obtains
the activation energy E, thus:

(&)
lIl k—
E=198— "2/ (14.29)

where T is temperature (K).
From the Arrhenius equation, one determines the constant kg, i.e.:

ko=kie!F/RT) =5 4 x 10* L/(mol min)
Therefore, the rate constant at T =323 K is:
k=5.4x10%exp (5735/(RT)) = 6.89 L/(mol min)

At 50°C (T =323K), the conversion can be calculated directly from Equation
E7.1:

X4=0.88
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Example

E14.8 The polymerization of a monomer M is made in a CSTR. One introduces 1.2 L/h
of monomer with an initiator and their initial concentrations are, respectively, 3 mol/L
and 0.01 mol/L. The rate polymerization is given by the following expression:

2koly

o (14.30)

(=rm) =kp[M]

where:

[M] = Monomer concentration (mol/L)

k, = Propagation rate constant=10"2 (L/(mols))

ko = Initiation rate constant=10"3s~!

k, = Termination rate constant (L/(mols))=5 x 10~7 (L/(mols)).

Calculate the reactor volume to achieve 80% conversion of monomer.

Solution

By replacing the constants into Equation 14.30, we obtain the rate:
(—rm) =6.33 x 1072[M]
Defining the conversion:

[Mo] — [M]

=X
[Mo] M

Then we determine the space time t using the CSTR equation:

\% X
— =1=[Mj] 2

14.31
o 6.33 x 10~2[Mo](1 — Xn1) (14.31)

T=Z=63.28
Vo

Given vy, we calculate the reactor volume:

V=758L

Example

E14.9 Let us consider the methyl acetoxypropionate decomposition that forms methyl
acrylate and acetic acid according to the reaction:

CH3;COOCH(CH3)COOCH; — CH3COOH + CH, = CHCOOCH;
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The rate constant can be calculated by:
k=7.8x10°-exp(— 38,200/(RT))s"

This gas-phase reaction was carried out in a reactor with high gas mixing, aiming
to obtain a perfect mixture. One introduces 250 kg/h of reactant with 20% inert, at
600°C and 4 atm. Calculate the reactor volume, the space time and compare it with
the mean residence time. The final conversion should be 65%.

Solution

0.8A+ 0.2 Inert (V)
250 kg/h

P=4atm |, R+S

Reaction: A— R+ S
According to the reaction stoichiometry 1:2 reactant: products, the gas will
expand. Since the unit of rate constant is per second, we have a first-order reaction

(irreversible). Therefore, the rate will be:
(—=ra)=7 x 8 x 10° exp (—38,200/(RT))Cy (14.32)

where:
Ca =reactant concentration [CH; COOCH(CH;3;)COOCH;3] mol/L

But the reaction volume varies, then:

C :CAo(l—XA)
AT 1 T eaXa)

By CSTR equation:

Xa

7=Cyo
Cao(l —Xa)
7 x 8 x 10° —38,200/(RT)) —m——
x 8 x exp (—38,200/(RT)) 1+ eaXa)

(14.33)




Ideal reactors 377

Calculating g4:

A — R + S inert total
0.8 0 0 0.2 1.0
0 0.8 0.8 0.2 1.8
Then:
g4 =0.80

Substituting into Equation 14.33, with X4 =0.65, we obtain:

t=143s

G
But, F4o = OSM =0.38.

P
Cao= 0'8ﬁ = 0.044 mol/L

where P=4atm and T=873K

Fao=Cao.v0

Therefore:

vo=8.64L/s
and

V=vyr=12.3L

The mean residence time can be calculated by Equation 14.28:

- Vreac or
7 Jreactor _ ! —0.94s
Voutput (1+eaXa)

The space time is different from the mean residence time due to the volume
variation of gas during reaction.

14.3.3 Continuous tubular reactor (PFR)

The ideal tubular reactor presents the velocity constant in the cross section of the tube
with a “plug” flow through the reactor. There is no velocity gradient in both radial
and axial directions. However, the concentration varies throughout the reactor and
thus the molar balance should be differential. The molar flow varies throughout the
reactor. Initially, we will assume isothermal PFR reactor.
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dVv
Fao
A F F.+dF FaFs
J J J
B FBO FH’
Ca
X, N
-_——
// -
-
//
7 T = constant
/ \
/
/ \
|
zZ

Figure 14.10 Balance in a tubular reactor (PFR).

The molar balance for any component in the volume element dV is (Figure 14.10):

dn;

i (14.13)

F— (F + dF,-)+/r,—dV=

Assuming steady-state regime, we obtain generically:

de,:/r/. dv (14.34)

One should integrate between Fjy and F; and in the volume dV from 0 to V.
Considering A as the limiting reactant in the reaction A + B — R, we have F4 and
Fp or Fr with respect to the product. Using the conversion X :

- For the reactant:
Fa=PFao(l — Xa)— —dFy =FaodXa
Fp=Fao(M — X4)

—  For the product:
Fr =Fa0Xa— dFr =F40dXa

Where

F
M=_B0
Fao
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Therefore, with respect to the limiting reactant A, we obtain the equation:

XA \%
fFAo dXA=/(—rA)dV (14.35)
0 0

Or with respect to the product:

Xa Vv
/ FaodX s = / rr.dV (14.36)
0 0
Integrating:
v fdx
vV _ / A (14.37)
FAO 7
0
or
1% T ax
r:—:CAo/—A (14.38)
(40 7‘,‘
0

where T = tppg is the space time in the tubular reactor (PFR).

The equation above is valid for any gas or liquid system. The reaction rate will
depend on the reaction kinetic model. The reaction may be irreversible, reversible,
simple, multiple, elementary or not, enzymatic or polymeric. If the reaction occurs
with varying the number of moles or variable volume, one should take into account
the factor ¢ defined previously.

For the particular cases:

(a) Irreversible reaction at constant volume (A — Products)
We substitute the rate expression (—r4)=kC,=kCso(1 — X4) into Equa-
tion 14.38 and integrate, obtaining;:

r:—%ln(l—XA) (14.39)

(b) Irreversible second-order reaction at constant volume (A + B — Products).
After replacing the expression (—74)=k CaCp=5k C%,(1 — Xa)(M — Xa)
into Equation 14.38 and integrating:

1 In M=Xa) (14.40)

" T kCao(M—1) " M(1-Xg)
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If the initial concentrations are the same, i.e., C49 = Cpg or M = 1, the solution
is different.

1 Xa
T=
kCao (1-Xa4)

(14.41)

(c)  Reversible reaction at constant volume: (A <> R)
By the kinetics, we have:

r=kCp—k'Cr=kCpp(1-X4) — K'Cso(R + X4)

Assuming that the initial product concentration Cgy is not zero, i.e., R = g—ig
Substituting it into Equation 14.38 and integrating between 0 and X4,

considering X4 < X 4. where Xy, is the equilibrium conversion:

(R4 Xae) X4
T——mln (1—X—Ae> (14.42)

(d)  Irreversible reaction at variable volume: (A— R + S or A + B— R)

The rates of these reactions are: (—r4) =kCy or (rr) = kCs Cg, respectively, first
and second order. In this case, one should take into account the volume variation,
where:

C :CAo(l—XA)
AT T+ eaXa)
c :CAO(M—XA)
BT 1+ eaXa)

Substituting the concentrations into the rate equations, then into the balance
equation 14.38 and integrating, we obtain:
Case (a) first order

T:—%[(l+8A)1n(1—XA)+8AXA] (14.43)

Case (b) second order (Cyg # Cpo)

_ 1 (14 eaM)? (M=X4) (1+e4)? ,
where:

Cgo
M=—

Cao

Case (c) second order with the same concentrations (Cag = Cpo)

_ 1
~ kCyo

T

[(1 +8A)2(1X§< ) 42 X4 + 2e4(1 +8A)1n(1_xA)] (14.45)
—AA
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14.3.3.1 Influence of kinetic parameters

The main parameters of the reaction rate are: reaction order, initial concentrations
(ratio M), and the factor of expansion or contraction (g4). The space time and
consequently the reactor volume depend on these parameters.

14.3.3.2 Effect of parameter M

The space time varies with the initial concentrations (parameter M). Assuming the
same conversion to an irreversible second-order reaction, T decreases with increasing
M as we can see in Figure 14.11a.

14.3.3.3 Effect of reaction order

Comparing reactions of first and second order by keeping M constant (Equations 14.39
and 14.40) one notes that the relation between the space time 7 (t!/ 72) decreases with
increasing conversion, as shown in Figure 14.11b. For low conversions, the space
times or reactor volume are almost equal, but for high conversions, these differences
are significant: the reactor volume or space time for a second-order reaction can be
double than a first-order reaction.

14.3.3.4 Effect of reaction volume variation (&,)

Finally for variable volume systems, one should take into account the factor of con-
traction or expansion (g4), as Equations 14.43 to 14.45. Comparing the space times
between reactions of first-order 7' and second-order 2 as a function of the factor
€4, given a conversion, one observes in Figure 14.11c that space times significantly
increase with increasing the factor of expansion, achieving values with magnitude 4-5
times higher for higher values of ¢4, which means that the required volume may be
5 times larger depending on the expansion factor 4. Such a difference is higher for
second-order reactions.

14.3.3.5 Mean residence time in the PFR

The residence time in the tubular reactor depends on the velocity at which the fluid
flows. Assuming “plug” flow in the ideal PFR reactor, all molecules have the same
velocity over the cross section. In general, the average residence time in the PFR is
defined as:

[ dv
= [2Y (14.46)

v

However, by the molar balance in the PFR we have (Equation 14.35):

_ Fao dXA

d
v (=74)
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/12

(a) (b) (c)

Figure 14.11 Effect of parameters on space time (7) or reactor volume.

If the reaction occurs at variable volume or variation in the number of moles,
the volumetric flow will be v=wvg(1 + c4X4). Substituting this expression into
Equation 14.46, we have:

Xa

~|
I|

/ T EAXA . (14.47)

0
But if there is no volume variation (¢4 =0), we obtain the same expression for
space time (Equation 14.38), meaning that the mean residence time is equal to the
space time. When there is volume variation (g4 #0), the mean residence time and

space are different. The rate expression depends on the reaction order and the factor
g4 for any kind of reaction (irreversible, reversible multiple, etc.). In short:

t=1— for reactions at constant volume

t#1— for reactions with variation in the number of mol (variable volume)

Example

E14.11 A gas-phase reaction A— R + S occurs in a PFR reactor. One introduces
the reactant A with inert 30% (molar) operating isothermally at 300°C and ambient
pressure. It is first-order reaction and the rate constant is given by:

k=[110 + 0.8 (T—200) x 1073]s~" and T(K).
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The mean residence time is S s.

(a)
(b)

Calculate the conversion and space time.
If the reaction is carried out in a CSTR under the same conditions, what is the
conversion? Compare both cases.

Since it is a first-order reaction, the rate expression will be:

_ (1-X4)
(—YA)—kCAOM (14.48)

The mean residence time will be:

Xa

6/ T SAXA " (14.47)

~I|
I|

Where the rate is given by Equation 14.48. Substituting and integrating, we obtain:
_ 1
f=—In(1-Xy)

The rate constant is calculated at 300°C (573 K):
k=0.408s"

Therefore, if =35's, then:

X4=0.86

To calculate the space time, we replace the rate Equation 14.48 in the following

expression:

(14.38)

1% T dax
T=—=CA0/
vo (—
0

The solution will be:

r=— 2101+ ealin(1-Xa) + 64X (14.43)

Then:

T=6.75s
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The space time is longer than the mean residence time due to the gas expansion in
the reactor (variable volume system).
In the CSTR, the mean residence time will be:

— T
= ——— 14.28
(1 +eaXn) ( !

But space time in the CSTR is known

X X
Y =Gy A A

= 14.27
" ) R(1—Xa) (14.27)

Substituting the rate:

P
~ k(1-Xy)
Thus,
X4=0.68

For the same mean residence time in the PFR and CSTR reactors, the conversion in
the CSTR is approximately 21% lower.

Example

E14.12 The chlorination of propene:
C3Hg + Clz — CH, =CH — CH,Cl + HCl

takes place in gas phase inside a PFR reactor of S m? at 300°C and 20 atm. One intro-
duces 30% C3Hg, 40% Cl,, and balance in N,. The total molar flow is 0.45 kmol/h.
The rate constant is given:

k=4.12 x 10" exp (=27,200/(RT)) (m?/(kmol min))
Calculate the final conversion and the mean residence time.

Solution

The reactant C3Hg (A) is the limiting one and even in gas phase there is no vol-
ume variation, ¢4 =0 (A + B— R + S). Based on the unit of rate constant, we have a
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second-order rate expression. One assumes an elementary reaction. The rate expression
will be:

(—74) =kCaCp =kC5y(1 — Xa)(M — Xy)

Substituting into PFR balance equation:

Xa d
r=1=cAo/ Xa (14.38)
0

We obtain the following solution:

1 (M=X,)

_ 14.49
" RCao(M=1) " M{1—Xg) 1449)
where:

Cpgo
M= =B
Cao

The rate constant is calculated at 300°C (573 K):
k =2.02m?/(kmol min)
The initial concentration can be calculated:

Cao=0.3(P/(RT))=0.127 mol/L = kmol/m’

The ratio M = %
Cao

Thus,

M=1.33

Therefore, the molar flow of A:

Fao=v40Fp=0.3 x 0.45=0.135 kmol/h

and the volumetric flow will be:

Fao= Cao.vo vo=1.063m>/h

Then:

7=4.7 min

Substituting the values into expression 14.49, we obtain the conversion:

Xa=0.66
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Example

E14.13 The reaction takes place between two gases that mix at the entrance of the
PFR reactor. The first gas A enters at a flow rate of 14.2 m?/min and the second gas
contains 50% B and balance in inert I, entering with a total flow rate of 7.1 m3/min.
Both are instantaneously mixed at the entrance of the reactor at 86°C and 1atm.
The gases are ideal and the product obtained is R according to the stoichiometric
reaction:

A+B—R

The rate constant is given by the following expression:

In k,= —g + 12.5(mol/(atm” L min))

Calculate the reactor volume operating isothermally to achieve 90% conversion.
Calculate the molar flow and space velocity.
Solution

Taking into account 1 mol as reference, we obtain the following molar or volumetric
fractions, with temperature and pressure constant:

YA0 v m =0.67

V20 0.5x7.1
YBO=, s o6
y[=y30=0.165

The component B is the limiting one. In this case, the rate expression as a function of
product R or reactant B will be:

(1-Xp)(M—Xp)

—rg)=kC: 2 2 14.50
(—78) 01+ epXp)? ( )
The ideal PFR equation is:

14 P dx
f:_:cBO/ A (14.51)
vo ) (=78)

Substituting the rate expression 14.50 into PFR equation we obtain the following
solution:

T

. 1 (14 epM)? (M—X3g) (1+4¢p)? )
_kCBo[< (M—1) )ln M (M=1) 1n(1_XB)_EBXBj| (14.52)
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Determining ep:

A B R Inert Total
Initial 0.67 0.165 0 0.165 1.0
Final 0.50 0 0.165 0.165 0.83
Ep = -0.17
C
Calculating M = —40
Cao
where:
ygo  0.165 x 1.0
Cpp==—=—+——-=0.00564 1/L
BO=RT T 0.082 x 359 (mol/L)
and
YA0 0.67 x 1.0
Cao = T = 0,082 x 359 — 00228 (mol/L)
Thus,
Cao
M=——=4.0
Cgo

Calculating the rate constant at T =359 K:

5470
Inky =~~~ +12.5=-2.736

k, = 0.0648 (mol/(atm®L min))
Thus,
k= k,(RT)*=0.0648(0.082 x 359)* =56.11/(mol min)
k=56.1L/(molmin)
Substituting Xp =0.90 (limiting), we obtain:
T KCpo=0.486
t=1.537 min
The reactor volume will be:
V=1Vy=1.537 x21.3=32.7 m*

V=327m}
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And the space velocity:

vo

v 0.65min~!

Ue:—:

Example

ER14.14 Acetaldehyde, ethane, and other hydrocarbons are mixed and undergo two
PFR reactors in parallel. The acetaldehyde decomposition into methane and carbon
monoxide occurs preferentially at 520°C, but at 800°C ethane decomposes into ethy-
lene and hydrogen. One introduces the mixture containing 9% acetaldehyde, 8%
ethane, and stream as diluent (molar %). The other components are negligible. The
first reactor works at 520°C and 1 atm and the second one at 800°C and 1.4 atm. To
achieve 60% conversion, what should be the ratio between the volumetric flow at the
entrance of the reactors, assuming that they have the same volume? The rate constants
are given by:

Acetaldehyde: £ =0.33 L/(mol s) at 520°C
Ethane: k=1.535x10'*.exp(—70,000/(RT)) s~!

Solution

The acetaldehyde decomposition occurs in the first reactor, since ethane decomposition
is thermodynamically negligible at that operating condition. On the other hand, ethane
decomposition takes place in the second reactor. These components should be included
into the global balance.

02H4
Ho

The kinetics of the reactions is known. The acetaldehyde decomposition is of sec-
ond order at variable volume and the ethane decomposition is of first order according
to the unit of the rate constants.

For the first reactor, we have the following integrated equation:

T= —|:(1 + 8A)2(1X—/;{) + eiXA +2e4(1 4+ €4)In(1 — XA):| (14.53)
— Xa

Calculating g4: first reactor

CH;CHO — C,H4 + CO
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CH3;CHO CyH, co CH, H;0 Total
Initial 0.09 0.08 0 0 0.83 1.0
Final 0 0.08 0.09 0.09 0.83 1.09

g4 =0.09
Calculating Cyp:

YAo 0.9 x1.0

Ca0=RT = 0.082 x 793

=1.34 x 1073 (moles/L)

Substituting these values and conversion X4 =0.60 into Equation 14.53, we

obtain:

71 =58.6 min

For the second reactor, the reaction is of first order and the equation will be:

C,H¢ — C,Hy + H, (14.54)
1
r=—7 [+ ealn(l — Xa) +eaXul
But the factor of expansion is:
C,H¢ CH3;CHO CH, H, H,0 Total

Initial 0.08 0.09 0 0 0.83 1.0
Final 0 0.09 0.08 0.08 0.83 1.08

e4=0.08

We calculate Cyp=1.273 x 103 mol/L
We calculate k, at 800°C (1073 K):

ky=0.685s""
Substituting k, into Equation 14.54, we obtain for X, =0.6:

7 = 18 min

Since both PFR reactors have the same volume, we can calculate the ratio between
the volumetric flow at the entrance of the reactors from the ratio between the space

times:

Y2 _ 355

Vo1
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Example

E14.15 The mixture 15% C,Hy4, 55% Br,, and inert as balance (wt. %) flows in a PFR
reactor at 330°C and 1.5 atm. The feed flow rate is 10 m3/h. The reaction is reversible
as follows:

C,H, + Bry<*5 CyH,Br,
The rate constants are:
k1 =500m3/(kmol h)
k_y=0.032h""

Calculate the reactor volume to a conversion of 75% (limiting reactant).
(Data: Molecular weight: C;Hy = 28; Br, = 80; inert = 44)

Solution
Since the composition is given in weight percent, we have to calculate the number of
moles at the entrance:

m=n-M

To CH4(A) = my =ns - My =0.15,» 1, =5.3510"" moles/h

To Bry(B) > mp=np - Mp=0.55,» np=6.8710"> moles/h

To Inert (I) - my =n; - M;=0.30,» 77 =6.8110"> moles/h

We will use the variable « that represents the extent of reaction and organize the
following molar balance:

Component Moles Entering Moles Leaving Molar Fraction — y;
0.00535 — o
CH 0.00535 0.00535 — _——
e @) “ 0.0191 —«
0.00687 —
Br, (B) 0.00687 0.00687 — hihbthd
00191 —«
Inert (1) 0.00681 0.00681 0.00681
CyHs By (R) 0 0‘
2 B * 0.0191 —«
Total 0.0191 0.019] -«

The partial pressures can be determined for each component:

pi=yP
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where P is the total pressure of the system.

I T kP2 (0.00535—a)(0.00687 — a)
T RDPT RDPPT R (0.0191—a)?

Since the reaction is reversible, one can calculate the equilibrium constant equaling
the resulting rate to zero:

r=k1CsCp —k_1Cr=0

K.= kk—l =1.56 x 10*(m?/kmol)
-1

The equilibrium constant is high and the forward rate constant is much higher than
the reverse one, therefore, one may disregard the reversible reaction. Then, we assume
a second-order forward reaction given by the following expression in terms of partial
pressure:

kq ki P? k1P? (0.00535—a)(0.00687—a)

(RT)ZPAPB ®RT2P T RTY (0.0191—a)?

Substituting the rate expression into the PFR balance:

v [d
=t =py [ & (14.55)
Vo r
0

where n is the total initial number of moles.
Then:

v (RT)Z/a (0.0191—0)? dar
“ v moP? ] (0.00535-)(0.00687—a)
0

Substituting the value of ki, considering 79 = Covy and with the total initial
concentration given:

kP2
(RT)?

=0.46

with P=1.5atm and T =603 K, we have:

XA:M:i:()_%

nAQ nAQ

Since the conversion of the limiting reactant (A) is 75%,

a=0.0040 =0.0040 mol/h
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Therefore,
a=0.0040 mol/h

With the feed volumetric flow vy = 10 m3/h, and integrating we obtain the reactor
volume:

V=4.06m>

144 IDEAL NONISOTHERMAL REACTORS

The kinetics of reactions has been studied for different reaction systems in isother-
mal reactors. The majority of reactions and processes are not isothermal, since the
reactions are endothermic or exothermic. Depending on the extent of exothermicity
or endothermicity, the thermal effects on conversion, selectivity, or yield are quite
pronounced.

The reactions in liquid phase with low heat capacity can be performed in a reactor
operating isothermally. However, reactions with high heat capacity in liquid or gas
phase affect significantly the conversion, selectivity, yield, and/or the reactor features,
as volume (especially volume).

The effect of temperature is observed on the reaction rate, because temperature
affects the rate constant through the Arrhenius constant. The temperature influences
significantly the rate constant due to the exponential term that contains the activation
energy and temperature. The temperature effect is lower on the preexponential factor,
which takes into account the collision between molecules, but it may become important
in catalyzed reactions.

Thermodynamics show that the equilibrium conversion increases exponentially
with increasing temperature in endothermic reactions but decreases in exothermic
reactions.

Figure 14.12 shows the curves of equilibrium conversion X4, for endothermic and
exothermic cases, as well as the conversion with increasing temperature until reaching
equilibrium conversion.

The reactors can operate in three different ways:

(1)  Isothermally: The temperature is constant and uniform in the reactor. If the
reaction is endothermic, one needs to supply heat to keep it isothermal. If the
reaction is exothermic one needs to remove heat to keep the temperature constant.

(2)  Nonisothermally: In this case, the temperature varies throughout the reactor and
also the conversion, depending on if the reaction is endothermic or exothermic.

(3) Adiabatically: The reactor remains insulated; no heat transfer occurs and both
the temperature and conversion vary throughout the reactor. When the reaction
is exothermic, a rigorous control is necessary because the temperature inside
the reactor can exceed the desired value leading to explosion risks. Usually the
oxidation reactions are highly exothermic.
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—— = = Endothermic

Exothermic

Figure 14.12 Equilibrium conversion for endothermic and exothermic reactions.

The profiles of temperature, conversion, and concentration of the reactants in
nonisothermal reactions taking place in batch, tank, or tubular reactors are shown in
Figure 14.13.

If the conversion varies with temperature, we have one more unknown variable,
i.e., the temperature, and therefore we need to perform an energy balance.

Let us consider an open system according to the following scheme and Fig-
ure 14.14:

energy entering energy leaving system rate of generated heat
system due to  §— due to reactants +1{ in the system due to
reactants flow and products flow the chemical reaction
work done by system rate of accumulated
rate of external . :
— { on its external = { energy into the
heat transfer .
surrounding system

If E represents the total energy of the system and F; the molar flow of components,
we have:

dE
Z F/Ef] - Z FIE/] + Qgenerated + Qexternal - Wdone = E (1456)
j i j

m out
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Nonisothermal batch or tank reactors

CSTR
PFR
T Cooling or
Water or heating jacket
steam
Electrical
resistance
Ca
p/T4
p/To

Figure 14.13 Distribution of concentration and temperature in nonisothermal reactors.

Rate of accumulated energy due to the
variation of number of mol of components

A+B < R+S

Rate of energy of products
R and S or nonconsumed

Rate of energy of
9 reactants leaving V

reactants A and B
entering V

F, E; (KJ/h) F,;% Ej+d (F, x E) (KJ/h)

dz Different from other systems,
it only exists when chemical
reaction occurs

® Rate of generated heat due to the chemical reaction
® Rate of external heat transferred (supplied or received)

® Work done by system

Figure 14.14 Overall energy balance.
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where:

E; =energy of each component
F; =molar flow of each component

W =work done
Q = heat (J/mol)
t =time

The work done W includes the work due to the reactants flow and external work,
which may be from a turbine or a stirrer. Usually this kind of work is negligible. But
the work done by the flow depends on the pressure and molar volume. Therefore,

Waone ==Y _ F (P.V)] + D F (P.V)]  + Weternal (14.57)

in / out

where:

(PV;) (Pa m?3/mol) = 1 J/mol
V; = specific volume (m?/mol)

Substituting Equation 14.57 into Equation 14.56:

‘:5 ZF (E; +P.V))] ZF i +P.V))]

in out

+ Qgenerated + Qexternal - V(/done (14.58)

However, the energy of the system consists of the internal energy (U;), kinetic
energy, and potential energy, i.e.,

2
1%
Ei=Uj+ 5 +g5 (14.59)

In conventional reactors, the kinetic and potential energies are negligible compared
to the internal energy of the system.

From thermodynamics, one knows that the enthalpy of reaction in an open system
is defined as a function of the internal energy and flow, therefore:

H,' = U,‘ + PVI
Considering that the energy of the system is equal to the internal energy, E; = U;:

Hj=E; + PV; (14.60)

Substituting Equation 14.60 into Equation 14.58:

Z F H Z F H + Qgenerated + Qexternal — Wexternal (1461)

in out
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The heat generated due to the chemical reaction depends on the enthalpy of reac-
tion and the reaction rate in a system with volume dV. Thus, we can express this
generated heat as follows:

Ggenerated =AH, - i dv (14.62)

where:
A H, =total enthalpy of reaction:

(Z Hproducts = Z Hreactants)

and
rj =total reaction rate (mol/(L h))

According to thermodynamics, the enthalpy of each component depends on the
temperature. As we have seen:

T
H/'I/Cp aTr (14.63)
To

where ¢, is the specific heat of each component, reactant or product, which in turn
depends on the temperature. There are two possibilities:

(1)  The specific heat ¢,; does not vary with temperature within a certain range, which
is quite normal for most systems.

(2)  The specific heat c,; varies with temperature and it is calculated according to the
following expression, assuming ideal gas systems:

Cpj=0aj + ,B/T + )/le (14.64)

where the constants «, 8, and y are known and tabulated for several compounds and
mixtures.

There are two different cases that depend on the units. When the unit is expressed
as cal/(g °C) one should use directly c,;, but when it is expressed as cal/(mol K) one
should use the nomenclature with bar, i.e., ¢,;.

Substituting Equation 14.64 into Equation 14.63, we obtain the variation of
enthalpy with temperature.

If the system operates in steady state, the accumulation term is zero. In the transient
system, the energy should be a function of the number of moles and the specific heat
of each component. This term is different from the feed heat flow passing through the
system. Here, we also have two cases:

dE
(a) yri 0 — steady state regime (14.65)
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d n;cyi T
o)

(b) — = ————" > transient state regime (14.66)

de dz
=0+ BT + ]//'Tz

Substituting the terms of Equations 14.62 and 14.66 into Equation 14.61 and
neglecting the external work when compared with the other terms, we have:
For the transient regime:

d n;c,i T
oz

b) T P— (14.67)

For the steady-state regime:

d <Z n,-Ep,-T>
Z Fin] - Z Ffo] + AHﬂ‘]‘ dv + Qextemal = ]T (1468)
j i j

n out

The enthalpies of components at the inlet and outlet of the system depend on the
specific heat and temperature. Usually one assumes that heat capacities are indepen-
dent of temperature, and therefore, the difference between the first two terms will be,
considering Equation 14.63:

Z Ffo] _ Z F/Hj] + AHﬂ’]‘ dV + Oexternal =0
i i i

n out

Moreover, by the molar balance for the reactant A in a PFR reactor, we have:

—Y " Figy (T = T)
j

(—1’A)dV=FA0 dXA

Substituting these two expressions into Equation 14.68 and integrating between
To and T, and X4 =0 and X4, we have:

> " Figy (T — To) + AH,Fp0X4 = Qexternal (14.69)
j

Therefore:

Qsensible + Qgenerated = Qexternal
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Figure 14.15 Heat as a function of temperature in nonisothermal reactors.

where:

0
AH, = Z Hproducts - Z Hroeactants (14.70)
j j

AH, is constant at the temperature range. If it varies with temperature, one should
use Equation 14.63.

¢p; is the heat capacity and it is constant for each component. If it varies with
temperature, one should use Equation 14.64.

The energy equation in terms of heat can be seen in Figure 14.15.

The generated heat varies exponentially since it contains the reaction term. In this
term, the rate constant or Arrhenius constant varies exponentially with temperature.
At first, the heat increases smoothly since the conversion is low, but with increasing
temperature and conversion, the heat increases sharply and stabilizes as the reaction
rate decreases at high conversions.

The sensible or flow heat varies linearly with temperature and depends only on the
heat capacity of the components, which is approximately constant at this temperature
range. However, the flow of each component varies with conversion.

Let us consider the irreversible gas-phase reaction:

aA +bB— R
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Then:

> " Figpj =Facpa + Fstpn + FrCpr (14.71)
j

But by the relation:

Fao—Fa  Fpo—Fpg  Fr — Fpo

CZFA() o bFA() o VFAO
where:
Fao — F
Xy=-20_""4
Fao
We have:

Fa=Fs (1 —Xy)

b
-]
Fr=Fao (2) Xa

F
But M= 22 and Fro=0. One assumes a = b =r=1. Therefore:
A0

Z Ficpi=Faol(1 — Xa)Cpa + (M — Xa) Cpp + XaCpr]
j

where:

Cpa, CpB € CpR, are the specific heats of components expressed as J/(molK)

The external heat Qcyernal depends on the heating (steam) or cooling fluid that
flows through a cooling coil, jacket, or external heat exchanger.

Usually one considers the overall heat transfer coefficient, U which takes into
account the heat transfer coefficients between the cooling/heating fluid and the fluid
inside reactor, the transfer coefficient bg,iq, and the thermal conductivity k. of the
material. Therefore,

Qexternal =U " Asrea - (T — T5) (14.72)

where T is the temperature of the reaction system and Ty is the temperature of the
external cooling/heating fluid. The external heat varies linearly with the temperature
of the reaction system as shown in Figure 14.15.

Substituting Equations 14.72 and 14.71 into Equation 14.69, we have:

> Fgy (T — To) + AH,FpoXa = UA (T — To) (14.73)
j
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This is the energy balance equation for open systems with external heat transfer,
thus nonisothermal. Along with the molar balance equation of a PFR (Equation 14.38)
or a CSTR (Equation 14.27), we have a system with two equations and two unknown
variable, T and Xj4.

1% P ax
f=—=cAof—A (14.38)

Vo s

0
or,
X

A, (14.27)
Vo (=7a)

where the rate,

(=ra)=ko exp (=E/(RT)) f(Xa4)

The function f(X4) depends on the kinetics of reaction, which may be simple,
multiple, complex, reversible, or irreversible, in systems at constant volume (liquids)
or variable volume (gas).

14.4.1 Adiabatic continuous reactor

The isothermal and nonisothermal reactors are the most used when the reactions are
exothermic or endothermic and one can provide or withdraw heat to keep the reactor
isothermal (or not) and also determine how the temperature varies with the progress
of the reaction. The adiabatic reactor is a particular case in which there is no heat
exchange and the reactor is thermally insulated. The temperature and conversion vary
differently within the reactor. The term Qeyiernal is zero into Equation 14.69 or 14.73.

> Figy (T — To) + AH, Fpo X4 =0 (14.74)
i
Then:
—AH,Fao X
(T = To) =~ ™t (14.75)
>_Ficy
]

The temperature varies linearly with conversion. However, the term:
> Fi
j

Depends on each component as seen in Equation 14.71. One may consider the
enthalpy of reaction —AH, and specific heat ¢;; to be constant at the temperature
range.



Ideal reactors 401

14.4.2 Nonadiabatic batch reactor

The temperature varies with the reaction time in the nonisothermal batch reactor. To
perform the energy balance, we use the same energy balance equation 14.67, annulling
the molar flow terms, but considering the variation of sensible heat with temperature
and time. Then,

d <Z n,—Ep,-T)
N 7 (14.76)

AHrer + Qexternal = dz

But considering that,

(— )__ldﬂ_@dﬁ
TWETY L TV @

And substituting the term 7;V by the expression above, we obtain:

n;cyi.dT
nao dXa (X/: Y )

_AHIT 7 + Qexternal = dt

As an integral equation:

Xa t T
/ AHgrnz0d X4 + / Oexternal dt = / Z npridT (14.77)
0 0 Ty, /

Integrating X4 between 0 and X4, T between Ty and T, being ¢ the common

variable.
Substituting the external heat as a function of the overall heat transfer coefficient:

UA (T — To) = AH,np0Xa + Y _ 1€y (T — To) (14.78)
j

This is the energy balance equation for a batch reactor, in which T is the tempera-
ture of reaction, T is the temperature of the cooling/heating coil, and Ty is the initial
temperature of the system. All other parameters have already been defined.

14.4.3 Adiabatic batch reactor

The adiabatic batch reactor is completely isolated; therefore, no external heat transfer
occurs. One can determine the temperature variation as a function of the reactant
conversion from Equation 14.78. Thus, we obtain the same expression 14.735,

—AH,, nA()XA

i (14.79)
21y
]

(T — To)=
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where 740 and #; are, respectively, the initial number of mol of reactant A and
number of moles of the components in the system, ¢, is the molar specific heat of the
components (reactants or products).

Along with the molar or mass balance equation one can calculate the variation of
conversion or temperature and determine the reaction time and volume of the adiabatic
batch reactor.

t=CA0/ dX4 (14.16)

(—7a) =ko exp (—=E/(RT))f(Xa)

14.4.4 Analysis of the thermal effects

In the continuous and batch reactors, some parameters allow to perform an analysis
of the thermal effects on the reaction temperature of the systems.

Let us consider the energy equation for PFR or CSTR reactors, Equation 14.73,
or for batch reactor, Equation 14.79.

> Fiep(T — To) + AH,Fao Xa = UA(T — To) (14.73)
i

The heat transfer through the cooling/heating coil or jacket is due to the sensible heat.
By definition, Tj is the temperature of the fluid at the entrance of the exchanger, ¢,
is the fluid specific heat and v is the feed flow rate of the fluid, i.e.:

Qexternal = UAS(T - Ts)

and,

Qextemal = Pflr0 Cpf(Tf — Tfo)

By equating the equations one can determine the temperature Ty and replacing it,
one obtains the heat removed or supplied:

Qexternal = U*AS(T - TfO)
where:

U*= ! (14.80)

< A )+ 1
prvpocpr ) U

This is the overall heat transfer coefficient, which takes into account the coefficient
of the cooling/heating fluid. A; is the surface area of heat transfer.
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From Equation 14.73 and some rearrangements, one can calculate the temperature
of the reaction system:

UA; Ts AH,Fa0Xa
_ i j
T UA. (14.81)

1- =
Z Ficy;
]

1

Let us consider different cases to analyze the effect of parameters on the
temperature of the reaction system.

e If the heat capacity of the feed flow rate is high, i.e.:

PfVfoCpf — OO OF Z Fjcpi — oo
i

The reaction system will be isothermal, i.e., T — Ty
e If the heat capacity of removal or addition of heat is high due to the overall heat
transfer coefficient or due to the large heat transfer area (coil or jacket), then,

UA; —» o0

In this case, the system will be isothermal when T — T
e On the other hand, if the heat capacity is very low due to the low overall heat
transfer coefficient or heat transfer area, then:

UA;— 0

In this case, there will not be heat transfer and the reactor will be adiabatic.
Therefore, the temperature varies linearly with conversion.

In other nonisothermal cases, the parameters have significant influence on the
temperature profile, especially the parameters: flow rate, heat capacity, heat transfer
coefficients, and heat transfer area.

Let us consider as an example the adiabatic CSTR and an irreversible first-order
reaction at constant volume. The reaction rate is:

(—74) =ko exp (—E/(RT)) Cao(1 — X4)
The Arrhenius constant:

k=ko exp (—E/(RT)) =ko exp[—y / (T /To)]

E .
where y = ﬁ(actlvatlon parameter)
0
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By the energy balance Equation 14.75:

T (—AH;)Fa0

S e LD
To S Fey
]

Defining;:

(—AH,)Fao

/3 - Z F,‘Ep,‘ T()
]

(14.82)

where B is a new parameter which we will call the energy parameter, since it has
the enthalpy of reaction in the numerator and the sensible energy of heat flow in the
denominator.

Therefore, the temperature in an adiabatic CSTR or PFR system varies as follows:

T
S 148X, (14.83)
Ty

In a CSTR, the space time will be:

\% Xa

—_—=T= 14.84

v Roexp(—y/(T/To) (1 Xa) (1454
Substituting T of Equation 14.83, we obtain Xy:

X, T - ko exp(—y/(1 + BX4)) (14.85)

“1+1-ko exp(—y/(1 4+ BXa))

The results are shown in Figure 14:16 for different values of parameters y and 8. The
variable t.kg, which is proportional to reactor volume for some feed conditions, is
shown as a function of conversion Xj4.

If the reactor operates isothermally (8 = 0), the volume increases with conversion
since t~ V. Comparing to an exothermic reaction, the volume depends on 8 and y.
For the same value of 8=0.2 (exothermic) but different activation energies, y =1.0
and 5.0, there is a large volume variation. One verifies the same by keeping y = 5.0
and varying parameter 8= —0.2 to 0.5.

More the exothermic reaction (8> 0) the smaller the variation of volume if con-
version is higher than 50%. On the other hand, for endothermic reactions (8 < 0) the
reactor volume is higher if compared to isothermal reactions (8=0).

Similar calculation can be performed to PFR reactors, noting that for an adiabatic
reactor we use the same energy balance equation, but the molar balance equation
should be in the integral form. Thus, using the same rate expressions for an irreversible
first-order reaction,

(—=7a) =ko exp (—E/(RT)) Cao(1 — X4)
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Figure 14.16 (t- ko) as a function of conversion in nonisothermal CSTR reactor.

And the energy balance equation,

T
14X, (14.83)
To

Substituting the rate expression into molar balance equation, Equation 14.38, we
obtain:

t=—=C 7A dXa
Tw ‘“’O ko exp(—y/(1+ BXa)) (1 — X4)

(14.86)

Integrating different ranges of X4, but keeping constant the energy parameters 8= 5.0
and y = 0.5 we obtain the curves shown in Figure 14.17. The volume of an adiabatic
PFR reactor is significantly smaller than the volume of an isothermal reactor for the
same reaction, especially if conversions are higher than 50%.

The comparison between CSTR and PFR reactors at isothermal and adiabatic
conditions for the particular case 8=0.5 and y = 5.0 is shown in Figure 14.18. One
notes significant differences especially for conversions higher than 50%, which makes
the adiabatic reactor to be very important.
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Figure 14.17 (t - k) as a function of conversion in nonisothermal PFR reactors.
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Figure 14.18 (7 - ko) as a function of conversion; comparison of nonisothermal reactors.
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Example

E14.16 An irreversible reaction A — R is carried out in a nonisothermal CSTR reactor.
Reactant is introduced into reactor at 130 kg/h at 20°C and the final conversion is 90%.
The final temperature is 160°C. Calculate the heat required to reach this temperature
and also the volume of the reactor operating isothermally at 160°C:

Rate constant: k=2.61x 1014 e-(14570/T) 1
Enthalpy of reaction: AHg =83 callg
Specific heat: cpa=cpp =0.5cal/(g-°C)

Density of the mixture: p=0.9 g/cm?
Molecular weight of A: 250 g/mol

Solution
We calculate the CSTR volume for the isothermal condition at 160°C using the basic
equation:

1% X
Vi A (14.27)
Vo (=74)
The rate is of first-order, irreversible, and at constant volume.
(—=7a) = ko exp(—E/(RT)) Cao(1 — Xa)]

—_———

2.61 x 10" ¢~ 1470/T)
k =0.635h""

Calculating the volumetric flow:
G =130,000(g/h)=p - vo
vo=0.144 m3/h
Substituting into Equation 14.87, we have:
\% Xa
= 14.87
v R(I-Xa) (1487
V=2.03m’

Calculating the heat required to operate at 160°C, getting started at 20°C.
Using the nonisothermal energy balance equation:

> " Figy (T — To) + AH,Fp0X4 = Qexternal (14.88)
j
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where:

Z F/Ep,‘ = FAEpA + FREpR
i

But:

Fa=Fao(1 — Xa)
Fr=Fa0Xa
Therefore:

Z F;cpi =Faol(1 — Xa)cpa + Xacprl(cal/(h -°C))
i

But EPA ZEPR Cp, then

> " Figpi=Faol(1 = Xa) + Xalcy = Faoc, (14.89)
i
But,
G 130,000
Fao= — = ————=520(mol/h
M0= 7= —5en = 520(mol/h)

Or
Fao-M-2/M=G x ¢, =130000 x 0.5=6.5 x 10* (cal/(h - K))

Equation 14.88 becomes:
(FaoM) - (¢, IM) (T — To) + (AH, /M) (FaoM) X = Qexcernal (14.90)
Oexternal =G - ¢p(T — Ty) + AH,G - X4

Oexternal = 1.88 x 10*kcal / h

Example

E14.17 A reversible second-order reaction was carried out in a nonisothermal CSTR
and the rate as a function of temperature is known. The initial concentration is
8 kmol/m3. The volumetric flow rate is 1.415 m3/min and the initial temperature of the
reactant is 50°C. The reaction temperature is 80°C and to keep it constant one utilizes
a coil through which passes a fluid entering at 20°C and leaving at 80°C. Determine
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the reactor volume and the coil surface area to a conversion of 60% of the equilibrium
conversion at 80°C. Some data are:

Specific heat of the mixture — C, = 1.864 x -10° J/(kg°C)

Enthalpy of reaction - AHg = —1.50 x 107 J/kmol

Overall heat transfer coefficient — U = 2.300 J/(m? s°C)

Molecular weight of reactant — My = 88

Flow rate of fluid into the coil — v = 0.2 m*/min

Reactionrate — r=1.11 x exp (12.5 — 5000/T)(1 — X,»)> — 2 x exp(25 — 10000/
T)X2 — (Ibmol/(ft’.min))

1.415 m3/min
8 Kmol/m3

50°C

Q
Resistence
0.90
—
‘ ‘ ‘ ‘ N
20°C 80°C
0.2 m3/min

Solution

e  Equilibrium conversion at 80°C:
Using the rate expression and T = 80°C, we obtain:

r=0.210 x (1 — X4)* = 0.0716X5=0
Xpe=0.63

Since the conversion at the reactor outlet should be 60% of equilibrium conversion,
then:

X4=0.378

e Reactor volume:

ALt (14.27)
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where the resulting rate will be equal to the reaction rate at 80°C:
r=0.210 (1 — X,)* — 0.0716X3

Substituting the rate expression and final conversion into Equation 14.27, we
obtain:

r= 0.0708 Ibmol / (ft® min) = 1.133 kmol / (m*® min)
With the volumetric flow rate vo = 8 m>/min:
V=377 m’

e Coil surface area:
By the energy balance in the nonisothermal CSTR:

Oexternal = G - ¢p(T — To) + AH,GXa = U*A(T — Ty)
Fao=Cao.vo=1.415 x 8 =11.32 kmol/min

G =Fp0.M=11.32 x 88 =996.16 kg/min

¢, =1.864 x 10° J/(kg K)

60UA,=—8.48 x 10°

UA,=1.41 x 10°

A,=1.02m?

Example

E14.18 The irreversible second-order reaction A + B — 2R in liquid phase was carried
out in an adiabatic CSTR of 1.5 L. The initial concentrations of A and B are respectively
10 and 40 mol/L, the volumetric flow at the reactor entrance is 0.2 L/min and the initial
temperature is 17°C.

Determine the conversion and temperature. If the feed flow rate is 10 times lower,
calculate the conversion and temperature. If the inlet temperature is 50°C and the
inlet concentration 3.78 mol/L, calculate the conversion and temperature. Some data
follow:

Specific heat of the mixture — ¢, =2.7 cal/(g K)
Enthalpy of reaction > AHgr = —34,000 cal/mol
Rate constant — k =33 x 10? exp(-20, 000/(RT)) (L/(mol min))
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Solution
The reaction takes place in an adiabatic CSTR reactor in liquid phase. To calculate the
conversion we use the CSTR equation:

1% X4
P e (14.91)

Since the initial concentrations of A and B are respectively 10 and 40 mol/L, the
reactant A is the limiting one.

(—7a) = 33 x 10% exp(—20,000/(RT))C2 (1 — X2)(M — X4)

where:

M= =B
Cao

4.0

Therefore:

Xa

5 (14.92)
33 x 10% exp(—20,000/(RT))C2 (1 — X4)(M — Xa)

T:CAO

There is temperature variation into the exponential term of the rate constant.
Therefore, if the reaction occurs adiabatically, we should determine the tempera-
ture variation using the energy balance for the adiabatic reactor, whose solution was
presented in Equation 14.83:

T
14X, (14.83)
To

where:

—AH,FAO —AH,CAO _ 34, 000 x 10

— — = 14.93
Y Ficy pc Ty 1070 x 2.70 x 290 ( )
j

B=0.407

Then:

T=Ty(1+0.407X4) (14.94)

We substitute T into Equation 14.92. To solve and make it explicit as a function
of conversion, we can simplify the equation. Since M =4.0, M is much higher than
Xa. Therefore, we simplify the rate:

(—7a) =33 x 10” exp(—20,000/(RT))MC3,(1 — X4)
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Thus, the kinetic expression is considered pseudo first order and by making it
explicit as a function of conversion, we obtain an equation that has already been
deduced (Equation 14.85).

T -koexp(—y/(1+ BXa4))
" 1+t koexp(—y/(1+ BXa))

Xa (14.95)

Case 1
B=0.407

ko=33 x 10°

E
== 343
V=RT,

T=—=7.5 min
vo

Substituting these values into Equation 14.95 and solving, we obtain three solutions:

X4 =0.0085 and T=18°C
Xa =0.337and T=56.7°C
X4 =0.994 and T=134.3°C

Case 2-1f vy =0.02 L/min

T o002 0mm

By Equation 14.94, we obtain:
X4 =1.0— total conversion
koMCao= 9.9 x 103

Case 3-1If vy =0.2 L/min, To = 50°C and C4¢ = 3.78 mol/L, then:

B=0.138
y=31.2
Xa=0.897
T=90°C

One observes that increasing the inlet temperature (Ty) and reducing the feed flow rate
(vo), thus increasing residence time, the conversion increases.
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Example

E14.19 The gas-phase reaction of butadiene with ethylene (A + B — R) is irreversible
and of second order and has been carried out in an adiabatic PFR. One feeds the
reactor with 40% butadiene, 40% ethylene, and balance in inert (molar %) at 450°C
and 1.25 atm.

Determine the mean residence time and the PFR volume at isothermal conditions, as
well as the reactor volume at the adiabatic condition for a final conversion of 10% in
both cases, using the data:

Molar specific heat —

¢p cate = 36.8 cal/(mol K)

¢p can4 = 20.2 cal/(mol K)

¢ cerio =59.5 cal/(mol K)

Reaction heat — AHg = —30000 Kcal/mol

rate constant — k =107 exp(—28,000/(RT)) (L/(mol s))
vo=0.05L/s

Solution
The rate expression to an irreversible second-order reaction with the same initial
concentrations of reactants A and B will be:

—ra) = kC2 ﬂ(l)z 14
(TA)_kCAO(l—i—eAXA)Z T (14.96)

The volume of an isothermal reactor can be determined by substituting the rate
equation into the PFR molar balance, Equation 14.38:
Isothermal
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Figure EI4.5 Profile of temperature and conversion.

Obtaining as solution:

Xa

_ - 2_ A
T= |:(1+ ea) 1= Xa)

+ &3 X4 4+ 2ea(1 +€4)In (1 — XA)} (14.97)

Calculating e4:

CHe+ CyHy C4Hyp Inert Total

Initial 0.4 0.4 0 0.2 1.0
Final 0 0 0.4 0.2 0.6
EA= -0.4

P
Cao=Yyao g =8.43 x 1073 mol/L

k=0.1012L/(mol s)
Therefore:
t1=124.8s

Vprr =6.2L1

The mean residence time in a PFR is given by Equation 14.47, but with a correction
when the reaction is not isothermal.
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Isothermal
" dx
i=C 4 14.47
AOO (14 ¢ea Xa)(—ra) ( )

Substituting the rate expression 14.95, we obtain:

XA
. (1+eaXa)*dXa
t—/ KCuo (14.48)
0

(1+eaXa)(l —Xa)?

Integrating, we obtain:

_ 1 Xa(l+¢y4) i|
t=— +exln(1 — X
kcm[ (1 X, T ealt=Xa)
t=159.4s
Nonisothermal

The rate expression to an irreversible second-order reaction with the same initial
concentrations of reactants A and B will be:

2 a—xm2<Ty

e =kc2 T AA) [
(=ra) 1+ eaXa)?

Ty

We determine the temperature performing the energy balance in an adiabatic
system, according to the equation:

T
— =1+ pBXa (14.83)
To

where:

,3 — _AHrFAO
>_Ficy
]

where:

Y " Fipj=Faol(1 = Xa)epa + (1 — Xa)Zpn + Xatpr]
j

> Figp =Fao(57 +2.5Xa) (14.99)
j
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Therefore:

41.5
(57 +2.5Xa)

T 415X,
Sy R 14.100
Ty T 57+25x0) ( )

The parameter y is defined as a function of the activation energy:

E
— 188
V=RT,

Substituting the expression 14.100 and 14.98 into Equation 14.38, we obtain:

Xa
e dXa
B (1—Xyu)? ( 41.5X, 41.5 X,y
1075C 0 —— A (14 20A g2 188/ (14 ——22A
0 A0 e U Griasxy ) <o N\ 575 25x0)
(14.101)
where:

P
=Ya0 - = =8.43 x 107> mol/L
CA() YA0 RTO 8.43 x 107’ mo /

Integrating:

t=47.0s
V=235L

Therefore, the nonisothermal reactor has a smaller volume.
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Specific reactors

The kinetics of reactions is specific for different reaction systems and processes and
valid for isothermal and nonisothermal reactors. The effects of the kinetics on the
conversion, selectivity, or yield depend on the reaction and may be quite pronounced.
Liquid or gas phase reactions with high heat capacity can be performed in specific
reactors, which operate isothermally or not. We will study the most common cases
such as semibatch reactors, recycle reactors, fixed-bed reactors, and reactors with
membranes.

15.1 SEMIBATCH REACTOR

The semibatch reactor (tank or tubular) contains a large amount of liquid reactant
that continuously reacts on the addition of a second reactant (liquid or gas), which is
instantly consumed. The kinetics is the same, but consumption increases over reaction
time as the second component is added (Figure 15.1).

The semibatch reactors can be operated by three different manners:

1  The tank contains a liquid reactant B into which the reactant A (liquid or gas) is
continuously added—isothermal system.

Cro

Pl | TN
s

B

R

Liquid (g)

Figure 15.1 Scheme of semibatch reactor.
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Semibatch reactors
C, T
CSTR

PFR

Electric resistance

CL_-.

Figure 15.2 Concentration profiles in different cases.

2 The tank contains the reactants while the gas product is continuously formed.
3 The tank contains the liquid reactant while the gas reactant A is continually added.
Nonreacted A is continually released.

The reactant concentration profiles have been represented in Figure 15.2 for
semibatch reactor under isothermal conditions.

The concentration is uncertain because it varies over time. Consider a semiopen
system according to the scheme shown in Figure 15.3.

F,4 represents the molar flow of reactant A, then:

- dnA

FAO_FA"‘(—TA)'V(t)—?

(15.1)

where (—74) = reaction rate, F4 = molar flow of component A, and V = system volume
which varies over time.

Since Fag = Caovo and the reagent A is completely consumed during the reaction,
there is no outlet flow of A. Therefore,

Fa=0

d(C,V dC dv
Caovo — 0+ (=ra) - V(2)= (Ca )=V A+CAE

it & (15.2)
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A = Mol variation

of component A
F, (mol/h)
Mol of reactant
Mol of B inside the tank
reactant A Vv
that enters in V
Cg mol/l

Different from other systems,
B is initially in the tank

Ag) + Biwa © R
Figure 15.3 Molar mass balance in the semibatch reactor.

The volume variation over time caused by addition of reagent A into reagent B
(present in the tank) is calculated by means of an overall mass balance taking into
account the average density p in the system without chemical reaction. Thus:

d(pV)

& (15.3)

povo — 0+ 0=

Assuming that the system average density is constant, i.e.:
0= pp = constant

We obtain:

dv

-V (15.4)

Vo

With the boundary condition:

t=0—-V=YV,
We obtain the volume variation over time, i.e.:

V=Vy+ vt (15.5)
Or dividing by vg,we obtain the following expression as a function space time:

T=10+1 (15.6)
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Substituting Equation 15.4 into Equation 15.2:

dc
Caovo — Cavo + (—7a) - V(t)=V d—tA (15.7)

But:
dCi _dCa dr
dt ~ dt dt
——

=1
eql5.6

(15.8)

Substituting Equation 15.8 into Equation 15.7, we obtain:

v dCy

(Cao = Calvo +(—ra) Vi) =V ——

(15.9)

Let us consider an irreversible second-order reaction:
A + B — products

where the liquid reactant B with concentration Cg is present in the reactor of volume
V and the reactant A is added at a constant rate. Therefore, the kinetics may be
represented by:

(—74) =kCaCp (15.10)

The concentration of reactant B is much higher than A and varies slightly with the
addition of the reactant A, therefore one may assume that its variation is negligible
with respect to A. In this case, one assumes a pseudo first-order reaction.

(=74) =kC4aCpo =k*Cy (15.11)
where:
k* =kCpg

Substituting the rate expression 15.11 into Equation 15.9, we obtain:

dCy

(CAo—CA)Uo—k*CAV(t)ZVd— (15.12)
T
Rearranging:
1 *
dCa Ak G (15.13)

dr T T

We solve this equation using the integrating factor f; =exp(f f(x)dx), with the initial
condition: T =19 — Cyq = Cy;.
C,; is the initial concentration of A in the tank before the reaction.
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The solution will be:
Ca_ 1T << 1 ) _ Cai
Cao  (¢+T0)k* Tok* Cao

Example

tt) ©

—k*t

(15.14)

E15.1 Theirreversible reaction A + B — products, has the rate represented by a pseudo
first-order reaction. This reaction takes place in a semibatch reactor of 10L and at

25°C, some data follow:

t=0— Cao=3 x 10~*mol/L
— Cui=5x 107> mol/L
— v9p=2L/min

— (=74)=0.38 mol/(L min)

Calculate the time required to reach the stabilized conversion.

Solution
By Equation 15.14, we calculate:

) = — =S min
vo

With k* =0.38, we calculate:
T()k* =19

Substituting into Equation 15.14:

Ca 1 1 5x10- .
- - @ @ @ @ - . e
Cao 0.38(t+)5) 1.9 3x10” (t+95)
By the definition of conversion:
Ca
Xp=1——
A Cao
We have:
263 18 _ysg
=1l-—F4+ —Fc 15.15
4 (t+35) " (t+3) (15.13)
t (min) 0 0.5 1.0 1.5 3.0 50 10.0 20.0 25.0
X 0.474 0.792 0.766 0.751 0.743 0.764 0.827 0.895 0912
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The results have been displayed in Figure E15.3.

1.0+

0.9 1 /./-
0.8-1 /

‘B

0.7 4
<

X
0.6

0.5+

os

0 5 10 15 20 25 30

t (min)

Figure E15.3 Conversion as function of time.

152 REACTOR WITH RECYCLE

The reactors with recycle are continuous and may be tanks or tubes. Their main feature
is increasing productivity by returning part of unconverted reactants to the entrance
of the reactor. For this reason, the reactant conversion increases successively and also
the productivity with respect to the desired products. The recycle may also be applied
in reactors in series or representing models of nonideal reactors, in which the recycle
parameter indicates the deviation from ideal behavior. As limiting cases, we have ideal
tank and tubular reactors representing perfect mixture when the recycle is too large,
or plug flow reactor(PFR) when there is no recycle.

CAO CA01 CAV V
V, V, +
LR PFR >
CA02
Vo R = Recycle ratio v

<

For PFR tubular reactor, Equation 14.38 is valid:

v T dx
7=—=Cyuo =AA (15.16)
[40) r
X1

The lower limit in the reactor inlet changed to X41. The conversion at any position
or at the outlet is X, (Figure 15.4).
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where:

Ca=Cao(1 — Xq)
and:

Ca1=Cao(1 — Xa1)

To simplify, we assume an irreversible first-order reaction as follows: A — Products,
whose kinetics at constant volume is represented by:

(=74) =kRCa=kCpo (1 — X4)
Substituting the rate expression into Equation 15.16 and integrating, we obtain:

1, (1— Xy
T——Elnm (15.17)

Conversion X4 is still unknown and maybe determined by the balance at the
intersection(1)by calculating the inlet concentration C4q or conversion X41. Thus, at
the intersection (1), we have:

vo1 = Vo + Vo2
Fao1 = Fao + Fan2

Cat - vo1 = Caovo + Cavpz (a)
Then, the concentration C4; will be:

C C
Cap = Aovo + Cavo2 (15.18)
Vo1

Substituting Equation (a) into 15.18 and considering a recycle ratio R = %2’ we
have:

R
Ca1=Cao <1 - mXA> (15.19)

or substituting C4; and Cx by the respective conversions, we obtain directly:

R

Xa1=
Al (R+1)

X4 (15.20)

Substituting Equation 15.20 into Equation 15.17:

1 (T+R)(1-Xy)
trecycle—_zln (1+R (1—Xy4) (15.21)
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This expression depends on the recycle ratio R and there are two particular cases:

1 If there is no recycle, R = 0, the reactor behaves like an ideal PFR.

thRz—%ln(l—XA) (1522)

If the recycle is large (R — o0), there will be a mixing effect resulting in a solution
corresponding to the ideal CSTR reactor. In this case, expanding the logarithmic
function in series and neglecting the terms of higher order, one obtains:

1 Xa
TCSTR = Ed— X (15.23)
Therefore, depending on the recycle ratio, one obtains solutions that may indi-
cate an increase in the final conversion or productivity and may represent behavior
of nonideal reactor. The recycle ratio would be a parameter that indicates the devi-
ation from ideal behavior. It is equivalent to the average residence time, which also
indicates the extent of deviation from the ideal behavior of a reactor.

Example

E15.2 A liquid phase reaction A — R + S takes place in a system consisting of a CSTR
and a PFR reactor with recycle. One introduces1 kmol/m? of reagent A into the first
reactor. Both CSTR and PFR operate isothermally at 300°C and atmospheric pres-
sure. The volume of the first reactor is 0.086 m? and the inlet flow is 1.6 m3/ks. The
conversion at the outlet of the PFR is 90%.
It is a first-order reaction and the rate constant is (—74) =8 C4 kmol/(m3 h).
Calculate the PFR volume considering a recycle ratio of R =1.

Solution
Since we have a first-order reaction, the reaction rate is:

—7’A=8CA=8CAO (1 —XA)

In the CSTR:
_ 1 X4

TCSTR = /Q (1 _X:q‘l>

Substituting the values, we have:

T= Z: %=0.0518ks:0.0144h
) 1.6

Then:

X/, =0.103
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Caor Vo

PFR

CSTR Voo

v

|;—>

Recycle v

Balance at the intersection (1):

Ca1vor = Caivg + Cavom (a)

Vo1 = Vo + Vo2

where:

1+rR=2
Vo
vo1 =vo (1 +R) (b)
R =202
Vo

Substituting (b) into (a):

Ca1(14+R)=Cys1 + C4R

Or as function of conversions:

1-Xa=

(1 —X%1) + R(1 = Xa)

(1+R)

Substituting X’;; =0.103 and X, =0.9:

Xa1=0.501

1. (1—=Xy)
T=——1In

k(1 —Xa)

Tprr = 722 seg=0.722 ks

where:

vo1 =vo(1 + R) =3.2m3/ks

For the second reactor (PFR) with recycle, we utilize Equation 15.17:
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We obtain:
V= TPFR * Vo1 = 0.722 x 3.2=2.3 m3

V=2.3m}

153 PSEUDO-HOMOGENEOUS FIXED-BED REACTOR

In the ideal CSTR and PFR reactors in homogeneous phase, the reactants and products
constitute a single phase. The homogeneous reaction takes place in a liquid or gas
phase whose concentration varies throughout the PFR, while in the CSTR reactor the
concentration is instantaneous.

In a specific case, when the reaction takes place on the catalyst present on the
internal wall of the tube and the flow is uniform, the behavior is equal to a reaction
in homogeneous phase.

If the catalyst consists of particles, one has a fixed or mobile stationary particles
reactor. The flow is no longer uniform and the reaction is considered heterophasic.
In this case, the catalyst consists of solid particles, but the reactants and products
are gas or liquid and may flow through the particle bed in the concurrent or counter
current direction. The reaction may be catalytic or noncatalytic and takes place on
the particle surface and/or within the pores of the catalyst. In this case, the system is
heterophasic and may be solid—gas type, solid-liquid, or solid-liquid-gas taking place
in the respective reactors: fixed or mobile-bed, trickle bed, and slurry bed.

These reactors exhibit complex fluid dynamics. The velocity profile in a cross
section is not uniform due to the influence of the wall and the porosity of the catalytic
bed, causing the nonideality of the continuous reactor.

Fluid dynamics

b
=N

’ Laminar ‘ ’ Turbulent ‘ ’ Fixed bed‘ ’ Ideal PFR ‘

The solid particles have high specific surface areas due to high porosity (pore
volume). Convection phenomena occur in fixed or mobile-bed reactor due to three
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mechanisms: molecular diffusion, Knudsen diffusion within the particle pores, and sur-
face diffusion, depending on the geometrical characteristics of the pores and particles.
Usually, the effective diffusion is determined combining these three phenomena.
Therefore, there are axial and radial dispersion effects due to mass and heat transfer
phenomena in isothermal and nonisothermal systems.
For mass transfer by convection, the mass flow is given by:

m=k.AC

where AC = concentration gradient (radial or axial) and k. = mass transfer coefficient.
Fick’s law describes the mass transfer by diffusion within the pores as:

- p. 9¢
=Py
where dC/dz = concentration gradient in the pore (cylinder) and D, = effective gas
diffusion in the pore.

The Reynolds number is a flow characteristic, and if defined as a function of
particle diameter, it will be:

u = superficial gas velocity in the cross section
d, = particle diameter
v = kinematic viscosity.

(15.24)

Moreover the Péclet number(Pé) characterizes radial and axial dispersions, which
represent the convective and diffusive coefficients in the pores (see Chapter 24):

pe ud,  Convective transport rate
= —=

= 15.25
D, Diffusive transport rate ( )

where u = superficial gas velocity in the cross section, d, = particle diameter, and D,=
effective diffusivity.

The radial and axial dispersions generally exist in a particulate catalytic bed reac-
tor, but under certain conditions one can neglect the radial gradients. One can take into
account the uniform velocity over a cross section (ideal PFR) when the ratio between
tube and particle diameters is higher than 30 and when the Reynolds number is high,
characterizing a quasi-turbulent flow, i.e., high superficial velocities (high flows). In
this case, Pé can be calculated according to the empirical equation (Aris,1969):

a2
Pé=1+19.4|:(7p) ] (15.26)
t

where d; = tube diameter.
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To Pé=10 and ratio (d;/d,) > 30, the radial dispersion can be neglected under
isothermal conditions. The superficial velocity is constant and the radial concentration
is negligible.

To Pé~ 2, the axial dispersion can be neglected if the ratio between the reactor
length and diameter tube is higher than 50 (L/d; > 50).

To a very high Pé number, one can consider a fixed-bed reactor as a pseudo-
homogeneous one, therefore, a reactor with ideal behavior. In these conditions, its
superficial velocity is high and/or the effective gas diffusion in the pores (D,) is low.
It means that if (1/Pé) — 0, the gas residence time in the reactor tends to the average
residence time of an ideal reactor according to Figure E15.6. Figure 15.6 shows Pé
values for different flows and the limits to achieve ideal conditions. The criterion
(1/Pé) = 0.002 is used as a limit for a PFR in ideal conditions.

Response

Ideal PFR (1/Pé) —» O

Nonideal reactor

~

Figure E15.6 Concentration distribution in the reactor.

Therefore, the Péclet number is an important parameter to evaluate if mass transfer
limitations take place, and the Reynolds number to verify if the reactor is in turbu-
lent flow and consequently quasi-ideal conditions in which one may apply the basic
equations for ideal reactors.

Example

E15.3 Hydrogenation of toluene was carried out in a tubular fixed-bed reactor con-
taining a catalyst (p = 2.3 g/cm?). The reaction is in gas phase operating isothermally
at 600°C and pressure of 10 atm. One introduces the reactants as 20% toluene,
40% hydrogen, and balance in inert (%vol.) with a volumetric flow of 400 L/min.
The benzene outlet flow is 10 mol/min. Calculate the catalyst mass in the reactor
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assuming that the kinetics is given by the following rate expression (Froment and
Bischoff, 1979):

1.4 x 10_SPHZPT mOIToluene

e 15.27
T7 (1 +1.26ps + 1.01p1)  goys ( )
where B =benzene and T = toluene.
Additional data:
Kinematic viscosity: v=0.74 x 107¢ m?/s
Tube diameter: d; =2.54 cm
Particle diameter: d, =0.5 cm
Diffusion coefficient (H,) = 0.1 cm?/s.
Solution
20%T
40% H, ——p» +——p F, =10 mols/min
40% N,
T =600°
P =10atm
p=23g/cm?
CH,
+H, ——> + CH,
T H B M

1 Calculating the superficial velocity:

2
A= _506cm?
4
4x10°
=”AT°= ;06 —7.9x 10*cm/min=13.1m/s

2 Calculating the Reynolds number:

ud, 13.1x2.54

_ 5
T T07ax 106 - B0

Re=
The Reynolds number is very high, characterizing a turbulent flow. One may

consider a uniform flow in the cross section and also along the bed.
3 Calculating the Péclet number:

_ud,  7.9x10*x0.5

- =6. 103
D. 0.1 x 60 6.58 x 10

pé




430 Chemical reaction engineering

Therefore:
(1/Pé)=1.5 x 10~*

The criterion for a reactor with ideal behavior is 1/Pé =2 x 1073,

Therefore, the mass transfer limitations and diffusion effects are negligible.

The Reynolds and Péclet numbers indicate a pseudo-homogeneous reactor behav-
ior, close to an ideal reactor. In such a condition, one can calculate the catalyst mass
using the equations of an ideal PFR.

Therefore, by Equation 14.38:

W T dx
=Y, [T (15.38)
FT() r
0

The rate can be expressed as a function of toluene conversion assuming that:

p1 = CrRT = Cro(1 — XT)RT
pi = CuRT = Cro(M — X1)RT
pp = CyRT = CroXTRT
where:
yroP _02x10 2
RT RT RT
Substituting the partial pressures into Equation 15.27, we obtain:

_ Cuo _

M= _»
Cro
or
5.6 x 10781 — X1)(2 — X1)
- 15.28
=) = 252Xy 12,0201 — X1)) ( )
(—rr) 3.36 x 107%(1 — X7)(2 — X7)
R
T (3.02+0.5X7 )
Substituting the rate expression 15.28 into Equation 14.38:
WO (3.024 05X )dX
_=/ (3. -0 1 )dXr (15.29)
Fro 3.36 x 1075(1 — X7)(2 — X7)

0
Calculating Fry

0.2 x 10 x 400
Fro — veo Fo = G — —11.17 mol/mi
TO=YT0H0 = +10%0 = (57082273 + 600) foymin
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Calculating the final conversion:
Fp = Fro Xt
X1=0.89
Integrating Equation 15.29 and using the values above, we obtain:

W =22 x 10* kgea

154 MEMBRANE REACTORS

The membrane reactors enable one to separate the reaction products increasing the
production capacity and also to shift the reaction beyond the equilibrium under the
same conditions of pressure and temperature. This type of reactor consists of a perme-
able membrane with selective porous walls. The membrane should be able to withstand
high temperatures and sintering without blocking fluid flow.

An example is the use of membrane reactors to generate and separate hydrogen to
fuel cells.

Hydrogen can be obtained by steam reforming and autothermal reforming of
methane which is represented by the following reactions:

Steam reforming;: CH4+H;0 & CO+3H;  AHj95x= 206 k]/mol
Dry reforming: CH4+ CO,; & 2CO+2H; AHj9gx= 247 k]/mol
Partial oxidation of methane: CHj4+ 1/20, < CO+2H; AH93x =—36k]J/mol
Water gas shift reaction: CO+H,0 <+ CO, +H, AHj9gx = —41k]J/mol.

Steam reforming and dry reforming are endothermic, but partial oxidation of
methane and water gas shift reactions are exothermic. The autothermal process
becomes exothermic and is thermodynamically favorable.

Two types of membrane reactors are shown in Figure 15.7:

1  Catalytic membrane (active porous wall) and
2 Noncatalytic membrane (inert).

In the first case, the membrane itself contains the catalyst, such as platinum dis-
persed on the membrane. The reaction takes place within the membrane and the
products pass through well-defined pores.

In the second case, the membrane is porous and inert but the catalyst is placed
inside the reactor where the reactions take place. One of the products is usually sepa-
rated by passing through the inert porous membrane, the other passing directly to the
exit of the reactor. Thereby, one increases the yield or selectivity to the desired product,
also increasing the conversion since the reaction shifts toward products.

Let us consider the following reaction:

A+B—R+S
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Figure 15.7 Scheme of membrane reactors.

where R is the product to be separated by the membrane.
By the molar balance of any component in the volume element dV, we have:

Fr43+dm+/ndV=%¥ (15.30)

Considering the steady state, we obtain generically (Equation 14.34):

[ dr= [ rav

To the component A, we have (Equation 14.37):

v 1 dx

A
— = 15.31
Fao 0/ (—7a) ( )

The molar balance with respect to the product R to be separated by the
membrane is:

FR—(FR+dFR)~I-7RdV—RRdV=O (15.32)
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Therefore:

dFg = (rr — Rr)dV (15.33)
The product formation rate is related to the reagent.

—ra=TR

And the rate Ry is defined as the molar flow passing through the membrane:

Rg =k.Cr (15.34)

where k. is the mass transfer coefficient, which depends on the fluid and membrane
properties.

Example

. k . . .
E15.5 The gas phase reaction A ——=R is carried out in a membrane reactor and R

is the product to be separated by théq membrane. The reaction is reversible and of first
order with k=0.05s~!. The reactor operates at 8.2 atm and isothermally at 227°C.
The equilibrium constant at 227°C is 0.5. The inlet flow into reactor is 2 mol/min and
its volume is 10 L. Calculate the outlet flow of R assuming k. =0.3s7.

Solution
We have a reversible and first-order reaction in gas phase. Therefore (Equation 3.19):

7‘:/€CA — k/CR :kCAQ[(l — XA) — %XA:|

At equilibrium, the rate is zero. Thus:

K
Xpe = —— =0.33
ATTIK

The resulting rate as a function of the equilibrium conversion will be:

X
r:kCA()(l - XA ) (15.35)

Ae
No separation
XA
TZZZCAO dﬁ (15.36)

140 r
0

Substituting the rate Equation 15.36, we have:

1 X,
'C——Ell'l(].— X—A€> (1537)
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Calculating the initial concentration:

P 8.2

= RT ~ 0.082 x 500 — 02 molL

Cao

Calculating the volumetric flow:

=—=—=10L/
Vo Cro 02 'min

Calculating the space time:

\%
T=—=1.0min
vo

Then, with £ =0.05s~" and Equation 15.37, we obtain:

Xa

Ae

=0.95

Xa4=0.316

With separation
The rate changes by including the mass transfer term.

1’=kCA — k/CR — RR ZkCA — k/CR — kCCR

or
1
r=kCyo |:(1 —Xa) — EXA:| — keCuoXa
Rearranging;:
X
r=kCpo <l—k*- A) (15.38)
XAe
where:

E=(1+k)=13s"

Substituting Equation 15.38 into Equation 15.36 and integrating, we obtain:

Xae k*X 4
T——wlﬂ(l—X—Ae) (15.39)

Data: k=0.05s"!, t=1min = 60s, we calculate a new conversion:

X4=0.248
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Finally, we calculate the flow of R.
No separation
Fr=Crvg = CaovoXa =Fa0Xa=2 x 0.316 =0.632 mol/min
With separation
Fr =F40X4 =0.427 mol/min
The molar flow passing through the membrane will be:

RR = kCCR = kCCA()XA =0.0644 mol/(L S)







Chapter 16

Comparison of reactors

The choice of the reactor is very important and should be carried out on technical
basis. There are three main criteria to distinguish batch, tubular, and tank reactors:

1 Reactor volume
2 Productivity
3 Selectivity

For the first criterion, one compares the reactor volumes based on the average
residence time for a given extent of reaction or final conversion. The average residence
time depends on the reaction kinetics and therefore the reaction rate, which in turn
depends on whether the reaction takes place at constant volume or variable volume.
In a system at constant volume, one obtains directly a ratio between the volumes,
because the average residence time is equal to space time which is defined as the ratio
between reactor volume and inlet volumetric flow in the reactor. For the same con-
version, the ratio between volumes is proportional. Since the average residence time
in a PFR reactor is similar to the reaction time in a batch reactor, we may assume
that they have similar behaviors and then we compare only the ideal tubular reactors
(PFR — plug flow reactor) to the ideal tank reactors (CSTR—continuous stirred-tank
reactor).

16. COMPARISON OF VOLUMES

To visualize the difference between the volumes and contact times in the reactors, we
observe Figure 16.1, which shows the inverse of rate as a function of conversion. This
curve represents the kinetic behavior of the reaction irrespective of the reactor type.
The reaction rate decreases with increasing conversion, therefore the inverse of rate
increases and is positive.

The basic equations for the reactors have already been seen as:
Batch reactor:

Xa

dXa
tZCAOf (—ra) (16.1)
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(1/r)

B

A Xa
Figure 16.1 Inverse of reaction rate as a function of conversion.
Tank (CSTR):
X
—_—=T= CAO A (16'2)
Vo (=74)
Tubular (PFR):
v T ax
‘[:—:CAO —A (16'3)
[40) r

0

Analyzing the equations of PFR, CSTR, and batch reactors represented by Equa-
tions 16.1-16.3, one notes that the area under the curve AC represents the integral
in the PFR equation, whereas the rectangle area ABCD represents the CSTR equa-
tion. The rate related to the outlet concentration in the CSTR is equal to the average
concentration in the tank, because perfect mixture is considered.

For a given constant temperature and reactions taking place at constant volume,
these areas are directly proportional to the space time and also to the average resi-
dence time in the reactors, assuming the same inlet volumetric flow and the same final
conversion. Therefore, the areas represent the reactors volume.

From Figure 16.1, one concludes that the CSTR volume is always greater than
the PFR volume. The space time or average residence time (contact time) in the PFR
is always smaller than in the CSTR. Since the reaction time in the batch reactor is
equal to the contact time in the PFR, we can compare the batch reactor directly to the
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PFR. If the reaction takes place at variable volume, then the average residence times are
different from the space times and as a consequence, the volumes are not proportional.

Figure 16.1 illustrates that for low conversions, for example, X 41, the CSTR and
PFR volumes are similar, since the respective areas AEFG and under A'F curve are
similar. As the desired conversion is decreased, the areas for the two reactor types
approach the same value. Small reactors lead to small conversions and are useful for
kinetic studies.

Let us consider some cases and compare CSTR and PFR volumes in order to verify
the most significant comparison criteria.

16.1.1 Irreversible first-order reaction at constant volume

The reaction rate expression is:
(=74) =kCa=kCxo(1 — Xa)

Therefore, substituting the rate expression into PFR (16.3) and CSTR (16.2) equations
and integrating, we obtain respectively:

t:—%ln(l—XA) (16.4)
1 X
=X (16.5)

For the same volumetric feed flow, the space times are directly proportional to
the corresponding volumes. The ratio between CSTR and PFR volumes considering
A= 0,

Vestr
VpER

is shown in Figure 16.2 (curve 1) as a function of final conversion.

For conversions below 20%, the volumes have same order of magnitude, not
varying more than 15%. Calculating the ratio,

Vestr

VpER

for X4 =0.20, we obtain the value of 1.12. The CSTR volume is slightly larger than
the PFR volume (i.e., 12%).

However, for conversions above 50%, the CSTR and PFR volumes differ signif-
icantly. For a conversion X4 =0.80, this ratio is 2.5. Therefore, the CSTR volume is
2.5 times larger than the PFR volume.
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Figure 16.2 Comparison of reactors volume for different parameters.

16.1.2 Irreversible second-order reaction at constant volume

For an irreversible second-order reaction, the main parameter is the ratio between the
initial concentrations:
_ Cpo

M= B0
Cao

The ratio between the CSTR and PFR volumes will be:

Xa
Vestr (1 —Xa)(M — Xjy)
= 16.6

(M—-1)  M(1-Xy)

The ratio of volumes as a function of conversion is shown in Figure 16.2 (curves 2 and
3). The influence of parameter M is significant, especially for high conversions.

The influence of the reaction order on the CSTR and PFR volumes is considerable
for first- and second-order reactions, M =1 and conversion X4 =0.80. Taking into
account a second-order kinetics, the CSTR volume is about five times larger than for
a first order. On the other hand, this ratio is lower in the PFR, since the PFR volume is
only about 2.5 times larger for a second-order kinetics, compared to a first-order and
admitting kinetic constants of same order of magnitude.
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16.1.3 Reactions at variable volume

The influence of volume variation during a reaction, where there is contraction or
expansion of fluid, on the CSTR and PFR volumes may be expressed as a function of
the parameter g4, for first- or second-order reactions. The effect of ¢4 on the CSTR or
PFR volume is depicted in Figure 16.2 (curve 4 with M =1).

Increasing ¢4 (when ¢4 > 0, expansion), the ratio between the reactors volume,

Vestr

VpER

increases as well with respect to the reaction whose volume does not change (¢4 =0),
for the same final conversion. When contraction occurs (4 < 0), we have the opposite.
For example, for an irreversible second-order reaction with ¢4 =1 and conversion
X4 =0.80, we obtain:

Vestr _51

VpER

Examples

E16.1 Effect of parameter M

Butanol and monobutylphthalate (MBF) react in the presence of H,SO4 forming
dibutylphthalate and water. Reaction can be carried out in CSTR or PFR reactor.
The reactants are placed in two separate tanks containing 0.2 mol/L of MBF and
1mol/L of butanol and fed to the reactor under 10L/h and 30 L/h, respectively.
The reactants are mixed before entering the reactor. The reaction rate constant is
k=7.4 x 1072 L/(mol min). Calculate the CSTR and PFR volume separately and show
the relation between the volumes when conversion is 70%.

Solution

Reaction rate expression: —r4 = kC4 Cpg, where A = Butanol and B = MBF (reactants).
Total volumetric flow in the reactor entrance:
Vo1 + Vo2 =1 =40L/h
The concentrations in the reactor entrance:
Cao1 - vo1 + Caoz - vo2 = Cao - vo
With the previous data, we obtain:

Cao = 5 x 1072 mol/L
Cpo=7.5x 1071 mol/L
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Considering reaction stoichiometry 1A:1B, the reactant A is the limiting one.
Therefore, the rate will be:

(—7a)=kCho(1 — Xa)(M — Xa)
where:

Cro _

M=
Cao

1.5

In the CSTR: for X4 =0.70

Xa
Ao(l - XA)(M - XA)

TCSTR = LC

Therefore, the CSTR volume, with vy =40L/h is:

Vestr = 5201
In the PFR:
1 M-X
ThFR = ( A) (14.40)

kRCao(M—1) " M(T = Xy)
R =311min=5.2h
The PFR volume, with vg =40 L/h is:
Vprr =207 L
Then, the ratio between CSTR and PFR volumes will be:

VestR

2.5
Vprr

E16.2 Effect of parameter ¢4

The gas-phase reaction A + B — R is carried out in a PFR and in a tank (CSTR) under
isothermal condition at 550°C and 1atm. The initial reactants’ concentrations are
equimolar and the inlet volumetric flow is 10 L/min. It is an irreversible second-order
reaction and the specific reaction rate is given by:

9000

k=7 x10*-e~T (L/(mols))

Calculate the average residence time, space time, and reactor volume for a final con-
version of 75% by carrying out the reaction in a PFR and CSTR separately. What is
the ratio between their volumes?
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Solution

The reaction rate as a function of conversion to an irreversible second-order reaction,
with Cao=Cpo will be:

C2,(1 — Xa)?

_rA_kCA (1+8AXA)

And the average residence time in the PFR is as follows:

Xa

~|
||

/ 1+8AXA 74)

0

Substituting (—74) into the above equation and integrating, we obtain:

- 1 1+ SAXA
t= ———+h(1-X
kCAo[ T-x, Toi=Xa
Calculating e4:
A B R Inert Total
0.4 0.4 0 0.2 1.0
0 0 0.4 0.2 0.6 &s = —0.4 (contraction)

Calculating Cao:

yaoP 04 x1
RT ~ 0.082 x 823

Cpo= =592x1073

We obtain k by Arrhenius equation provided:
k=0.712L/(mols)

Substituting the values into equation:

Space time can be determined by equation:

1% T dx
r=—=cAof A
0

vo (—74)

Substituting (—74) and integrating;:

1

T=— |:(1 +ep) ——

+ 8AXA +2ea(1+€a)In(1 — XA)i|
kCyo

Xa
(1—Xa)
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Substituting X4 = 0.70, we obtain:
t=7.38 min

Therefore, the PFR volume will be:
Veer =73.8L

In the CSTR, we obtain analogously:

Xa(l+eaXn)?
kCyo(1 — X4)?

TCSTR =
TesTR = 15.9 min

That leads to a reactor volume of:
Vestr =159L1

Thus, the ratio between the different reactors is:

Vestr _9)

VrprrR

16.2 PRODUCTIVITY

The second criterion takes into account the yield and productivity for a given reactor
volume.

Definition

The production rate in a system is defined as the number of moles of product, or

converted reactant to main product, per unit of volume and time. It is an overall

average rate, different from reaction rate defined previously, which is local.
Therefore, if a4 is the number of moles of reactant A converted to product over an

average contact time or average residence time, one defines the productivity as (Hill,
1977):

=240 24 (16.7)

However, the average residence time previously defined depends on the system used:
if at constant or at variable volume.

For the CSTR:

_ \% \% TCSTR
A = — = = 16.8
R T (1 +eaXa) (14 6aXa) (16.8)
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For the PFR:
XA
_ dXa
tppr=Cyu0 - | —mMmMMM@M 16.9
PER A0 ! T+ enXa)(=ra) ( )

In both cases, the average contact times are different when the reaction volume (fluid
volume) is constant or variable, depending on ¢4.

Then,

Ifea=0 fcstR =TcstR - and  Zppr = TpER
If e4#0 festR #TestR - and  Zppr 7 ToER
In any case: LPFR = fhatch

Therefore, productivity (W) in both cases is given by the following equations:

CSTR:
Cuo- X
WCSTRz"‘TA:%:uHAxA)(—m (16.10)
PFR:
oA CA()-XA XA
Worr — — — _ — 16.11
PFR = - X e ( )

0 (1+eaXa)(=7a)
To illustrate, let us consider a reversible forward and reverse first-order reaction A <> R.
The resulting rate as a function of conversion is known. Substituting it into Equations

16.10 and 16.11, we obtain the productivity in PFR and CSTR:

Cao - k(1 +N)X4

Wper = % (16.12)
N+ Xu)In(1—
(N + Xae) n( XAe)
where:
Cro
N=—
Cao
And
Cao - k(l + N)XAe Xa
= 1-— 16.1
WCSTR (N+XAe) XAe ( 6 3)

The productivity, or average production rate, depends on the final conversion and
equilibrium conversion for a given temperature. Relating the CSTR and PFR rates,
one obtains the relative productivity of the reactors. The average production rate is



446 Chemical reaction engineering

1.0 Reversible reaction 6.0
(First-order)
WCSTR
WPFR
0.5

Xu/X s,

Figure 16.3 Comparison of productivity and reactors’ volume.

inversely proportional to the reactor volume. The ratio between CSTR and PFR rates
and the respective volumes ratio are shown in Figure 16.3.

The unitary production of the CSTR decreases significantly with respect to the
PFR at high conversions, while the CSTR volume increases much more with respect to
the PFR. For instance, at a conversion of 70% of equilibrium conversion, the CSTR
productivity is 50% lower than the PFR, considering the same feed conditions. To
increase the CSTR or PFR productivity, one can make use of reactors in series.

16.3 YIELD/SELECTIVITY

If more than one reaction takes place and a specific product or by-product is desired,
the reactor choice and reaction conditions are very important, since the kinetics of
each reaction depends on the temperature and reaction order.

Initially, let us define yield and selectivity for multiple reactions occurring simul-
taneously, for reactions in parallel, series, or mixed. When there is only one reaction
step, the yield is confused with the conversion.

Considering the reaction system:

A+B kR (desired product)

A+B NN (undesired product)
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The definitions follow (Hill, 1977):

Yield:
number of mol of A transformed in desired product (R)
QA= (16.14)
number of mol of A reacted (total)
Operational Yield:
number of mol of A transformed in desired product (R)
Yo = - (16.15)
total number of mol fed into reactor
Selectivity:
Sa=¢s (same definition of yield)
or
number of mol of A transformed in desired product (R)
A (16.16)

~ number of mol of A transformed in undesired product (S)

Since the reactant A is present in both chemical reactions, we take A as a reference.

Let us consider the extent of reaction «y and «; (for first and second reactions,
respectively). Then, by definition of yield ¢4 or selectivity S4, the mole number of A
transformed in R at the time (#) will be a1 (batch) or position (z) (continuous), and
therefore,

pa=Sy=— (16.17)
7(na0 — 14)

where (Fao—Fa) is the molar flow of A reacted in both reactions.
If Fy is the total molar flow fed into reactor (reactants and inert), the operational
yield is as follows:

aoq

bo="S,= (16.18)

TN

Similarly, the selectivity is defined considering a; as the molar flow of product S formed
through the second reaction:

5, = o (16.19)

ay - o)

where ay, a;, and r are the stoichiometric coefficients of the respective compounds and
reactions.

The yield and selectivity represent a local measure and depend on the feed and
reactor type. In the CSTR, perfect mixing is obtained, which leads the local yield to
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Figure 16.4 Reactor schemes—yield.

be equal to the final yield, i.e., since the reaction is instantaneous, the outlet flow has
the same product concentration as the reactor.

Depending on the residence time or space velocity, the reactor is not suitable for
multiple reactions where the by-products formed depending on the residence time in
the reactor.

In the PFR, the concentration varies along the reactor and the yield as well (there-
fore we have local yields). Depending on the residence time or space velocity, the desired
product formation can be facilitated; on the other hand, undesired by-products might
also take place.

Comparing CSTR and PFR for the same conversion and space velocity, the yield
in the PFR is higher, since the final A concentration is lower and R concentration
is higher. The yields in the CSTR and PFR reactors are high always when the final
product concentration is high, while the reactant concentration is low. Therefore, the
higher the a; and (149—724) the higher the @4.

Depending on the initial concentration, one can design different feed into reactors
in order to obtain a higher yield, as shown in Figure 16.4. With two reactants, A
and B, both with low concentration, the CSTR is the best choice. However, if the
concentrations are high, depending on the residence time, the yield in the PFR will be
higher. If the concentrations have different levels, one can use the schemes (c) and (d)
with intermittent addition in several positions in the PFR reactor or many CSTR in
series.

164 OVERALLYIELD

As seen, the overall yield in a CSTR is equal to the local yield, since the reaction
is instantaneous. On the other hand, the concentration in the PFR changes along the
reactor, and therefore, the yield and selectivity are also local, varying along the reactor.
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In the CSTR, the overall yield will be:

aoq

7Cro—Cu) (16.20)

Pyp=pa=

In the PFR, the concentration varies (dC,4) in a volume dV, and thus, the local yield
in the differential form will be according to Equation 16.17:

a - dOl1
dps =— 16.21
®A ,dcC, ( )
where a and 7 are the stoichiometric coefficients of the chemical reaction.
Therefore, the final concentration of the desired product will be:
Ca
= —f £¢A dCy (16.22)
Cao

Substituting Equation 16.22 into overall yield Equation 16.20, we obtain the following
expression for a system at constant volume (as a function of concentration):

Ca

1
dp=——— dcC 16.23
A (CAO_CA)/(pA A ( )

Cao

where ®,4 is the overall yield.

16.4.1 Effect of reaction order

Let us consider the reactions in parallel:

Ak R, where R is the desired product

k . .
A28, Sisthe undesired product
The kinetic equations for systems at constant volume have a generic order, i.e.:

TR = k1 . Cil

rs =ky - C} (16.24)

The number of moles of A transformed into R per unit of volume and time represents
the formation rate of R, while the total number of moles of A reacted, under the same
conditions, represents the consumption rate of A or formation rate of all products,
then the local yield can be written as follows:

TR TR

pa= (rR +75)  (—ra) (16.23)
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Substituting the rate expressions (Equation 16.24), we obtain:

k1C“A1 rp
= = 16.26
A (R1CY + k2 CR)  (—7a) ( )

Rearranging:

1

oa=Sa= 5 (16.27)
14 22, Claa—a)
[ s Ca }

The overall yield in the CSTR is equal to the local yield, Equation 16.27, while in the
PFR the yield should be integrated, substituting Equation 16.27 into Equation 16.23,
Le.:
v 1
By =— / dcC, (16.28)

Cao—C k —a
(Cao A)CAO [1+k_?'cﬁ*2 1)}

High yield is naturally desired and as the above equations show, they depend on the
kinetics of each reaction, particularly the reaction order and kinetic constants for each
step.

Analyzing the effect of the reaction order, having in mind that R is the desired
product, by Equation 16.27, we note that if a; is higher than a,, then the difference
(a1-a;) is negative and therefore, the concentration appears in the denominator. In this
case, to obtain a high yield, the local concentration should be high, i.e., low conversion
so that ¢4 — 1. Otherwise, if @, > a1, the concentration remains in the numerator and
the local C4 concentration should be low, i.e., high conversion. For high conversions,
the PFR reactor is suggested; while for low conversions, the CSTR is more appropriate.
If a1 is larger than a,, the CSTR is the best solution.

16.4.2 Effects of kinetic constants

The yield also depends on the reaction rate constants or specific reaction rates (k; and
k>), and therefore depends on the reaction temperature. According to Arrhenius, the
ratio between these constants is:

k
2 ko1 e~ (E2—E1)/RT (16.29)

k1

The effect of temperature depends on the activation energy of each reaction. If both
energies are equal, the ratio depends only on the ratio between the frequency fac-
tors kgy1. If E; > Eq, then we have the difference (E; — E1) = AE > 0, and thus the
exponential term,

o~ AE/RT



Comparison of reactors 451

increases with increasing temperature and consequently k,/k; increases. On the other
hand, if E; > E;, the exponential term decreases with increasing temperature and
ky/kq also decreases, indicating that the constant k; diminishes with respect to k.
Consequently, an increase in temperature enhances the desired product (R) yield if
E| > E,. However, the yield is more sensitive to temperature variations if E; > E;. In
this case, the desired product yield is higher by decreasing the temperature.

E16.3 Let us consider a system with two irreversible decomposition reactions at con-
stant volume. The first one is a second-order reaction while the other is a first-order
reaction, as in the following rate expressions:

TR = k1 . Ci

rs = kz . CA (1630)
This reaction may be carried out in PFR and CSTR reactors separately. Calculate the
local and overall yields as a function of outlet concentration in the reactor, considering

the same space velocity and constant temperature. Obtain the yield and selectivity to
the desired product R from the first reaction.

Solution

The local yield will be expressed by:

1
pa=8a= (16.31)
14k 1
ki Ca
We define x* = kfé«o as a parameter that relates the two kinetic constants.

The CSTR overall yield is equal to the local yield and thus:
1

cI)CSTRZ —CAO
[l tx c—J

The PFR overall yield is determined by substituting Equation 16.31 into Equation
16.23.

C
Oppr =1 + 1 A0 16.32
PFR L & n 1+ ( )
Cao

The overall yield is a function of concentration and depends on the parameter x*.
Figure 16.5 shows the PFR and CSTR overall yields for x* = 0.5 and the ratio between
CSTR and PFR overall yields for different values of x*. But x* = kféAo depends on the
initial concentration Cyg.
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Figure 16.5 PFR and CSTR overall yield when x* = 0.5 and ratio between CSTR and PFR overall yields
D csTr/PprR-

At low conversions, yields in the CSTR and PFR are similar, but as the reactant A
concentration decreases, or its conversion increases, the yields become quite different.
However, the PFR yield is always higher than the CSTR.

Opposite to the reactors’ volume comparison, in which the CSTR volume is always
larger than the PFR, the yield in the PFR is higher than in the CSTR. The same analysis
is valid for selectivity comparison between CSTR and PFR reactors.

For the selectivity with respect to the desired product, according to Equation 16.19,
we obtain:

S _T’R_/Q1Ci_1 CA
el = S T kaCa x* Cao

(16.33)

The ratio between CSTR and PFR selectivities is depicted in Figure 16.6.

The yield and selectivity (relative selectivity) are distinct. The yield ranges from 0
to 1.0 while the selectivity may be higher than 1, since it relates the formation rate of
the desired product with the undesired one.
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Figure 16.6 Relative selectivity and relative yield.

16.4.3 Presence of two reactants

When there is the simultaneous presence of a reactant—in this case B—in two par-
allel reactions, the yield is defined with respect to the reactant participating in both
reactions. For instance,

A+B 21, R desired product

k .
B —> S — undesired product
Assuming generic order for the product reaction rates:

TR = kl CZI Clbgl

rg = kzcgz (16.34)

Since reactant B participates in both reactions and R is the desired product, the yield
will be:

1

¥B= k> C](gbz_bl)
14228
Thocm

] (16.35)
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Analogously, if (b, — by) > 0, then it is necessary to have low concentrations of B at
the reactor outlet. Therefore, a good scheme is a PFR reactor with A fed at the reactor
inlet while B fed at several positions so that reagent B may be immediately consumed.
This sequential B feeding allows complete consumption of reagent A until the end of
the reactor.

Otherwise (b, — by) < 0, both reactants should leave the reactor at high concen-
tration. A CSTR reactor is the best option.

Example

E16.4 The thermal decomposition of butane in butadiene takes place at 650°C and
1 atm. But then, butadiene cracks and polymerizes according to the following rates:

Butadiene —% dimer (R)(desired product)

Butadiene N HC (S)(undesired product)

YR = k1p123
rs = kapp (16.36)
where:
25,000
Ink; = 47T + 8.063
30,000
| = 2 .24
nkj 57T +7

The feed into reactor comprises 1 mol/L of hydrocarbons distributed in 72.5% butene
and 27.5% butadiene. Determine the final conditions in the CSTR and PFR reactors,
assuming an overall yield of 80% of the maximum yield of dimer.

Solution

Butadiene is the main reactant in the system of parallel reactions, in which the dimer
(R) is the main product. The CSTR yield is given by Equation 16.34:

1

q)CSTR =

PBo

14 . —
[ X 1] }

where:
. Rk
x= kipg
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At 650°C, kr =1.14 and k; =8.47
pBo=0.275P=0.275 atm

Then,

.k

= =0.49~0.50
X k1pBo

The maximum yield in the PFR for x* =0.50 (Figure 16.5) is ®ppr = 0.67. Assuming
80% of this maximum yield, then the overall yield will be ®pgr = 0.5. Therefore, the
outlet concentration in the CSTR and PFR is 0.65 and 0.35 and conversion 0.35 and
0.65, respectively.

E16.5 Let us consider an example involving two components in the first reaction. The
rate expressions are known for both reactions.

A+B LN R (desired product)

2825 (undesired product)

rrR = k1CACp

rs = kz C%;
For 80% conversion of B, the CSTR yield is 85%. What is the PFR yield for the same
conversion?

Solution

The consumption rate of B in both reactions is (—rp) =rg + 2rs, therefore the local
yield will be:

By the stoichiometry: 1 mol of A — B/3 mol. Then,

1 1

B Gy .Cn
k]CBO CB CB

DcsTR =

1+18
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where:

For 80% conversion of B, the value Cg/Cpg=0.2 and ®cstr =0.85, then we obtain
x*=0.035.
The PFR yield is given by:

<, Co
* X =
X C
CDPFR =1 =+ CB 11’1 1 T fo
1+ == X
Cao

Considering the PFR conversion as 80%, we obtain:

®prr =0.934

16.5 REACTIONS IN SERIES

Reactions in series in a system at constant volume, where R is the desired product and
S is the undesired one, are represented by:

For this particular case, we determine the concentration profiles C4, Cg, and Cs
(deduced in Section 6.1), which are dimensionless:

par=e " (16.37)
YR = ! (oa — ) (16.38)
(x—1)
v5= vk - e (16.39)
where:
Ca Cr Cs ks

= — = — :—"[:k Ley=—.
YA CAO,¢R CA0,¢S CAO, 155 X kl

To determine the maximum yield of R, we calculate its maximum dimension-
less concentration @gmax (according to Equation 6.13 or Equation 16.40) and the
corresponding time.

PR, = X170 (16.40)
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The average residence time in the PFR is equal to the reaction time in the batch reactor.
Therefore, the previous equations are valid for the batch and PFR. However, the yield
and selectivity vary along the PFR reactor. The PFR overall yield, taking into account
the outlet concentration, is:

1 1 X
_ 16.41
Pppr = 1—on) [(X 1)(€0A 90A)i| ( )

The maximum yield of R is determined by Equation 16.40. Thus,

_ (pRmax _ 1
PR = ) T e = ) 1642

For the CSTR, the residence time is different from the batch. Therefore, from the
kinetics of reactions, one obtains the following equality for the same space time:

Cao— Cy Cr

= = 16.43
k1Ca k1Ca — k2 Cgr ( )

We make it dimensionless and determine the concentration of R:

a1 — @a)
= 16.44
Ly (1644
The overall yield in the CSTR will be:
Cr 1
P = = 16.45
CSTR Cao— Cy 1 x(1— ‘PA) ( )
+ .-
YA

The results are shown in Figure 16.7. The CSTR yield is always lower than the PFR
and also depends on the x parameter, which relates the reaction rate constants:

ka
3

The difference is significant for high conversions of reactant A, i.e., for low values of
its dimensionless concentration (¢4). When the reaction rate constant for R formation
is higher than its decomposition (k1 > k), then PFR yield will be much higher in
high conversions, decreasing significantly when (k, > k1). Finally, the reaction rate
constants depend on temperature and activation energy, which may influence in the
reactor choice.

The maximum vyield or selectivity is obtained for the maximum concentration of
product R, by:

1

PCSTRpmax =
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Figure 16.7 PFR and CSTR yields for reactions in series.

E16.6 The reaction in series A - R —% § is carried out in a CSTR. The kinetics is
unknown but the yield is 68% and the conversion 35%. If the CSTR reactor volume
is 300 L and the volumetric flow 150 L/min, calculate the PFR yield for this reaction
and the PFR volume, considering the same feed.

Solution

The CSTR yield is given by Equation 16.45:

Cr 1

q) = =
CSTR Cao — Cya x(1 —@a)
DA

14

With X4 =0.35, we obtain the dimensionless concentration of A, i.e., g4 = Ca/Cyo =
1 — X4 =0.65. Since we know ®cgrr =0.68, then we obtain x =0.874.

s

e

4

"
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The PFR yield can be calculated by Equation 16.42 for the same final conversion
(X4 =0.35), i.e., when the dimensionless concentration of A is ¢4 =0.65.

1
(X(X/X_l) — X)

Pprr = 0.822

®ppr =

To calculate the PFR volume, we should determine the constant k; which can be
obtained through CSTR data. Thus,

ZZ:CAo—CAzl—QﬁA
vo kiCa kipa

T

Since Vcstr =300 L, vg = 150 L/min and the dimensionless concentration of A is g4 =
0.65, we obtain:

ky=0.27 min~!

The PFR volume is calculated taking into account the PFR equation:

dX 4 1
tprr = Cao 5 T n ( A)
Since X4 =0.35
Vprr =240L
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Chapter 17

Combination of reactors

So far we have studied separately the continuous-flow stirred tank reactor (CSTR) and
the plug flow reactor (PFR) each with their distinct characteristics. When comparing
them, we have seen that for the same final conversion, the volume of the CSTR is
always larger than that of the PFR, especially for high conversions. Additionally, the
average residence time in the CSTR is also higher than that in the PFR. It is important
to note, however, that the yield and selectivity are always higher in a PFR as compared
to a CSTR.

The kinetics is the same for any system and the rate depends on concentration
and temperature. The inverse of rate as a function of conversion is displayed again in
Figure 17.1, this behavior depends on the reaction (reversible or irreversible) and also
the order.

As discussed in Chapter 16, the basic equations show that the area under the
kinetic curve ACDA’ represents the integral of the balance equation in a PFR, whereas
the rectangular area ACDF’ represents the balance equation in a CSTR. Both represent
the average residence time of the reactants in the reactors.

Figure 17.1 shows that it is possible to combine reactors and vary their residence
times or volumes so that the final volume is equivalent or equal to the volume of a
single reactor. The main advantage of combining reactors in series or parallel is to
utilize less volume to yield the same efficiency, yield, selectivity, and final conversion
as much as larger reactor yields. Two reactors in series are represented in Figure 17.1.
If one assumes a PFR model for both reactors, the shaded areas under the kinetic
curve ABEA’ and BCDE represent the two PFRs in series. The conversion at the outlet
of the first and second reactors is X4 and Xa,, respectively. Note that the area is
proportional to the volume of each reactor, and therefore the total volume is the sum
of the volumes V14+V,2=Vpr.

Now consider two CSTR reactors in series. The hatched area ABEE’ is proportional
to the volume of the first one, while the area from BDCF to the second reactor. These
volumes are distinct and their sum differs from that equivalent to a single CSTR that
reaches the same final conversion, which is proportional to the area ACDF’. Therefore,
the combination of two CSTR reactors in series results in a reduction in total reactor
volume, when targeting the same final conversion. There will be different average
residence times in each reactor, increasing the final yield. Note that the combination
of multiple CSTR reactors in series tends to approach a single PFR reactor.
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Figure 17.1 Inverse of reaction rate as a function of conversion.

Besides the series combination, reactors may be placed in parallel. Consequently,
the final production increases with reactors of smaller volume compared to a larger
single reactor. Various combinations are possible as illustrated in Figure 17.2.

Figure 17.2¢ and d shows diagrams of reactors in parallel. For this combination,
it is essential that the conversion at the outlet of the reactors is the same. This leads to
equal residence times in both reactors. If the outlet concentrations are different, then
there will be mixture and the final concentration will be different from that desired.

The schemes (e) and (f) show separately the CSTR and PFR reactors in series. The
residence time in each reactor is shorter and therefore the volumes are smaller. The
sum of residence time or volume for PFR in series is equal to a single PFR with same
final conversion. However, the sum of volume for CSTR in series is not the same for
a single one with same final conversion.

The scheme (g) combining CSTR and PFR in parallel is unusual. This combination
also requires equal conversions at the outlet of each reactor. Note, however, that the
volumes are different from one another.

The schemes (a) and (b) involving CSTR and PFR in series are used when it is
required to increase the final conversion. Note that the reaction rate is an important
parameter in this analysis. In case (a) PFR 4+ CSTR, first consider the PFR. As the
conversion increases, the reaction rate decreases along the PFR. Therefore, it would
take a long time to achieve the desired high conversion. Therefore, a CSTR is connected
in series to complete this reaction. In case (b) CSTR + PFR, first consider the CSTR.
Only a limited conversion may be obtained at the outlet of the CSTR and of course this
is dependent on the space velocity of the reactor. In this case, a PFR is then connected
in series to achieve higher conversions.
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Figure 17.2 Combination of reactors.

The scheme (h) is specific and aims to optimize the volume and yield. The conver-
sion is low at the outlet of the first CSTR, but when a PFR is added in series, a higher
final conversion is achieved. In order to complete the reaction, a CSTR with smaller
volume is connected in series. The contact time or total residence time should be equal
to the sum of the intermediate times (each reactor).

Finally, the scheme (i) shows a reactor with recycle (see Section 15.2) which aims to
increase productivity by recycling unconverted reactants. The conversion at the outlet
of the PFR depends on the recycle ratio, which is the ratio between the recycled flow
and the inlet flow.

17.1 REACTORS IN SERIES

Let us consider two CSTR and PFR reactors in series as shown in Figure 17.2e and
f or in Figure 17.3a. If initial concentration of A is C4p and volumetric flow is vy,
then the initial molar flow is given by Fao. At the exit of the first reactor, we have the
concentration Caq and subsequently decreasing concentrations, Cy, , and Cy, ,, until
reaching the final concentration. In a system with constant or variable volume, one
calculates the corresponding molar flows F4;. Conversion is defined with respect to the
limiting reactant at the inlet of the first reactor such that the conversion varies between
0 and X4, at the outlet of the last reactor. One should always take as reference the initial
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Figure 17.3 Combination of PFR and CSTR reactors in series.

concentration at the inlet of the first reactor and not in each reactor separately. The
intermediate conversions must always be lower than the final conversion and should

range from X4, , to Xa,.
Constructing a molar balance with respect to the limiting reactant A in the ith
reactor (with volume V;), we obtain (Figure 17.3a):

FA—(FA+dFA)+TA dv;=0 (17.1)
Then,
—dFAZTA dV,'

Since conversion is defined as:

Xy = Fao 1—: Faiz1 L X,= FAoF — FA; Xy— FA()F— Fpi
A0 A0 A0
We obtain:
—dFy =Fy0dXa
and

FA() dXA =—TA dVi

Integrating, it follows:

vi O dx

; A

_—= 17.2

Fao / (—7a) ( )
XAi-1
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On comparison with the molar balance in a single reactor, one observes a change
in the integration limits. For # reactors in series, the total volume will be the sum of
the intermediate volumes and the final conversion will be X4,,. Thus,

Viota 1
ol (Vi Vot Vi 4 V) (17.3)
Fao  Fao
or
Xan % Xa1 % Xa2 % Xai % Xan %
/ A _ A+/ A_|_..._|_/ _AVi_|_..._|_ / A
(=7a) (=74) (=7a) (=7a) (=7a)
0 0 Xa1 Xai-1 Xan—1
(17.4)

For CSTR reactors in series, we construct the molar balance in the ith reactor as in
Figure 17.3b. Since the concentration in the tank is uniform and equal to the outlet
concentration, we take directly the inlet and outlet molar flows.

Fai—1 — Fai+7raVi=0

Writing the molar flows as a function of conversion at the inlet and outlet of the ith
reactor (note that conversion increases while the reactant concentration decreases), we
obtain:

Fao(Xai — Xai-1) +7aVi=0 (17.5)

or

Vi (Xai — Xaiz1)
oy _rar A 17.
Fao (—7a) (17.6)

This expression applies to systems with constant or variable volume. When the sys-
tem has constant volume, one can write the balance as a function of concentration
according to Equation 17.7:

Vi e (Cai-1 — Caj) (17.7)
Vo (—7a)

As mentioned before, the sum of the volumes of tanks (CSTR) in series is smaller than
the volume of a single CSTR (see Figure 17.1). Besides, when the reactor volume is
constant, the average residence time is equal to the space time #cstr = TcsTr for each
reactor in series, but it is different for a single reactor. The reaction kinetics must be
known and it is valid for any reactor in series or parallel.

The main goal is usually determining the required number of reactors in series or
parallel to achieve the maximum desired conversion or productivity and to minimize
the reactor volume.
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It is possible to obtain analytical solutions for reactors in series when dealing with
irreversible first- and second-order reactions at constant volume, as discussed below.
For other cases, the solutions are complex and require computational methods.

17.1.1 Calculating the number of reactors in series to an
irreversible first-order reaction

Let us consider a series of CSTR reactors of equal volumes. That means the average
residence time and space time are the same in each reactor. Then,

T,=—
Vo

If the volumetric flow vg is constant in a system at constant volume, we can claim that
the total space time will be T =#7;.
The rate for an irreversible first-order reaction will be:

(—=74) =kCa=kCao(1 — Xa)
Then, for reactor i (Equation 17.6), we have the following expression:

Vi (Xai — Xai—1)  (Xai — Xai1)
—=C = 17.8
vo 40 (—=7a) k(1 — Xai) ( )

or on rearranging:
(Xai = Xai-1) = k(1 — X))

Since the reactor volumes are equal and therefore ¢; = constant, we obtain the following
expression after adding the unity (1) on both sides of the equation:

(1 —Xai—1) = (14 tk)(1 — Xai)

The initial conversion is zero, i.e., X490 =0. Then,

(1_XA1)=ﬁ (17.9)
Substituting into Equation 17.9, one obtains subsequently:
1
(1-Xa)= AT k2
and
(1 —Xan) = ! (17.10)

(1 4+ 1;k)"
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or
1

(1= Xan)=5——"
l_[(l + Tik)
1

E17.1 Consider a cascade of CSTRs in series. Assuming the conversion at the outlet of
the first reactor is 0.475 and of the last reactor is 0.99, calculate the number of CSTR
reactors in series. Note that the kinetics has not been provided, but one may assume
an irreversible first-order reaction.

Solution

Since the conversion in the first reactor is equal to 0.475, we can determine the term
(1 + 7;k)~' =0.525 by means of Equation 17.9. From the information about final
conversion in the last reactor, 0.99, we can calculate the intermediate conversions at
the outlet of each reactor using Equation 17.10. Keep in mind that the conversion
in the last reactor should not exceed 0.99. Then, it is possible to obtain the number
of CSTR reactors required to achieve this conversion. Six reactors in series of equal
volume are obtained.

17.1.2 Calculating the number of reactors in series for an
irreversible second-order reaction

This solution is more difficult because the rate for an irreversible second-order reaction
is given by:

(—ra) =kC3 =kC3p(1 — Xa)?
Substituting into Equation 17.10, we obtain:

Vi (Xai — Xaic1)  (Xai — Xaiz1)
— =T= C = 1711
Vo N kCao(1 — X )2 1710

This expression contains a quadratic term, whose solution has two roots. Let us instead
use the inverse of the above method: start from the desired final conversion in the last
reactor and calculate conversion or volume for the previous reactor. Note that the
conversion in the first reactor should be positive. This method enables one to determine
the volumes of the reactors in series using their inlet and outlet conversions. Therefore,
rearranging Equation 17.11, we obtain:

(1= Xai—1) = (1 = Xa)[(1 4+ 1k Cao)(1 — Xa;)] (17.12)
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E17.2 Considering 7 reactors in series and having the outlet conversions of the first
and last reactors as 0.40 and 0.85, respectively, calculate the number of reactors even
without the kinetic constants.

Solution

In the first reactor, we have conversion X1 = 0.40. Substituting into Equation 17.12
fori=1:

‘[,'kCAO =1.1

Considering similar reactor volumes, we have #; =t =constant. Starting from the last
reactor whose conversion X4, =0.85, we calculate the conversions in the previous
reactors using Equation 17.12. The conversion at the outlet of the first reactor cannot
be lower than 40%. Solving, we get:

X, . =0241<0.40

Therefore, we need 7 =7 reactors in series with the same volume.

For more complex reactions, the solutions may be obtained using numerical
methods.

17.1.3 Graphical solution

The graphical method is only useful for displaying a logical sequence during the
determination of volumes and inlet and outlet conditions for reactors in series under
isothermal conditions.

Both volumes and average residence times may be different. One should know the
reaction rate, which is valid for any case as shown in Figure 17.4.

We start rearranging Equation 17.6 (CSTR):

1
(_7'Ai)=_;(CAi71 — Cai) (17.13)

1

This expression represents a straight line that intersects the rate curve (-ry;), to give
the outlet concentration of the following reactor. The slope is:

(2)

Through Figure 17.4, if one knows the initial concentration and space time in the
first reactor then it is possible to calculate directly the concentration at its outlet. This
process may be repeated until the outlet concentration of the last reactor is determined.
The points B, D, and F represent the concentrations at the outlet of reactors in series.
Note that #; may be different resulting in different volumes.

This method may be applied to PFR reactors in series as well as other different
combinations of reactors.
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Figure 17.4 Graphical method — reactors in series.

172 REACTORS IN PARALLEL

Let us consider PFR or CSTR reactors in parallel as illustrated in Figure 17.2¢ and d
and detailed in Figure 17.5, for both cases. The initial concentration, the volumetric
flow, and volume may be different for the reactors. However, the main condition is that
the outlet concentration or conversion for both reactors should be the same, which
implies that the average residence time and space time must be the same as well.

Therefore, through molar balance we obtain the same expression of a single
reactor, according to the following equations:

XA
PFReizfdi (17.14)
Faoi (—7a)
0
AN ¢
CSTR — Vi _ Xa) (17.15)
a0i (—74a)

The aim is to determine the number of reactors in parallel necessary to achieve
the desired maximum productivity as well as the reaction conditions for any kind of
reaction.
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Figure 17.5 Combination of PFR and CSTR reactors in parallel.

It is possible to obtain analytical solutions for reactors in parallel to irreversible
first- and second-order reactions at constant volume. For other cases, the solutions are
complex and require computational methods.

17.3 PRODUCTION RATE IN REACTORS IN SERIES

By definition, productivity (W) is equal to the production rate at the outlet of the
reactor, i.e., moles of reactant A converted into product over time. Both in CSTR or
PFR, this production rate depends on the reaction kinetics and we take into account the
average residence time in the reactor. For several reactors in series, we have different
average residence times.

Figure 17.6 shows the productivity of CSTR and PFR reactors in series and
separated.

The productivity presents higher values for PFR than for CSTR, but decreases with
increasing conversion (X4;) for both reactors. By employing two CSTR in series, the
productivity increases, and the more reactors in series the most it approaches a PFR.

17.4 YIELD AND SELECTIVITY IN REACTORS IN SERIES

The concept of yield in CSTR and PFR reactors has been studied in Section 16.3 and
comparison showed that the yield in the PFR is always higher than that in the CSTR.
The overall yield in the CSTR is equal to the local yield. On the other hand, the overall
yield in the PFR is integrated along the reactor, according to Equations 16.20 and
16.23. For n reactors in series, the overall yield will be equal to the sum of yields in
each reactor.
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Figure 17.6 Productivity of reactors CSTR and PFR in series.

For 7 reactors in series:
e CSTR in series

©1(Ca0 — Ca1) + 02(Ca1 — Ca2) + - - + 0,(Can—1 — Can) = P(Cao — Can)
(17.16)

e PFR in series

®1(Cap — Ca1) + 2(Ca1 — Caz) + -+ -+ ©,(Can—1 — Capn) = ©(Cao — Cayn)

(17.17)
where:
@; =local yield in each reactor i
®; = overall yield in the PFR ¢
® = for 7 reactors in series
C,; =inlet and outlet concentration of each reactor i.
Pp=pa (16.23)
The overall yield equation for # CSTR and PFR reactors in series or combined will be:
Ca
@ ! / dc
A==~ [ vadCy
(Cao — Ca)
Cao
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Z q’z CAz 1— CAz)
1

®, = 17.1
(Cao — Can) (17.18)

E17.3 From the kinetics of the reactions, one can calculate the yield of # reactors in
series. Consider the reactions:

whose rates are:

rp = kl Ci CB
ro =ki1C,Cj
Solution

We calculate the local yield:

1
pa=—t = (17.19)
(=ra) (4 n k2Cp
k] Ca
The yield for # CSTR reactors in series will be, according to Equation 17.18:
le ( sz ) (Cai-1 — Cai)
k1Cy
D, = 17.20
(Cao — Can) ( )

For any kinetics, the local yield as a function of conversion can be represented by
two cases (a) and (b) as displayed in Figure 17.7 (Denbigh, 1965).

In case (a), the yield decreases with conversion. The overall yield in the PFR is
the integral (Equation 16.26) represented by the area under the curve (HF) to a final
conversion (X,¢) at point C. On the other hand, the overall yield in the CSTR is
represented by the rectangle (ACFG). By comparison, one observes that the yield in
PFR is higher than that in the CSTR.

With two PFR reactors in series, aiming for the same final conversion (X /), one
obtains the yields represented by the area under the curves (HD) and (DF), whose
sum is equal to a single PFR that achieves the conversion X,;. With two CSTR in
series, their respective yields are represented by rectangular areas and the overall
yield will be the sum of area of these two rectangles, leading to a higher yield when
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Figure 17.7 Yield as a function of conversion.

compared to a single CSTR. This, however, is still lower than the yield of two PFR
in series.
In case (b), the yield curve shows a maximum F over the conversion at point B. In
a PFR, the overall yield (area under the curve HFD) to a final conversion (X,¢) at C is
higher than the yield in a CSTR for the same conditions (area of rectangle ACDH’).
With two reactors in series we may have two situations:

1. Two PFR reactors in series, the first with outlet conversion in the maximum
of the yield curve and the second connected in series (area under HF and FD
curves).

2. The best combination will be a CSTR followed by a PFR. Therefore, the overall
yield would be represented by the areas of the rectangle ABFG and under the
curve FD. Any other combination will present a lower overall yield.

Example

E17.4 Ester is hydrolyzed with an excess of caustic soda. The ester solution is fed to
the first reactor at a rate of 200 L/min and concentration 0.02 mol/L, while the caustic
soda at 50 L/min and 1 mol/L. The reaction rate constant of this irreversible second-
order reaction is 2 L/(mol min). Three CSTR reactors in series are utilized; the volume
of the first is unknown, the second is 2200 L and the third is 800 L. Calculate the
volume of the first reactor and the conversion at the outlet of each reactor. Assume
final conversion of 95% and use the analytical method.
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Solution

(a) Analytical method:
Since we have a second-order reaction, the rate is:

(—7a) =kCaCp=kC3, (1 — X2)(M — X,) (17.21)
where:
A =ester

B = caustic soda
But caustic soda is very diluted and fed separately. Then, the new concentrations
at the entrance of the first reactor are:

200
Cap=0.02 x 250 =0.016 (mol/L)

50
Cpo=1.0 x 750 =0.20 (mol/L)

The concentration of caustic soda (B) is higher than ester and therefore the reactant A
is limiting (considering a reaction stoichiometry 1:1 between ester and caustic soda).
The ratio between the initial concentrations will be:

M=SB s
A0

In the rate equation, the value of M is much higher than the conversion X4. In this
case, one can neglect the second term and consider a pseudo first-order reaction.

(—74) =kCaCp=kMC3,(1 — X4) (17.22)
Then, substituting into Equation 17.7, we obtain an equation similar to Equation 17.9.

(1 — Xai—1) = (1 + 1;kMCypo)(1 — Xa;) (17.23)
But,

;kMCyo = X—jkMCAo = % x2x12.5x0.016=1.28
Thus,

Xai-1=Xa2=0.86

For the second reactor, we have its volume and the outlet conversion, then we can
calculate:

TszCA() = 3.52, XA1 =0.486
Since the total flow fed to the first reactor is 250 L/min, we obtain the reactor volume:

T]kMCAO=0.94; 51 =2.35; V1 =588L
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E17.5 One desires to process a reversible reaction 2A <> P + Q at constant volume
in a CSTR reactor or several reactors in series. Pure reactant A is fed under flow of
3.5 m3/h and initial concentration of 48 kmol/m?3. The forward reaction rate constant is
equal to 0.75 m*/(kmol h) and the equilibrium constant K = 16. If the final conversion
is desired to be 85% of the equilibrium conversion, calculate the volume of a single
CSTR. If the capacity of the available reactors is only 5% of the calculated volume,
how many CSTR reactors in series would be needed?

Solution

Since the reaction is reversible at constant volume, we have the rate equation as a
function of conversion according to Equation 5.26, i.e.:

2
r=kC3, [(1 — X4)* — %%] (17.24)

The equilibrium conversion (X4.) for this forward and reverse second-order reaction
is also given by:

X3./4

K=—2del™
(1 = Xae)?

(17.25)

Solving this last equation, one determines the equilibrium conversion. Therefore, from
K provided, we obtain:

(4K — 1)X3, — 8KX 4, + 4K =0 (17.26)
Then,

X, =0.88

X =114

The outlet conversion in the reactor is desired to be 85% of the equilibrium conversion.
Thus,

X4=0.75
Substituting the rate equation into CSTR Equation 17.6, we obtain:

X _ X,
(r

tesTR = Cao (17.27)

1 X2

2 _ 2_ — A
kC2, [(1 X - 5 ]
With the values K =16 and X4 =0.75, we obtain the value of #. Then taking the flow

vo=3.5m3/h, we calculate the CSTR volume.

V=1.35m’
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Since the capacity of available reactors is only 5% of the calculated volume, each
reactor has a volume of:

V=0.067m>

Then, the space time in each reactor (equal to the average residence time, since the
volume is constant) will be:

7;,=0.0193h

We assume the volumes are equal and then substitute the rate Equation 17.24 into
Equation 17.6 to obtain the following expression, after some rearrangement:

Xait\_(,  Xai L 4K -1 X,
(1-52)=(1- 2 { (1 mron i) | (32 1)
Xai
N

Substituting the values known:

4K -1

<1 + 1;kCa0 XAe> =0.604

Substituting the final conversion X4 =0.75 and with the values X4, =0.88 and X/,, =
1.14, we obtain successively:

Xa1=0.188
Xa2=0.472
Xa3=0.631
X4=0.729

Therefore, 4 CSTR reactors in series are necessary to reach the desired conversion.

E17.6 One desires to combine reactors in series based on the following graph that
represents the kinetics of a reaction. Given the volumetric flow vo =1m?/h and the
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initial concentration of the reactant C49 = 1 kmol/m?, choose the best combination of
reactors and calculate their respective volume. The rate is given in mol/(Lh).

800

700 -
600 -
500 -
’;:( ]
= 400

Grapbhical solution

Calculating the areas:

Ap=0.4 x 200=80

A;=0.4 x 600=240

A;=0.4 x 200+ 0.4 x (600 —200)/2=160

A3;=0.3 x 800=240

A4=0.3 x 200+ 0.3 x (800 —200)/2=150
Combination 1: CSTR + CSTR = A4 + A3 =320

Combination 2: PFR +PFR = A, + A; =310
Combination 3: CSTR+PFR=Ag + A4 =230

The option that best satisfies the criterion of lowest volume is combination 3:
CSTR + PFR. However, the correct combination is 2, satisfying the kinetics of reaction.
In this case, the volumes would be:

VPFRl =160 In3

VPFRZ =150 In3
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E17.7 Two PER reactors in parallel process the gas-phase reaction A X, R4S. The
reactant A is introduced with inert 20%vol. at pressure 10atm and isothermal temper-
ature 550°C. The average residence time in the reactor is 3.3 min. The volume of one
reactor is double the other. Calculate the ratio between the inlet volumetric flows of
the two reactors. The specific reaction rate can be estimated from the below equation.
Calculate also the outlet conversion in the reactors.

12,000

Ink= +10.6 (Lmol~'s™1)

Solution
The specific reaction rate is calculated at 550°C or 823 K using the expression provided:

k=1.86 x 1072 L/(mols)

The reaction is irreversible and of second order. Then, the corresponding rate as a
function of conversion is:

1—X,)?
—rA)=kC2 = k2 ( i VA 17.29
( 7’A> A AO(l +8AXA)2 ( )
But the average residence time in a PFR is known, i.e.:
X4
t=C 17.30
0/ 1+ SAXA ra) ( )
Substituting Equation 17.29 into Equation 17.30 and integrating:
- [(1—eaXy)
= —"—= In(1-X 17.31
[(1_XA> +ealn (1 - X,) (17.31)

Determining Cyo:

_bao _yaoP _ -1
Cao = g = = = 1.35 x 10~ (mol/L)

Calculating ey:

A R S 1 Total

0.8 0 0 0.2 1.0

0 0.8 0.8 0.2 1.8
EA = 0.8
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Substituting these values into Equation 17.31 and utilizing average residence time, we
calculate the outlet conversion in the reactors:

Xa=0.7

The final conversion in both reactors is equal, since the residence time in each one
should be the same.
To calculate the space time, we take the general PFR equation:

T ax
t:CAo/ (_rA) (17.32)
0 A

Substituting the rate Equation (17.29) and integrating, we obtain (Equa-
tion 14.45):

. 1
~ kCyo

[(1 b A +e2Xa+2ea(144)In(1 —XA)} (17.33)

E (1—Xa)

Substituting the values known:

1=829s=13.7 min

But
Vi V,
M= T)=— T1T=1 and V1=2V2
Vo1 Vo2
Thus,
oo _,
Vo2

E17.8 The reaction A —> R was carried out in three PFR reactors in series. The reactant
was fed at a flow rate of 100mol/min at 25°C, followed by heating until 100°C. Has
a reaction taken place in the first reactor during this heating phase?

Then, the reactor operated adiabatically until a temperature of 650°C. When
650°C was reached, the reactor operated isothermally releasing heat. The final
conversion was 85 %.

Considerations and questions

1. The system comprises three PFR reactors in series, the first is nonisothermal, the
second is adiabatic, and the third is isothermal. What are the inlet and outlet
conversions in the second reactor (adiabatic)?

2. Calculate the volume of the isothermal reactor.
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3. Calculate the energy required to heat the first reactor and also the heat required

to maintain the third reactor isothermal.
Data:
k=4 x 10° 8000/ T pjn—1
AHg =—-150k]J/mol
Cpa=Cpr=180]/(mol K)

Heat exchange = 300 J/(m?s)
Heat exchange area = 1 m?

Electrical resistance f Water
| —— . T Cooling |
Heating — Insulation (adiabatic) -, (isothermal)
X,=0.85
’ A Heat —>
——— [ I
| —
Heat Water
Solution
1. First reactor-Heating from 25°C to 100°C
The energy balance in PFR yields:
> FCpi(T — To) + AHgFaoXa =Q=UA x AT (17.34)
But
Z F;Cp;=F5Cpa + FRCpr = Fao(1 — X4)Cpa + FaoXaCpr (17.35)

Since Cpy = Cpg =180 ] /mol

> FiCpi=FaCp=1.8 x 10* ] /min
The second term:

AHRF40 =150 x 10° x 100=1.5 x 107 J/min
The third term:

O=UA -AT=300x60x1x100=1.8 x 10°

O=UA x AT =300.60.1.100=1.8.10°
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Substituting the values into Equation 17.35, we calculate the outlet conversion in the
first reactor. In this case,

Xa1=0

Therefore, no conversion occurred during the heating.

In the second reactor, operated adiabatically, the temperature increases but does
not exceed 650°C = 923K.

With the energy balance in an adiabatic system, we deduce:

T
—=1+8-Xa (17.36)
To
where:
—AHgR - Fao 1.5 x 107
= —— = =2.12 17.37
P=Sr aoty 18 % 10° x 393 (17:37)
Then,
T
—=1+2.12X
To + A

If the maximum temperature is 650°C =923 K, we obtain:

T
— =2.34
To

Therefore, the outlet conversion in the adiabatic reactor is:
X2 =0.636

The third reactor in series operates isothermally and its inlet and outlet conversions
have been calculated and specified above. Then, by the molar balance in a PFR:

Xa
t:CAo/ X4 (17.38)
0

(—7a)
where:
(—ra)=k-Ca=k - Cao(l —Xa)

Substituting the rate expression into Equation 17.38 and integrating between conver-
sion limits in the third reactor:

_ _1 1- XAﬁnal
3= X |:ln (—1 X, >i| (17.39)
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Since the third reactor operates isothermally at 923 K, we need to calculate k (specific
reaction rate):

k=4.106.¢8000/T
Thus,
k=0.688 min~"
Therefore, with Equation 17.29, we calculate:
73 =1.31 min
Obtaining the initial concentration:
Fao=Cao - vo=100
and

P
Cao= xT =4.09 x 1072

and
vo=2.44 x 10° L/min
Therefore, the volume of the third reactor will be:

V;=32m?

E17.9 The reaction A —> R +§ is carried out in a combined system of CSTR and
PFR reactors in series with recycle. It takes place in liquid phase and the reaction rate
follows: (—74) = 8Ca (kmolm~3 h~1). The feed into CSTR reactor consists in 1.6 m3/ks
of reactant with concentration 1 kmol/m3. The CSTR volume is 0.086 m? and the outlet
conversion in the PFR is 90%. If the ratio recycle R =1, calculate the PFR volume.

Solution

Cro

Vo
;
voLa > 95%

Y R - Recycle ratio
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In the first reactor (a CSTR), we have:

X/
71 = Cpo—21 (17.40)
(=7a)
In which the rate is given by:
(=ra)=8-Ca=8Cyo(1 — X};) (17.41)

Since the CSTR reactor volume and flow are known, we obtain the space time and
consequently, the outlet conversion X ,:

71=0.0144h=51.8s
Substituting the above rate expression into Equation 17.40 yields:
X, =0.103

To calculate the inlet conversion or concentration in the PFR in series, which also
has a recycle, we construct a molar balance in the intersection 1:

Cai /-l% Cas

»
Vo w Vot

v

V02
A
Chivo + Cavoz = Carvon (17.42)
vo + vo2 =vo1 — vo1 =vo(1 + R) (17.43)
where
R=Y2_4 (17.44)
vo
Thus,
X1 =0.501

Then, for the PFR, we have the following Equation (15.17):

1. (1—=Xa)
N P S’ 14 17.45
TPFR A n(l—XAl) ( )
Substituting the values X4 =0.90 and X4; =0.501, we have:
TPFR = 0.722 kS =722.7s

The reactor volume will be:

V=r~v01:2.3m3
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E17.10 The reaction A —*> R + S takes place in a combined system of two PFR reactors
in parallel where one reactor operates isothermally at 200°C and the other adia-
batically, both under constant pressure of 2 atm. Pure reactant A is introduced at
10 mol/min in each reactor. The reaction rate constant is expressed as:

k=8.19 x 10" . e 3*222/(RT) ([ o]~ min~")

The average residence time in the isothermal reactor is 4 min. The other reactor
operates adiabatically in parallel with the same flow entering at 200°C. Questions:

(a) Calculate the volumes of both reactors.
(b)  Calculate the initial temperature in the adiabatic reactor.
(c)  What is the final conversion?

Data:

Cpa=170]/(mol K)
Cpr =80]/(mol K)
Cps=90]/(mol K)
AHpg =—80k]/mol

Isothermal

\ 4

Adiabatic NN

It is a gas-phase reaction and by unit of k it is a second-order reaction. Therefore, the
rate as a function of conversion is:

(—rA)sziszio% (17.46)
The average residence time in the isothermal reactor is:
Xa
i=C 0/ 1+8AXA - (17.47)

Substituting Equation 17.46 into Equation 17.47 and integrating, we obtain:

1 [(1 —eaXa)

=
kCuo | (1 —Xa)

+éealn(1 —XA):| (17.48)
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Calculating g4:

A R S Total

0 | | 2 —ea=1

Calculating Cjyp:

P
Cao = T =5.15 x 107%(mol/L)

Calculating the reaction rate constant, k, at 473 K:
k=8.19 x 10" . ¢ 3*222/(RT) (I mol~! min~")
k=1.106 L mol ™! min™"

With the average residence time and above values, we determine the outlet conversion
in the isothermal reactor:

Xa=0.203

The space time can be calculated as follows:

1 Xa
=—1J(1 2 42X+ 2ea( In(1-X
T kCAo[( +¢ea) (1—XA)+8A A+ 284(1+ea)In( A)l
Therefore,
7=35.44 min

From the provided molar flow fed into reactors F49 = 10 mol/min and the initial con-
centration, we calculate the volumetric flow. Then with space time, we calculate the
isothermal reactor volume.

Fao=Cao - vo
Thus:

vo =194 (L/min)

and with:
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Since the average residence time in the reactors is equal, the outlet conversions in
both reactors are the same and so, we should determine the initial temperature in the
adiabatic reactor. The volume of the adiabatic reactor is the same.

By the energy balance in an adiabatic reactor, we have:

T=To+p Xu
where:
f— —AHR ﬂao
> Fi- Cpi
where:

> FiCpi=FaCpa + FRCpr + F:Cps = Fao(1 — Xa)Cra + FaoXaCpr + FaoXaCps
Then,
> FCri=Faol(1 — Xa)Cpa + [Cpr + Cps)Xa =FaoCpa=170. x Fyo
Therefore,
p=470
And the inlet temperature in the adiabatic reactor will be:

Ty=377K=105°C

E17.11 The local yield involving multiple reactions has been determined without pre-
vious knowledge about the kinetics, forming the desired product and several undesired
co-products. The result is given by (Adapted from Denbigh, 1965):

9=0.64+2X, — 5X5

where X is the reactant conversion. With this result, one can calculate the yield of a
reactor or several combined ones and find the best combination.

Solution

From the curve described by the local yield equation, we can observe a maximum for
a given conversion. Deriving the above equation, we obtain:

do
— —0=2-10X,=0
dx, A



Combination of reactors 487

Therefore, X gmax = 0.2, as viewed in the following figure.

0.8

0.4 - .

0.2 .

0.0 T T T T T T T T T T T \T
0.00 0.1 0.20 0.3 0.40 0.5 0.6

Conversion Xp

As already mentioned in the text, the maximum yield is obtained by considering two
reactors in series, the first as a CSTR followed by a PFR, i.e.,

Thus, the overall yield in the first reactor (CSTR) will be equal to the local yield,
when X1 =0.2.

Pesrr =P1=0.8

The overall yield in the PFR can be obtained by using Equation 16.23, i.e.:

1
Oy = —mc[o padCy
where:
—dCy =CuodXyu
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Then,
—dCy =CyodXa
And,
0.5
Oprr = X=X Xm O [ (0,6 +2X4 — 5X3)dXa
Thus,

D, =0.65=65%

Therefore, the overall yield will be calculated according to Equation 17.18:

Zq)z CAz 1— CAi)
@, =
(Cao — Can)
© — @1(Cao — Ca1) + P2(Car — Ca2) ~ P1Xu1 + P2(Xu2 — Xan)

Cao — Caz B Xaz
®,=0.71=71%

E17.12 The following reactions take place in an isothermal CSTR (Adapted from
Fogler, 2000):

CH, €Hs

H, —_— ©\ + CH,
+
HLC CH, CH,
Mesitylene m-xylene
CH, CH,
E—
+ Hz + CH4
CH,
m-xylene Toluene
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where m-xylene is the desired product while toluene the undesired one, some extra
data:

rim = k1[M][H2]"?, k1 =55 (L/mol)%? (17.49)
rar = ka[X][H2]'/?, k2 =30 (L/mol)*? (17.50)
For a space time of 30min, the maximum concentration of m-xylene is 3 x 1073 and
mesitylene is 2 x 1072 mol/L at 700K and 1 atm. Calculate the local yield in the PFR.

In short: M = Mesitylene
X =m-xylene
T =Toluene
CH,4 = Methane
H, =Hydrogen
M+ H, - X+ CHy
X+ H, - T+ CH,

From the molar balance of each component:

dF
d—‘l; =714+ "H
dﬁ =rx —7r
qy ~ o nx
dFy
— =7
v 1M
dFr
—_ =7
v 2T
dFch
dV4 =r1cH, + "2cH,

For each reaction, we have:
—¥1H, = —7"1M =T1X ="1CH,4
—T2H, = —T2X =T12T =72CH,4

By the definition of local yield, where X is the desired product and M reactant that
has reacted:

ox=X M~ N1 (17.51)
™ M
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But,
rx =ki[M] x [Hy]"* — ko[ X] x [Ha]"? =rim — 127 (17.52)
v =ki[M] x [Ha]"? =r1m (17.53)
Then, substituting Equations 17.52 and 17.53 into Equation 17.51:

v —nr  ki[M] x [Ha]'? — ka[X] x [Ha]'?
x= M N ki[M] x [Hy]1/

_ ka[X]
ki[M]

pox =1 (17.54)

Then, substituting the concentration values and constants, we obtain:

0=0.918




Chapter 18

Transport phenomena
in heterogeneous systems

18.1 INTRAPARTICLE DIFFUSION LIMITATION—PORES

The presence of pores, for which the observed reaction rate is lower than the kineti-
cally controlled intrinsic one, in the particles or pellets affects the reaction rate due to
diffusion limitations. This intraparticle diffusion effect causes a concentration gradient
within the pores. If diffusion is fast, then the concentration gradient is negligible.

Figure 18.1 shows a particle (pellet) with a pore through which the reactant A
diffuses, reaches the active site, and reacts to form the product R, which follows the
reverse path until it reaches the external film. Therefore, the observed rate should take
into account the reaction and intraparticle diffusion, i.e.:

Tobs = Tintrinsic?] (18.1)

The intrinsic rate is defined by the kinetics on the pore surface or at the surface
sites under the reaction conditions and 7 is called the effectiveness factor. For now, let
us not consider external mass and heat transfer limitations.

A

Fluid

Particle

Figure 18.1 Intraparticle diffusion effects.
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Initially, we define reactant A flow per unit surface area as:
F'(mol/cm? /h)

and consider a spherical particle model. Then, the molar flow of reactant (A) that
passes through an element Ar equals:

Fal ~4mr® — | g 4mr| g + 17 A (4mr 2 AN =0 (18.2)
where:

F,| area=F)| -4nr (18.3)

Fyl,.q -area=Fy| - 47| (18.4)

The generated reaction rate in the volume element is:
Ra=7-A; - (4nr?Ar) (18.5)
mol/h = (mol/m?/h)(m?/m3)(m?)

where:

A; =internal surface area per volume; (477> Ar) = volume element of the layer; 7 = pore
radius.

r;=reaction rate with respect to component j'/area.

Taking the limit A7 — 0 and dividing everything by 4772 Ar:

d(Fyl, - )

P — 7y A =0 (18.6)

Under equimolar conditions, the direct flow is equal to the counter-diffusion. By Fick’s
law, the diffusion flow of gas A through the pore will be:

dCy
F,| =—D A 18.7
A|r d?’ ( )
Substituting Equation 18.7 into Equation 18.6, we have:
dC
d (rZDed_’A> / 2
P +7 A =0 (18.8)

The internal area A; is unknown but the total surface area S, and the solid particle
density ps can be measured. Then,

A,
Se=—(cm*/gepa) (18.9)

S
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The consumption reaction rate of component j, 7; (mol/h/m?), depends on the reaction
order. Assuming an irreversible reaction and a generic n-order:

(—y) =k C! (18.10)
Substituting Equations 18.10 and 18.9 into Equation 18.8, we have:
d(rZD 4

¢ d’) 1m
5 K CiSeps =0 (18.11)

where £/ mol/(m2 h) is the specific reaction rate or rate constant (per unit area) and D,
(m?/s) is the effective diffusivity.

Y mol
m? - b
Transforming the above equation, we obtain a general differential equation for
the concentration profile:

d*Ca 2dCy K CiSeps
el —0 18.12
dr? r dr D. ( )

This equation can be solved with the following boundary conditions:

r=0— Cyu = finite

r=R — Cy = Ca; — concentration — sup erficial (18.13)
Nondimensionalizing variables,
r CA
)\. = d =
R and ¢ e
We obtain:
dzw 2 d(ﬂ k/RZCZ:ngPs
2 e o ¢=0 18.14
o2 rdx D. ¢ (18.14)
@7

In this equation, the term ®,, is called the Thiele modulus. It relates the surface
reaction rate to the diffusion rate inside the pore, i.e.:

e R'RC}Sgps  reaction rate (18.15)
n D (CAfO) ~ diffusion rate .
e\ ™R

In the numerator, the most important parameter is the reaction rate constant so that
the reaction rate is represented by —74 = k'C’;, while the entire denominator represents
the diffusion rate (R is porous or particle radius).
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Thiele modulus is defined for any reaction order 7. For a first-order reaction, we
have:

k,Sgps

;=R
1 D.

(18.16)
where:

k' is the specific reaction rate constant of a first-order reaction and its unit is (cm?>/cm? s)
Total specific area S, (cm*/g) is measured by N, physisorption.

ps (g/cm?) is the solid density.

D, is the diffusivity coefficient.

The Knudsen diffusivity and molecular diffusion coefficients of the components in
gas phase are different and determined by empirical correlations or in most cases they
are tabulated.

Thiele modulus presents limiting cases:

e  When its value is high, the effective diffusion or diffusion rate is very low with
respect to the reaction rate and consequently diffusion is the limiting step.

e The opposite (low Thiele modulus) represents a low reaction rate with respect to
the diffusion rate and therefore the surface chemical reaction is the limiting step.

Equation 18.14 can be solved for the boundary conditions previously indicated,
yielding the following solution:

_ C4 _ Rsinh(®q -7/R)

4 18.17
Cas 7 sinh &4 ( )

This expression is valid for a first-order reaction. The concentration profiles are
depicted in Figure 18.2 as a function of pore radius and they depend on the Thiele

1.0

Low @,

Surface
reaction
controls

R r r=0

Figure 18.2 Concentration profile as a function of radius and Thiele modulus.
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modulus. At the two extremes, a chemical reaction may be either diffusion limited
or reaction limited. If the rate of diffusion through the particle is very low (presence
of strong mass transfer limitation), the reaction effectively takes place at the external
surface of the particle, i.e., r— R. On the other hand, when the rate of diffusion
through the particle is high, a concentration profile exists within particulate pores.

18.2 EFFECTIVENESS FACTOR

The effectiveness factor is a parameter that determines how much the intrinsic rate
(kinetic control) is affected by diffusion limitations. Therefore, this factor measures
the deviation from the real kinetics in the presence of diffusion phenomena. According
to Equation 18.1, the effectiveness factor is:

/

n=- (18.18)

Tint

The intrinsic rate 7}, provides the surface reaction velocity controlled by the kinetic
control regime, i.e.,

47R3
7 =/e/CASSgpS’TT (18.19)

int

Since the reaction is irreversible and first-order with respect to A, the typical units for

k" and 7}, are indicated in parentheses:

K'(cm?/cm?s); 7, (mol/s)

The observed rate is described by the diffusion rate within the pore, Equation 18.3,
Then,

F)| area=F,| - 4r?

Along with Equation 18.7, we have:
F,| area= F}| -4mr*

Then,

, , dC de
7o =(—7) = —47r*D, d—rA = ~47RCaDe - A_1(mo1/s) (18.20)

where x =7r/R.
Deriving Equation 18.17, we have:

de

— =0 thd; — 1 18.21
ol 1 coth @4 ( )
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Substituting into Equation 18.20:
(—=7,) =47RD:Cyss(®1 coth @1 — 1) (mol/s) (18.22)
Then substituting Equations 18.22 and 18.19 into Equation 18.18, we obtain:

7 47RD.Cys(Pq coth @y — 1)

__ _obs __

Ty 47R3
rmt k/CASSgpSnT

Along with Equation 18.16, we have:

3(®Pycothd; — 1)

(18.23)
f

]”:

The effectiveness factor is plotted as a function of Thiele modulus (logarithmic scale)
in Figure 18.3. This curve is similar to that mentioned in several books.

It is observed that when Thiele modulus ®; is low (order of magnitude 0.5), the
effectiveness factor 7 is almost equal to 1 indicating that the observed reaction rate is
not diffusion limited. On the other hand, the effectiveness factor varies linearly with
Thiele modulus for ®; values that range from 2 to 10, indicating that the observed
reaction rate is diffusion limited. For ®; values over 10, the effectiveness factor n has
a more significant deviation, indicating a strong diffusion effect inside pores of the
spherical particle.

1.0 4

first-order

0.8 4 Sphere

<

S

g 06

1)

[%]

(0]

c

[0

Z 04

(o]

2

i
0.2 -
0.0 e S —

Thiele modulus @,

Figure 18.3 Effectiveness factor as a function of Thiele modulus.
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For values of ®; ranging from 2 to 10, we can admit a linear variation of the
effectiveness factor along Thiele modulus, i.e. (coth ®; —0), then:

= 18.24
"= (18.24)

Thiele modulus is defined for a generic-order reaction.
Considering an irreversible first-order reaction, then according to Equation 18.16,
Thiele modulus is expressed as:

R'Sq ps
@1=R[=p

Substituting into Equation 18.24, we obtain:

3 D,
R\ k'Sgps

n= (18.25)

In this case, one can determine directly the observed rate substituting Equation
18.25 into rate equation:

rps = (1) = %, | Dek’SgpsCas(mol/cm? /s) (18.26)

The observed rate (7/,5,) increases by decreasing particle or pore radius, and
increases with temperature since D, and k/ increase with temperature T and surface
area.

To a generic order, we have:

o k' R2CE1 S, ps
=—5

2\ 3
”:<n+1> o (18.28)

(18.27)

In the sequence, substituting Equation 18.27 into Equation 18.28, we have:

2\ 3/ D 1
_ L2 e oli-mg2 18.29
7 (n + 1) R\ k,Sgps ( )

This expression is valid for generic-order reactions with large diffusion effects and
catalyzed by spherical particles. It is observed that the effectiveness factor in isothermal
conditions does not exceed the unit.

On the other hand, the effectiveness factor varies significantly with temperature.
Therefore, for nonisothermal conditions, especially in the exothermic reactions, it will
vary since the temperature varies within the pores or particles due to the tempera-
ture gradient caused by the chemical reaction. It is then necessary to construct an
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energy balance that takes the specific geometry of the catalyst particle into account
(sphere, cylinder). It is important to remember that the reaction rate constant depends
on temperature. The solution for the energy balance leads to an energy parameter
defined as:

_ CAS(_AHR)DE _ A’Tm
B kT, T

B (18.30)

where:
(—AHpR) =reaction heat (kcal/mol)
k; = thermal conductivity T, = temperature at the surface of pore or particle
AT,, = maximum difference of temperature between the external surface and pore.
The B energy parameter is, by convention, positive if the reaction is exothermic,
and negative if endothermic.
For these conditions, we obtain:

Ty —To _ (—AHg)D.
=g (GG (18.31)

where C,, corresponds to the concentration at the maximum temperature.
When Thiele modulus is high, C,,, is effectively zero and the maximum temperature
difference between particle center and its external surface is equal to:

Tm—Tooz(_AI:i(Coo) (18.32)

The effectiveness factor for nonisothermal reactions as a function of Thiele mod-
ulus can be generically represented by Figure 18.4. Isothermal systems have g=0.
Considering an exothermic reaction with (—AHRg)=20kcal/mol; thermal conduc-
tivity k; =2.0 x 1073 cal/(°Ccms), D, =0.1cm?/s and external concentration Cy, =
1.0 x 10~* mol/cm?, one obtains a difference of temperature of 100°C.

Indeed, the experimental values may be lower, but calculations indicate that if we
do not take into account the temperature gradient, errors can be significant. Figure
4.18 shows the behavior of effectiveness factor when there is temperature gradient in
the particles.

In exothermic reactions, when B > 0, the effectiveness factor exceeds unity. This
happens because the increase in the reaction rate caused by the increase of temperature
within the particle, is higher than the decrease in concentration caused by the concen-
tration gradient within the pores. Furthermore, for low Thiele modulus values, one
obtains two or more corresponding effectiveness factor values, indicating the existence
of at least three conditions where the generated heat inside the particle is equal to the
removed heat; one condition is metastable and the other two conditions indicate that
the rate is limited by chemical reaction at low temperatures and by diffusion effects
within the pores at high temperatures, corresponding to high values of 8.
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Not isothermal

Isothermal
0.8 -

first-order

0.6 - . Sphere

Effectiveness factor »

0.2 -

0.0 R —

Thiele modulus @

Figure 18.4 Effectiveness factor for nonisothermal reactions.

18.3 EFFECTS OF INTRAPARTICLE DIFFUSION ON THE
EXPERIMENTAL PARAMETERS

In the presence of intraparticle diffusion effects, the observed rate differs from the
surface intrinsic rate which is controlled only by the reaction kinetics. Therefore, the
rate must be corrected by the effectiveness factor 7.

Under strong diffusion effects, the effectiveness factor is inversely proportional
to Thiele modulus. When the reaction has a generic #-order, one should take care in
interpreting the experimental results, since, according to Equation 18.29, the reaction
order is not the same as the intrinsic rate. The observed rate is as follows:

r:)bs = 7‘;ﬂl‘ n
Substituting the effectiveness factor as a function of Thiele modulus, the factor is
inversely proportional to Thiele modulus in the presence of strong diffusion effects.
Therefore, from Equation 18.29, we obtain:

, . 2\ 3,
Tobs = Rn G =k <n+ 1) ' cbnc"s
3( 21\ |D.,, ,
= = L e (12 ol14n)/2 .
robs R (n + 1) Sgps (kn) CAS ( 8;33)
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or

3 2 1/2 Dc
l == o | e (b )1/2 (e~ E/(RT))1/2 (14n)/2 18.34
robs R <n+ 1) Sgps( O) (e ) As ( )

The observed rate is defined as:

Pobs = Koy Clhe (18.35)

obs

Therefore, we have a measured reaction order #' (apparent order) which is obtained
by equating Equations 18.34 and 18.35:

, n+1
n =

: (18.36)

Consequently, a zero-order reaction will have an apparent order equals to %, a
first-order reaction will present the same apparent order and a second-order reaction,
an apparent order of 3/2. Therefore, the order of reaction is apparent.

The reaction rate constant and activation energy are also apparent in the presence
of intraparticle diffusion effects. Through Arrhenius equation, we have an apparent
activation energy measured, i.e.:

/

e = R e Far/(RT) (7.7)

Comparing &/, in Equation 7.22 with the terms present in Equation 18.34, we obtain
that:

E
Ep==
)
And the apparent frequency factor (kj,,) is:
3( 21\" |D.,,
Rap = 2 (n ~ 1) . @(ko)l/z (cm3/ cm?/s) (18.37)

The apparent frequency factor contains several parameters and is proportional to:

D.
Sgps

which suggests that the higher the diffusivity coefficient, the higher the apparent fre-
quency factor. On the other hand, the higher the specific surface area, the lower the
apparent frequency factor.

There are several approaches and criteria to determine the presence of diffusion
limitations and their influence on the catalytic activity. Most of them are specific to a
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kind of reaction and under limited conditions. A very useful approach is Weisz—Prater
criterion which is defined as the ratio between the observed rate and the diffusion rate
(Froment and Bischoff, 1979), i.e.:

/

7 7 7,

\I’WP — “obs — observed. int =7- q)%l (1838)
rd r;'nt Tdiffusion
7 7' SepsR?

Wyp =200 = 82 (18.39)
74 DeCAS

But with Equation 18.23, we obtain:

_3(dq coth®; — 1)
@7

Then,
\I/\x/p=3(®1 COth(bl — 1) (1840)

for which Thiele modulus is known, but also depends on the reaction order. Equation
18.40 is applied to first-order reactions.

When Wyp <1, there is no mass transfer limitation, otherwise when Wyp > 1,
there are strong diffusion limitations.

Example

E18.1 The reaction (CHj3),C=CH,; +H,0 — (CH;3);COH with excess of water is
done in a fixed-bed reactor, using a spherical catalyst with radius 0.213 cm and den-
sity of 2 g/cm3. The reaction is carried out at 100°C and 1 atm, it is reversible and
the final conversion is 80% of equilibrium conversion. The equilibrium constant at
100°C corresponds to 16.6. The reaction takes place isothermally, the reaction rate is
1.1 x 107> mol/(s g.,;) and external concentration of the limiting reactant is equal to
1.65 x 1073 mol/cm?. The mean effective diffusivity is 2 x 1072 cm?/s. Determine the
effectiveness factor.

Solution
One assumes a reversible first-order forward and reverse reaction, since the solution
is quite dilute, i.e.:

A< R

Then, the rate will be:

1’// ZkCA — k/CR =/€|:CA — %CR:| (1841)
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At equilibrium, the resulting rate is zero, therefore:

_ Cre . Xae
_CAe 1_XAe

=16.6

The equilibrium conversion will be:
X4.=0.94

and

Xa=0.75

Through Equation 18.41, one determines the rate as a function of conversion. The
observed rate will be:

Tops =R CAO (Xae = Xa)n=k"Cao(Xae — Xa)n (18.42)

K+1

Calculation of Thiele modulus:

k" ps s
b1 = R\/ Kp :R\'/(XAe —r)O(bj;)CAoDen (r;noolyfr/rj )i:nm/s) (184
®1 = 0'213\/1.65 x 103 1><.1((;<.9141():50>.<725) % 0.02 x 7]
o1 — 0213 35(:7.88 (18.44)
But the effectiveness factor as a function of the Thiele modulus is equal to:
) coin{lh -1 _ q% (ﬁ _ %1) (18.45)

This system is solved by iteration, arbitrating a value for 5 and calculating ®; until
finding the correct value of the effectiveness factor. By interaction, we start with n=
0.70 and obtain, after three iterations using Equations 18.44 and 18.435, the following
values:

=6.30
n=0.40

E18.2 Consider the previous problem, but now a new experiment has been performed
using a catalyst with spherical particle of diameter 0.13 cm. The observed rate was
0.8 x 107° mol/(s g.,;). The other values remain the same. Determine the particle size
necessary to eliminate the diffusion effects.
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Solution
We use the Weisz—Prater criterion, Equation 18.40, along with Equation 18.39:

Wyp = 3(Dq COth(Dl —-1) (18.46)
Tos _ 7'psR?

Wyp = —obs = 5 18.47

W= =B e ( )

Equating the above two equations and relating them for two experiments, considering
D,, Cys as given previously, we obtain:

2
Rl 7‘obs|1 _ Vi

2,0 -
RZ T obs |2 i

(18.48)

Substituting radius and rates:

)\
11057
L SP)
Then, ¥, = %
But,
7 7'SepsR
N7 obs _ _ 8 =3.02
" d DeCAs
Therefore,

Wi
YHr=—=0.28
2706

Thus, there are no diffusion limitations when the particle radius is smaller than that
informed (spherical particle of diameter 0.13 cm).

18.4 EXTERNAL MASS TRANSFER AND INTRAPARTICLE
DIFFUSION LIMITATIONS

In a catalytic reactor, the fluid flows through the catalyst particles and may face a
resistance caused by the concentration gradient between the bulk fluid and the external
particle surface. This resistance (interparticle or external mass transfer limitation) must
be added to intraparticle diffusion limitation.

The overall rate should consider these phenomena along with the chemical reac-
tion. Figure 18.5 shows the concentration profiles resulting from different phenomena
in a gas-solid system or liquid-solid containing porous particles.

The external concentration Cag is known (it is the bulk concentration), but a
concentration gradient ranging from C, to Cas may exist within the thin film around
the particle, Cyss being concentration at the external surface of the particle or at the
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Figure 18.5 External and internal mass transfer limitations.

pore entrance. Due to the external mass transfer resistance there is a concentration
gradient (curve I, see Figure 18.5). Therefore, the mass transfer rate in this region is:

Ry = kmam (Ca — Cas) (18.49)

where
R’} = mass transfer rate (mol/g/s)
k,, is the mass transfer constant and a,, is the gas/solid interface area.

Curve II shows a lower concentration gradient outside the particle, compared to
curve I, but followed by a concentration gradient inside the pore due to the intraparticle
diffusion limitation. On the other hand, curve III does not have influence of external
limitations, representing the reaction rate in the presence of pore-diffusion resistance
as shown in the following equation:

" =k'S-f(Cas, T) - n(mol/g/s) (18.50)

where:

7’ =rate by mass of solid (mol/g/s)
n = effectiveness factor

k" =rate constant by surface area.

The effectiveness factor depends on the Thiele modulus defined by Equation 18.13.



Transport phenomena in heterogeneous systems 505

To determine the overall reaction rate in the PFR reactor, one starts with:

wo o dx

_ A

- _/ (18.51)
0

Consider a particular case of irreversible first-order reaction (reactant A as limiting).
Therefore, the rate will be:

(r4) =k'SgCas =k'SgCa0 (1 — Xas) n (18.52)

At steady state, the mass transfer rate and reaction rate in the presence of diffusion
effects are equal. Then,

kmam (CA - CAS) = k/SgCAsn (1853)
As a function of the limiting reactant conversion:
Rinam(Xas — Xa) =k'SgCao(1 — Xas) x 1 (18.54)

We determine (1 — X4) to replace it into rate equation, since the surface concentration
is unknown. Then,

1-X
(1-Xp)=— L= Xa) (18.55)
k SgCA()n
14 22200
Rmam
Substituting into rate Equation (18.52), we have:
/! ! 77
—Ty) = 1-Xp)——F—— 18.
(—74) =k'SgCaol A)1+ FS:Caon (18.56)

kmdm

Defining a new factor that comprises both external mass transfer and intraparticle
diffusion limitations (Fogler, 2000):

n

Q=——7— 18.57
s (18.57)
Rmam
The rate equation can be expressed as:
(—74) =k'SgCa0(1 — Xa)Q (18.58)

The reaction rate constant is temperature dependent. For nonisothermal systems,
one should take into account the energy balance. Moreover, catalyst properties such
as the specific surface area and the pore volume must be known. In this system, a
spherical particle has been considered.
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It is very important to know the mass transfer constant (k,,) and the gas/solid
interface area (a,,). This information can be obtained from the fluid properties and
characteristic numbers for flow such as Schmidt and Sherwood numbers. It is chal-
lenging to determine the interface area, but usually one tries to obtain k,,a,, together
and not separately.

E18.3 An irreversible reaction is done in a PFR reactor containing catalyst with spher-
ical particles of 3 mm diameter. Pure reactant A is fed under flow of 1000 L/s, pressure
of 1 atm, and constant temperature of 300°C. The conversion at the outlet of the
reactor is supposed to be 80%. Calculate the catalyst mass that must be placed in the
reactor. Additional data are provided as follows (Fogler, 2000):

k'=0.07 (cm®/cm?/s)  kmam =4.0 (cm®/s/g)

D.=0.01 (cm?/s) ps =2 (g/cm?)

Sg=3.10° (cm?*/g)

Solution
The rate will be:

(—7’;;) =k/SgCAo(1 — XA)Q

For a first-order reaction: (—7;) =k'C4 (molg='s7!)
The molar balance equation is given by Equation 18.51, i.e.:

Xa
K_/‘ dXa
F ) (7))

0

Substituting the rate into Equation 18.51 and integrating, we obtain:

w 1
—=—-———1In(1-X
F k* x Cap n A)
Considering k* = k'S,Q
We still need to calculate Q using Equation 18.57:

_n
k'S.n

1 g
+ kmdm

Q=

Initially, we need to determine the effectiveness factor n. From Thiele modulus, we
know that:

k'S, ps \/7.10—5 x 3.105 x 2
@, =R, |—2Z —0. =19.4
"% D, 0-3 0.01 ?
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Thiele modulus value reveals the presence of strong diffusion effects and therefore, the
effectiveness factor varies linearly with Thiele modulus according to the equation:

3 3

= = —0.154
®, 194

n

From that we can determine the overall mass transfer limitation effect:

Q=— 1 0.154 =0.085
14 k'Sen 14 7.1075 x 3.10° x 0.154
Rmam 4.0
Then,

R* = k'S =1.785(cm?/g/s)

P
Cao=——==2.12 x 10~2 mol/L

RT
Therefore,
W 1
— = In(1 — X4)=42.1
F k * CAO n( A)
But

Fao=Cao -v9=21.2 (mol/ min)
Finally, we calculate the mass:
W =896g=0.89 kg
In the absence of external mass transfer limitation:

R*=Fk'Sqn=7.10" x 3.10° x 0.154 =3.23(cm’ /g/s)

Therefore,
w 1
—=———1In(1-X4)=234
F k*CAQ n( A) 3

W=479¢g=0.479kg







PartV

Deactivation







Chapter 19

Catalyst deactivation

Catalyst deactivation occurs over time during a catalytic process and it is a phenomenon
that invariably takes place in most industrial processes. Catalyst deactivation may
occur via four main phenomena: coke deposition which leads to the blocking of pores
and active sites, poisoning via metals (S, As), sintering, and the loss of catalytic active
phase.

Supported metal catalysts are commonly used in industrial processes. Examples
include nickel at high concentration and low dispersion and palladium at a low metal
concentration and high dispersion. Both catalysts enable high conversion and selectiv-
ity in reforming reactions, gasoline pyrolysis, and hydrogenation processes. However,
these catalysts are prone to deactivation due to coke formation and presence of gums
in the load. Coke is deposited preferentially on the metal sites during hydrogenation
reactions while gum is deposited on both metal sites and support resulting in rapid
catalyst. Thus, it is important to investigate catalyst deactivation on an industrial
scale concerning the extent of deactivation, as well as explore possible strategies for
regeneration.

To do so, one scales down the process to a laboratory scale. This entails using
the same space velocity, pressure, and temperature but a scaled down catalyst mass.
Furthermore, to evaluate the catalysts under kinetic control regime one determines
the appropriate conditions to minimize heat and mass transfer effects. Comparative
evaluations can then be made between the results obtained in laboratory and industry.

Stability is a key criterion when determining the most appropriate catalyst for
industrial use. Among the deactivation phenomena, coke deposition and poisoning
may be reversible but sintering is usually irreversible.

Sintering is a thermodynamically favorable process which decreases the catalyst
surface area. Although the catalyst solid nature and the environment to which the
catalyst is exposed influence the process, the sintering phenomenon is basically domi-
nated by temperature. The minimum sintering temperature can be estimated from the
melting temperature of the solid (Tielting) expressed in Kelvin:

O51)20-3Tmelting (19.1)

The melting temperature of nickel is 1726 K. Therefore, according to Equation 19.1,
nickel sintering may be carried out above 517 K.

Coke is carbonaceous species deficient in H, which may deposit on the catalyst
surface. Carbon often chemisorbs reversibly. Thus, the catalyst can be regenerated
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by removing the carbon by means of some oxidant such as O,, H,O, or even CO,.

However, the high temperatures necessary for the carbon oxidation can lead to the

metal sintering in some cases, which could decrease catalytic activity for further reuse.
Schematically:

Sintering:

l |

Poisoning and coke deposition on the active sites:

leeeeeeel_bl e‘engﬂ

Carbon deposition—filaments:

[
I/\/\/\/\/\/\ l—’ Fﬁ /\[:/\2/\

Figure 19.] Deactivation schemes.

Figure 19.2 displays an interesting result for the ethanol conversion versus time
in catalytic tests at different temperatures on supported nickel catalysts, i.e., samples
tested isothermally over time at 723, 773, 873, and 973 K.

According to Figure 19.2, the initial activity of the catalyst increases with tem-
perature and for the samples tested at 773 and 873K the deactivation is very high.
Deposited carbon was measured by thermogravimetric analysis (TGA), i.e., by oxi-
dation following the mass loss. Figure 19.3 displays the total amount of mass loss
attributed to carbon, obtained by TGA, for the different samples tested in the ethanol
conversion at 723, 773, 873, and 973 K. TGA analysis revealed that the amount of
carbon deposited on the samples ranged from 20 to 45 wt%, suggesting pore clogging
and active sites covered by carbon, causing the constant deactivation of the catalysts.

Figure 19.4 displays a picture obtained by scanning electron microscopy (SEM)
for a nickel catalyst deactivated. A large amount of carbon filaments and agglomerates
of coke can be easily identified on the catalyst surface. These filaments do not cause
a direct deactivation since they consist of a-type carbon. They do, however, lead to
reactor clogging.
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Figure 19.2 Ethanol conversion as a function of time at different temperatures of reaction (isothermal).
Conditions: GHSV = 200 mLg.on/(min gea), HoO/EtOH = 3, vg = 100 mL/min.

19.1 KINETICS OF DEACTIVATION

The observed rate varies with time and the catalyst activity decreases with all the
variables of the system constant. The activity a is defined as the ratio between the
observed reaction rate and the initial rate (when the catalyst is virgin), i.e.:

g T )obs (19.2)
(_TA())

where:

a represents activity over the course of reaction
(=74 )obs is the observed reaction rate
(=74o) is the reaction rate of the fresh catalyst.

We take a simple case assuming an irreversible first-order reaction as:

A-LSR
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Figure 19.3 Mass loss obtained by TGA analysis for supported nickel catalysts.

It is assumed that the first-order kinetics, however, considering that the catalyst parti-
cles are porous, there may be diffusion effects. This initial rate or reaction rate of the
virgin catalyst can be represented by:

(=73 =k"-a-5;-Cy (19.3)

where 7 is the effectiveness factor which takes into account the diffusion effects. The
reaction rate constant £’ represents the specific reaction rate, depends on the temper-
ature and usually is expressed by cubic centimeters per square centimeters per second
(defined per unit surface area). The reactant concentration in the gas phase varies across
the length in the continuous reactor and with time in the batch reactor. Therefore, the
observed rate will be:

(=) oy =K -a-S¢-Ca-n (19.4)

A

The reaction rate is given by mass of catalyst, and in this case, the specific surface area
of the particles S; must be known.
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Figure 19.4 Picture of nickel catalyst performed in test at 723 K.

The deactivation rate varies with time and can have a generic order:
rd=——=kd-a" (195)

Generally, it is a first-order reaction rate but it can also be of fractional order, depending
on the deactivation mechanism and whether or not it satisfies power—law kinetics. We
assume the simplest case, i.e., first order:

rq=———=kq-a (19.6)

where k4 is the deactivation constant that satisfies the Arrhenius equation.
kg =ky(Ty)e™Ea/(RT) (19.7)

and ky is the pre-exponential factor.
Integrating Equation 19.6, one obtains the variation of activity with time at a
constant temperature, i.e.:

a=e Kt (19.8)
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Figure 19.5 Modified effectiveness factor.

Finally substituting Equation 19.8 into Equation 19.4, we obtain:
(=7 )by =K'Sg+ Ca ™! (19.9)

This rate depends on particle size (pellet) and in this case spherical particles. If there is
no mass transfer limitations (diffusion effects), the effectiveness factor n = 1. However,
if diffusion effects take place this factor decreases significantly in a manner that is
dependent on the Thiele modulus. The effectiveness factor varies according to Equation

18.24:

= 18.24
n o ( )

Thiele modulus ®©; must be corrected as it varies with the activity a.

K -a-Sy-ps

19.1
D. (19.10)

®4=R

Therefore, the effectiveness factor, also depicted in Figure 18.4, varies with Thiele
modulus as illustrated in Figure 19.5.

These expressions change for irreversible z-order reactions (n different from 1), as
well as for nonspherical models.
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19.2 DEACTIVATION IN PFR OR CSTR REACTOR

Starting from Equation 14.38 of PFR reactor:

T dx
e CAO/ 2 (14.38)
0 (_rA)obs

where 7 is the space time.
The observed rate as a function of conversion is given by Equation 19.4, which
also depends on the effectiveness factor and activity:

(_r:&)obszk/ -a- Sg . CAO(1 - XA) N

Substituting this expression into Equation 14.38 and using Equation 18.24, we obtain
the following expression for a PFR reactor with diffusion effects:

3 K-St

(—kqt/2) (19.11)
Dy

—In(1—Xa)=

An expression for CSTR reactor is also derived from Equation 14.27:

!
X4 3 3.k . S¢ * TCSTR o(—kat/2)

= 19.12
1—-Xa D4 ( )

In these cases, one can monitor conversion versus time and determine the deactiva-
tion rate as well as the deactivation rate constant. Figure 19.2 shows an example of
conversion varying with reaction time in the ethanol reforming reaction.

Example

E19.1 An irreversible reaction takes place in a CSTR containing spherical particles
catalyst of 24 mm diameter. Pure reactant A is introduced at pressure of 1atm and
constant temperature of 300°C with a space time of 4000 (g x s/m?). Conversion was
measured with time as shown in the table (Fogler, 2000). Calculate the deactivation
rate with and without diffusion, knowing the additional data:

De=2 x 1078 m?/s; Sy = 30 m? /kg; ps = 1500 g/m’

Solution
Let us first consider the case in the absence of diffusion effects:

We start from Equation 19.12 with ®; = 1 and take the natural log of both sides
of the equation:

X
ln(l in ):ln(k’-Sg - TCSTR) —kdt

— AA
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Plotting a graph:
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Figure 19.6 Deactivation rate.

Therefore, the slope provides kg =0.256 h~! and the intercept allows calculating
ln (k/SgTCSTR) =1.096.
Then, we calculate the value of &’ using S; =30 m?/g and =4000 (gs/m?):

k'=2.493 x 1075 m?/(m? s)

We calculate the Thiele modulus to verify if there are diffusion effects in the data above.

k' - Sq 05
&, =R R OgPs
V' D.

2.493 x 105 x 30 x 1500
=24x103 =
x 10 \/ 20x10-%

18

We note strong diffusion effects.
Therefore, now we admit the rate with mass transfer limitations.
We start from Equation 19.12

X, 3 3.k . Sg - TCSTR o (kat/2)
1—X, P
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Table 19.1 Conversion as a function of time.

t(h) 0 2 4 6

Xa 0.75 0.64 0.52 0.39

Taking the natural log of both sides of the equation, we obtain:

Xa _ R
ln( X>_ln(k)—?t

1—-X4

Using the experimental data of Table 19.1, we obtain the same graph. Thus,

kd =0.52h7!
In k*=1.096
k*=3.0
But:
g 5 K Sy - TesTR
Dy
And:
k- Sqps
®;=R Djp
Consequently:
R? - p,
k/ = S‘L’TpD =9 x 1074 (m3/m2/s)
.- 72D,

Therefore, the new value of the constant £ is:
k'=2.7 x 1072 m3/(kg s)
k'=9 x 10~* (m?/m?/s)

Then we calculate again the Thiele modulus using the data above.

k' - Sgps

o =R
D.

9 x 104 x 30 x 1500
®=24x1073 =1
1=2:4x10 \/ 2.0x 10-% 08
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Thus, the correct value of the constant is:
k'=1.5 x 10~* (m?®/m?/s)
And we can calculate the effectiveness factor, i.e.:

3 3

=a=m=0.009

n
Depending on the activity, the Thiele modulus changes as Equation 19.9:

k' -a-Sqps

D. =108va

Py=R

And the effectiveness factor will be:

33
T= %4 108va

Finally, the conversion varies with time and activity will be:

In the absence of mass transfer limitations:

Xa
1-X4

— k/ . Sg - TCSTR e—(0.256t) —2.99 e—(0.256t)

In the presence of mass transfer limitations:

XA :3'k/'Sg'TCSTR'a=0-5 /e—OASZI
1-X4 ofl

Therefore,

X4 _0.5v/e 057
1-X,

To verify the data, we have Figure 19.7.

19.3 FORCED DEACTIVATION

Catalyst deactivation may be simulated by carrying out forced deactivation experi-
ments at high temperatures. Under some conditions, there is a drastic loss of activity.
Next, we try to determine the regeneration conditions.

Forced deactivation experiments may be performed in two ways:

1. Inducing the sintering of the catalytic material at high temperatures in order to
verify the extent of deactivation during a short period of time.
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Figure 19.7 Diffusion effects in the deactivation.
2. Using a high concentration of the main component in the feed in order to increase
cracking and coke formation.
In these experiments, catalytic conversion is monitored over reaction time. Tem-

perature is gradually increased but later the initial condition is taken up. The catalytic
material may then be investigated by TGA to quantify the coke formed.

Example

E19.2 Let us take as an example the hydrogenation of pyrolysis gasoline which contains
as main products styrene, isoprene, dicyclopentadiene, and gums in the load. Catalytic
experiments were performed in a steel reactor with ascendant flow and catalyst bed
volume of 27 cm3. The operating parameters were set according to the plant and the
space velocity is 4.5 h~!. Several a-alumina-supported nickel and palladium catalysts
were tested. After proceeding to pretreatment and reduction used in the industry, tests
were performed at four temperatures, 60°C, 80°C, 100°C, and 120°C and then the
initial condition (60°C) was taken up. After this step, the temperature was increased
to 350°C for 3 h with N, flow with real and synthetic load, forcing the catalysts
deactivation. The feed flow was reduced to half that used in the catalytic test, increasing
the residence time in the reactor and forcing catalyst deactivation. Next, the deactivated
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Figure 19.8 Styrene conversion at 120°C as a function of the sample tested.

catalysts were tested at 60°C and 120°C under the same initial operating conditions of
the virgin catalyst. Finally, regeneration tests were performed to verify the regeneration
degree or permanent deactivation.

Solution

Table 19.1 shows results of styrene conversion obtained from experiments in which
the catalysts were subjected to forced deactivation at 120°C and regeneration at 60°C,
100°C, and 120°C. For comparison, the results obtained in step 1 with synthetic load
are shown as well.

One can observe a considerable deactivation with respect to step 1 using syn-
thetic load, especially the catalyst C which practically had not deactivated previously
(around 4%) after hard treatment to 350°C. The other catalysts A and B, though both
have presented an increased deactivation degree from 65% to 94% and from 54%
to 88%, respectively, one observes recovery in the activity of these catalysts after the
regeneration step.

The results of activity (styrene conversion) at 120°C in the hydrogenation of
pyrolysis gasoline are shown in Figure 19.8 for selected samples.

For all of the catalysts, the real load (gasoline) led to a stronger deactivation than
employing the synthetic load.

The regeneration step was not enough to recover the catalytic activity of the catalyst
C. For catalysts A and B, despite the high deactivation, there was a reasonable recovery
of the initial activity, reaching 90% of conversion after regeneration.
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Table 19.2 Styrene conversion data for hydrogenation of pyrolysis gasoline and synthetic load using
commercial catalysts after forced deactivation and regeneration procedures

Sample/Feed Styrene Conversion (%)

After Deactivation*  Deactivation Degree  After Regeneration

120°C (%)

60°C  100°C  [20°C  60°C
B/gasoline 5.2 94.3 51.7 77.1 87.1 60.8
B/synthetic load 345 65.2 42.8 90.9 98.5 -
Clgasoline 5.4 94.4 6.6 8.6 3.9 -
C/synthetic load  96.5 3.6 78.1 98.9 99.3 -
Algasoline 1.6 88.1 52.6 82.8 93.8 83.5
Alsynthetic load 457 54.2 97.2 - 99.7 -
*At 350°C.
Example

E19.3 Based on the experimental results above, data from previous example and assum-
ing forced deactivation in the absence of mass transfer limitations, we have calculated
the conversion over reaction time. From Equation 19.12 and data in Table 19.2, we
have also calculated the deactivation rate constants assuming CSTR-type behavior.

Xa

=2 —(kqt)
X, 99 e

The estimated reaction time was ¢ = 5 h. Therefore, we have calculated the constant
kg using the styrene conversion given in Table 19.2:

X4 =0.35—>— k4(60°C)=0.35
After deactivation at 350°C and new activity test at 120°C for 5 h:
Xa=0.05— k4(120°C)=0.77

Substituting these values into Equation 19.11 and using the same conversion data of
the previous problem, we vary X4 with reaction time and obtain Figure 19.9.

The results reveal that after 6 h, natural deactivation led to a reactant conversion
of 0.38. For this same time frame, forced deactivation led to a significantly lower
conversion of approximately 0.02. Extrapolating the curve of natural deactivating
(non-forced), the time required for complete deactivation would be 11.5 h.
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Figure 19.9 Deactivation of catalysts—deactivation rate constants.

19.4 CATALYST REGENERATION

The example in the earlier section shows a catalyst may be sufficiently regenerated
after deactivation. However, this regeneration depends on the type of deactivation.
For example, if sintering is the cause of deactivation, it may be difficult to regenerate
catalytic material as a result of particle agglomeration and the formation of aluminates.

If the deactivation is due to the poisoning of active sites caused by deposition of
compounds coming in the feed, its removal will depend on the type of poisoning. Deac-
tivation due to gums may be reversible depending on the type of regeneration method.
Sulfur compounds or metals, however, are irreversibly adsorbed. Regeneration is pos-
sible when deactivation is caused by cracking and coke deposition on particles or inside
pores. Carbon often chemisorbs reversibly. Thus, the catalyst can be regenerated by
removing the carbon by means of some oxidant such as O,, H, O, or CO,. However, in
some cases, high temperatures for the carbon oxidation can lead to the metal sintering.
Oxidation or combustion in the presence of steam allows removing coke.

The catalyst regeneration process is not simple and involves many parameters that
are directly related to deactivation. It is essential to understand the deactivation mech-
anisms in order to choose the appropriate regeneration conditions. Textural properties
as surface area and pore volume are affected by the regeneration procedures as well
as metal surface phases or acidic properties of the support. Therefore, a regeneration
process will depend on the history of the catalytic process, the feed, the type of process,
and its variables such as pressure and temperature, which are the main deactivation
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factors. The regeneration makes sense when the deactivation can be reversed or phases
can be recovered. Each situation must be evaluated separately.

The parameters that influence the regeneration process comprise heating rate in
the coke combustion process, regeneration time, and gas flowing during regeneration.
The combustion rate is very critical and the ignition temperature causes uncontrollable
increase in temperature, since combustion reaction is highly exothermic. Heat dissipa-
tion is an alternative to avoid sudden heating due to ignition, which is significant when
the atomic ratio H/C is high. Finally, the time for coke removal is an important param-
eter and several regeneration cycles can be carried out not affecting the process at all.

Carbon is burnt in the process and the following reactions take place:

C+ 0, — CO, AHYyg = —406.4 kJ/mol
2C + 0, - 2CO AHYyg = —246.3 kJ/mol
CO+1/20,>CO;  AHY =—567.3 kJ/mol
C+ 2H, — CHy AHYyg =—83.8 kJ/mol

C+H,0>CO+H,  AHYg =118.5kJ/mol

These reactions are exothermic and thermodynamically favorable, except the last.

Most regeneration techniques are based on coke combustion increasing the
temperature.

The regeneration can be evaluated by differential scanning calorimetry (DSC),
temperature programmed oxidation (TPO), and catalytic tests.

19.4.1 Differential scanning calorimetry

A first evaluation of the catalytic performance is usually carried out by using DSC.
Samples are heated at a rate of 10 K/min under synthetic air flow (50 mL/min).
Enthalpy of reaction (AH) is calculated using the following correlation:

AH =

[cal/g]

where:

K = dimensionless constant (1.06)

m =mass of sample (mg)

A = quantity of heat (mcal) corresponding to the area under DSC curve ((mcal/s) s).

By the Kissinger method (Boudart), one can determine the activation energy (E)
via DSC curves obtained under three different heating rates (8) at least. Once the rates
(B) are known, as well as temperatures corresponding to the maximum on each peak
(T¢), it is possible to establish the following linear relationship:

B\ E 1 A-R

where R is the universal gas constant and A is the pre-exponential factor of Arrhenius
equation. Therefore, the energy E is determined by the slope.
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Figure 19.10 DSC curves of samples: (a) Al, O3, (b) catalystA, (c) catalyst B. Conditions: 10 K/min,21%
O,/N,.

DSC curves of samples for different cases are shown in Figure 19.10.

The temperature corresponding to the maximum in the DSC peak is a parameter
widely used in the literature for the evaluation of the catalytic performance. This
parameter is often known as combustion temperature and represented by T¢.

19.4.2 Temperature programmed oxidation

The compounds from carbon oxidation are quantified by a mass spectrometer coupled
to the catalytic test unit. The sample is flowed by 5% O,/He under vy flow and heating
rate of 10 K/min. The combustion is monitored by mass spectrometer as exemplified
in Figure 19.11.

19.4.3 Catalytic evaluation

A fixed-bed reactor is usually utilized. Temperature is ranged during the tests but
total pressure and space velocity remain constant. The experiments are performed
continuously for 30 days.
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Figure 19.11 Oxidation profiles of samples: (a) O, (b) CO, (c) CO,. Conditions: 10 Kmin~',5% O,/He
no water added.

19.5 KINETIC STUDY OF REGENERATION

The most widely used model is a gas—solid reaction, assuming a carbon spherical
particle. The most common cases are the regeneration and diesel soot combustion. In
this model, carbon combustion is admitted and a cinder layer remains. Therefore, there
is gas diffusion through the cinder layer and reaction on the carbon particle surface,
which moves inward until total consumption. CO; is formed during combustion and
must diffuse through the cinder in the opposite direction, as shown in Figure 19.12.
Oxygen (O3) diffuses through the cinder layer, where no reaction takes place,
reaches the interface, oxidizes carbon and then CO, just formed diffuses through the
opposite direction crossing the cinder layer. Considering a carbon particle radius Ry
and interface radius 7., we obtain for each mol of O, (reactant A) the diffusion rate:

Ny= —Dedd% mol/(cm? s) (19.14)

The molar balance on a surface element 4772 between  and 7 + dr, where no reaction
takes place will be:

NA.4m’2‘r —Njy ~4n72‘r+dr=0
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A (reactant, gas)

R (product, gas)

Interface

Ash

Figure 19.12 Uniform model of solid consumption (carbon consumption).

Then:

%(NA 2)=0 (19.15)

Substituting into Equation 19.14:

d_r(_D” W)‘O (19.16)

where D, is the diffusion coefficient (cm?/s).

With the boundary condition:

On the external surface: — r=Ry — Cy4=Cyo
At the interface: — r=R(t) — Cu=0

Solving Equation 19.13, we obtain (Equation 10.38):

1 1
Coz ﬁ_;
—p= 10.38
Con ® 11 ( )
R Ry

The concentration profile of the reactant A (O,) along the carbon particle radius is
shown in Figure 19.13:

Therefore, the reactant A molar flow (N4) at the interface will be:

___ DCa (19.18)

1 1
R - 2
(R Ro>’

Np=-D

dr
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Figure 19.13 Oxygen concentration profile (A= O,) along the solid radius (carbon radius).

19.5.1 Balance with respect to solid (carbon)

Generated rate = accumulated rate

d(4 37TR3,08
1/2/ . 47”/2 — M
dt
drR 7/
—_— == 19.19
dt  pe ( )
where

& = fraction of solid (carbon)
p =density of solid (carbon).

The reaction rate (carbon consumption) at the interface is equal to the reactant A
molar flow that reaches the interface:

DCao

—7{ = Nal,_p = (19.20)
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Substituting this rate expression into Equation 19.19:

dR DCy 1
S dt - pe [ RY\
)
Ro

Integrating for ¢t =0 — r = Rg, we have (Equation 10.42) the time for solid consump-
tion (#):

pR2e R\’ R\’
t= 1-3( — 21 — 19.22
6DCA0[ <R0 TR, (19:22)

Defining the solid S conversion (carbon conversion) as Xj:

e Vso—Vs_4/3”R8_4/3”R3_1 (R)3
ST Ve 4 3 ~\R,
50 /377R0

(19.21)

Ro

where § is the spherical solid (spherical carbon particle), R is the radius of the solid
particle which is consumed along time and Ry is the radius of particle in initial
conditions.

The time for complete solid consumption (t) is reached when R = 0. Substituting
this condition into Equation 19.22, we obtain:

o pR%e
6DCyo

(19.23)

Then we can rearrange Equation 19.22 in order to obtain the following expression for
the reaction time (solid consumption):

; =[1-3 1% +2.(1-Xy)] (19.24)

19.5.2 Particular case

The chemical reaction at the unreacted layer is rate determining. The rate will be a
first-order rate in this case, i.e.:

7‘;/ = kSCA
Substituting in Equation 19.19, we have:

dR o

drR _ ksCao
dt = pe pe

Integrating in between the boundaries Ry and R:

_ pR08 _ 5
=ica (%)
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As a function of conversion:
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Figure 19.14 Solid conversion as a function of time.






Chapter 20

Exercises reactors and heterogeneous
reactors

20.1 SOLUTIONS TO EXERCISES: REACTORS

SE.1 A gas phase reaction A + B-% R is carried out in a CSTR and PFR separately at
a rate of 100 mol/min where the temperature is constant at 150°C and the pressure is
10 atm. The reactant B is three times more than A in the feed reactor. The rate constant
is given by:

mk=—f$9+1zsmmrw

If the average residence time in the PFR is 3 min and assuming equal values of
conversion on outputs of each reactor, find the volumes and molar flow for both
reactors, compare them.

|
—> — -
PFR //'—————>
CSTR

Solution

The ratio between reactants, B/A = 3, indicates that there is a large dilution. Therefore,
A is limiting. Since k is given in min~!, one can conclude that it is a first-order reaction,
but with variable volume. Thus:

(1 —Xa)

—r4=kCy =C g—— 20.1
A A A0 14+ 24Xy ( )
Given the average residence time,
Xa
_ dX,
i=C 20.2
Aoof (1+ £aXa) (=7) 1202
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Replacing the rate expression, we get:
_ 1
t:—Eln(l - Xa) (20.3)

The value of the rate constant can be calculated at 150°C (reaction temperature),
which is:
5400
Ink= ——r +12.5

where:
k=0.649 min~!
As =3 min

XA =0.857

To calculate the volume, one has the PFR equation:

Xa

TZXZCAO/CIA
vo ) (—ra)

Substituting (—74), we obtain the following solution:
1
TI—E[(1+€A)1H(1—XA)+8AXA] (20.4)

Calculating e4:

A B R Total
Initial | 3 0 4
Final 0 2 | 3

ea=-—0.25

Substituting these values into Equation 20.4, we get:
t=2.58 min

But

Fo =100 mol /min

However:

Fao + Fgo=100
Fao + 3F40=100

F40 =25 mol/min
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Calculation of concentration:

P
=—=2. 107!
Co RT 2.88 x 10~ 'mol/L
For vy:
F
vo = C—Z — 346 L/min

Therefore, the volume of PFR reactor is:
V=0.89m’
In the CSTR reactor, assuming the same conversion, we use the equation:

1% X
— =71=Cy—22
v (—7ra)

Replacing the rate and substituting these values for the same conversion, we obtain:
7=4.71 min

With the same input flow, we get:

V=1.63m’

This gives us a ratio of:

Vestr 13

VpER

SE.2 The reaction A—>R + S is irreversible and first order. It is conducted in a PFR
with 50 tubes, each with “%” in diameter and 1.0 m of height. 200 kg/h of reactant A
(MW = 80 g/gmol) with 30% inert is introduced at a pressure of 50 bar at 500°C. The
output conversion is 80%. Calculate the average residence time.

Solution
The reaction rate will be:
(1—Xa)
—r4=kCy=C,—=2L 20.5
A A A0 14+ eaXa ( )
Substituting that rate in PFR equation, we get:
1
T=——[(1+¢ea)In(1 — X4) + 4 X4l (20.6)

k

To determine 7, we need to calculate both the volume and flow.
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As the total mass flow of G is given, we have for each tube:
G
The molar flow would be:

Gy 4
Fpo=—=—=0.05kmol /h= 1/h
A0 M, ~ 80 0.05 kmol / S50 mol/

Calculation of initial concentration:

PA() 0.7 x 50

Cho=—=—" """ 552 %10 "mol/L
A= RT T0.082x 773 x mo

Hence:

Fa0 = Caovo

With the values of flow and concentration, we have:

o= 90 ST/h=1.5 L/ min
Cao

Calculating the volume of the tube:

d?

V= e .L=126 cm?

Hence:
\% .

T=—=0.084 min=15.04s (20.7)
[40]

Calculating e4:

A R S Inert Total
Initial 0.7 0 0 0.3 |
Final 0 0.7 0.7 0.3 1.7

EA = 0.7
With these values, we calculate the reaction rate constant using Equation 20.6:

k=35min"!
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The average residence time can be determined by Equation 20.3 (PFR equation):

SE.3 The reaction A + B—%5R is carried out in the liquid-phase reactor. The compo-
nents A and B are introduced separately at 4 mol/L and 5 L/min, respectively, and they
are mixed together at the inlet to the reactor. This mixture goes into the reactor at
27°C. There are two types of reactors to choose from:

1 A CSTR with 200 L, which can operate at 77°C or 0°C.
2 A PFR with 800 L, which can only operate at 27°C.

It is known that the reaction is elementary and £ =0.07 L/(mol min) at 27°C and
the activation energy is equal to 20 kcal/mol.

What reactor would you recommend and under what conditions? Justify.

If the reaction was performed in a batch reactor with 200 L and the final conversion
was equal to the PFR, calculate the time at 77°C and 0°C, knowing that the initial
concentrations are equal to 1 mol/L.

Solution

A:5L/min, 4 (mol/L)

|

10 L/min, 2 mol/L

B:5 L/min, 4 (mol/L)

Since the initial concentrations are equal at the inlet, we have a second-order
irreversible reaction, where the rate is given by the equation:

(—ra) =kCi=kC3(1 — Xa)* (20.8)

For the CSTR:

Vv X
LA . (20.9)
Vo (=74)
Substituting Equation 20.8 into Equation 20.9, we get:

Xa
~—7=Cyg——424 20.10
vo | MRCI,(1— Xa)2 (20.10)
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The value of k is solved at 77°C and 0°C. But at 27°C, we have k and, therefore,
ko will be:

k= koe~\E/RT)

0.07 = koe—(20,000/1.98x300)

ko=8.51x 10

At 77°C:

k350 =13.8 (L/molmin)

At 0°C:

ka73=1.79 x 1073(L/mol min )

But the space-time will be:

r——=1—0=20m1n

Substituting these values into Equation 20.10:

Xa
20=———"""——
kC,o(1 —Xa)?
At 77°C, we get:

k350 =13.8 (L/molmin)

The solution is:

2X2 —2Xa+1=0

Therefore:

X4 > 1 is impossible.

At 0°C:

ka73=1.79 x 10~3(L/mol min )
We find:

Xa=0.1
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For the PFR:

Calculating:

V800
T=U—0=W=80mll’l

With k£ =0.07 L/(mol min) at 27°C, we get:
14 Fax
=Y gy [[42A (20.11)

140 r
0

Rearranging Equation 20.8:

1 Xa

"= kCao (1— Xa)

(20.12)

In the condition of 27°C, we obtain:
X4=0.9

This is the best solution.
In the Batch reactor:

The time required would be calculated with a conversion of 90%.
With Cpp=Cpo=1mol/L and k at 77°C and 0°C, we have:

t=Cyo

(20.13)

O\f
7| e
i

Substituting Equation 20.8 into Equation 20.13, we have (Equation 20.12):

X
~ kCao (1 — Xa)

Therefore, at 77°C will be:
k350 =13.8 (L/mol min)
We get:

t=0.65 min
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At 0°C:
ky73=1.79 x 10~3(L/mol min)

t=5000 min =83 h =3 days

SE.4 A polymerization reaction of a monomer is conducted in a CSTR. The monomer
(with initiator) is introduced at a rate of 12 L/min. The concentrations of the monomer
and initiator are 3 and 0.01 mol/L, respectively. The rate of polymerization is known as:

2vko[l
(=) = kp[M] %[2] (20.14)
t
where
kp = 10_2 S_l
k() =10"2%s"1

k;=5 x 10~7 mol/(L|s)
Calculate the volume of the reactor to a conversion of 80%.

Solution
The reaction is first order, according to Equation 20.14. Depending on the conversion,
we have:

2vko[l
(=) = kM | 272 ) = M1 — X (20.15)

The CSTR equation is:

| XM

Y G (20.16)
vo (—r™m)

Substituting Equation 20.15 into Equation 20.13, we obtain:

\% Xm

e =My]—_M 20.17
v~ = M eI =X (2017

But substituting these values in k*:

g | 2Ykollal _ s [2 10-3 x 102 o s~!mol L™!
Vook S x 107 mol L5~

2x 1073 x 102
* __ -2 _ -2
k*=10 \/ X 10— =6.32 x 10
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And substituting the values obtained from X and 80% conversion into Equation
20.17, we obtain:

K =71=63.25=1.053min
vo

Therefore, for a flow of 12 L/min:

V=12.6L

SE.5 A second-order irreversible reaction A—>2R is carried out in gas phase in a
PFR reactor. A reactant (MW =40) with 50% by weight and the rest with an inert
(MWipere = 20) are introduced into the PFR. It is desired to produce 20 kmol/h of a
product R, knowing that the final conversion was 35%. Calculate the volume of the
reactor.

Data: rate constant =500 m3/(kmol ks); pressure =4.7 atm; temperature = 60°C

(constant).
Solution
The reaction has second-order kinetics,

_ 2
(1= Xa) (20.18)

—ra=kCE=kC3 — 0
A T A e X )2

Substituting Equation 20.18 into PFR equation gives:

v T ax
=~ = Cuo A (20.19)
Vo r
0
1 X4
=—|( 28 42X+ 2e4(1 In(1-X
T kCA0|:( +ea) 1_x, TeaXat ea(l+ea)ln( A)i|

Calculation basis: 1.0 g

ma 0.5
np = M—A = E =0.0125 mOl
mj 0.5
=—=—=0.025mol
"TEM T 20 mo

Calculation of g4:

A 2R Inert Total
Initial 0.0125 0 0.025 0.0373
Final 0 0.025 0.025 0.05
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ea=0.33

Calculation of initial concentration:

Coan— onP N 0.33 x 4.7
A= "RT T 0.082 x 333

=5.68 x 1072 mol/L(kmol/m?)

Substituting these values into Equation 20.19, we get:
7=0.041ks=41.15s=0.01143h
From R output stream, we determine the flow rate:

Fr = Crvo=2CxovoXa
20 = ZCA()U()XA
vy =503 m3/h

Thus, the volume of the reactor is:

V=11p=0.01143 x 503 =5.75 m?

SE.6 The following figure shows the rate behavior as a function of conversion. One
can suggest the following cases:

Two PFRs in series.
One PFR and one CSTR in series.
Two CSTRs in series.

What is the reaction scheme resulting in lower total volume?
Units and values:

Rate constant is mol/(L min)

Feed stream is vo= 10 L/min

The initial concentration is C49= 1 mol/L.

Solution

We calculate the areas by considering that the volume is proportional to the area.
PFR:

Xa
1% dX
T=—= CAO/ oA Cao - area (integral)
[40) r
0
CSTR:
\% X
—=1=Cyy A _ Cpo - area (rectangle area)
Vo (=7a)
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Calculating separately for X4 from 0 to 0.5, which is the maximum from reverse
rate and from 0.5 to 0.8, one can calculate the areas separately.

PFR. +PFR =2.4 CSTR +CSTR = 3.2
404 o= [ty Sy G Rty Ry
3sd
(S I
1 3.0 |
= :
2.5
! areal1=15
' PFR,
2.0 S
T T T T T
0.0 0.2 0.4 0.6 0.8
XA
Figure 20.1

For the first case: admitting PFR; in series with PFR;,, one obtains a total area
of 2.4.

For the second case: PFR; in series with CSTR;, one obtains a total area of 2.7.

For the third case: CSTR; in series with CSTR;, one obtains a total area of 3.2.

The total volume with a smaller area is that when we have a PFR; in series with
PFR,.

The most suitable system has a total volume: Vrorar =24 L.

SE.7 Dibutyl phthalate (DBP) is produced from mono-n-butyl phthalate (MBP) with
butanol in liquid phase and catalyzed with H,SO4 in a CSTR reactor, according to the
following reaction:

0 %
z _CH _C_ C,H
o~ Lo O -G HC™ ~c” o Y
i | + CHOH —— ' + H,0
HC. .C._ _O HC. =C< .20
~ Cﬁ \C z CH C
| o
OH ch4/

The reactants are in separate tanks, with 2 mol/L of MBP and 1 mol/L butanol,
and they are fed at a rate of 10 and 30 L/h, respectively. Both are mixed before entering
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the reactor. The specific rate is equal to 4.4 x 10~2 L/(mol h). Calculate the volume of
the reactor to a conversion of 70% of limiting reactant.
MBF

MBF

D —

Bu v
A

The reaction is reversible and occurs in the liquid phase. It is assumed as ele-

mentary reaction and therefore the reaction rate is directly proportional to the
concentrations, i.e.:

v

(—7a) =kCaCp =kC3y(1 — X4)(M — X,) (20.20)
where:

A =MBP and B =Butanol

Calculation of inlet flow rates and concentrations of the reactor:
vo1 +vpp=v0=104+30=40L/h

Cao1v01 = Caovo
2x10=Cy9-40—Cyp=S5 x 10~ mol/L

Cao1v01 = Cpovo
1x30=Cpp-40—Cp9=7.5 x 10~ mol/L

Therefore, A is the limiting reactant, and:

M= 2B
Cao

1.5

For the CSTR:

\% X
— —1=Cyo—2
vo (=7a)

(20.21)
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Substituting Equation 20.20 into Equation 20.21:

X—‘L'—C Xa
v RCRH(1 - XA)M — X,)

And substituting calculated values for a conversion of 70%, we find:
=19.7h

V=vyr=788L

SE.8 An irreversible reaction must be carried separately in PFR and CSTR reactors.
Calculate the volumes of each reactor. The kinetics data are provided and the feed flow
is 2.0 m3/min. Its pressure is 1 atm at 300°C. The reactant is introduced with 30%
inert into the reactor.

Xa 0 0.2 04 0.6

(—ra) mol/(L s) 0.01 0.005 0.002 0.001

Solution
To solve this problem, plot [1/(—74)] versusX, from the below figure.

10100 ,
Rectangle area = 600
8001 CSTR 5
600+ :
[N !
L !
T 400 |
200 | Area = 250
; |
0 T T T T T T T T T T T :
0.0 0.1 0.2 0.3 0.4 05 0.6
XA
Figure 20.2
0.7x1
Cao= —————=1.49 x 1072(mol/L
A070.082 x 573 ( )
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For the PFR:
v T dx
T=— = CAO/ oA Cao - area (integral) = 3.72 s
[40) r
0

For the CSTR:

1% X
— =1=Cyp—2
vo (—ra)

= Cyp - area (retangle area) =8.9s

The volumes are:

Verr =7.4L
Vestr =17.8L

The relationship is:

Vestr 94

VprrR

SE.9 For the irreversible reaction, A—k>2R, it is carried out in two CSTR reactors
in series in liquid phase, with the temperature of second at 120°C. The inlet stream
flowing for A is 20 kmol/ks and outlet flow rate of the last reactor is R, 28 kmol/ks. It
is known that the rate constant is 1.5 m?/(kmol ks) at 120°C and the activation energy
is 84 kJ/mol. The average residence time in the first and second reactor is 2.75 ks. The
concentration of reactant is 1 kmol/m3. The two reactors operate isothermally but with
different temperatures. Calculate the conversions, the temperature of the first reactor,
and the volumes thereof.

Cao >

T1 XA1 T2 =120 FH =28 mol/s
» —>

72 V,

Solution
For the rate constant unit, we have a second-order reaction. Thus, the rate expression is:

~ra=kC?=kC3o(1 — X4)* kmol/(m’ks) (20.22)

For the Arrhenius equation for any temperature, we calculate kg:

k= kge(B4000/827x393) _ 1 5
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Hence:
ko=2.46 x 10!

k=2.46 x 101~ (84,000/8.27T)) (20.23)

For the conversion in the second reactor: it is known that

Fag — Fy4 Fr x
= = A
Fao 2F a0
Then:
Xa=0.7
Far=6.0

For the CSTR equation:

(Fa1 — Fa2)/vo

F= (20.24)
(—74)
But:
2
Vo= TO =20m>/ks
The rate at second reactor can be calculated as:
—ra = kC2=kCjo(1 — X4)*=1.5x 1 x (1-10.7)
= 0.135 (kmol/ m’ ks) (20.25)

Substituting for Equation 20.24 from Equation 20.25 and after considering that

the average residence time is 2.75 ks, we have:

F4s1=134
The conversion at the output of the first reactor:

Fao — Fa

=X41=0.33
Fro Al

Since £ =1, we have:

V2=‘L'l/() =54m3
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By considering that the rate at the first reactor outlet is the same, the calculated
temperature in the first reactor as analogous to Equation 20.24:

(—ra)1 =0.12
Then:

—ra1 =kCA =kC3,(1 — Xa1) =k x 1 x (1 —0.33)> =0.12 kmol/(m’ ks)
Hence:

k=0.267 m*/(kmol ks)

Substituting into Equation 20.23, we get:

k=2.46 x 10'!e~ (8000182710 = 0 267

It takes the temperature in the first reactor:

T=367=94°C

Thus, the reactor volume of the first reactor can be calculated:

\% X
Vo X
140 (=74)

—2,75

Thus

V=55m}

SE.10 Two reactors in parallel conduct a reaction in the gas phase, ALSR 4 S. The
reactant A is introduced separately with 20% (v) of inert species with a pressure of
10 atm and at 550°C. It is known that the average residence time in the reactor is
3.33min. The volume of one reactor is double that of the other one. Calculate the
ratio of inflow stream in the reactors, given:

Ink= —@ + 10,6 L/(mol s)

Find the conversions on the outputs of the reactors.
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Solution
A+l
—
—
—
A+l V=2V,
To calculate the rate constant at 550°C
12,000
Ink=—-"2 +10.6 (20.26)
k=1.86 x 1072(L/mol s)
With the unit of k, we have a second-order reaction:
1—Xa)?
—ra=kC*=kC3 =X 20.27
rA A Ao(1+8AXA)2 ( )
The mean residence time:
Xa
t= 20.28
./ 14 EAXA —7ra) ( )
0
Substituting Equation 20.27 into Equation 20.28, we have:
- 1 (1 — 8AXA)
t= In(1 — X 20.29
kcAo[[ (=X, | oAt =X (20.29)
Initial concentration:
0.8.10
Cao= ———~——=1.35 x 107! (mol/L
40=0.082.723 x 107 {mol/L)
For &:
A R S Inert Total
Initial 0.8 0 0 0.2 1.0
Final 0 0.8 0.8 0.2 1.8
€A = 0.8
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Substituting the values into Equation 20.29, we get:
X4=0.7

This is the same conversion at the output of the two reactors.
Calculation of space-time and the volumes:

1 2
T—m[(l—FSA)

Xa

(1——XA) + 8%XA +2e4(1+€4)In(1— XA):|

t=2829s=13.7 min

The volume ratio at the input is different in the two reactors, because V; = V; and
the residence time in both must be the same.

But:
Vi Vs

n=—, T=—, T1=1,and Vi=2V,, we get:
Vo1 Vo2

Vo1

— =2

Vo2

SE.11 A dimerization reaction 2M—5D is carried out in a PFR with adiabatic oper-
ation (liquid-phase system). The reactant is introduced at a rate of 1.3 m3/ks and at
a temperature of 312 K. Calculate the volume and temperature at the outlet of the
reactor to a conversion of 70%.

Data:

e The enthalpy at 300 K: —42 k]J/mol

e The heat exchange coefficient: 200 J/mol

e The initial concentration: 16 kmol/m?

e The reaction rate constant: k=2.7 x 101 ¢=12:185/T) ;3 /(mol ks)

Solution
k
2A—R

We have a second-order reaction.
Hence:

(—74) =kC3 =kC3o(1 — Xa)? (20.30)
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For the PFR:
1 Tax
=Y _c, [ & (20.31)
vo —TA
0

Substituting Equation 20.30 into Equation 20.31, we get:

XA
\% dXy
Vo _ o[ 9Xa 20.32
TPFR ™ AO/ ECZ (1= X)2 ( )
0

Note that k is not constant and varies with the temperature according to the
Arrhenius equation. Equation 20.32 cannot be integrated.

To correlate the temperature with the conversion, we need the energy balance under
adiabatic conditions. This was deduced and we obtain, from the energy balance:

Y Fiy(T — To) + AH,Fa0Xa = Qext =0 (20.33)
j
T
—=1+pXa (20.34)
Ty
where:
—AH,Fag
= A 20.35
B S FeyTo ( )
]

Z F,'Ep/‘ = FAEpA + FREpR
j

But:

Fao—Fa  Fr _ Xa

2Fa  Fap 2
Substituting these values, we get:

— _ _ X
Z Ficpj=Fao(1 — Xa)cpa + FAOCpRTA

]

As

Cpa =Cpr =€y =200 (J/mol K)
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Thus:
X Fao€,
> Ficy =Facg [(1 — Xa)+ 7"} =202 - Xy (20.36)
j
Substituting these values, we get:
> " Figp =100F40(2 — Xa) (20.37)

j
Substituting Equation 20.37 into Equation 20.35:

—AH,Fao 42,000F 40 134

= = = 20.38
S FicyTo  Fapl00(2 — X4)312 (2 — Xa) ( )
j

B

Therefore, from Equation 20.34:

T 134X,
— =1 Xp=14+ ——— 20.39
T, PR TR) (20-39)

But, according to the Arrhenius equation:
k=2 x7x 10" e 12151 =2 5 7 x 1011 e BT /To)] (20.40)

Substituting Equation 20.40 into Equation 20.32:

X
V. f‘ dX,
PR == Cao KC2 (1= Xa)
0

Thus:
XA
Vprr /' dX,

1.3 ) 432 x 1012e BUTMI(1 — X,)2
0

(20.41)

TPFR =

which are solved together with Equation 20.39:

T 1.34X4

=14 204

Ty (2= Xa)
For a conversion of 70%, the exit temperature will be equal to 538 K, or

T
—=1.72
T

0
T=538K=265°C

Integrating Equation 20.41, one obtains the following graphic solution.
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70

60 ~

50 +

40-

< 30 -

20+

104

0.0 0.2 0.4 0.6 0.8

Figure 20.3

The PFR volume is:

Vprr = 1.3 x area=35.55 m?

SE.12 The reaction below is conducted in an adiabatic process:

HC—CH 4 cl-cl ——HLC=CH + HC
CH, CH;ClI

The input stream is 0.45 kmol/h, with 30% C;3Hg, 40% Cl, and 30% inert (Ny).
Its pressure is 2 atm at 30°C. The rate constant is:

k=4.12 x 10% e=?7200/RT) (13 /kmol min)
Additional data:

AH° = —2.67 kJ/mol

R

Molar specific heat capacity in J/mol:

C3H6 = 1.7; Clz = 0.5; C3H5Cl = 1.1; HCl = 4.0; Nz = 1.04]/mol
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Calculate the rate constant.
Calculate the input stream.
Calculate the volume of the PFR.

Solution

It is a second-order reaction and its volume does not change.
Thus:

(—7a) =kCaCp =kC3y(1 — X2)(M — X,)

where:

Cgo
M=——=1.33
Cao

Using PFR equation:

1% Tax
-L':_:CAO/_A
vo —TA
0

Substituting Equation 20.42 into Equation 20.43, we get:

Xa
1 dXa
N
vo 0 kCA()(l = Xa)(M — Xa)

This equation cannot be integrated, since k varies with temperature.
With the energy balance, we have:

T (—=AH,) Fao
=1+ -==Xa
To Z F/Cp,'To

]
But

Z szp;’ = FAEpA + FBEpBA + FREpR + FsEpS + Flzpl
j

However:

Fa=Fxo(1 — Xa)
Fp=Fao(M — Xy)
Fr=FaoXa
Fg=FaoX4

(20.42)

(20.43)

(20.44)

(20.45)

(20.46)
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Substituting these values into Equation 20.46, we have:

_ _ _ _ _ Fr _
Z Ficpi = Fao |:(1 — Xa)cpa + (M — Xa)cppa + CprXa + CpsXa + F—AIOCPI]

]

Y " Fiy = Fao3.4 +2.9Xa]
j

Substituting Equation 20.47 into Equation 20.45:

T n (—AH,)Fao

TO_ Faol3.4 +2.9X4]T) A
Thus:

T 8.8X4

T T B4+ 2.9%a]
From Arrhenius equation:
k =412 x 103 e7(27,200/RT) —4.12 x 103 67(27,200/8.3><303(T/T0)

b =412 x 103 e=(10:8/(T/To)

Substituting Equation 20.50 into Equation 20.44, we have:

XA
Vv _/ dX,
vy J Cup412 x 103 e 108/T/To)(1 — X4 )(M — Xa)
0

T

The integral is solved with Equation 20.49.
Additional data:

0.3x2

__Yoxs 2 3
= 0082 < 303 2.41 x 107*(kmol/m”)

Cao

From the inflow, we have:
Fao=Caovo=y40Fr=0.3 x 0.45=0.175Caov0
vo=35.6m’>/h=336m>/min

The volume to a final conversion of 70% is:
V=11.9m’

The volume for 50% is:

V=11.7m’

The temperature as a function of conversion (Figure 20.5).

(20.47)

(20.48)

(20.49)

(20.50)

(20.51)



556

Chemical reaction engineering

0.16

R 2
0.12

0.10 4

~% 0.08

Ar

0.06 +
Area = 0.03564

B e

|

a = 0.06284

|

o
o
o
o
o
o
o
©
o
AN
o
o
o
o

©
3

0.8

650
600 —
550 —
500 —

450

T(K)

400

350

Figure 20.5

The temperature corresponding to 70% is 641K or 368°C.

0.8
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SE.13 Propylene reacts with water to produce ethylene glycol. A reactant with excess
water is introduced into a PFR at 27°C and at a rate of 5 L/min with concentration
of 1 mol/L. The reaction rate constant is k = 1.69 x 10° exp (—41,800/RT)(min"!), E
(J/mol). The reactor is adiabatic, but the maximum temperature cannot exceed a value
of 400K, then it operates isothermally until the final conversion of 90%. Is it possible
to set the temperature at 300°C? Explain your answer. What would the temperature be
if the conversion was half the output of the reactor? Calculate the volumes of adiabatic
and isothermal sections of the system.
Data:

AHY =—4.7 x 10*k]J/mol
Ep(propylene) = 450]/(m01 k)

Zp(water) = 23.0 J/(mol k)
Ep(glycol) = 590]/(mol k)

Adiabatic Isothermal

Solution:
The reaction is a pseudo first order.

HQ
_CHj CH,
— H,O ——
HoC —~CH b H3C-HCi
OH
The energy balance
T (—AH,) Fao
S e S DY (20.52)
TO Z F,'CP/TO A
j
> " Figp = Fatpa + Fappa + Fripr
j
_ _ Fpo_ _
Z Ficpi = Fao| (1 — Xa) cpa + F_AOCpBA +cprXa
j
Substituting the values we obtain:
> Figp =Faol277 + 14.3X4] (20.53)

]
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Substituting Equation 20.53 into Equation 20.52

T 156.6X4
A 20.54
To T 227 £ 14.3X4] (20-54)

To a temperature of 300°C (573K), with the initial temperature at 300K,

we get:

373 _jo1—14  136-6Xa
300 [227 + 14.3X4]

Thus, we obtain a value of X4 > 1.0, which is impossible.
To a maximum temperature of 400 K

X4 =0.607

This is the conversion at the outlet of adiabatic reactor.
If X4=0.45

Thus,

T=390K=117°C

Calculation of volumes:
For the isothermal reactor,

0.9
v dx
T=— = CAO/ 4 (20.55)
Vo r
0.6

Being a pseudo-first-order reaction

(=74) =kCa=kCao(1 — Xa) (20.56)
Substituting Equation 20.56 into Equation 20.55 and integrating, we get

0,9
0,6

1
%) Z—Eln(l — XA) :

Where
k=1.69 x 105~ (41800/8.3x400) _ o 575
And integrating, we have

7, =2.41 min
Vlsothermal =12.0L
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For the adiabatic reactor
v dx
T=— =/ - (20.57)
Vo 1.698 x 10°e—(10-8/(T/To)(1 — X,)
0

30

25+

20

g 15
S—

104 Area = 9.4187

54

O T T T T T T

0.0 0.1 0.2 0.3 0.4 0.5 0.6
XA
Figure 20.6

Therefore,
1= 9.41
Vi=47L

SE.14 An experiment was performed in a certain laboratory using a catalytic reactor,

obtaining the following table data to a conversion of 5% at 400 K.

Experiment ro x 10* (mollL s) Pcy (atm) Pcy— (atm)

PHZO (atm)

7.1
7.11
7.62
7.82
7.11
5.36
5.08
6.20
0

0 7.0

WO —WWNNO UL —

—VOoONOULThAWN —
wuUoooou — — —

wowoouU—— — — —
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The reaction is: cyclohexanol — cyclohexane + water

OH
. + HO

A5 R+S

Propose a rate that can present adsorption, desorption, and reaction. Try solving
analyzing from table above and calculate the rate constants.

Solution
Admitted a reaction such as

AR+ S

Assuming a model of Langmuir-Hishelwood, we have a generic rate expression,
assuming that all components are adsorbed

. kKapa
14 Kapa + Krpr + Ksps

(20.58)

Analyzing experiments 1, 2, and 3 where only the partial pressure of component
A changes.

| 7.10 I | |
2 7.11 5 I |
3 7.62 10 | |

It is observed that the pressure of compound A of experiments 1 and 2 increases
five times, but the rate is virtually constant. The same is true for the experiments 1
and 3, where the pressure increases 10 times and the rate is constant. This means that
the rate is not directly proportional to the concentration of A, but it falls due to the
terms of adsorption—desorption in the denominator, which are significant. Therefore,
it is adsorbed.

Now let us look at the products. Observing the table, set up the partial pressures
of A (cyclohexanol) and R(cyclohexane).

6 5.36 3 0 5
7 5.08 3 0 10
10 7.0 3 3 3

It is noted that for fixed pressures of A and R, from the experiments 6 and 7, the
pressure of S varies two times and its rate is virtually constant. The same result occurs
with the experiments 7 and 10; the pressure of S decreases by about three times and
the rate is in the same order of magnitude. This suggests that the S component (water),
which should be in the denominator, does not influence significantly on the rate. Thus,
it is not adsorbed.
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Consider analogously to the influence of the product R (cyclohexene). Thus, we
observe the experiences 4 and 5.

4 7.82 2 5 I
5 7.11 2 10 I

It is observed from experiments 4 and 5 that an increase of two times the pressure
of cyclohexene (R) does not significantly affect the denominator, indicating that it is
not adsorbed, and you can consider it as negligible.

Therefore, the rate can be represented:

RKapa
=" 20.59
"T 14 Kapa ( )
Rearranging its terms, we have
1 1 pa
4 p=2a 20.60
kK + kPA ; ( )

Becoming C4 = %4 and considering T = 400K, we obtain the following values of
the table and graph below.

Experiment ro x 10* (moliL s) Ca (mol/L) Calro

I 7.1 0.030488 4.29E4-01

2 7.11 0.152439 2.15E+02

3 7.62 0.304878 4.00E+4-02

8 6.20 0.030488 4.92E+01

10 7.00 0.091463 I.31E4-02
450

400 K ¢ B

Linear Fit of Data1_B

C,/r,

0 T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
o

Figure 20.7
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The slope is 1.293. Therefore,

1

—=1293

k

Thus,

k=0.522 min"!

We found the linear coefficient as 9.9.

1

— =99
kK

and consequently,

K4 =0.193

SE.15 The cumene cracking over a silica—alumina catalyst at 950 °C is described as

AR+ S, where A = cumene, R=benzene, and S=propylene.

CH, CH—CH
3 3

7 7
- . 4 CH;—CH=CH,
N\

The reaction is irreversible and both the reactant and products can be adsorbed.
Experiments were performed to determine the initial rate as a function of the total
pressure, as shown in Figure 20.8.

Determine the reaction rate constant and the adsorption constant, as in the
previous case.

Calculate the desorption rate constant of benzene (R), considering the collision
theory, with temperature at 950°C and knowing that the specific area of the active
sites is equal to 1.4 x 1071 cm?, with sy = 1. Desorption constant was determined by
transition state theory (TST), with v =10 and E=1.8 x 10* J/mol.
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Data:
200
150 -
1 10.3
+° 100 -
Q
50
1.55
o T T T T T T T T T T T T T T T T T T T
2 4 6 8 10 12 14 16 18 20
P (atm)
Figure 20.8 Initial rate as a function of the total pressure
Solution

It is assumed that all components are adsorbed and the reaction is first order,
irreversible.

Thus,

. kKapa
14+ Kapa + Krpr + Ksps

For low conversions and initial rate 7o, one can assume that the partial pressures
of R and S are small and insignificant. Therefore,

kKAPA

)= ——
0 1+ Kapa

From Figure 20.1, we obtain the linear and angular coefficients, 1.55 and 10.3,
respectively.
k = 0.097 min~"
Ky = 6.64
From the TST, we know that

kad
KR(benzene) = f
es
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But
so (SRT\'*
kas = 7 (m) wd
1/8x831x1223x1x107\"* s T
kg = 7 314 %73 x1.7x107=2.44 x 10
. X

The desorption equilibrium constant:
kges =10 185109/ = 4 05 % 1076

Therefore, the adsorption—desorption equilibrium constant will be

k
KR(benzene) = ﬁds =6.03 x 10_6
es

The result shows that the equilibrium constant Kgpenzene) < Ka can be neglected.

SE.16 Considering the same reaction to the previous question, but it is performed in
a PFR, with 40g of catalyst and operating at 550 °C and 10 atm. In this reaction
is introduced 5 mol/min of reactant with 20% inert. The catalyst is spherical and
has a radius of 1cm, but it is porous and has an area of the 50 m?/g. The effective
diffusion coefficient is 0.23 cm?/s. The density of the catalyst is 2.3 g/cm?. Determine
the effectiveness factor and apparent activation energy. Check the rate ratio with and
without diffusion.

Solution
The rate equation was determined in the previous problem, with

kKapa

ro —m— —
0 14+ Kapa

As K4, we have K4pa > 1. One can simplify the rate constant as

kKapa kKapa
7o = = =

— = k
1+ Kapa  Kapa pa

In this case, a first-order reaction is assumed whose solution is

(1 —Xa)

“ra=kCa=Coto G

Substituting into PFR equation (Equation 14.37) and integrating it, we get

W 1
——=—7[(1+ &) In(1 — Xa) + eaX4l
Fao k



Exercises reactors and heterogeneous reactors 565

Calculating &:

A R S Inert Total
Initial 0.8 0 0 0.2 1.0
Final 0 0.8 0.8 0.2 1.8
EA = 0.8
40 1
— =————(1 8)In(1 — X 8X
5 0.067[( +0.8) In( A) +0.8X4]

0.536 = —[1.8In(1 — X4) + 0.8X4]

Therefore, the conversion or concentration output will be:

where

Xa=0.38

(1—Xa)
Ca=Cpo——5—=0.064 /L
a=Cror (mol/L)

0.8 x 10 »
CAQ—m—l?)S x 10 (mol/L)

From the diffusion rate (Equation 18.33):

2 3 | Dk
o=y (2 e i
n+1\r\pxS§,

For n=1 and =1 and substituting the data we obtain the effective reaction rate

at 550°C:

re=7.4 x 10~* (mol/L min)

The intrinsic rate

r=kCy=4.28 x 1073

The effectiveness factor can be determined from the ratio

n=_—-017
Yint
The apparent energy, E., is
E
E.= 5= 900 J/mol

Conclusion: there are strong diffusion effects.
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SE.17 A reaction in the gas phase ALR + S is processed in two reactors, PFR oper-
ating in parallel, the first one operates isothermally at 2 atm and 200°C and the other

adiabatically. The reactant A (pure) at a rate of 10 mol/min is introduced separately,
with

k=8.19 x 1013e=B4222/RT) (I /mol min).

The average residence time in the isothermal reactor is 4 min, operating at 200 °C.
The parallel reactor operates adiabatically with the same flow.

Calculate the volumes of isothermal and adiabatic reactors.

Calculate the inlet temperature of the adiabatic reactor.

What is the output conversion?

Are the volumes equal?

Data for the adiabatic reactor:

Cpa =170 (J/mol K)
Cypr =80 (J/mol K)
Cps =90 (J/mol K)
AHY = —80 (KJ/mol)

Solution

A (10 mol/min)

Isothermal —»

A—p

Adiabatic

Because of the unit provided above, we have a second-order reaction. Thus,

_ 2 (1 _XA)2
(—7A>_kCAO—(1 KT (20.61)

The average residence time in the first reactor

X
i=C /A dXa (20.62)
- A°O (1+eaXa) (—ra) '

Substituting Equation 20.61 into Equation 20.62, we get

Fm [gA In(1 — Xa) + L 2AXA 8A>XA}

(1-Xa)
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Calculating &:

A R S Total
Initial | 0 0 1.0
Final 0 | | 2.0
EA= 1.0
Cuo = 2 =5.15 x 10~ %(mol/L)
A0=0082x473 00 mo

Calculating k (200°C)
k=8.19 x 105e~34222/1.98x473) —_ 1 106 (L/mol min)

Since the average residence time of 4 min and with values obtained above, we solve

the output conversion, which will be the same for both reactors. Thus,

X4=0.203

Thus, the space-time to the isothermal reactor is

1 Xa
= 1 28 4 @2 Xu+2e4(1 In(1-X
T RCo |:( +eéa) (1—XA)+8A A+ 2ea(l+e4)In( A):|
t=5.5min

If the inlet stream is given, we can calculate vy; therefore,
Fa0=10=Cyovo

Thus,

vo = 194 (L/min)

The volume of the isothermal reactor is

Vi =1.05m’

In the case of the adiabatic reactor, with the same initial temperature and the final

conversion provided, one can find the outlet temperature using the energy balance:

T —AH,)F
:1+w

— X
To Z F/Ep/ To A
]
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But

Z Ficpj = Facpa + Frcpr + Fscps
i

ZFjEp/ = Faol (1 — Xa)Cpa + (Cpr + Cps) Xal
i

Thus,

> Fi,j=170F4
i

and

80,000X
T=T,+ HT()AzTO+47OXA

The outlet temperature must be the same, for the conversion does not change.
Therefore, inlet temperature is estimated as:

473 = To + 470X
Ty =377K=104.4°C

The space-time must be equal to the first reactor. Therefore, we calculate the initial
concentration and volume flow at the entrance of the second PFR adiabatic reactor.

X4=0.203 5
C (1+e4X4)*dXy
A =
’ 7 x 8.19 x 1015 ¢ BS/T/TI(1 = X,)2
0
1./4(X.)
——B
2.5 4
2.0 4
1.5 4
1.0
0.5 7
Area = 0.07894
0.0 |
T : ‘ :
0.00 0.05 0.10 0.15 0.20

X4

Figure 20.9
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That is,
Cap=0.07894
For the pressure, we have
P=C4oRT=0.07894 x 0.082 x 377 =2.43 atm
Vo=1 - -v9=V;
and

Vo=V

SE.18 Two reactions are processed in an isothermal PFR differential isothermal at
700K:

CH,
CH,
+ H, E— + CH,
CH
H.C CH,
(M) m-xylene (X)
CH, CH,
CHs Tol (T
oluene
(X)

where m-xylene is the desired product and toluene is the undesired product, the
following rate constants are known:

rim = ki [M] - [Ha]"? ki =3.42[(L/mol)’’ - h] (20.63)
rar=ko[X] - [Ha]Y?  ky=1.87[(L/mol)®? - h] (20.64)

The indices 1 and 2 represent the reactions 1 and 2, respectively.



570 Chemical reaction engineering

When the space-time is 0.5 h, the maximum concentration of X is 0.313 x
10~2 mol/L and the concentration of M is 7.6 x 1073 mol/L, with [M,]=0.02 mol/L.

Calculate the overall yield of the PFR using the maximum production of X.

Solution
—71H = —T1M = 71X =T1Me
—TH = —12X =727 ="2Me
The yield:

X

™

But

rx =ki[M] - [Ha]V? — kao[X] - [Ho]Y? =710 — 127

= ki[M] - [Ha]"? =11y

Thus:

M — 12T
px=——"

"M

_rm—rnr _ki[M]-[H]'2 — k[ X] - [Hp]'2

= ki [M] - [H,]12
or
. ka[X]
ox=1 =M
Therefore:
-3
X=1_1.67X3X13X10 — 079

342 x 7.6 x 103

(20.65)

(20.66)

(20.67)

(20.68)

(20.69)
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SE.19 The dehydrogenation of cyclohexane is conducted in a PFR, according to
reaction:

N + 3H,

Cyclohexane and hydrogen are introduced at 8.0 and 2.0 mol/s, respectively. The
reaction is first order and irreversible at 435°C and 1.5 atm. What would be the reactor
volume in this system to achieve a conversion of 70%?

Solution

The following reaction ALSR + 38 occurs in the gas phase. The total flow inlet is
10 mol/s and the rate constant can be represented by:

Cao(l — Xa)

—ra=kCa=k (1 +eaXa)

Calculating &:

r=— 111+ £a)In (1~ Xa) + £4X4]

A R S Total

Initial 8 0 2 10
Final 0 8 26 34

EA =24

0.8 x 1.48 .

CA() = m =2.04 x 10 (mol/L)

Thus:

vo=3.92L/s

With these calculated values, we conclude that:
7=3.83s

V=15L
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SE.20 People get sick, probably, as shown in the reaction mechanism below (Fogler,
2000):

Get sick: H25D
In contact with other sick patients: H + PEEG))

The patient is cured: D1

Patient dies (irreversible): DX M

Questions:
Determine the death rate.
Determine the rate of people getting sick.
What is the half-life?
Data:

ki=10"h"' ky=10"h""
k3=5x10"h"" and ks =10""h""

Solution
The reaction rates that correspond to each step are:

ry = kq[D] (20.70)

rp=ki[H]| — ky[D][H] + 2k [D][H] — k3[D] — k4[D] =0 (20.71)
or

rp=ki[H] + ky[D][H] — (k3 + k4)[D] =0 (20.72)

Neglecting the first term, the initial rate, because it is small if compared to others,
yields:

ks +k
[H]= 23R (20.73)
3]
Furthermore:
ry =k3[D] — k2 [D][H] =0 (20.74)
Adding Equations 20.70 and 20.72, we get:
3
[D]=—[H] (20.75)
R4
Therefore, substituting Equations 20.73 and 20.75 into Equation 20.70:
ks +k
rag = kg 3R (20.76)
3]
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Substituting the values of the rate constants, one obtains:
rm=5.10 x 107 1/h

The rate expression of the [H] is:

—ry =ki[H] + k2[D][H] — k3[D] (20.77)

Substituting Equation 20.75 into Equation 20.77 and rearranging it, we obtain:

k
—rH=k—1</ez — k3 + kq)[H]
4

Substituting the values obtained previously, the rate of people getting sick is:

—rp=rp=4.8 x 107*[H] (20.78)

Then, it is a first-order reaction, whose solution is:

—In(1 — Xa) =kt (20.79)

Calculating X4:

[Ho] — [H]

Xi=
AT Hol
The half-time is:

L0693 0693
Ve T T 48 x 104

=1444h=60days

SE.21 The reaction 3A—52R + S is conducted in a batch reactor. The reaction is
exothermic. The reactant is heated up to 400°C, but after reaching this value it should
operate adiabatically. During the heating period, there was obtained a conversion of

10%. What is the time required for converting the remaining up to 70%? Data:

— Reactor volume = 1 m?

- Mass = 950 kg/m?

— Initial concentration = 10.2 kmol/m?
-  AH=-25,000kcal/kmol

- Ink=-22090 4 5[(m?/kmol’/s)]

Solution

The reaction is irreversible and second order. However, during heating, the initial

concentrations were:

CA1 = CAo(l - XA) = 10.2(1 — 0.10) =9.18 kmol/L
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Cao— Ca1 Cro+ Cri_ Cso + Csi
3 2
10.2 — 9.18 0+ Cgr1 _ 0+ Cgq

:_4:
3 0.3 2 1

Therefore, the new stage is:

Cr1=0.68
Cs1=0.34

It is noted that these initial concentrations are practically very small relative to the
initial concentration of A and therefore we despise.
The rate expression is:

(—ra) =kCZ (1 = X,)?

In the batch reactor, we have:

T ax
t:CAO/ 4
0

(=74)

Substituting the rate expression:
XA
dX

S o S— 20.80
J kC, (1 —X,)? ( )

t

In this case, k is not constant, but depends on temperature. For the energy balance
in adiabatic system, we get:

T —AH,

— =1 + M

To WZCpTo

T 25,000 x 9.18X,4

— = =1+0.608X 20.81

T~ T950x059x673 4 (20.81)
But

k=1.48 x 10% e~ (10:000/RT) — 1 48 x 10% ¢~ 7-3/(T/To) (20.82)

Substituting Equations 20.82 and 20.81 into Equation 20.80 (see the following
figure) and integrating it, we have:

Xa

. dXa
T ) 1.35x 103 e T5/T/To)(1 — X4)2
0
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—4—B
1.2 —
1.1
1.0
f(Xa)
0.9 —
Area = 0.0614
0.8 —
0.7 —
0.6 —
I I I I I I I
0.1 0.2 0.3 0.4 0.5 0.6 0.7
X,
Figure 20.10

The time was 0.0614 h = 3.68 min.

SE.22 The rate expression of the reaction is represented by:

Ca

AR (20.83)

—rA=

It is conducted in a CSTR reactor where 13 mol/L of reactant at a rate of 0.2 L/s
is introduced.

What is the concentration of A at a maximum rate achieved by the system?

What is the volume of CSTR at a maximum rate achieved by the system?

Solution
Assuming the reactor CSTR, we have:

% Xa Cao— Cy
—:‘L’:CAO =
v (—=74) (—=7a)

or in another way:

1 (—ra)

‘[ZCA()—CA
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This is represented in the figure below.

400K —¢—A y=0.25,x=0.24
0.25 |

0.20

(-ra) 0.15 -

0.10

Area = 0.020

0.05

0.00

T
0.00 0.05 0.10 0.15 0.20 0.25 0.30
(Ca—Callt

Figure 20.11

From the figure, we obtain the maximum rate, (—r4)=0.25.
Substituting into Equation 20.83 and neglecting the square term, we obtain:

Ca=0.166

From the Figure, we have:

Cao — Ca
T

=0.24

Thus:

t=534sand V=10.7L

SE.23 A gas phase reaction A-L5R is carried out in an adiabatic fixed-bed reactor
and it is first-order reaction at the surface, r4s = k' Cy;. The reactor is fed with a pure
reactant (A) at 100 L/s and 300 K. The Reynolds and Sherwood numbers are known.
The initial concentration is 1 M. Calculate the mass of catalyst to achieve a conversion
of 60%. Given:

d
Sh=100Re"/2, Re= "

5
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v=0.02cm?/s; d,=0.1cm; u=10cm/s; D.=0.01cm?/s
EPA = EPR =25 cal/ mol K; p= 2 g/cm3

kY00 =0.01cm?/g .. s; E=4000 cal/mol

a=60cm?/g.; AH=-10,000 cal/mol

Solution
There is no contraction or expansion of gas, ¢ = 0.
Reynolds number:

du 0.1 x 10
R :L:—:
= 00z >0

Sherwood number:
Sh=100Re'/?> =707

Thus:

Sh- D,
dy

b= =70.7

And the mass transfer coefficient

Ry = b,a
Ry = 4242cm’/g, s

The reaction rate constant is:
K =kye ERD =0.01
Thus:

ky = 8.2cm’/g,,.s
K =82 67(2013/T)

In the adiabatic reactor, we have:

T (—AH,) Fao
— =14+ —" "X (20.84)
T() Z F/CP/‘TO A
j
where:

Z Ficpj =Faol (1 — Xa) Spa + (€pr + Cps) Xal
j

> " Figy; =100Fag
j
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Thus:

T=Ty+ 100X,

The simplified rate expression is:

kK

-Cao(1 — Xa)

7Y =

A ky + R

By mass balance:

(20.85)

(20.86)

Substituting Equations 20.85 and 20.84 into Equation 20.86 and integrating it,
one obtains Figure 20.2.

0.135
1/f(X,)
0.130
0.125
0.120
0.115
0.110
0.105

0.100

0.095

—e—B
i Area = 0.07355
-

9.9

T T T T T T T T T T

0.0 0.1 0.2 0.3 0.4 0.5 0.6
Xa
Figure 20.12

The area is 0.0732 and vy =100 L/s, we get:

W=73¢g
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SE.24 Two parallel reactions are known, whose rates are given below:

A+2B2Lp
AL s
where:
rp=0.14C,Cp
rs=0.07Cs

The molar flow P in the output of reactor is 1.5 mol/min, with the initial con-
centrations of A and B equal to 2 and 1mol/L, respectively. The inlet flow is
10 L/min.

Calculate the yield and selectivity in a CSTR.

Calculate the total yield in a PFR. Compare your results.

Solution
The rate of conversion of A is:

—ra=1p+1rs=k1C4Cp + kyCy

Thus, the yield is:
p k1C4Cp 1
T = 20.87
¢4 )\ kchCB =+ kZCA 14+ kaCy ( )

E1CaCp
Knowing the data:
Fp=15=Cpry Fp=1.5=Cpry=Cp x 10
we get:

Cpp=0.15 mol/L

A B P

t=0 Cao Cro 0
t— 00 Ca () Cp

But

Cao—Ca _Cpo—Cp_Cp

1 o 2 1
Thus:
Cpy— C
Cp= B - B
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or

Cpp=Cpo — 2Cp=0.7

Therefore:

1
da —— =058
L+ kleéL‘B
For the PFR (from Equation 16.23):
Py / $4dC
A= Cao— Car AdCy
or
1 1
dy=— dC
4 CAO—CAf/1+kféB A
where:
dC
1 1
b= / i <_dCB) (20.88)
Cao—CarJ 1+ o 2

Cao — CAf =0.15

with:

Cao — Cay =0.15

Integrating Equation 20.88, we have:

1 a—x

Substituting the values a =k, /k1 and x =0.7 into Equation 20.89:

®d,=0.58
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SE.25 An irreversible reaction A + B— R is conducted in an adiabatic reactor. The
reactants are fed in equimolar concentrations to 27°C and 20 L/s.

Calculate the volume of PFR to achieve 85% conversion.

What is the temperature maximum input to the boiling point of the liquid not
exceeding 550 K?

Plot spatial-time versus conversion.

What would be the amount of heat removed to keep the isothermal reaction, such
that the external temperature does not exceed 50°C?

Data
k=1.93 x 10° ¢~ (10,000/RT)

HY(273 K) = —20 kcal/mol
E =10 (kcal/mol) HY(273K) = —15 kcal/mol
Ca0=0.1 (kmol/m3) ng(273 K) = —41kcal/mol

Cpy = Cpp =15 cal/mol K
Cpg =30 cal/mol K

UA
=

20

Solution
The rate

(—74) =kCaCp=C3 (1 — Xa)? (20.90)

Because M =1
Calculation of AH?:

AH? =H} — (H} + Hp)

But ACp=Cpr — (Cpa + Cpp) =0
Thus,

AH? =—6000 cal/mol

The energy balance is:

T —AH,) F
=1+M

— X
To Z F,Ep/ To A
]
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Where,

Y Fip=Faol (1 = Xa) pa + G (1 = Xa) + SprXa] =
j
Faol (1 — X4) (¢pa +¢pB) + CpsXal =30Fao

Thus:
T=300+ 6080XA =300+ 200X 4
and
T 6000

2 0999 4 0.666X 20.91
To~  T30x300° A" A (20.91)

Substituting Equations 20.90 and 20.91 into PFR equation, we get:

Xa
dX4

VZUO/ 1.93 x 105 e=(163/(T/To) Cyo(1 — X4)?
0

(20.92)

From the solution of the above equation, we obtain Figures 20.13 and 20.14.

ValVo=1
20 —B

18 -
16 |
14 -
12 -
10
5
6 -
a-
-
0-

T T T T
0.0 0.2 0.4 0.6 0.8

Xa

Figure 20.13 Solution from Equation 20.92.
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400 — — D

350 |

300

VL) 250
200 —

150 —
100

50 —

0-

I I I I I I I I
300 320 340 360 380 400 420 440 460 480
T (K)

Figure 20.14 Solution from Equation 20.90.

For a conversion of 85%, we have:

V=304L~0.3m’

When T =550K and X4 = 0.85, the initial temperature will be:
Tp=380K=107°C

Calculation of heat removed to keep the isothermal reactor, such that the external

temperature does not exceed 50°C.
The energy balance is:

dO

G =UA(T, =) (20.93)

where:
T,=50°C=323K

But, by Equation 20.91, the temperature varies with Xj,.

T
—=1+0.666X
To + A
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And from equation 20.92 in differential form we have:
dV =f(Xa)dXa
However, from Equation 20.93:

dO = UA(T, — T)dV

(20.94)

Therefore, substituting equations 20.91. 20.94 and 20.92, and integrating we

obtain:
Interposing,
Xa
o_ua / (Ta — T)dX4
o p 00 1.93 x 105e—168/(T/To) Cyo(1 — X 4)

The solution is shown in Figure 20.15.

QA/p

5000
4000 —
3000 —
2000 —
1000 | Area = —429.5

0—

—1000 —

—2000 —

—3000 T T T T T
0.0 0.2 0.4 0.6 0.8

Xa

Figure 20.15 Solution from Equation 20.95.
Thus,

%:—429(m3 -J/Kg-s)

(20.95)
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SE.26 An irreversible reaction in vapor phase A — R + S is carried out in an adiabatic
reactor of 500 L. The reactant A is fed into the reactor with inert 50% and a volumetric
flow rate of 10 mol/min with a total pressure of 40 atm, the inlet temperature is 1100 K.

Fao
—p — A
F

(a) Calculate the conversion as a function of volume.

(b)  If the inlet temperature increases or decreases by 200°C, what will happen?

(c) Calculate the outlet temperature of the adiabatic reactor to a conversion of 80%.
(d)  Calculate the heat required under nonisothermal conditions.

Data:
Adiabatic reactor
Irreversible gas-phase reaction A— R + S
Fp =10 mol/min
P=2 atm
T;,,=1100K
k =exp(34.34 — 34,222/T) L/(mol min)
Cp; =200 J/(mol k)
Cpa =170]/(mol k)
CPR = 80]/(mol k)
Cps =90 J/(mol k)
AHY =80k]J/mol
Solution
(a) Calculation of conversion

Kinetics: according to the unit of the rate constant, we consider it as a second-order
reaction:

 RCE(1 = X4)?

A= 20.
"I eaXa)? (20.96)
1 T dx
=Y _cu A (20.97)
Vo ) (=74)

By the energy balance in a reactor adiabatic, k varies with temperature, then:

T — AH,)F
_=1+w

— x X
To Y FigyTo 4
]

Z Ficpi = Faol(1 — Xa)cpa + €prXa + CpsXa + Frepil
j

= > Figy;=3700F40
j
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Substituting these values, we have:

~80,000 x 10

= X, =—0.196X
A==3700x100 4= 0 A
where:
Fao=0.5F,
Fr=0.5F,
Thus:
T
o =1-0.19X, (20.98)
0

Replacing this variable into rate constant equation:

1.1
k=exp <34.34 _3 )

T/T,
31.1
k= 434 > 20.
eXp<3 3 1—0.19XA> (20.99)

Rearranging the equations and substituting them into Equation 20.97, we get:

Xa

14 1 Xa)dX
= =Gy [ L EAKA) AXa (20.100)

Vo 0 kCAO (1 —XA)
Replacing equation 20.99 in 20.100 we obtain:

h 1+ e4X0)? dX
V:é—‘)/ (1 + eaXa)” dXa . (20.101)
40) exp (34.34 — =) (- X

Thus, we need to calculate the concentration and flow.

pAo
= =0.22
Cao RT 0
Fao
vo= 22 =454
AO
with:

EA= 0.5
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Substituting the values into Equation 20.101:

XA
V=2.06 x 102/ (1 + eaXa)* dX,
) exp (34.34 - Sl ) (1 X

Plotting the conversion versus volume, we have:

<4— Adiabatic =I< Isothermal ——»
200G | * 400°C limit
Pure A | 400°C D=5cm
: ¢ (80% conversion)
|
Figure 20.16

(b) What will happen with the increase or decrease in temperature?

If the inlet temperature increase by 200°C, T =1300K, the conversion increases
considerably for this reaction volume, T x Cyao getting X4 =0.7. In case of decreasing
the inlet temperature 200°C, T =900 K, the conversion decreases drastically and can
even be considered that there will be no reaction.

(c) Calculation of the exit temperature for a conversion of 80%.

T

— =1+0.19X
To + A
For X4 = 0.80:

T=1,000(1+0.19 x 0.8)=1267K
T =994°C

(e) Calculation of heat
0 =3700(1267 — 1100) + 80,000 x 10 x 0.8 =6.17 x 10° 4+ 6.40 x 107>

0 =1.25 x 10° J/min

SE.27 The reaction A + B — C is carried out adiabatically in a constant volume (batch
reactor). The reactants A and B are introduced at a temperature of 100°C and initial
concentrations of 0.1 and 0.125 mol/dm?3, respectively. The rate equation is given by:

(a) Describe the mass balances for all compounds as well as the energy balance for
the system in transient state.

(b) Determine the concentration and temperature at steady state.

(c) Plot the temperature and the concentrations of species as a function of time.
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Data:

ki (373K)=2 x 103 s~
ky (373K)=2 x 10~5 s~
AH (298 K)4 = —40.000 J/mol

Ei=
Ey=

100 kJ/mol
150 kJ/mol

CPA =25 ]/(mol K)
CpB =25 ]/(mol K)
CPC = 40]/(mol K)

Solution

(a) Mass balance

input — output + generation = accumulation

dXa

l‘lA()=—=—7’AXV

dt

The rate of system:

r=k;C5CYS — kyCc

But:

Ca = Caol(l — Xa)

CB = CB()(l - XA) = CA()(M — XA) where M =1.25

Cc = Ceo + CaoXa

Therefore:

r=k1Caoy/(1 — Xa)(m — Xa) — k2Ca0Xa

and knowing that:

dX,
dt

we have:

dXa

dt

But & is a function of T, which is a function of . Thus:

—raxV  —ry

o Cao

=k1Caoy/(1 — Xa)(M — X4) — k2Ca0Xa

ki =2.02 x 10!1~(100,000/8.314T)

ky=3.05 x 1016~ (150,000/8.314T)

(20.102)

(20.103)

(20.104)

(20.1095)

(20.106)
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(a)

Adiabatic energy balance

input — output + generation = accumulation

_ dX
d_T= ( AHrinAO dXu 14 40,000X4 A (20.107)
dt Y mjc,,  dt 25(1 — Xa) +25(1.25 — X4)40 dt

j

Solving the integral of the above equation:
T 40 x X4
S MOx A 20.108
T, T az5—x, ( )

Rearranging the equations and substituting them into Equation 20.104, we get:

dX

—= = 2.02 x 101 (100,000/8:314T) /(] — X 1) (1.25 — X )

—3.05 x 1016~(150,000/8.314T) % (20.109)

Calculating the equilibrium conversion when dff—tA =0, we conclude that:

X4.=0.25
Substituting this value in equation 20.108 we get:
T=562K

Finally, substituting the value of X4, for finding the concentrations of reactants,
we get:

Cae =0.0747 mol/L
Cpe =0.0933 mol/L
Cce=0.0254 mol/L

From Equation 20.109, we obtain the profiles concentration and temperature
conversion:

X
dth — 2.02 x 1011~ (100:000/8314T) o /(17X V(125 — X»)

—3.05 x 1016(150.000/8314T)
Rearranging the above equation with 20.107:

Xa(0)
T(0)

0
373

and solving this equation with computational resources, we arrive at solutions
whose graphs are shown below (b1, b2, and b3).
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Note that the time to steady state is very small.

X 0.25 A
0.20
0.15 A
0.10
0.05
0.00 T T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9 10
b1 — Conversion x Time t(s)
Xa (1)
T(K) 550
500 -
450
400 -
0 1 2 3 4 5 6 7 8 9 10
t(s)
b2 — Temperature x Time
0.15 - T
C (mol/dm?3)
Cs ()
0.10
Cald)
0.05 1
Ce(d
0.00 T T T T T T T T T |
0 1 2 3 4 5 6 7 8 9 10
Ca (0, G5 (), Co (1 e

b3 — Concentration x Time
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SE.28 The endothermic reaction A — R is performed in three stages using a set of CSTR
reactors (see the scheme below). It is desired a production (R) of 0.95 x 1073 kmol/s
to a conversion of 95%. The three reactors of equal volume operate at 50°C. The
concentration of A is 1 kmol/m3at 75°C. The three reactors are heated by condensing
steam at 100°C in coils. Calculate the volume of the reactor and heat exchange area
in each tank.

T,= 75°C W,
7};50"0 T,=50°C T,=50°C
u
p
V\_/— ~ L~ N

VF) CA1 CA1 VR CAZ CAZ VR CA3

. QO QO QO Cl
P A3
AW\/ A A
v v v
T, = 100°C T, = 100°C T, = 100°C
Data:

The reaction rate constant at 50°C, k(50°C)=4 x 1073 s~!
Density of mixture, p = 1000 kg/m?

Specific heat of mixture, C, =4 x 10°J/(kg °C)

Overall coefficient of heat transfer, U = 1500 J/(m? °C s)
Heat of reaction, Hy =1.5 x 108 J/kmol

Molecular weight of A =100 kg/kmol

Fr=0.95 x 1073 kmol/s
Xa3=0.95

CAOl =1 kmol/m3
U=1500J/m? s°C

k=4 x 1073 s~ (first-order)

AHg (A)=1.5 x 108 J/kmol

Solution
— Calculating the volume of the reactors:
— 3° reactor:
1
(1 — Xan) = Atcxkr
(1-0.95) = ;
(1417 x k)3
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M=) =1T3=T
t=428.61s

— Conversions from each reactor:
— 2° reactor:

X2 =0.8643
— 1° reactor:

Xa1=0.6316

— Flow

Fr=FpoXa

0.95 x 1073 =Fgap - x0.95
Fao=1073kmol/s

Since FA() = CA()UQ

vo=10"3m3/s=10L/s
S V=txVy Vi=V,=V3=V
V=428.61 x 1073 m?=428L

— Area of heat exchange
Energy balance:

1° reactor:
FaoX AH —
Q= A Z 2 Fagey (T — ToM
Q1 =-104.74Kk]/s

2° reactor:

0> = —34.905k]/s

3° reactor:
Q3=-12.855Kk]/s
Q=UA(T - T)
A1 =1.39m?
Az =047 m2
A3 =0.172m?

SE.29 The reaction in liquid phase A — B is conducted at 85°C in a CSTR with a
volume of 0.2 m3. The coolant temperature of the reactor is 0°C and the coefficient of
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heat transfer is 120 W/(m? K). The reactant A with concentration of 2.0 mol/L (pure)
is introduced at a temperature of 40°C, its feed flow is 90 kg/min.

Data:
Specific heat of solution: 2 J/(gK)
Density of solution: 0.9 kg/dm?3
Heat reaction: —250 J/g
MW ,: 90 g/mol
The reaction rate constant: 1.1 min~" (40°C) and 3.4 min~! (50°C)

(a) Calculate concentrations of A and B in the stationary state and the area of heat
exchange.
(b) Determine the critical values of the thermal exchange area below which the

reaction will undergo an uncontrolled temperature and then the reactor will
explode.

Solution
(a) Data: F40=90,000 g/min; C49 =2 mol/1; MW, =90 g/mol; U=120J/s molK;
V=200dm?; k; =1.1min"! (313K); k, =3.4min~! (323K); T, =273K; C, =
2J/(gK).
Cao =2 (mol/g) x 90 (g/mol) =180 g/dm>
7=V/vg =200 (dm?)/500 (dm’/min) = 0.4 min
From k =k x exp(—E/RT), we have:
In(ka/k1) = (E/8.31) x (1/323) — (1/313) —
Thus:

E=94,829/(mol K)
— kg =7.49 x 1015

For T=358K: k=107.5 min~"
(b)  For an irreversible reaction, the rate will be:

A =kCy (20.110)

From the CSTR equation:

_ Cao=Ca (20.111)
(=74)
and substituting Equation 20.110 into Equation 20.111:
Cu=Cuo + kt (20.112)
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At 358K, we have Cj=4.1g/dm3(final concentration of A) and Cp=
176.3 g/dm? (final concentration of B)

Energy balance:

> " Figy (T = To) + AH; FaoXa = Qeyiernal (20.113)
i

Thus:

1 Q=UA(T;—T)=120 (J/(smolK)) x 60 (s/min) xA (273 —358)=7200A
(273 —358)=6.12 x 10°x A

2 FCy (T — Ty)=90,000 x 2 x (358 — 313) =8.1 x 10°.

3 (=AHgR) (rA)V =250 x 107.5 x 4.1 x 200=2.2 x 107
Then, we have:

A=22.77m?

(b) From Equation 20.113 (see above), we have:
FpaoXa=—1raV; but — TA Zko X exp( — E/RT) x Cy
Since C, is independent of temperature (for this case):
Thus, (—7a)V(AHR) ZFA()CP + UAT
Differentiating with respect to T, we have:

E x AH,(—r4)

= =UA (20.114)

Dividing Equation 20.114 by Equation 20.115, we get:

RTZ FA()CP

e T - T, 20.115
5 i T ( ) ( )

To an uncontrolled situation:

RTZ FA()Cp

2 T-T. 20.11
5 > UA =+ ( ) (20.116)

We obtain A < 0.34 m?
That is, the minimum heat exchange area is 0.34 m?.

SE.30 The reaction in liquid phase A— B is performed in a tubular reactor at
constant pressure of 202.6 kPa. The load consists of 600 kmol/ks A pure (specific
volume = 0056 m3/kmol) at 200°C. The heat of the reaction at 200°C is =15 kJ/mol



Exercises reactors and heterogeneous reactors 595

and the heat capacities of both compounds are equal to 42 J/(mol.K). The rate constant
is given by:

k=1104 0.8(T — 473)
k=[ks"'; T=[K]

The reactor must operate adiabatically. However, the maximum temperature per-
mitted is 400°C. Above this temperature, some undesirable subproducts are formed.
Calculate the minimum length of the reactor to obtain a conversion of 80%. What is
the heat transfer rate in the cooling section of the reactor?

4—— Adiabatic 4+7IsothermaI4>

‘ T 400°C limit
g?;?;(fq } 400°C  D=5cm
l ¢ (80% conversion)
|
Solution:

P=202.6 kPa=2.02 atm
F40=600mol/s

v, =0.056 m3/kmol
T=473K

AHR 00oc) = —15 k]J/mol  Cps = Cpp =42 J(/mol K)
(—=7a) =kCao(1 — Xa) (20.117)
k=110+0.8 (T —473) k=[ks7']; T=I[K]

—AH, Fpo X

T—TF% (20.118)
>_Ficy
]

Substituting Equation 20.118 into Equation 20.117:
Then,

—AHFpoXy

T—Ty=
"7 Faol(1 = Xa) + Xal X G,

Therefore,

15,000 X,

200 =
00 42

Xa=0.56
T=To(1+ BXa) (20.119)

T=473(14+0.76X3,)
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Substituting into rate constant equation:
k=110+ 0.8[473(1 4+ 0.76 X4) — 473]

To find the volume in the tubular reactor at constant pressure:

XA

v / dX,
T = —_—=
PR = e [110 + 0.8 (359.4 x X»)](1 — X,)

Thus t=3.6s

\%4
T=——>V)= VFAO =0.056 x 600
Vo

vo = 33.6 x 1073 mol/s
V=3.6x336x10"3

V =121 L — adiabatic volume

To find the volume in isothermal tubular reactor (400°C):

Xa
Sy g
PR= 00 T ) k1= X
0

where:
k=270ks™!
Thus:
1=209s
V =97.4L — isothermal volume
Total volume is:
Vi=Vad + Visor
V,=218.4L
L=1113m

Calculating the rate of heat transfer (isothermal): (T, = Ts =673 K)
Substituting in O:

0O =(—-15,000 x 600 x (0.8 —0.56))

0=2.16 x 10°]/s
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SE.31 The production of styrene from vinylacetylene is an irreversible reaction of the
type:

A—R

(a) Determine the conversion at the outlet of the PFR to the inlet temperature of
675 K. Plot the temperature and conversion according to the length of the reactor.

(b)  For a variation of the inlet temperature, plot of the conversion reaction as a
function of temperature input.

(c)  Vary the inlet temperature of the heat exchanger and find the maximum inlet
temperature, such that avoid the thermal runaway.

Data
Ci0=1mol/L
F40=35 mol/s

AHg=-231-0.012(T — 298) kJ/mol
EPA = EPR =0.122 k]/(mol k)

k=1.48 x 10'! exp(—19124/T) L/mol s
To=675K

T,=700K

U x A=S5k]J/sdm3/K

Solution
A—R

From PFR, we have:

dXA —7A

dV "~ Fag
The unit of k indicates a second-order reaction, so the rate will be:
—rA = kCi

Where CA = CAo(l — XA)
Energy balance:

dT _Ux A (T —To) + (—ra) (—AH,)
A Faocpa

Using the integration package DASSL (Petzolo, 1989) and implementing a routine
in FORTRAN 90, we obtain the profiles in Figures 20.17 and 20.18.
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Figure 20.17 Temperature versus relative length.
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Figure 20.18 Conversion versus relative length.

Thus, the conversion obtained was 0.81 (81%).
It was assumed value of 100 dm’ to V.

(a)  Figure 20.19 shows conversion x temperature
(b)  From Figure 20.19, we get T =740K.
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Figure 20.19 Conversion versus temperature.

SE.32 The fermentation of glucose to ethanol is conducted in a batch reactor. Calculate
the concentration of cells, the substrate, and the growth rate versus time.

Data:
Cp»=93g/L; K4=0.011/h; C.o=1; M=0.031/h; Y.s=0.08;

Co0=250; tmax=0.331/h; Y,s=0.45; n=0.52; K;=1.7g/L;
YpC=5.6

Batch reactor:
Rate equation:

L G\ CG
g = Mmax Cp* K.+ C.
rqg=Kg - C,

rsmc=M'Ccl
<_rs)=7g‘Y_CS+M'Cc
7p=Ype - Tg

Mass balance
Cells:

d
dt

Ce=rg—14
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Substrate:
d 7
_Cs == - smc
dt Yoo
Product:
d
Ecp =Ype  7¢

Combining equations we get:

d B Cp()\" Cclt) - Cs(t)
@ = '(1_ Cp*) Ker Gy K G

d -1 Cp(t)\" Cc(t)- Cs(t)
—Cs(t) = 5— * Mmax - (1_ Cp*) : Ks + Cs(t) — M- Cc(t)

d B Cp(e)\" Cc(t) - Cs(t)
%Cp(t) = Ype [Mmax. (1 - Cp ) " Ks + Cs(t) i|
Solution

Initial conditions:

C.(0)=1.0
—250. %

C:(0)=250-

Cp(0)=0

Concentration of the product (g/L) with time (h)

100

Cp
80 /

) pd

40

Cp

20

t

Figure 20.20 C,(g/L) x t (h).
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Concentration of the substrate (g/L) with time (h)

300
Cs Cs
200
100
0 T T
0 5 t 10
Figure 20.21 C(g/L) x t (h).
Concentration of the cells (g/L) with time (h)
20
Co Cc
15
10
5
0 T T
0 5 10
t
Figure 20.22 C(g/L) x t (h).
Rate of cell growth (g/L) with time (h)
2
Rxg
;
0 T T
0 5 10 15

Figure 20.23 R (g/L) x t (h).
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SE.33 The glycerol is made from grains using specific cells, substrate, and products.

“Zﬂow <1 — ﬂ) * e*KPE[P] (20.120)
I [S] [P*]
s+ [SI+ —
Kse

The rate equation for the substrate and cell are presented below.

[S]

[S]?

ks + [S]+ Ko
dC
“=ulCl
d[P
A —@nrpra
dis| 1 dIP]
& Y, d

[SI[C]

o, [Py
k’_(l [P*])

where:

Ks=0.018 mg/mL
Ksg=11.84 mg/mL
KpE =0.06 mg/mL
[P*] = 32.4 mg/mol

Determine the concentration profile versus time for cells, substrate and product in
a batch reactor.

Additional data:

Co=10"% mg/mL

B=-0.147

Yps=1.33

So=50mg/mL

mo=0.25 Lmg/(mLs)

Solution
The computer program MATLAB was used to solve the differential equations for
the concentrations versus batch time, according to Figure 20.20.
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ER34. The reduction of NO is performed over a pellet catalyst. 2% of NO and 98%
of air are introduced at a rate of 107® m3/s into the tubular reactor. The process tem-
perature is 1173 K at a pressure of 101 kPa. The chemical reaction is a first-order
reaction.

—rvo =k Cno (20.121)
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where:
kK =kSg

(a) Calculate the Thiele modulus and consider the intra particle diffusion with surface
reaction.
(b)  Calculate the mass required to achieve a reduction of NO to 0.4%.

Data:

D,=2.66 x 1073 m?/s

Dag=2.0 x 1073 m?/s

v=1.53 x 10~8 m?/s

Pore radius, 7p=1.3 x 10 m
Porosity, g, =0.5

Pellet radius, Rp=3 x 103 m
Particle density p, = 1.4 x 10° g/m?>.

Solution

(a) Itis a first-order reaction, according to Equation 20.121.
NO conversion:

Cao — Cab
Xp=——=0.996
4 Cao

The reactor is a fixed bed having an internal diameter of 2”. Thus, according to
mass balance for the PFR, we have:

dCA _ Q.k.Sg.pb.CA

g = (20.122)

We can make the above equation based on the mass of the solid w, as follows:

dCs  Q.k.Sy.Ca

20.123
dw U ( )
where:

Q= % (20.124)

(1 + k;ab)
Thus, we integrate Equation 20.123 to find the mass equation.
w 2 n (1 - Xu) (20.125)
= | — n —_ B
QkS, 4
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Thiele modulus and effectiveness factor:
From the definition of Thiele modulus (¢1):

@, =R /% (20.126)

The density of the pellet (p,) can be calculated from the equation of the average
pore radius in the pore cross section.
To relate the gas density (p,), the following relationship can be used:

pg=pp(1 —ep)
Thus, from Equation 20.126, we solve:
b1 =14.9

It is noted that this result is high. Therefore, the rate of diffusion is small in
relation to reaction rate and hence the diffusion is the limiting step.
For the effectiveness factor, 7:

3(®dycothd; — 1)

n= (20.127)
@7
which is:
3
To find the mass, we need to calculate the coefficient of mass transfer:
1- D
g=d=wba o (20.128)
&p
Sherwood number:
Sh=Re'?Sc'/? (20.129)

where:
Re =Reynolds number
Sc = Schmidt number.

We calculate the cross-sectional area of the fixed bed (d; =2"):

d2
A = ﬂT —2.03 x 10732

Thus:

"= % —4.93 x 10%m/s

N
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Reynolds number:

‘TlU—e

Schmidt number:

=386.7

v
Sc=——=0.765
Dyg

Therefore, we have the Sherwood number:
Sh=Re'*Sc'? =18
Now, we are able to calculate the mass transfer coefficient (k.):

k=d=DPas o 0109
&b

Calculation of the external area per unit volume of reactor (a,.):

1_
a.= u = 500m?* /m®

dP
Calculating the overall effectiveness factor (2):
Q=0.063m

Calculation of mass for 99.8% conversion:

W=421¢g

SE.35 Ethanol (B) diluted in water (2-3% w/w) is oxidized to acetic acid in the presence
of oxygen (A) pure bubbled to 10 atm in catalyst pellets (Pd/Al,O3). This reaction

occurs at 30°C in a slurry bed reactor, according to the following reaction (Sato et al.,
1972).

03(g) + CH3CH,OH — CH3;COOH + H,0
The reaction rate is given by:
—7,=k'Cyp, (20.130)

Determine the conversion of ethanol in this process.

Data:
k'=1.77 x 107> m3/(kg s)
Dp=10~*m,

Ps = 1800 kg/m?,
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D.=4.16 x 10~ m3/s

Mass transfer:
to Oy

Kac=4x10"*m/s to O,

Reactor:

Volume = 5.0 m(height) - 0.1 7> (cross section)
Volume fraction: f; =0.05;f,=0.75;f,=0.2

Feed:

v =0.01m?3/s; Hy = 86,000 Pam?/mol (Henry constant)

v; =2 x 10~*m3/s; Cpp = 400 mol/m?

Solution:

A slurry bed reactor is a reactor for multiphase flow in which the reactant gas dissolves
in the liquid and then both reactants diffuse or move toward the surface of the catalyst
for the reaction to occur. In this way, the resistances of transfer through the liquid/gas
interface and the surface of the solid are present in the rate equation. One of the main
advantages of this type of reactor is the control of temperature and heat recovery.

Moreover, they can operate continuously or in batch.

Concentration of A:

P
Ca= 0= 11.77 mol /m?

Therefore, by comparing the concentrations of A and B, there is an excess of B

(Cg =400 mol/m?3).
Calculating a, (spheres):
6fs

L5 —1.2 x 1042

— 3
dc= d cat/m
(4

3.3
Kea.=4.8my, [m,

Thiele modulus:

1) k'p,C" D
c1>1=L><\/("Jr )ZD”" b _0.145

where (spheres)

d
L=Z”=1.6x 103
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Calculating the effectiveness factor (¢):

3
=2-206
=%

For the first-order reaction, # =1, we have:

—7y =k,Ca (20.131)
where:
1 1
1 71 1 1 1 (20.132)

: + + -+
kap kAgai kAlal kAcac k' x NPpEp
Substituting the values, we obtain:

K, =0.102

Conversion of ethanol:

Assuming that oxygen consumption is proportional to ethanol reacted to stream
the PFR reactor, we have:

r:—iln(l—XA) (20.133)

where X4 is the ethanol conversion. But we know that: t = 5s
and substituting it into Equation 20.133:

1—Xy=efwp=e0102%5 =060
Therefore:

X4=0.40
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SE.36 A series of experiments were conducted using different sizes of particles that
were milled to verify the effect of diffusion. The reaction is first order and irreversible.
The concentration on the surface is equal to 2 x 10~ mol/cm?. The table below shows
the rates observed in these experiments.

Sphere diameter (cm) 0.25 0.075 0.025 0.0075
robs(mth cm3) 0.22 0.70 1.60 2.40

Data:
,o:Zg/cm3,Sg=20m2/g,De=2 x 1073 cm?/g

Determine the “real” rate of these experiments.
Determine the effectiveness factor.
Is there any change to a second-order reaction and irreversible for this case? Verify.

Solution
ras =kCas

The observed rate is:

e =0 X% (—=7Y) (20.134)
where

_3 (20.135)

n= o .
kCiols
®, =R, |40 elp (20.136)
D,
Substituting Equation 20.135 into Equation 20.136:
3 D,

== 20.137
1= R\ FSepy ( )
Substituting Equation 20.137 into Equation 20.134:

3 12 | D

s =— (K — (20.138)

b R ( ) Sgpp

The calculated values are shown in the table and Figure 20.24.
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1.87 y = 0.0187x + 0.1267
164 R’ = 0.9906
1.4 1
1.2 1
@ 1 ]
o8-
[}
0.6
0.4
0.2 °
O T T T T 1
0 20 40 60 80 100
1/R
Figure 20.24 Rate versus radius.
Diameter Radius IR r!. (mollhcm®)
0.25 0.125 8 0.22
0.075 0.0375 26.67 0.7
0.025 0.0125 80 1.6
0.0075 0.00375 266.67 2.4

From Figure 20.24, we found a slope of 0.0187. Thus:

3
0.0187=—
R

)"

D,
Sepp

Cas =2 x 10~ *mol Jcm®

Substituting the values, we get:

k=0.11 (cm?®/mol s)? (20.139)

For spherical particles and first-order reaction:

n=1

De<0.9<

CAs )
Rzrobspp

— Assuming a second-order reaction and irreversible:

—7e =71 =kCin (20.140)
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From Thiele modulus:

kG S

=R
D,

And n =2, we obtain the following equation:

®=R R'C 4 Sepp
D,

Thus, effectiveness factor will be:

3
=3

Rearranging the above equations, we find:

[ kD
7’2 s — 3 (CA5)3/2 d
’ Sgpp

As the slope is equal to 0.0187, thus:

_ Sehp
k=2203 <D_)

e

We obtain:

k=9.3 x 1072 (cm?®/mol s)?

— Calculating the effectiveness factor, n

11d, t" (mollh cm?®)
4 0.22

13.33 0.7

40 1.6

133.33 2.4

(20.141)

(20.142)

(20.143)

(20.144)
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Figure 20.25 Rate versus |/d,.
From Figure 20.25, v, =2.4:

abs
I1d, r (mollh cm?) N
4 0.22 0.092
13.33 0.7 0.29
40 1.6 0.67
133.33 2.4 |

140

SE.37 The data below were obtained in a slurry bed reactor, where hydrogenat-
ing a compound A is made. The table gives the solubility of H, in the liquid
mixture (mol/dm?3) based on the mass of catalyst (g/dm?®) and the reaction rate

(mol/(dm? x min)).

Particle SI(—=r.) (min) I/m (dm?/g)
A 42 0.01
A 7.5 0.02
B 1.5 0.01
B 2.5 0.03
B 3.0 0.04

What size particles have the lowest effectiveness factor?
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If we use the catalyst A in the reactor with a concentration of 50 g/dm?3, there is
an increased rate. Thus, if we use the catalyst B, minimum amount of catalyst can be
used such that the diffusional resistance is 50% of the total resistance?

Solution
It is considered first-order reaction.
Reaction rate equation: considering the steady state, we get:

R, (bubble) = R, (surface) = Ry (solid) =

where:
R, (bubble): transfer rate from the bubble
Ry (surface): transfer rate of catalyst
Ry (solid): reaction rate in the catalyst

Thus:
S < 1 N 1 ( 1 N 1 ))
(=r)  \kpa, m \kea, kn
1 ) .
7, =-—— :resistance to gas absorption
kyap
re=1g : transport resistance to the surface of the particle
CaC
1 . . . .
ry= T : Diffusion resistance and reaction
n

We consider the H, concentration equal to solubility. Figure 20.26 shows S/~rp
versus 1/m for the particles A and B:

=1+ —7¢
m

(=7)

where 7., =7, + 1,
Particle A:

r, =0.9min

8
=300—=—
Ter dm?3 min
Particle B:
rp,=1.0min

g
0 =50—"—
Ter dm3 min
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A
S/-r, (min)

6 -
44

B
2 |
0 T T T 1
0.00 0.01 0.02 0.03 0.04

1/m (dm?/g)
Figure 20.26

The values shown for 7, should be equal for both particles as they depend on the
bubble but not the catalyst, the difference between the values found can be attributed
to experimental errors.

From the curves, one can conclude that the particle diameter A is larger than that
of the particle B.

We also know that for small diameters of the particles, the efficiency is equal to
1. While for larger particle sizes, the efficiency is inversely proportional to the Thiele
modulus:

Thus, we conclude that the particle A generates the lowest effectiveness.

In fact, if we consider the transport resistance to surface (r.) negligible:

Particle A:

1
rTo=-—=330=>na=

1
kna 330 x k

Particle B:

1 1
67‘:_:50 = —
= TS0 %k

And by comparison:

1 _¢6
NA
NA <1nB
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For the concentration of catalyst 50 g/dm? (particle A):

3
1 :o,ozdﬂ
m g

From the above figure, we get:
S
(—7i)
Remembering that for the particle A, 7, =0.9 min, and the total resistance, 77 =
S/=rL
% of rp, in the total resistance ;—’[’ = 8—:2 =15
% diffusion resistance % =88

=735

We have: rr — r, = 6.6 min
Thus, we see that the diffusion resistance is the limiting factor. Therefore, the
measure that increases the dispersion of gas will not be effective.
Comparing with the particle B:
1 dm? S

S —002% o 2 _
m g (=)

and 7, = 1.0 min
Diffusion resistance:r7 — 7, = 1.0 min

We can conclude that the particle A has a greater diffusional limitation.
For a diffusional resistance with 50% of total resistance, we will have:

S 7
—7p
<_rig _:50=>%:2xrb:2min
(=7i)
= m=>50g/dm’

Then, the minimum load is 50 g/dm? (larger loads generate s/—#; and therefore
higher percentages).

20.2 EXERCISES PROPOSED: REACTORS

EP.1 The following reaction A + B —*, R is carried out in a batch reactor at 227°C and
10.3 atm, its initial composition is 33.3% of A and 66.6% of B. The following data
were obtained in the laboratory:

(—r) mol/(L s) 0.010 0.005 0.002 0.001
X 0 0.2 0.4 0.6

Calculate the volume of a PFR with a conversion of 30% A at an input stream at
2 m?/min.
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Calculate the volume of the CSTR under the same conditions.

Compare the volume to higher conversions, such as 60% and 80%.

Plot the curve of reaction rate and conversion as a function of volume.

If the density of the catalyst is 0.8 g/cm?, calculate the ratio rate/mass? Calculate
the amount of mass required to achieve the same conversions of the item 3.

Is it possible to determine the average residence time in each reactor? Calculate
and compare the space-time values.

EP.2 Summarize the residence times to the batch system in CSTR and PFR, considering
the different cases:

e Constant volume
e Liquid phase
e Vapor phase

Consider the following reaction AL 3S, whose rate is (—r4) =kC3 , introducing
the reactant with 50% inert at a pressure of 1 atm at 300 K.

EP.3 Two PFR reactors are in parallel at a volume of 50 and 30 L, respectively. These
reactors must produce a certain quantity of products according to the following reac-

. k . . .
tion A— R + S in gaseous phase. The rate constant is 0.15 min~! at 50°C. The average
residence time in the reactor is 5 min.

T
e |

(a) Calculate the space-time in each reactor and flows of entry and exit.
(b)  Calculate the molar flow output.

EP.4 Propylene glycol (C3HgO,) is produced from propylene oxide (C3HgO) by
liquid phase hydrolysis with excess water in the presence of a small concentra-
tion of sulfuric acid as the catalyst, and its reaction rate constant is k=1.69 x
10¢ exp(—41, 800/RT)(min""'), with E (J/mol). It is known that the concentration of
water is 10 times larger. The reactant is introduced into the CSTR reactor with a vol-
ume of 5 L at 27°C (isothermal) and the initial concentration of propylene is 2.0 mol/L.
This reactor is placed in series with a PFR reactor and operates adiabatically, its final
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conversion is 70%. Calculate the exit temperature and the volume of PFR and the
intermediate conversion.

AHY = —4.7 x 10*k]J/mol
Ep propylene = 45(J/m01 X K)

(_:p water — 23(]/[‘[101 X K)
Ep glycol = 59(J/m01 S K)

Data:

A 4

Adiabatic

Isothermal

EP.S5 For an irreversible reaction such as A—>R has a rate equation:

The initial concentration of the reactant A (pure) is equal to 10 mol/L.

Plot the reaction rate as a function of conversion.

Calculate the volumes of two reactors in series, CSTR and PFR. The intermediate
conversion is 50% and the final conversion was 90%.

Justify your answer.

EP.6 A parallel reaction scheme is described as below:

ALLOR

AL s

Both reactions are first-order and irreversible. It is desired to obtain the R product
at a conversion of A equal to 70%. Calculate the rate constant and the selectivity,
knowing that the space-time is 1 min. It is assumed k; =0.012s~ 1.

EP.7 An irreversible reaction A—> R occurs in the liquid phase batch reactor of volume
5m?. The reaction rate constant is given:

One can describe this reaction as follows:

The pure reactant is introduced at 20°C and heated in inlet tube to 55°C. There
was some conversion?

The reactor operates adiabatically, but it cannot exceed the temperature of 95°C
and the conversion cannot be greater than 90%. Calculate the outlet temperature.

After exiting the reactor, the product is cooled until it reaches 45°C. Calculate the
conversion obtained.

Calculate the final time of reaction.
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Data:
Overall coefficient of heat transfer during heating: 1.360 W/(m?°C)
Overall coefficient of heat transfer during cooling: 1.180 W/(m?°C)
Heat of reaction: 1670 k]J/kg
Specific heat: 4.2 x 10° J/(m3°C)
Molecular mass: 80
Initial concentration: 1 kmol/m?

EP.8 The dehydrogenation of ethanol was conducted in an integral reactor at 275°C.
The following experimental data were obtained in the laboratory.

X 0.118 0.196 0262 0339 0446 0454 0524 059 0.60
P (atm) | | | | ! | | | |
WIF (kgh/kmol) 0.2 0.4 0.6 0.88 1.53 1.6 2.66 422 4.54
X 0.14 0.2 0.25 0.286 0352 0.14 0.196 0235 0271
P (atm) 3 3 3 3 3 4 4 4 4
WIF (kgh/kmol) 0.2 0.4 0.6 0.88 1.6 0.2 0.4 0.6 0.88
X 0.32 0.112 0163 0.194 0214 0254 0.l 0.148 0.175
P (atm) 4 7 7 7 7 7 10 10 10
WIF (kgh/kmol) 1.6 0.2 0.4 0.6 0.88 1.6 0.2 0.4 0.6
X 0.188 0.229

P (atm) 10 10

WIF (kgh/kmol)  0.88 1.6

The equilibrium constant is 0.589. The system consists of an ethanol/water
azeotrope containing 13.5% (molar base) of water. The water does not adsorb.
Estimate the parameters of adsorption—desorption using the conversion as variable
regression. Demonstrate what the best model.

EP.9 The reaction A—> R is carried out in liquid phase in a PFR reactor at a pressure
of 202 kPa. The reactant A has 600 kmol/ks and its specific volume is 0.056 m?/kmol.
The heat of reaction at 200°C is 15 kJ/mol and the heat capacities of both components
are equal to 42 J/(molK). k=110 + 0.8(T — 473) The reaction rate constant is given
by (k s71).

T
200°C 400°C

Adiabatic Cooling

Di=5cm

The reactor must operate adiabatically. However, the maximum temperature per-
mitted is 400°C. Above this temperature, unwanted byproducts are formed. Thus,
calculate:
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(a) The length of the reactor for this process reaches a conversion of 80%.
(b)  The rate of heat transfer in the cooling of the reactor.

EP.10 It is desired to obtain a certain product in a PFR reactor from the following reac-

tion 2A—%> R. Calculate the conversion at the reactor outlet when the inlet temperature
is equal to 675 K.

By varying the input temperature of the heat exchanger, calculate the maximum
inlet temperature, such that there is no “thermal runaway.” Compare the results
obtained using adiabatic reactors. Introducing inert and knowing that F; =3F4,
demonstrate how the conversion varies with the inlet temperature.

Data:
CAO =1 mol/L
F40=35 mol/s
UA = § kJ/s dm*/K
C, (inert) =100 J/(mol°C)
Heat of reaction: —231 —0.012 (T-298) k]J/mol
The specific heat of A: 0.122 k]J/(molK)
Reaction rate constant: k =1.48 x 10" exp(19,124/T) L/(mol s)
Inlet temperature: 675 K
Outlet temperature: 700 K

EP.11 The reaction 2A—5 R occurs in gas phase, where:

E 1 1
k: 10.33 CXP[—E (m — T)]S_l

The heat of the system obeys the following relationship:

Ua =0.8]/skgK
0

The flow of the heat exchanger is sufficiently high to maintain the temperature at
50°C. The component A (pure) is introduced at a rate of 5.42 mol/s and with a con-
centration of 0.27 mol/L. The catalyst is fed with reactant at 450 K and the coefficient
of heat exchange between the gas and the catalyst is infinite. The heat capacity of the
solid is 100 J/(kg K). The deactivation is given by the following equation:

1 1\,
ky=0.01 exp|:7000 <m - T)i|s

Calculate the mass of catalyst that produces a greater conversion:
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EP.12 A fuel cell system aims to produce 6.5 x 107 kW h/month. It is fed with hydro-
gen at a rate of 1.5 x 10° kg/h. This hydrogen is generated by steam reforming with
the 15% of alumina-supported nickel catalyst (MgAl,O4). The main reactions are
described below:
1 Steam-reforming:

CH4 + H,O<«—CO + 3H,
2 Shift reaction:

CO +H,0«—CO, +H,
3 Reverse reaction:

CO; + 3H,«—CH4 + H,0

The rate expressions are known:

ki piy, - Pco

= pTHi <PCH4 - PH0 — 21<—1) /(DEN)2
k Py, D

"= —2<Pco - PH,0 — HZ_COZ) /(DEN)?
by, Ky

k3 pty, - Pco,
r3= PTHf <PCH4 'PE{zo - ZK—3> /(DEN)?

with

DEN = (1 + Kcopco + K, pn, + Kenypen, + KHZOPPHHZO)
2

The rate and equilibrium constant can be obtained as a function of the reference
temperature (T,):

k,' zki,T, exp[—% (% — %)]S_l

AH; (1 1
Kj=Kir, eXP[——R ’ (T - T)]

where:
i=reactions 1, 2, 3
j= CO’ HZ; CH4) HZO
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The data in the table below were obtained by Xu and Froment.® (FONTE)

Reaction  k;5. (T, = 648K) E; (kj/mol) AH; (kjimol) at 948 K AH; (kjimol) at 298K

| 1.842 x 10~* 240.1 224 206.1
2 7.558 67.13 —373 —41.15
3 2,193 x 107° 243.9 187.5 164.9

[k1] = [k3] =kmol bar'/?/(kg €h) and [k;] =kmol/(kg h bar)

Molecule KT, AH? T, (K)
co 4091 ~70.65 648
H, 0.0296 -82.90 648
CH, 0.1791 -38.28 823
H,O 0.4152 88.68 823

[Kcrs] = [kco] = [kna] = bar ™! and [Kipo] = dimensionless

Calculate the mass of catalyst required to obtain H; at 900°C. This reactor is fed
with natural gas (98% CHy) at a feed flow rate of 9.0 x 103 kg/h and excess steams,
where H, O/CHy is 3:1 at a total pressure of 10 bar.

Plot the composition along the reactor (based on the mass of the catalyst).

Do the same calculation for the temperatures of 600°C, 700°C, 800°C, and
1000°C.







Chapter 21

Multiphase reacting systems

The most catalytic or noncatalytic processes involving reactions in multiphase sys-
tems. Such processes include heat and mass transfer and other diffusion phenomena.
The applications of these processes are diverse and its reactors have their own char-
acteristics, which depends on the type of process. For example, the hydrogenation of
vegetable oils is conducted in a liquid phase slurry bed reactor, where the catalyst is in
suspension, the flow of gaseous hydrogen keeps the particles in suspension. This type
of reaction occurs in the gas-liquid-solid interface.

As a second example, we have the Fischer—Tropsch synthesis. This process
allows producing liquid hydrocarbons of high molecular mass with long carbon-
chain molecules (such as gasoline, kerosene, diesel, and lubricant) from synthesis gas
(CO+H,). This process takes place in slurry bed reactors, where the reactant gases
flow through a liquid mixture inert.

The types of reactors commonly used in multiphase processes are represented in
Figure 21.1.

Fixed-Bed with

Fixed-Bed Fluidized-Bed Slurry-Bed Three-Phase circulation

Bed
‘ ‘ Liquid

| | 4
L J ‘
H .. ° :
0
) ° [ ] [ ] .
. L] ° . L] .
.. .o, . 0 . Solid
00 . . 0 .
L] L
(] . o ® e ..
L]
/ .: e L] [ ] .
solid |0g -, e i .
* J
Gas Gas Gas Gas/Liquid
Gas
Liquid

Figure 21.1 Examples of multiphase reactors.
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Absorption of gas into the liquid

Bubble
: Mass transfer in fluid

Pore diffusion
Cb
Reaction on the surface of pores

; ; Concentration at the interface
i Cs —_
Concentration at the surface

Figure 21.2 Concentration profiles in the different steps.

For fluidized bed and slurry bed, the reactant gases keep small particles in suspen-
sion and the reaction occurs in the gas—solid interface. In this set of reactors, the fluid
cracking catalyst (FCC) is the most known. While the three-phase reactor is similar
to the fixed bed, where gas and liquid act in concurrent or countercurrent flow, the
chemical reaction occurs in the gas-liquid—solid interface. For example, the catalytic
hydrotreating of heavy oils, which aims to the elimination of nitrogenous compounds,
sulfur compounds, and oxygenates from petroleum. Among others, one can highlight
the biological applications.

The multiphase reactions are characterized from the following mechanisms:

Gas absorption in the liquid phase as bubbles

Gas diffusion in the liquid phase

Diffusion from liquid to solid surface

Diffusion in porous systems

Reactions at the liquid—solid or gas-solid interface.

These steps are described in Figure 21.2.

1 Concentration in the gas-liquid interface:
In general, for low concentrations, then Henry’s law applies.

Ci=H x pi (21.1)

where H is Henry’s constant and i is the gas-liquid interface and p; is the partial
pressure.
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Rate of mass transfer from a gas phase to liquid phase:
Ra=kpay (Ci — Cp) (21.2)

where:

C; = concentration of A in the gas-liquid interface (mol/cm?)

Cp, = concentration of A in the gas phase or global concentration

kpay, = represents the product of the mass transfer constant in the gas phase (global)
and gas-liquid interface area (cm?/s).

The rate of mass transfer of gas (A) in the liquid to the solid surface:
Rp = kiaym(Cy, — Cy) (21.3)

where:

C, = concentration of A in the solid surface

Cp, = concentration of A in the gas-liquid interface

k; = mass transfer coefficient (cm/s)

a; = external surface area of the particle at the liquid—solid interface (cm?/g)
m =mass of solid particles (g).

Diffusion/reaction in porous catalysts:
The reaction rate on the surface of the pores, by considering the diffusion and
represented by the effectiveness factor is

(=7a) = (=r4) x 1 (21.4)
where:
n = effectiveness factor
(—7,;) = intrinsic rate on the surface.
The rate per unit volume is:
Ry=m-n(=ry,) (21.5)
Considering an irreversible first-order reaction on the pores’ surface, one obtain:
(—7a) =k" x Cas (21.6)
Where

Cas (mol/L) and k” (L/g - s)
In steady state, the transfer rates are equal.

RA (bubble) = RA(liquid) = RA(solid)
Thus,

kyay (Ci — Cp) = kjaym (Cy, — Cy) =mn (k" Cas)
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Rearranging the equations as a function of concentrations, we obtain:

(21.7)

()-S5
kpa, =~ m \kiay  k"'n)) R,

Equation 21.7 includes the mass transfer, pore diffusion, and chemical reaction.
Figure 21.3 allows observing the effect of each step, represented by Equation 21.7. As
measure parameters, one has the inverse of the mass on the abscissa and the inverse of
the global rate on the ordinate.

It is observed that the resistance to mass transfer in the gas-liquid interface is
independent of the mass of the solid (case a). On the other hand, both the mass
transfer in the liquid phase to the interface as diffusion and the reaction in the pores
depend on the mass of the solid (case b) and particle size. The inverse of the rate R
represents the resistance to flow mass in the reaction during the passage of reactant
gas from the gas phase to the solid surface.

However, the interface area liquid/solid, a;, and the effectiveness factor are depen-
dent on the particle diameter. From Figure 21.3, it can be seen that the overall resistance
varies linearly with the inverse of the solid mass. This demonstrates the dependence
on particle diameter. Thus, the resistance to the rate decreases with the reduction of
particle diameter (cases ¢ and b).

. e
’ -
C. e A dp
— e c S
RA //' e \\
’ .
.
/’ ’/ P d b ‘
4 ,
//, 7
., i

Pore diffusion resistance

s 1_ and reaction
kg Ky

Resistance to mass transfer in the liquid phase
up to surface

1 - e a
k_ ,'/ ]- Resistance to mass transfer in the gas phase
b 3
m

Figure 21.3 Profiles of mass resistance in each stage.
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The case d shows that the resistance to mass transfer in the bubble is almost zero,
this indicates that the size of gas bubbles is very small. On the other hand, the larger
the bubble diameter greater the resistance to mass transfer (case e).

If we observe separately the effects of each step, we can obtain from Equation 21.7:

1 1 1
—=—+ 21.8
R, <klal k”’l) (21:8)
If the particle diameter is small, the effectiveness factor is practically independent
of Thiele modulus, i.e., n=1, as we have seen earlier. In this case, the pore diffusion
does not affect the rate and the resistance is due to the chemical reaction surface, which
is the limiting step of the process. It is known that the product k;a; depends on the

particle diameter and diffusion, which are usually represented by Sherwood number.
Thus,

sp = Fido
D

This means that if the particle diameter is small, the resistance to mass transfer in
liquid phase becomes negligible. On the other hand, when analyzing the same expres-
sions for particle diameters is larger, we see that the effectiveness factor decreases and
the Sherwood number increases. Knowing that the effectiveness factor is inversely pro-
portional to the Thiele modulus and Sherwood number is directly proportional to the
diameter of the particle, we obtain such combined effects. Therefore:

For,
_3
L™
Then,
1 1
== <k,—/n)~dp 21.9)

Note that with increasing the particle diameter the resistance increases signifi-
cantly. Figure 21.4 shows a general behavior of the resistance as a function of particle

1

R

’
Mass transfer

limited

Aiting diffusion

limiting reaction

Ln dp

Figure 21.4 Limiting steps (Adapted from Fogler (2000)).
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diameter. Small values of the diameters show that the reaction is independent, becoming
a limiting step of the process. With increasing particle diameter, the diffusion becomes
limiting. Thus, the mass transfer controls the system.

Example

E21.1 Hydrogenation of particular oil is performed in a liquid phase catalytic reactor
(plug flow reactor (PFR)) containing catalytic particles (pellets—spherical diameters) of
1 cm. The external concentration is 1 kmol/L and on the particle surface is 0.1 kmol/L
at a superficial velocity of 0.1 m/s. Verify if there are mass effects. There will be a
change if the particle diameter is equal to 0.5 cm? Neglect the effects in diffusive pores
(Fogler, 2000). Additional data:

Viscosity kinematic = 0.5 x 107¢ m?/s
Diffusivity = 10710 m?/s
Sh=2+0.6 Re®3Sc"?

where Re =Reynolds number, Sc = Schmidt number
Supface area =100 m?/g

Solution
Rate of mass transfer: Equation 21.3

Ry =/€1a15(Cb — CS) (mOl/LS)

To calculate the mass transfer coefficient, we compute the Sherwood number from
Re and Sc.

Sh=2+ 0.6Re38c!/3 (21.10)

dpu 1x 1072 x 0.1

R = = :2

a=7 0.5 x 10-6 000
v 0.5 x 10°¢

=Dp, = Tx1010 0%

Sh=2+ 0.6Re* - Sc'/3=2.0 + 0.6 - /2000 - 5000%33 =460
(klal)dp

€

Sh= =460

Then,
D. »
(ki) = 460d_ =4.6 x 107°(L/Ls)
p
The rate of reaction is:

Ra=kjai x S4(Cpy -C) =4.6 x 1076 x 100 x 0.9 x 1000 =4.14 - 10~ (mol/L - s)
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Thus,
Ra=4.14-10"" (mol/L-s)
If the particle diameter is equal to 0.5 cm:

dpu _Ix 10~ x 0.005

Re = % _ —=1000
a=- 0.5 x 10-6
(kia1) dy
Sh= —325
D,

(kia;) =6.5 x 107° (m/s)

R4=5.85 x 107! (mol/s)

E21.2 The hydrogenation of lanoline is conducted in a slurry bed reactor by using two
types of catalyst, A and B. The reaction rates were measured at different mass functions,
according to the table below. From these data, determine which catalyst that has the
lowest effectiveness factor is. Using the catalyst A with 50 g/L, the reaction rate will
increase if the gas distribution works best (Fogler, 2000)?

Catalyst SI(—1) (min) (1m) (Lig)

C 4.2 0.0l
G 7.5 0.02
G 1.5 0.0l
C4 25 0.03
G 30 0.04

where:
S is the solubility of H; in liquid (mol/L)
(—r4) is the rate of reaction of A (mol/L min).

Solution
From Equation 21.7 and considering a first-order reaction, we obtain:
1 1 1 1 S
ST = 21.11

(kbdb "o <k1611 - k”ﬂ)) (=7a) ( )

And defining,
1
"y = —
b /ebab
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is the resistance to absorption in the gaseous phase;

1

n=-—
kiay

is the resistance to mass transfer in the liquid specific up to surface;

is the specific resistance to diffusion in the pores of the particle.
Mne=n-+r

Tep =Te + 1, it is specific resistance combined from internal and external diffusion:
From Equation 21.11, we plot

(—=7a)
as function of the inverse of mass. The slope will be the resistance combined at internal
and external diffusion. The ratio between the resistance to gas absorption and the

resistance to diffusion into the particles and subsequent reaction for mass m will be:

7, Linear coeficient

= = 21.12
rep  Angular coeficient ( )

As the adsorption in the gas phase is independent of particle size, the intersection
remains constant. With decreasing particle size, both the effectiveness factor and the
coefficient of mass transfer increase. Consequently, the combined resistance to mass
transfer and diffusion decrease (7). This is shown in Figure 21.5 for both cases.

The angular coefficient for the experiments (C; and C;) is 330 and the linear
coefficient is equal to 0.9. Whereas for the second set of experiments (Cs, Cy4, and Cs),
the slope is equal to 50 and the linear coefficient is 1.

Thus,

rep =11+ 1, =330 for C; and C,
and,
rep =50 for C3, Cy4, and Cs

As angular coefficient for the set C; and C, is six times larger than C3, C4, and
Cs, further the angular coefficient inversely proportional to the effectiveness factor, it
is concluded that the set, C; and C,, has a lower effectiveness factor.
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Figure 21.5 The influence of reaction rates and mass transfer.

From Equation 21.12,
(a) For the group C; and Cj:

i 0.9 _3
22 —272%10
rep 330 x

(b)  For the group Cs, Cy4, and Cs:

10, 0x102
Tep S50

It is concluded that the resistance to diffusion and reaction to both sets are much

greater than the resistance to absorption.
Since,

Thus, r, increases for decreasing a,,.

0.05
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E21.3 The hydrogenation of a diol is performed in a slurry bed reactor by adding
0.500g of catalyst powder into reactor and the initial concentration of the diol is
2.5mol/cm3. The reaction is first order with respect to both H, and diol H, is
bubbled through distributor at 1 atm and 35°C. The concentration of H, in equilib-
rium conditions is 0.01 mol/cm?® and the constant specific reaction rate is 4.8 x 1073
(cm?®/(cm?x s)). The flow rate of catalyst is 0.1 kg/m3, the particle diameter is 0.01 cm,
and its density is equal to 1.5 g/cm>. Calculate the overall reaction rate. The pore diffu-
sion can be neglected? Verify if the mass transfer in the pores and the external transfer
can be negligible (Adapted from Fogler, 2000).
Data: kpa, = 0.3 cm®/s and k; = 0.00S cm/s, D, = 1075 cm?/s, S, =25 m*/g

Solution
Calculate the area of the particles

area 6 6

= = = =400 cm?
U= nass  dyp,  0,01.1.5 cm/g

Then,
ki - a;.=0.005 x 400 =2.0(cm?/g - s)

Using equation 18.24 we calculate the effectivess factor:

3 6 [ D 6 10-5
_3_9%] _ =0.447
=% = d,\ KS,p. 0,01\/4.8 x 105 x 25 x 10 x 1.5

There are strong diffusion effects

Thus,

k" -n=4.8x 1075 x 25 x 10* x 0.447 =5.36(cm?/g - s)

To calculate the overall rate, we use Equation 21.7:

(L+1<L+L>>_&
lebab m klal k”n N RA

And substituting the values into the above equation, we obtain:

o111 e
03 m\2.0 S536)) R4

Thus,

1 C
(3.3 + — x O.68> =—
m Ra
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For the mass of 0.5 g, we get:
a=3.3
b=0.68s

Therefore,

& =4.66
Ra

And

. C, 001
Ry=—=-—""=214-10"3(mol/cm> -
A= 466 466 0" (mol/em™-s)

E21.4 The hydrogenation of CH3—CO-CHj3; is conducted in a slurry bed reactor by
using a Raney-Ni catalyst with a particle diameter of 0.5 mm. Hydrogen (pure) has
a flow rate of 0.04 m3/s and the liquid into the reactor at a flow rate of 1072 m?/s.
Calculate the mass of catalyst to a conversion of 50%. The rate expression is known.
Additional details are provided below.

Data:

Henry’s constant of the H, = 0.37 (atm m?/kmol)
Liquid concentration = 1000 kmol/m3

H; + CH3; — CO — CH3; - CH3 — CHOH — CHj3;
(A+B—R)
(=74)=rp= k”C&f (kmol/(kgs))

where:

Y m? \ (kmol\’”
e=w0() (57)
Diffusion coefficients:

D,=8-10"19%?%/s

Area: A=0.01 m?
Bed height=5.0m
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Solution
Initially, calculate the concentration of Hj to verify the condition of thermodynamics.
From Henry’s law:

P, 1 ,
Cati) =~ = —— =27 (kmol/
Al = 1= 0.37 (kmol/m")

It is observed that the concentration of the liquid (B) is much larger than H,.
Therefore, the fluid is very dilute and the rate depends on the concentration of Hj.
From Equation 21.7, we get:

Ca
11 (11
(kbab tm (W + W))

The continuous stirred-tank reactor (CSTR) reactor is used to calculate the volume of
the reactor. Thus,

DI
R =

X
T= CA().—A
Ra

We need to determine the different parameters of mass transfer and diffusion.

— Calculation of the effectiveness factor, before we determine the Thiele modulus.
As the reaction order is 0.5, we obtain:

k" psC ! 4 [10 % 0.6 x (2.7)-05
CD,I_R,/D—e_leO s o0 =337
2\ 3 2 3
- === x 2 =0.102
L <n+1> %, Vis ¥ 337010

Therefore, there is a strong diffusion effect.
Calculation of k; is conducted from the Sherwood number. We use an empirical
relation known, such that:

Sh=0.6Re%3Sc1/3

Re =Reynolds number
Sc = Schmidt number.
But,

001
M=AT 001 M

where:
u; = superficial velocity
q1 = flow of the liquid phase (m?/s).



Multiphase reacting systems 635

Sh=0.6Re"3Sc'3 =0.6 x V105 x 6.25%33 =349

We find the Sherwood number:

e

Sh =349

Thus
ki=5.54 x 10~*(m/m?> s)
We do not know the interfacial area. Furthermore, it is difficult to determine the
interfacial area. Then, we can assume a value a; = 1000 m?/kg:
Thus,
kiay=5.54 x 10 1 (m*/kg m? s)
It is assumed that the mass transfer in the gas phase is negligible,

kpay, = large value

Thus, we calculate the overall reaction rate,
Ca

L1 (1,1
(kbab ton (W + k_”i))

and,

1/ 1 +1 1 1 N 1 _1(18+098)_2.77
m \ka;  k'n)) m\554x10-1  10x0.102) m T m

For CSTR reactor,

T= CA().—
A

The total flow is o =g; + gg = 0.05 m? /s
For the volume, V, =A.h=0.01.5=0.05 m> One obtain the space time as =15
with X4 = 0.5



636 Chemical reaction engineering

We get,
Xa

T=1=C _—=
AOR

A

Therefore,

m=2.0Kg

2.7 x0.5

2.77/m

=0.487m




Chapter 22

Heterogeneous reactors

Packed bed reactors can be presented in different ways, such as fixed bed, fluid bed, and
slurry phase. The reaction is characterized as the presence of a heterogeneous catalyst,
which may be fixed or not. The most processes in the petrochemical industry are
heterogeneous. There are several examples in petrochemical industry, such as methane
reforming; synthesis of ammonia from nitrogen and hydrogen, synthesis of methanol
from syngas, and catalytic cracking to produce gasoline.

To evaluate reaction rate of gas—solid systems, one must know the solid surface
properties. Moreover, the rate constant is the most important parameter for a correct
decision about what type of system will be adopted on the problem.

The solid particles in the bed always have a degree of porosity, regardless of
whether the solid is a catalyst or not. The pores contained in each particle may have
different characteristics (size, etc.). Thus, the diffusion of molecules on the solid sur-
face is very important, which has various transport mechanisms, such as intraparticle
diffusion, Knudsen diffusion, or surface diffusion. The latter, for example, depends on
the surface characteristics, such as high or low surface area. Typically, one determines
the effective diffusion encompassing both characteristics.

The apparent rate constant, k,, depends also on the properties of the solid as well
as diffusion and/or mass transfer, in addition to temperature and concentration. The
rate can be calculated as rate per unit volume, rate per unit area, or rate per unit mass.
For example, for a first-order reaction, the rate per unit volume is:

r=(mol/(L s)) =kCax

The ratios of rates for different conditions and for the same reaction order (first
order) is:
rate/volume:

#V =(mol/L s)L=kC,V with k(s™")
rate/mass:

"W = (mol/Ls)L =k"Cy W with k"(Lgas/gs) and W(g,;4)
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Low High
deactivation deactivation

Without solid With solid
circulation circulation

SN N

Without intermediate ~ With intermediate Without intermediate  With intermediate

reaction reaction reaction reaction
Gas-solid Gas-liquid-solid Fluid bed Fluid bed
fluidized bed fluidized bed Gas / liquid / solid

Figure 22.1 Classification of reactors according to rate constant (Adapted from Levenspiel (2001)).

Therefore, for any system:

rV=+r"W=+¢S=+v"Vx
kV = k"W =Fk'S=k" Vg
s = L/gs_1 =L/m?’s'=L/m’ st

reactor
The scheme shown in Figure 22.1 allows us to classify reactors according to the mag-
nitude of the rate expression. Assuming a rate that depends on the rate constant &’ for
a first-order reaction. For reactions such as gas—solid and/or gas-liquid-solid, they can
be classified as follows.
For a specific speed k' the next cases [4] have been:

k’ small — big particles — fixed bed
k’ big — small particles — it cannot be fixed bed

In the solid particles (catalytic or noncatalytic reactions), the main factors that
affect the reaction rate are:

Chemical reaction surface

Resistance to pore diffusion

Resistance to mass transfer in the film surrounding the particle
Temperature gradient in the particle

Temperature gradient in the film.
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There are many different combinations that may be established, depending on the
solid and the fluid, according to the following table (Table 22.1).

Both diffusion coefficients and mass transfer are important, but they depend on the
different solids, drainage (flow), and particles porosity. The effective diffusion involves
Knudsen and convective diffusion, which depends on the phase of fluid (gas or liquid)
and pore size (large or small). These coefficients are characterized by Peclet number
(Pe), which depends on the axial or radial dispersion and diffusivity. Depending on
the velocity profile, these coefficients can vary radially or axially. The diffusion and
dispersion coefficients can also vary due to its dependence on the radial position. If
the coefficients vary along the reactor, as in heterogeneous reactors, for example, the
velocity is not constant. Thus, the axial dispersion occurs.

There are several correlations that represent how the dispersion varies with
Reynolds number in the radial and axial direction, as shown in Figure 22.2.

In this chapter, the Reynolds number is defined in terms of equivalent diameter, i.e.:

udp deu

Pe=—= and Re=
ED v

Table 22.1 Different combinations from solid particles

Porous Solid Catalyst Anchored ~ Drops  Living Cells

Chemical reaction surface Yes Yes No Yes

Pore diffusion Yes No No Occasionally
Temperature gradient in the particle Not much No No No
Temperature gradient in the film Occasionally ~ Rare Yes No

Mass transfer in the film No Yes Yes Possible
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where:

d

d,=
3/20dyyay (1) +1

(22.1)

ep = dispersion due to diffusion
& =bed porosity
d; and d, = tube diameter and particle diameter.

For Re > 10, it is observed that the Pe (Pe, or Pe,) is independent of flow. With
Pe, up to 10 and Pe, is ~ 1.0 for gases and liquids.

However, for Re < 1, Pe decreases linearly for gases, indicating a molecular diffu-
sion. For flows in liquid phase, the behavior is different. Since for low Re, the radial
and axial variation is greater.

In particulate systems, the order of magnitude of the radial and axial effects is not
uniform. Some hypotheses can be made for simplicity, neglecting the radial and axial
effects, approaching them to the ideal conditions.

The first condition is to choose a Reynolds number such that flow be homogeneous
and uniform radially and axially, i.e., with a good dispersion. The radial gradients may
be insignificant when the ratio of the tube diameter and the particle diameter is large.
This makes the difference between the velocity at any position and the velocity of a
fluid practically negligible.

It is recommended that:

“E > (10— 30) (22.2)
dp

By the correlation:

1
dt

2
Per=| 19,4 (-) (22.3)
dp

One must calculate the term d,/d, for conditions with number of Pe, — 0. There is
no radial concentration gradient and the radial velocity is uniform in the same direc-
tion. However, in adiabatic systems or with a radial temperature variation, the radial
concentration range changes. Thus, the radial dispersion cannot be neglected.

For systems with Re > 10 (i.e., Pe, ~ 2), the axial dispersion cannot be neglected.
That dispersion depends not only on flow, but also from bed concentration gradi-
ents along certain directions. Under isothermal conditions and steady state, it was
established that beyond reason:

e (10— 30)
dp
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It must satisfy the ratio between length and the catalytic bed diameter (or particle
diameter). This ratio must be larger than 50 (Levenspiel, 2001).
Thus:

g > 50 (22.4)

Both axial and radial dispersions can be neglected for differential reactor operating
at low conversions.
In summary:

For ﬁ > (10— 30)
dp

and under isothermal conditions, the radial dispersion is negligible, but the axial
dispersion is not. Therefore, the basic equation is:

2
udﬂzejdﬂ—i—r (22.5)
dz d22

where 7 is reaction rate (mol I=! s7!) while &7 is axial dispersion.

L
For 3>50

one can neglect the axial dispersion. Therefore, considering an ideal PFR reactor:

WG (22.6)
dz

22.1 FIXED BED REACTOR

In the design of a fixed bed reactor, it is necessary to know the rate of reaction encom-
passing mass and diffusion effects. These effects on the reaction rate can be represented
by the effectiveness factor n, with pore diffusion, besides the effects of mass. This will
be represented by an overall rate 7 (mol mass™' h™') or # (mol/area~" h™1).

There are different types of fixed bed reactors, the most known are:

Adiabatic or isothermal reactor without axial or radial dispersion—ideal plug flow
reactor (PFR) reactor

Adiabatic reactor with radial dispersion and chemical reaction

Adiabatic reactor with axial dispersion and chemical reaction

Not isothermal reactor with axial dispersion.

In some cases, it is assumed a pseudohomogeneous. That is, considering negligible
the radial and axial effects. In other cases, the reaction can occur in the tube wall
(monolith).
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Besides chemical reaction, it is very important to know the flow even in non-
ideal reactors, determining the pressure drop in the reactor, this latter is given by the
following equation

dP __ fup,
=2 - (22.7)
where:

u; = superficial velocity
d, = particle diameter
pg =gas density

f = friction factor.

From the friction factor, one can find several correlations in the literature on this
variable. We can use the Ergun’s equation (Froment and Bischoff, 1979), which is
usually practiced in the literature:

(1—¢)l2

L Re"? (22.8)
&

f=6.8

The above equation is valid for Re/(1 — ¢) < 500, where ¢ is the bed porosity.

There are other correlations and they can be found in the literature (Froment and
Bischoff, 1979).

Let us consider a special case of adiabatic reactor without dispersion. The reactor
can be considered as an ideal nonisothermal reactor. The heat is generated due to
chemical reaction, i.e., the process is exothermic.

A reversible first-order reaction involves mass and/or diffusive effects. Thus, the

. ki .
resulting rate for A——=R is:
k_y

r= /Q1 CA — k_1 CR (22.9)

With k; representing a specific rate constant for products and k_; for reactants. Rear-
ranging this equation as a function of conversion X4, one obtains in dimensionless
form:

T:kcho[l _ ﬁ} (22.10)
Xae

Xae is the equilibrium conversion. As initial guess, we started with the pure reagent,
X, 1.e., R=0.

At equilibrium, the resulting rate is null and we can determine the equilibrium
conversion from Equations 22.9 and 22.10. And the equilibrium constant at a constant
temperature is (see Equation 3.20):

__Rae (22.11)
1—Xae
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From the mass balance for this system, we have:
dC
u—"=—r (22.12)
dz

We can also represent the previous equation in dimensionless form:

8XA_kL 1 Xa
o0& T oux Xae

whose dimensionless variables are:

(22.13)

é—% and wux=

IR

u is the average superficial velocity.
With the following boundary conditions:

E=0 Xu=0

Using these boundary conditions and integrating Equation 22.13, one obtains:
XA

dXa

(22.14)
b (1-5%)

Remembering that:

T =

L Vv

=4—ﬁ=u—0(mln)

T

The rate constant forward (k1) is related to the reverse (k_1) through the equilibrium
constant or by equilibrium conversion, according to Equation 22.11. In adiabatic
system, the constant depends on temperature and therefore by the Arrhenius equation.

k = ke ERT) — b e=(7/(T/To) (22.15)
where:

E

y:R_To

(22.16)
is the Arrhenius’ parameter.

The energy balance for an adiabatic reactor is:

T
pCpui—— = (—AHRg)r
dz

(22.17)
From the condition z =0, the inlet temperature is T.



644 Chemical reaction engineering

Equation 22.17 can be rearranged to dimensionless form, then integrating it
between Ty and T, we get (see Equation 14.83):

T _
14 BX, (22.18)
To
where:
—  (=AHR).Cpo
- 22.19
B o Cr Ty ( )

is the energy’s parameter.

Thus, it is concluded that the solution depends on the parameters 8 and y, beyond
the equilibrium conversion. The influence of these parameters on the conversion and
the reactor volume is shown qualitatively in Figure 22.3 (a—d). Figure 22.3a shows how

XA

Figure 22.3a Influence of the parameter § on the conversion as a function of temperature (Adapted
from Froment and Bischoff (1979)).

Xhe irreversible

Figure 22.3b Influence of the enthalpy of reaction on the conversion of equilibrium as a function of
temperature.
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r maximum

T

Figure 22.3c Influence of the reaction rate on the conversion as a function of temperature (Adapted

from Coulson and Richardson (1971)).

Xa

Exothermic

Am=cte maximum

T

Figure 22.3d Different solutions conversions and temperatures for the adiabatic reactor (Adapted

from Coulson and Richardson (1971)).
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A = cte Exothermic

Am=cte I maximum

Solutions

Figure 22.4 Adiabatic reactors in series.

the conversion varies with temperature from the parameter B. Figure 22.3b shows
how the conversion of equilibrium changes with temperature. And, finally, Figure
22.3c and d demonstrates how the conversion varies with temperature for different
values of rate constants and the solutions to different temperatures, respectively.

22.1.1 Reactors in series

In adiabatic reactors in series, each stage of cooling intermediates can be used from
the knowledge of the rate expression as a function of conversion and temperature. The
main objective is achieving higher conversions at lower temperatures in the output of
the reactor. As an example for a series of three reactors, the temperature Ty represents
the initial value of the first reactor at a rate constant 8 (Figure 22.4). At the intersection
of straight line (Equation 22.18) and the curve 71, we can reach “B,” temperature T}
and conversion X 41. At the exit of the first reactor, cooling the mixture to a temperature
smaller T1pin C. Assuming the same rate 8 and with the intersection of the line and
the curve 7, one can find a temperature smaller T, and a larger conversion D, as can
be seen in Figure 22.4.

Thus, one can construct a system with three reactors in series, achieving high
conversion efficiencies from smaller values of temperatures.
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Example

E22.1 (Coulson and Richardson, 1971) According W.]. Thomas, the production of
SOj3 from SO, is carried out adiabatically. The composition of the mixture at the inlet
of the reactor is: 7% of SO;, 11% of O,, and 81% of N,. The inlet temperature in the
first reactor and the molar flow are 400°C and 170 mol/min, respectively. Calculate
the mass of catalyst to a conversion of 79% at the outlet of the reactor.

Data:

Density of catalyst: 2 g/cm?
Pressure: 1 atm
Enthalpy of reaction: AHg = —23.290 kcal/kmol

Average Specific Heat

Component (kcallkg®C) MW
SO, 0.190 80
SO; 0.226 64
0, 0.246 32
N, 0.240 28

Solution
Average molecular weight:

M=0.07 x 64+ 0.11 x 324+ 0.01 x 80 + 0.81 x 28 =31.48
Average specific heat:

Cp=0.07 x 0.190 + 0.11 x 0.246 + 0.01 x 0.240 + 0.81 x 0.226
= 0.239 kcal/kg
Initial concentration:

yao P
Cpo=
40= "5

=0.00126 kmol/m?

Density:

PM
p=—=0.570kg/m’

RT
Parameter:
—AHRCyo
=———"=0.537
P pCp Ty
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Therefore, the temperature varies linearly with conversion:

T
7 =1+ BXa=1+0.537X4
0

For X4 =0, we have Ty =400°C.

The rate is known and it obeys the Langmuir-Hinshelwood equation:

k1P, Pso, (1 &)

- Ky Pso, P01/2
2

Y=
22 x4 (1 + K2P502 + K3PSO3)

where:
k1 =exp(12,160-5,473/T)
K; =exp(—9,953 + 86,191/T)
K5 =exp(—71,745 + 52,596/T)
K, =exp(11,300-10.68/T)

To calculate the mass of the catalyst, we use the PFR model, assuming a
pseudohomogeneous rate and without axial or radial dispersion effects. Thus:

0.78d O.78dX
WzonFt/ 24 _0.07 x 0.170 x 60/ 22A
r r
0
0.78 dX
W=0.714/ A
) f(Xa)

By calculating the rates, we present the results in the table below:

T(°C) Xa r(kmol kg=! h=") ("
400 0 0.005 200
423 0.1 0.0075 133
435 0.16 0.0l 100
450 0.24 0.015 66
465 0.3 0.02 50
500 0.45 0.03 33
545 0.65 0.03 33
560 0.73 0.02 50
565 0.76 0.015 66
570 0.79 0.005 200

From this table, we obtain Figure 22.5.
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600
I/.-.-.
Temperature
p ./
I/
./
400 +
—=— 200 (133)
— —a— 400 (423)
200 H []
Area =25.3
] a
A0 \.\.: "
0 T T T T
0.2 0.4 0.6 0.8 1.0
XA

Figure 22.5 Rate and temperature as a function of conversion.

A; = 25.3 kg h/kmol
Therefore:

W=0.714 x 25.3=18.0kg

22.2 FLUIDIZED BED REACTOR

A typical fluidized bed reactor is characterized by an ascending gas (or liquid by flu-
idizing agents) flow, which keeps or drags small particles located in the reactor. The
reactant gas in contact with the solid particles of the bed facilitates the reaction because
of the high flow velocity and short contact time. However, the velocity of flow may
vary according to the specifications of each process.

These effects are important and facilitate the transport of heat and mass transfer,
in most cases. In general, particles are dragged and they can recirculate within the
bed by a process called regeneration. For example, process for catalytic cracking of
petroleum.

The advantages of the fluidized bed are:

e Surface area is large, because the particles can be very small, which facilitates heat
transfer and mass;
High reaction rates if compared to fixed bed reactors;
Increased heat transfer coefficients and mass;
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Figure 22.6 Pressure drop versus superficial velocity.

Easy to control both heat transfer and fluid flow system;
Easiness in flow in pipelines because the solid particles behave like fluid.

The disadvantages are:

Backmixing due to particle distribution in dense and dilute phases

The calculation of the average residence time is too hard, it was not possible to
predetermine the position of the particle in the bed

Possible channeling, slugging, and attrition of catalyst

Energy consumption due to high pressure drop (requires high fluid velocity)
Possible agglomeration and sintering of fine particles in the dilute phase under
certain conditions (e.g., high temperature).

The starting point to determine the hydrodynamic behavior of the fluidized bed is
to define if the particles remain static or dragged by gas flow. To verify and establish
the flow regime, one must measure the pressure drop as a function of the superficial
velocity, as shown in Figure 22.6.

The pressure drop in the bed is proportional to the superficial velocity (1-2), whose
variation is characteristic of the fixed bed and reaches a maximum value in (3). From
this point, fluidization of the particles begins. At this instant, the minimum fluidization
velocity u,,, is identified, maintaining constant pressure drop in the fluidized bed (4-6).
Then, particles begin to be dragged out (6) of the catalyst bed, whose pressure drop
decreases until it reaches the point (7).
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The pressure drop can be determined directly, according to the equation below:
Ap= Ling(1 = eme)(ps — p) (22.20)

where:
L.t =bed height at minimum fluidization
emf =void fraction of the bed at minimum fluidization
ps =solid density
pg =gas density.

It can be observed that it is possible to calculate the height corresponding to the
minimum fluidizing condition. From the knowledge of the values of solid density, gas
density, and void fraction, one can easily determine the pressure drop.

The minimum fluidization velocity, #,, can be determined directly from experi-
mental data (3), as shown in Figure 22.6. And, similarly, one can determine the terminal
velocity, u,, or drag velocity, #, (7). There are other empirical correlations for these
velocities (Kunii and Levenspiel, 1991).

d1.82 (ps_p)0.94

— -13°P
g = 1118 x 10702 (22.21)

where:
d, =particle diameter (um)
p =dynamic viscosity (N s/m?).

As the superficial velocity increases, the bed becomes less dense where the par-
ticles are dragged and distributed along the bed. Thus, the terminal velocity may be
calculated from classical empirical equation:

_ [4dpg (os — p)
U= 3,0—% (22.22)

Cp is called as drag coefficient. For a laminar flow, we can calculate it from
equation below:

24
Cp=22
D Re
where:
Re— TPt (22.23)
"

To obtain a proper fluidization, the actual fluid velocity, #p, must be consider-
ably greater than the minimum fluidization velocity, #,;. However, to avoid excessive
entrainment, #g should be less than the terminal velocity, ;. Thus, the ratio u,/u is
a guide to selection of the value of ug.

However, one must consider that the hydrodynamics of the fluidized bed undergoes
some deviations, as described below.
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Figure 22.7 Description model of a fluidized bed (Adapted from Froment and Bischoff (1979)).

e  When the diameter of the bubble (gas) has a value of the same order of magnitude
as the diameter of the tube, the fluidized bed will operate in slugging regime, where
the bubble occupies the entire cross section of the bed. Depending on the size of
the bubble, we might have preferred paths in bed. These cases do not contribute to
a good contact of the gas with the suspended particles in the bed, therefore, they
should be avoided. The most suitable solution is the choice of a particular type of
gas distributor in the inlet of the reactor.

o In the fluidized bed, the effects of mass transfer and heat are benefited, which
may allow a homogenization of the bed temperature and facilitate contact of the
reagent with the solid particles.

Then, it can be affirmed that the fluidized bed does not behave as a reactor ideal.
That is, their behavior differs of the flow in PFR or continuous stirred-tank reactor
(CSTR) ideals. These particulars do not cover the scope of this chapter; hence they will
not be studied here.

The flow of gas bubbles in contact with the particulate phase results in a dense
phase or phase emulsion. The bubble is surrounded by a “dense cloud” of particles,
where there is the exchange of flows with heat and mass transfer and chemical reaction.
Figure 22.7 shows this phenomenon.
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In the gas phase (bubbles) (1), the velocity is high and there is no chemical reaction.
In this case, we can admit a flow identical those used in PFR.

While in “phase emulsion” (2), the flow is not homogeneous. Therefore, their
behavior undergoes large deviations from ideal behavior of both PFR and CSTR.
Therefore, diffusion effects can occur, as well as preferred paths.

The main problem is the lack of knowledge about the interface between phases (1)
and (2) where the exchange phenomenon occurs. Therefore, the interfacial area, the
diffusion and mass transfer between the gas and the emulsion phase are unknown.

To understand the behavior of the fluidized bed, one can determine the average
residence time or the residence time distribution (RTD) from the tracer technique. For
instance, RTD in fluidized bed dryer is usually carried out by means of the stimulus-
response technique, in which an impulse of solids marked with some appropriate tracer
is fed to the dryer and its time of elution and concentration measured at the exit of
the dryer. The material of the tracer has to be such that it can be detected and does
not react with the substrate material, and its form of application and response are well
known (Levenspiel, 1972).

Besides RTD, other techniques are needed to predict the behavior for the design
of a fluidized bed, using mathematical models with parameters to be adjusted based
on information from experimental data.

The mass balance of the representative diagram in Figure 22.7 for the gas and
emulsion phase, considering continuous and isothermal system, are described below:

Gas phase (bubble)

dC
foty d;b + k; (Cap — Cae) + 7 pfiy =0 (22.24)
where:
f ~=fraction of the bed occupied by bubbles
ki = interchange coefficient (cm*/cm}_, x ;)

u, = superficial velocity of the bubble (cm/s)
Cap = concentration of gas in bubble

Cae = concentration of A in phase emulsion
7" =reaction rate (mol/gs)

p =gas density (g/cm?).

Emulsion phase (gas + particles)

dCAe
dz

dc2

CMC
f dz?

+ ki(CAb_CAe)_feDe

S+ 7pel1 = fo) =0 (22.25)

where:
&, =gas fraction in the emulsion
fo =fraction of the bed occupied by emulsion
D, =effective diffusion coefficient (or apparent diffusion coefficient) (cm?/s)
u, =superficial velocity of the emulsion (cm/s).
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The balance mol/area at the inlet and outlet of the bed, considering the average
concentration in the output and output superficial velocity, us, is:

MSEA :fbubCAb + feueCAe (2226)
This system of equations can be solved from the following boundary conditions.
For gas phase: z=0— Cy, = Cyo (22.27)

dCye

dz
There is an interface between the bubble phase (gas) and the dense phase (emulsion)
containing the solid particles. The reaction occurs at the interfacial zone in dense area
within a given volume V;, where it is assumed that the density of the solid phase,
ps, must be equal to density of the emulsion phase, p.. This volume was determined
empirically by Patridge and Rowe (1965) as follows:

For emulsion phase: — D, =uc(Cao — Cac)

Vi 1.17

—_—=— 22.2

Vo 0174+« ( 8)
and

Pb
Pe = (22.29)
(1—1)

with

where p. corresponds to the fraction of the total volume occupied by the bubble
in interface zone (emulsion), disregarding the solid mass of the bubble.

The exchange coefficients at the interface were determined empirically. Usually,
the following correlations are used:

1/2 1/4
Umnf DC ' dt
kp.=4.5 x d_b +5.85 <T) (22.30)

b

12
- De.
M) (22.31)

ke =6.78
(=5

Equation 22.25 can be solved admitting a first-order reaction. Thus, a solution of
type conversion versus spatial time is obtained (X4 x W /F), as shown in Figure 22.8,
according to various parameters.

Note that there are significant differences when comparing the fluidized bed
reactors with the ideal reactors. The most important parameters are effective diffu-
sion coefficients, D., and interface transfer coefficients, k;. These parameters can be
determined by Equations 22.30 and 22.31.

The model presented by Kunii and Levenspiel (1991) is intended for a sim-
ple system, which comprises a “bubble + interface” phase, called intermediate zone
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PFRideal
D,=0
k;#0
CSTRideal D,=0, k; ?

Figure 22.8 Conversion of a reactant to different interfacial and diffusional effects (Adapted from
Froment and Bischoff (1979)).

or “cloud.” The authors suggest that the superficial velocity must be greater than
minimum fluidization velocity:

% s6to11

Umnf

Consequently, there is a large volume of gas in the emulsion, forcing them to return to
the wall, avoiding the accumulation and neglecting diffusion.

After defining the exchange coefficients for bubble-cloud and cloud-emulsion
interfaces (Equations 22.30 and 22.31), and assuming a first-order reaction, we get
the following equation:

dCyp
dz

—uy, =K, Cap (22.32)

With the boundary conditions:

2=0—Cy,=0
z=1L CAbZEA
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Figure 22.9 Conversion along the reactor considering a first-order reaction.

where the constant &, is given by:

—

Ki=k|p+ (22.33)

k 1
e Tz i
be Peyet g7
(kee)y, (1-¢,)
pe ey

% =ratio between the volume of the bubble at the interface and the volume of

the cloud is determined empirically, according to the equation below:

Yo 117 (22.34)
Ve 0174«
o

e = 22.35
Pe=T_F ( )
Solving Equation 22.33 for a first-order reaction, we obtain:

C K.L
4 _exp <—p ) (22.36)
Cao uy,

The solution is shown in Figure 22.9, it shows the conversion as a function of bed
length by using as the main parameter the bubble diameter.

Example

E22.2 Tt is desired to produce 40,400 ton/year of acrylonitrile in a fluidized bed by
propene ammoxidation. The fluidized bed reactor operates at 1 atm and 400°C*. The
mole fraction of propylene is 0.24. The conversion of propylene obtained was 78 % and
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assuming a first-order reaction, whose specific velocity of reaction is 1.44 m3/kg.,. h
(at 400°C).
Calculate the length of the fluidized bed.

Additional data: *Adapted from Froment and Bischoff (1979)).

Bed porosity — ¢ =0.24

Average particle diameter — d, =51 um

Solid density — p, = 2500 kg/m>

Minimum fluidization velocity — u,,s =7.2m/h
Porosity at minimum fluidization — &,,r =0.6
Bubble diameter — d, =0.1m

Outer diameter of reactor — d,,; =0.14m
Superficial velocity — u, =1800m/h

Gas density — p, = 1.0 kg/m?>

Effective diffusion coefficient — D, =0.14m? /b
Gas dynamic viscosity — x o, =0.144 kg/(m.h)
Void fraction of gas at minimum fluidization — ¢, = 0.5

Solution

To calculate the bed length, we must know the global reaction rate. However, the
mass transfer coefficients at the interface must be determined as a function of reaction
variables. Furthermore, we need to first determine the velocity of the gas bubble.
From the feed stream annual, we can calculate the gas stream daily knowing the gas
molecular weight, i.e., MW = 53 g/gmol. Thus:

Gy 40,400 x 10°
~ hX,WM ~ 8000 x 0.78 x 53

Fo =120 kmol/h

Considering the gas void fraction — Fgo = &273 =500 kmol/h

But, under normal conditions, the volumetric flow is:

1kmol — 22.4 m3
500 - x — v =11,200 m3/h

The superficial velocity of the bubble can be calculated by determining the relative
velocity of a bubble from the following equation:

u,,=0.711y/g - d, =0.7114/1.27 x 108 x 0.1 =2534m/h
and

g=9.8m/s* x 36002 =1.27 x 108 m/h?
where:

Uy = ths — U + 1y, = 1800 — 7.2 + 2534 = 4326 m/h
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Thus:
2
. Di/z.d1/4
ke = 4.5 x = 4 5.85 <5—/4t (22.37)
b db
kpe =4.45 x 103 (22.38)

From these data, it is possible to calculate the transfer coefficients at the bubble
interface with the cloud, k., using the following empirical equation (Equation 22.30):

&mf * De - uy,

1/2
3
ke.=6.78 ( 73 ) =4.087 x 10
b

One can calculate the transfer coefficient between the cloud-dense interfaces
(Equation 22.31) by:
For the phase emulsion, various parameters are required. They are:

Emulsion density:
Pe=ps(1 — emf) =2500(1 — 0.6) =1000 kg/m3
Fraction of the bed occupied by bubbles:

us —uye 1800 —7.2
= = =0.414
o ny 4326

Bubble density in the emulsion:

1 —
Pe = pe(f—f*’) =1420kg/m’
b

Interfacial volume emulsion/gas (Equation 22.28):

Vi, 117
Ve 0174«
where:
Uuy 4326
Emf 0.6

Therefore, we get:

v, 1.17 ,
. 10002~ =326k
Py 360 g/m
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We calculate the density of the solid phase gas considering a solid fraction in the
gas equal to 1.5%. Thus:

1— epg)(1 — 3

o= Lm0 =F) 6 0.017% (22.39)
fo m}

Pb = ybps =0.01 x 2500 =25 kg/m; (22.40)

Now, calculate the coefficient K, from Equation 22.33:

1

Krzk Py +

1
V.
Pevet—g +l T
(kee)p 1-fy,
pe fb

k.
kbc

k,=1.082 x 103

However, the desired conversion is 78%. Thus:

Ca
1- =% ) =X, =0.
( c) 4=0.78

A0
Thus,
Ca
—=0.22
Cao

Finally, for determining the length of the fluidized bed, we use Equation 22.37:

Finally,

L=1.51x4326/1082=6.0m







Chapter 23

Nonideal reactors

23.1 INTRODUCTION

Various types of industrial reactors may occur in different phases as applications and
desired properties of the final product, for example, the fixed bed, fluidized bed,
slurry bed, and bed phase reactors. In fluidized bed reactors as in slurry bed, the solid
(catalyst) is composed of very small particles and moving along the reactor. The fluid
flow over these reactors is complex. In these systems, the flow of the fluid phase is
not homogeneous and there are large deviations from the ideal behavior of a CSTR or
plug flow reactor (PFR), characterizing them in nonideal reactors.

On the other hand, there are exceptional advantages in these reactors, such as
improved heat and mass transfer, increased contact between the reactants, and mainly
lower contact time reaction.

As in ideal reactors, the kinetics and reaction conditions are similar. However, the
distribution of products is quite different and to correlate them with the experiments, it
requires a more detailed study of the conditions of nonideality, for example, interfacial
and surface phenomena, heat and mass transfer, and flows types. These phenomena
characterize the axial and radial dispersion, caused by diffusion and convection.

The most known reactors are shown in the Figure 23.1. In the PFR reactor, the flow
can take place in a velocity profile laminar or turbulent. The laminar flow in the PFR
reactor is characterized as not ideal because the velocity profile within a cross section
is not uniform and, consequently, the contact time between molecules is different in
the center and close to the reactor wall. In a turbulent flow, the velocity profile is not
uniform, but generally it behaves like uniform flow and closer to the ideal conditions
of an ideal reactor because the contact time between the molecules of the reactants is
approximately equal.

The flows in catalyst beds are different from those presented in the fixed bed,
fluidized bed, or slurry. The flows are random; they depend on empty spaces within
a fixed bed, through which the gases or fluids flowing, and to the apparent velocity
of the solid within a fluidized bed/slurry. These phenomena are characteristic of the
nonideal reactors.

There are two ways that allow us to characterize the nonideal reactors:

1 From the dispersion effects, which cause deviation from ideal behavior. This
analysis is performed from the determination of the residence time distribution
(RTD) in a system without chemical reaction and determining the effect on the
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(b) Transversal flow
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fluidized bed
Reactants

Reactants

Figure 23.1 Different types of reactors.

reaction, comparing the calculated conversions from the experimental conver-
sions. This method is conducted to analyze the systems separately, segregated
models (micromixing) and not segregated (macromixing).

2 From the basic equations of momentum, energy, and mass diffusion effects, and
radial and axial convection, with or without chemical reaction. Additionally, we
evaluate also the parameters that cause the deviation from ideal behavior and
we adopt criteria to estimate the effects of radial and axial dispersion on the
reactor.

For the first item, an analysis is made through the segregated and nonsegregated
models using experimental results of RTD. In the second item, we will use the balance
equations of mass, heat, and momentum.

In studying the ideal reactors, which are limiting cases, no significant influence
of other phenomena caused by the flow, the mass, and heat transfer. Therefore, the
parameters studied so far were determined in kinetic regime and without considering
the effects of transport phenomena. When this happens the actual rate is less than the
intrinsic rate constant.

In CSTR reactors, the flow has preferential paths. In continuous tubular reactors,
the flow may be laminar, turbulent, and have “dead” volumes. The flow may cause
radial and longitudinal diffusion effects and therefore to result temperature gradients
and radial/axial concentration. Therefore, the flow may affect the chemical reaction.
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The recognition of the reactor can be done by using the so-called “population
balance.” What does this mean? Consider an irreversible chemical reaction of first
order and under isothermal conditions, whose solution is:

1
r=—7In(l—X,)

where X4 = conversion of A, k =reaction rate constant, and ¢ =reaction time.

The time “¢” is the contact time or residence time of molecules in the reactor. In
the batch reactor, it is assumed that measured time is equal to the average contact time.
However, in a continuous system, this time may or may not be equal to the contact
time, because the distribution of molecules or properties (in the reactor inside) may
not be uniform (or homogeneous), and it depends on the type of flow. Therefore, it
is impossible to determine the kinetic properties without knowing the “true” reaction
time.

In fact, the flow of a fluid element formed by a set of molecules is not uniform.
Thus, the residence times are different, which characterizes the nonideal reactors.

As we have seen in previous chapters, the flow depends on the geometry of the
reactor. The cylindrical tubular reactor is the most used, but there are other ways, such
as conical or cylindrical shapes with cross flows.

About the type of reactor to be selected, it depends not only on the stream, but
also on several other factors:

(a) Flow closer to the ideal conditions and residence time equals;

(b) Lower pressure drop in the reactor;

(c) Charge of the reactor (catalyst or filling), which aims a better flow and lower
pressure drop;

(d) Heat exchange internal or external, which depends on the type of reaction con-
ducted, that is, if it is exothermic or endothermic and if the process is isothermal
or adiabatic.

The flow in the reactor (superficial velocity within the cross section of the reactor)
varies according to the operating conditions and geometry of the reactor.

The velocity profile of the laminar flow into a cylindrical tube, for example, may
be calculated and to provide a variable velocity distribution in the cross section. This
causes a variation in contact time of the molecules along the reactor and therefore
cannot be considered an ideal reactor.

In turbulent flow (high Reynolds number), the velocity distribution varies in axial
and radial direction with higher velocities close to the inner walls of the reactor and
providing greater uniformity in the center of the tube. Thus, the higher the velocity,
the greater the uniformity of its profile in the reactor, favoring a uniform contact and
an average residence time between the ideal molecules. Therefore, in turbulent flow,
there is an approximation to the ideal flow.

The packed bed reactor, particularly catalytic reactors, present a distribution of
velocity quite heterogeneous and is very difficult to predict the void space and prefer-
ential paths, which depend on the type and shape of the packed column, in addition to
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Figure 23.2 Characteristics of fluid flow.

the catalyst particles and their positions inside the reactor. However, the contact of the
molecules is higher due to the increased contact area, which facilitates the reaction.

In addition to the flow, one should consider the effect of mass and heat transfer.
In reactors without filling, it is possible to predict the heat exchange and to determine
the conditions for isothermal or adiabatic operation from the temperature profile in
catalytic bed. For uniform flows, the heat transfer depends on the heat capacity. Thus,
temperature profile can be uniform, causing large deviations in conditions where heat
capacity is very high.

In the packed bed reactor, there is also the influence of heat conduction from par-
ticle. As we know, the temperature affects substantially the rate constant and therefore
the reaction rate. In parallel, there are the effects of mass transfer by convection and
diffusion in the pores of the particles. Therefore, these effects change the kinetics
considerably and hence the chemical reaction rate.

The considerations in the previous paragraph are also valid for the flows in tanks
and batch reactors. However, the contact between the molecules also depends on the
geometry of the reactors. To avoid the undesirable “dead volumes,” greater agitation of
the system becomes very important, increasing the contact between molecules. Contact
is instantaneous and concentration at the outlet of the tank or batch reactor should be
as uniform as possible. Thus, the ideal condition is achieved when the reaction mixture
is perfect. Figure 23.2 shows some examples.

We will see later that techniques developed to address these issues using concepts
of fluid properties distribution in systems based on probability theory. We will also
see the concepts of RTD for the reactions and fluid flow, and other properties, such as
distribution of solid particles treated by particle population balance.
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Figure 23.3 Response to pulse tracer at the outlet of the reactor.

23.2 RESIDENCE TIME DISTRIBUTION

The residence time considers the time that each fluid element or group of molecules
remains in the reactor; it also depends on the velocity of the molecules within the
reactor, and therefore the flow in the reactor. The residence time can be equal to the
space time if the velocity is uniform within a cross section of the reaction system, as is
the case of an ideal PFR. However, this situation is not the same for tank-type reactor,
because the velocity distribution is not uniform. In most nonideal reactors, residence
time is not the same for all molecules. This result in variations in concentration along
the reactor radial, i.e., its concentration inside and outlet tank reactors are not uniform.
This means a need to define the residence time and calculate their distribution for each
system.

One can visualize RTD through an experiment with the use of “chemical tracers,”
introducing them at a particular moment or since the beginning of the reaction. This
chemical tracer should necessarily be a compound not reactive to the system under
study, by measuring its concentration in the reactor outlet. In general, dye compounds
are used, but also other materials can be used with conductive or radioactive material
properties that can be measured quantitatively.

Monitoring the tracer at the outlet of the reactor, one can observe different situa-
tions for the labeled molecules. For instance, an ideal flow, such as a piston, it will be
noted that for an average time all molecules come out in the same instant (Figure 23.3a).
In a reactor tank the opposite occurs, the concentration of labeled molecules decreases
with time at the outlet of the reactor (Figure 23.3b). Nonideal reactors have an inter-
mediate behavior where the concentration of the labeled molecules at the exit of the
reactor will have a Gaussian distribution. At the beginning, a small fraction of labeled
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Figure 23.4 Balance molar of a tracer.

molecules are identified in the output of the reactor; most molecules leave the system
at a given instant and then, a small fraction of molecules leaves the reactor, as shown
in Figure 23.3c.

The “tracer” can be introduced into the reactor in the form of step or pulse. For
simplicity, we will use the example of a tank reactor with a volume V and a flow of an
inert liquid (water) vo. At a given instant, a chemical dye is introduced into a stream
in the step-form with a concentration Cy, and the concentration C is measured at the
outlet of the reactor from the instant ¢ = 0. Thus, from the mass balance presented in
Figure 23.4, we have:

UoCQ-UoCZV(%) (23.1)

From this, on integration between at t=0, C=0, and at ¢t #0, Cy,:=C, and
considering T as space time:

r= () (23.2)
vo
We get:
C t
S=1- exp<_;> (23.3)

The concentration of tracer at the outlet varies exponentially with time, indi-
cating a variation of the distribution in the reactor. Thus, the molecules have
different residence times. This is the distribution of concentration within an ideal tank
reactor.
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Generally, the concentration is related to a function of RTD and assuming that a
fraction of molecules having a residence time between the time interval ¢ and # + dz.
At the instant ¢, the concentration of tracer at the outlet is C. Thus, we measured a
fraction of molecules that remained in the reactor in a time less than # and another
fraction that remained in the reactor for a time longer than #. The first fraction is
represented by the cumulative distribution function F(#) and the second fraction is
represented by the difference (1 — F(t)). This last fraction Cy does not contain at the
output of the reactor.

From the mass balance at the output of the reactor, we have:

vo[1 — F(£)]Co + vo F(t)Co=1voC (23.4)

Thus, relating this equation to Equation 23.3:

F(t)=C£=1 —exp<—£> (23.5)

0

Therefore, the cumulative distribution function of residence times is determined
by measuring the concentrations versus time at the output of the reactor. Graphically,
we can represent it as given in Figure 23.5:

The average residence time will be when ¢ = t or when the area (1) is equal to area
(2), as shown in Figure 23.5. This figure indicates that a fraction of molecules in the

Non ideal

reactor \4'

PFR ideal

N
v

Figure 23.5 Response to pulse tracer (Adapted from Hill, 1979).
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area (1) has a short residence time and another fraction (area 2) has a time longer than
the average residence time, but the larger fraction has a residence time corresponding
to the average value.

In the ideal PFR, the residence time is the same for all molecules, assuming uniform
and constant velocity such that the output concentration of the tracer is equal to the
concentration of the reactor input. Thus, F(¢) =1 or ¢ = t. The average residence time
in the ideal PFR is equal to the space time.

Any other form of RTD between the CSTR and PFR reactors (ideal) is not
considered ideal.

To determine the function F(¢) from experimental data, we use the G property
already defined in Chapter 1. If G is any one property (such as conductivity, ionization,
and wavelength), it is proportional to the concentration G at the entrance and G, at
the outlet. Then, the cumulative residence time fraction which remains in the reactor
at an instant less than ¢ will be:

(23.6)

E23.1 A tracer is introduced into the reactor feed stream and without chemical reaction
at 2 g/m>. The concentration of this tracer is measured at the output of the reactor, as
shown below (Denbigh, 1965).

t (min) 0.1 0.2 | 2 5 10 20 30
C@m’) 196 193 1642 1344 0736 0286 0034  0.004

The reactor volume is 1 m> and the flow inlet is given by volumetric flow rate
0.2 m3/min. Determine function RTD (F) and average residence time.

Solution
Space time
1

= =S min

T—K
_1/() 0.2

Function F(t)

_G(t)—Gy_C()—C;_ Ct)—2 2-C()
T G-G G -C =2 T2
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Figure E23.] Cumulative distribution function.

The average residence time can be determined from Figure E23.1, assuming equal
area for A1 and A;, according to the dashed line that corresponds at ¢ = 5 min.
The cumulative distribution function versus time is shown in the table below:

t (min) 0.1 0.2 | 2 5 10 20 30
F(t) 0.02 0.035 0.179 0.328 0.632 0.866 0.983 0.998

It is observed that longer times indicate that fraction of molecules leaving the
reactor is larger than the average residence time, where the inverse is also true.

Trace in shape of pulse

Another way to determine the residence time occurs when the tracer is injected in
the form of pulse. The response can be calculated at the outlet of the reactor by
concentration, assuming that a fraction of molecules AF came out of the reactor in
the time interval At. This fraction of molecules left the reactor with concentration Cy.
Thus, in the time interval Az, we have the following mass balance:

voAFE(t)Co=v,C (23.7)
In the limit At — 0, we get:

Fit) dF _C

T 2 23.
Vit Sy vl vl on (23.8)
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Figure 23.6 Response to pulse tracer.

The variation of the cumulative distribution function of residence times is
represented by a Gaussian distribution, according to Figure 23.6.
Integrating it:

/d / ar

But from the curve one may conclude that:

[oe] C 1 t
0/ <60)dt=l - Of Clo)dr (23.9)

The function E(z) is defined as function of RTD which represents the age distribu-
tion function of molecules in the fluid element derived from the cumulative distribution
function.
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Or:

dF(e) _ C(t)
S 0= (23.10)

Thus:

[e¢]

F
O/dF:/E(t)dt

0

Therefore, the mean residence time is:
oo

Z:f tE(¢)dz (23.11)
0

where 7 = mean residence time and 7= U—‘g(h) = space time.
The dimensionless time @ is conveniently represented with the corresponding
function E(6). This relation is possible because both represent the same physical

phenomenon, i.e., the fraction fluid with a time ¢ at the outlet:

E(t)dt =E(8)do
Thus:
E(6) = tE(z) (23.12)

23.2.1 lIdeal cases

In PFR ideal, the response is immediate in shaped-pulse. For ideal CSTR, the ideal
response will be a distribution of molecules not instantaneous (Figure 23.6).

To determine the RTD of a tracer in shaped-pulse at a volume V and a volumetric
flow vy, it is assumed that N tracer units are introduced. The global balance gives us
the total time retained in this volume.

Thus:

N:/UOC(t)dt (23.13)
0

Or assuming constant volumetric flow:

[e¢]

N=uvo | C(t)dt (23.14)
/
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E23.2 Determine the average residence time of the CSTR from the tracer using the
following data (Denbigh, 1965).

t (min) 0 5 10 15 20 25 30 35
C(mol/m® 0 849 141.5 141.5 113.3 566 283 0

The concentration of the tracer was measured at the outlet of the reactor. The
volume is 2 m? and the flow at the outlet is 7.2 m3/h.

Solution

From the data, we can determine the concentration profile at the outlet of the reactor
(Figure E23.2.1).

160

140 " o ® B
Polynomial Fit of Data1_B

120
100
80

60

C (mol/m?3)

40

20

0 — T T T T T T T T T T ™1
0 5 10 15 20 25 30 35 40

t (min)

Figure E23.2.1 Concentration versus time.

On integrating over the area from that figure, we obtain tCy:
7Cy=2,830
Therefore, by Equations 23.10 and

_aw_co
E(t)_r_Co_283O (23.15)
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Calculate the values of E(t) as shown below:

Calculation of E(t) and t x E(t)

t (min) C (mol/m?) E(t) t x E(t)
0 0 0 0

5 84.9 0.03 0.15

10 141.5 0.05 0.5

15 141.5 0.04 0.75

20 1132 0.02 0.8

25 56.6 0.0l 0.5

30 283 0 0.3

35 0 0 0

The average residence time is determined by Equation 23.11:

t= | tE(t)dt
/

Figure E23.2.2 represents t x E(t) versus ¢.

m D

—— Polynomial Fit of Data1_D

0.8

0.6

0.4

tE(

0.2 1

0.0

T T T
0 5 10 15

t (min)

Figure E23.2.2 t x E(t) versus t.

20

On integrating over the area from this figure using Equation 23.11, we obtain the

average residence time:

=15 min
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Finally, we can calculate the space time:

Vv 2

A —16.6mi
v 7.2/60 fmn

T =16.6min

E23.3 The data below were obtained using a radioactive tracer in the fluidized bed
reactor as shaped-pulse from the reactor. The space time was 3.25 min. Calculate the

average residence time.

t(s) 0 05 1 15 2 25 3 35 4 45 5 55 6 65 7
C(mol/m® 0 5 22 27 26 22 19 I5 10 7 4 3 3 1 0

The data are presented in Figure E23.3.1.

30

=1 N
20 \

15 - n

104 .\

C (mol/m?3)

O T T T

Time (min)

Figure E23.3.] Concentration distribution versus .

Integrating the curve in the above figure, we obtain a total area of

81.75 x 103 ¢/min.
Therefore, from Equation 23.10, we can calculate E (¢):

C(z) C(z)
= = 23.1
Co 81.75 x 103 (23.16)

E(t)
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In the table below, we have the results of the functions of RTD E(¢) and E(9) (by
Equation 23.12).

Figure E23.3.2 Distribution t x E(t).

Figure E23.3.2 shows ¢ x E(t)

From the area calculation (figure above), we find the average residence time:

t=2.35min

Cont/
t (min) | (min x 10%) | E(t) txE®) |0 E(9) 02 672E(6)
0 0 0 0 0 0 0 0
0.5 5 0.0611 | 0.0305 | 0.197628 | 0.15474 | 0.039057 | 0.006044
| 22 0.269 | 0.269 0.395257 | 0.680856 | 0.156228 | 0.106369
1.5 27 0.330 | 0.495 0.592885 | 0.835596 | 0.351513 | 0.293723
2 26 0.318 | 0.636 0.790514 | 0.804648 | 0.624912 | 0.502834
2.5 22 0.269 | 0.672 0.988142 | 0.680856 | 0.976425 | 0.664805
3 19 0.232 | 0.697 1.185771 | 0.588012 | 1.406052 | 0.826776
35 15 0.183 0.642 1.383399 | 0.46422 1.913793 | 0.888422
4 10 0.122 | 0.489 1.581028 | 0.30948 | 2.499648 | 0.773592
45 7 0.085 0.385 1.778656 | 0.216636 | 3.163618 | 0.685354
5 4 0.049 | 0.244 1.976285 | 0.123792 | 3.905701 | 0.483495
55 3 0.0366 | 0.201 2.173913 | 0.092844 | 4.725898 | 0.438771
6 3 0.0366 | 0.220 2.371542 | 0.092844 | 5.624209 | 0.522174
6.5 | 0.0122 | 0.0795 | 2.56917 | 0.030948 | 6.600634 | 0.204277
7 0 0 0 2.766798 | 0 7.655173 | 0

0.8 4

0.7 4

0.6 4

0.5 4

= 4]

0.3 4

0.2 4

0.1 4

OO T T T T T T el 1

0 2 3 4 5 6 7 8
t (min)

The space time is 3.25 min. Thus we get a standard deviation of 22%.
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23.2.2 Variance

The average residence time is the average time of contact between the molecules within
a fluid element. The RTD function, either by F(8) or E(6), reports a range of periods
of contact. Therefore, there is a time variation around the average residence time or
variance of RTD.

Analyzing the distribution curves, it can be inferred that the width of the curve
represents the variance. In the case of PFR, this width is null. While the ideal CSTR, it
is relatively large. Therefore, the width of the peak may indicate deviation of behavior
between the two ideal cases.

Therefore, variance is defined as an RTD around the average value and by
probability theory, it can be represented by:

o?= / (t—17)%E(¢) d(¢) (23.17)
0

where:

02=/92E(9)d(9) -1 (23.18)
0

For an ideal CSTR, one obtains a variance o> =1. For any nonideal reactor, one
obtains a variance for the peak width and thereby, deviation from ideal behavior. This
method can also be used to determine the RTD function E(t).

E23.4 From the previous example and by using Equation 23.18, calculate the
variance.

[e¢]

o’ = / (O*E(0)d(0) | —1=1.26416 — 1=0.264
0
o2 =0.264
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Or:
Po? = / PE()dr — P
0
.0 =8.09174 — 6.40=1.689
o =0.264

Therefore, by calculating the variance, it can be seen the deviation from ideal
behavior of the reactor using axial dispersion by equation that relates the variance
with Peclet number (Equation 15.25):

2

o> =-—=0.264 (23.19)
Peé

Pé=7.6

When the Peclet number is large (Pé — o0), we will have a behavior close to ideal

PFR and when it is too small (Pé — 0), it approaches an ideal CSTR.
In this example, we conclude that the reactor has a nonideal behavior.

23.3 NONIDEAL COMPARTMENTAL REACTOR MODELS

In the previous sections, different ideal reactor configurations were described and ana-
lyzed. As a matter of fact, the use of ideal reactors for interpretation of kinetic problems
can indeed be important, because it can allow for capture of the most important fea-
tures of typical reaction vessels and better comprehension about the distinguishing
characteristics of each particular reaction process. Nevertheless, when compared with
the proposed ideal benchmarks, real industrial reactors can present distinct behav-
iors for many reasons, including imperfect mixing (due to high viscosity, as in some
polymerization processes, and existence of geometrical constraints for design of agi-
tated tanks), development of radial velocity profiles (due to small diameters of tubular
reactors)among others, as described in the next chapters. For this reason, there are
many incentives to use simple mathematical tools to represent more complex reactor
vessels with the help of the simple ideal benchmarks discussed in the previous sections.
One of these tools involves the combination of ideal reactors to represent different
compartments of the equipment and to form more complex reaction flowsheets — the
compartmental reactor models.

Compartmental reactor models can be defined broadly as reactor models that are
obtained after combination in series or parallel of simpler ideal reactors that are used to
represent smaller sections of the reaction vessel, in the presence or absence of recycling
streams. This type of modeling procedure has been used extensively in the literature
to represent the behavior of actual reactors with help of the simpler and well-behaved
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ideal reactor benchmark models. Some examples have been provided by Mattos Neto
etal. (2005) and Oechsler et al. (2018, 2019) to represent the complex mixing behavior
of real stirred tank polymerization reactors. In this case, the resulting process flow-
sheets do not represent real physical industrial arrangements, as discussed in detail in
Chapter 14, but realizations of complex mixing patterns through combination of ideal
benchmark models. However, it is not possible to present general rules for building
of such compartmental models, although some useful examples are presented in the
following examples for illustrative purposes.

E23.3.1 The occurrence of shortcuts (reactor bypasses) and dead volumes (stagnant
zones) inside real agitated reaction vessels can be modeled with help of the com-
partmental procedure, as illustrated in Figure 23.3.1. In this case, the shortcut and
deadzone sections can be described with help of standard ideal stirred tank models,
leading to more complex reactor configurations in which the distinct reactor sections
exchange mass (and energy when the reaction is not performed isothermally). This sort
of arrangement emphasizes the fact that a reaction vessel can present distinct mixing
zones and that mixing may not be perfect.

ﬁ
Feed - F1 Shortcut flow - F4

: Shortcut
Section $

Vi

Recycle - F2 Recycle - F3

Dgadtz_one Deadzone flow - F5
ection

R —
w

Figure E23.3.1 Example of reactor configuration with shortcut and dead zone.

Assuming that a first-order reaction rate model can be used to represent the
reaction:

AL B

then two mass balance equations must be written in the form:

acl F F> F; E4
—_—C¢ — _CI e/ B
dt Vi A Vi At Vi A Vi

Cl — kCl
dCll P

F; Fs
CI _ _CH _ _CH _ kcH
T 2 VR A
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where it is assumed that the volumes of the two reactor sections remain constant
during the operation. As one can see, the behavior of a reactor vessel that presents
different mixing zones can be different from the one discussed in Section 14.3.2 for an
ideal stirred tank. As a matter of fact, the technique can be extended to accommodate
multiple mixing zones, as often performed when the reactor vessel is equipped with a
mixer that is composed of multiple blades (Embirucu et al., 2000, 2008a, 2008b).

In the analyzed case, at steady-state conditions, it is possible to write:

Fy F, Fs on _ Fi

0= c,——=cl += — kCL
VAT ATy A V1 A
_Es
0= C ——C kC
Vz A Vz VZ
and
F3 Fs )i 193 I
By yk)ci=2¢
<V2+V2+) ATy, A
FyFy
F <F2 Fy ViV
—C4= —+—+k>C’ #C’
vi AT\v v S
so that
F3E,

F1CZ = (Fz +F4 +kV1) Ci‘ — m

I (Fr + F4 + kVy) (F3 + Fs +kV,) —F3F |
Cy= Cy
(F3 + Fs +kV2)

and finally
I Fq (F3+F5+/€V2) .
AT (F> + F4 4+ kVy) (F5 + Fs + kV3) — F5F, A

e

Cll = il C
A (F> + F4 + kVy) (F3 + Fs + kV,) — F3F, 4

so that

F4C£ + F5C£\I
F4 + Fs

COuI

One must observe that the behavior of the ideal reactor depends essentially on
two parameters, as discussed in Section 14.3.2: the residence time, 7= V;/F;, and
the kinetic rate constant (k). On the other hand, the proposed compartmental model
depends on a much larger number of parameters: the residence time of the shortcut
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section, 7 = V1 /(F1 + F3), the residence time of the deadzone section, T, =V, /F,, the
kinetic rate constant, k and the recycle ratio, ¢ = F,/F;. Therefore, the behavior of
nonideal reactors can be far more complex than their ideal counterparts. It is also
interesting to observe that some additional constraints must be satisfied:

V=Vi+V;
Fi+F3=F, + F4
F,=F; + Fs
Therefore, when Fs = 0:
F> =F; =¢F,
Fi=F,
t=11(1+¢)+n¢

and it becomes possible to specify 7, 11, ¢ and k. Particularly,

Vi _T1(1+¢)_a
V1+V2_ T -

which clearly indicates that global residence time of the reactor, 7, is related to recycle
ratio, ¢ and the relative volumes of the two compartment sections (that define « and
71). Assuming Vi =1 m?, F; =1 m’/h (=1 h), Fs =0 m?/h, C§ = 1000 gmol/m? and
k=1h"', Figures 23.3.2 to 23.3.3 can be used to illustrate the effects of « and ¢ on the
concentrations of each compartment and of the output stream (C$" = Cl,), described
in the form:

1+ ko
ch= oy
4 |:(1+¢>+kozr)(l+krz)—¢:| 4

i 1 1
= AR

As one can see in Figures 23.3.2 and 23.3.3, concentrations of the main reactant
A are always smaller in the stagnant section of the reactor, due to the higher effective
residence time and lower feed concentration, when compared to the shortcut section.
One can also observe the asymptotic convergence of concentrations to the reference
value of 500 gmol/m? in both sections as recycle ratio and volume fraction of the
shortcut section increase. This is because the compartmental model approaches the
ideal stirred tank reactor model when mixing is enhanced and volume segregation is
diminished.
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Figure 23.3.2 Concentration in the shortcut section and output stream as a function of the recycle
ratio and relative volume of the shortcut section.
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Figure 23.3.3 Concentration in the deadzone section as a function of the recycle ratio and relative
volume of the shortcut section.

If the mass balance equation in the shortcut section is differentiated in respect to
time, one gets:

d*C! F F dCt  F; dCl!
A _ — < 2 + — 4 k A + _3_A
di? Vi Vi dt Vi dt

If the mass balance equation in the deadzone section is inserted into the previous
equation:

201 I
dCA=_<ﬂ+ﬂ+k>d&+F3[cm _<E+§+k)cf{]

dt? Vi Vi dt Vil Va Vs Vs
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Finally, if the mass balance equation in the shortcut section is used to remove variable
Cll from the previous equation:

d2Cl F,  F dcl,
i —‘(71 71+k>7

Fs(F, ; Vi (F Fs dci F Fr F4 .
B2t (55 )| EA - Tleey (22402 1)
+V1{V2 A F; V2+V2+ dt Vi At V1+V1+ A

Then

d*Cl F» F F Fs dC},
R s AT AN RN R § ') Ria’c |
de? (V1+V1+V2+V2+ ) dt

F;  Fs F,  Fy Fs Bl
DSBS (22 k) - 22 ¢
+[<V2+Vz+><V1+V1+> Vle}A

F, (F; Fs
(=22 4k
V1(VZ+VZ+> A

which is a second-order linear differential equation, that leads to distinct dynamical
responses, when compared to the ideal stirred tank reactor. This can be very interesting
for practical purposes, as the ideal reactor is characterized by a single time constant
(that depends on k& and 7), while the nonideal reactor is characterized by as many
time constants as the number of compartments that are needed to represent the mixing
pattern. For instance, using the variables defined previously, the equation becomes:

201 I
CO (L L)% (L <l+k ()L
dr? T D dt ) T at) o
=) v
AT ot %) A

Using the previously defined numerical data, for ¢ =1 and «=0.5, 1y =0.25 h
and 7, = 0.5 h. Then the equation becomes:

d*cl  dC}
15+ 84 +11C,=6000

while for the ideal stirred tank reactor the mass balance equation is equal to:

dct
A 12k =1000
dr A

Assuming the initial concentrations are C/,(0) = CI/(0) = 0 the analytical solutions are,
respectively:

Cl (t)=545.45 — 232.07¢"%** — 313.38¢ 7%
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dc},
Cll = 0.5[61—’:A —2C4 + 5c§,}

C, (t) =500 — 500¢%

as illustrated in Figures 23.3.4 and 23.3.5. As one can see, the nonideal compartmental
model contains two time constants, while the ideal reactor is described by a single time
constant. Therefore, obtained dynamic responses are different in both cases. As shown
in Figure 23.3.4, the variation of the reactant concentration in the output stream
is faster in the nonideal reactor, because of the shortcut zone. As shown in Figure
23.3.5, the variation of the reactant concentration in the stagnant zone is slower in the
nonideal reactor, because of the second-order process, as feeding of the stagnant section
depends on the previous increase of concentrations in the shortcut section. Therefore,
very complex dynamic patterns can evolve if multiple mixing zones are present in the
reacting system.
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Figure 23.3.4 Dynamic reactant concentration responses in the shortcut section of the reactor.

E23.3.1 Example 23.3.2. Occurrence of transport delays can also affect concentration
responses in reaction systems. For instance, reaction can take place in feed and output
lines, so it can be interesting to investigate the compartmental model illustrated in
Figure 23.36. In this case, the feed and output sections can be described with standard
plug flow reactor models, leading to reactor configurations in which the distinct reactor
sections exchange mass (and energy, when the reaction is not performed isothermally).
Delays associated with transportation of mass and occurrence of undesired reactions
outside the borders of the reaction equipment are not unusual in industrial sites.
Assuming a first-order reaction rate model can be used to represent the reaction:

AL B
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Figure 23.3.4 Dynamic reactant concentration responses in the deadzone section of the reactor.
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Figure 23.3.4 Example of reactor configuration with feed and output transformation effects.

then three mass balance equations must be written of the form:

aCl F aC!
A+ ——A=_kC]

ot Ay 9z A
e Y
acy! £ﬂ=_kcm

ot As 0z A
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where it was assumed that the volumes of the three reactor sections remain constant
during the operation. L; and L3 represent the lengths of the tubular reactors, while A;
and Aj represent the sectional flow areas of both tubular reactors. As one can see, the
final reactor behavior is different from the ones discussed in Sections 14.3 and 14.4.
For example, at steady-state conditions, it is possible to write:

dch __khi
dz~ F 4
F F
0=—CL(L) — —Cl —rCl!
v, A( 1) v, A A
dCil  kAs
dz = F 4
Therefore,

kA Ly

CL(L)=C4e F =C4e

o o
\%
(1 +kT2> 1+kn
Cll (15 = Clle ¥ = 4 potinisny

=1+/€‘L’2

The interesting point regarding this compartmental configuration is that the output
responses become delayed because of the flow through the tubular sections, in the form:

AL kAL
Cl (Ly,1)=C (t— - 1>e— HE o (= ) et
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Figure 23.3.7 Dynamic reactant concentration responses in the different sections of the reactor.
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dct! _Ge—) e <l + k) o
dt n &

AsL kA
cil Ly =Cl <t - 3) e =Cl t =ty etn

Assuming Vi =0.1m3, F=1m?h (r;=0.1h), V,=1m? (n=1h), V3=0.1 m?
(t3=0.1h), C§ =1000 gmol/m> and k=1 h~!, Figure 23.3.7 can be used to illustrate
the dynamic response of output reactant concentrations when Cy (2= 0) = 0 throughout
the reacting system. As one can see, the output response is delayed 0.2 h (71 + 73) is
converges to a lower concentration value (when compared to the ideal reactor) because
of the reaction in the feed and output lines.
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Chapter 24

Catalysis: Analyzing variables
influencing the catalytic properties

24.1 INTRODUCTION

Catalysts are very important for many applications and different processes, in partic-
ular in the chemical and petrochemical industries, also in energetic and environmental
processes, and nowadays in material developments. Generically, catalytic reactions are
classified into homogeneous and heterogeneous or heterophase systems.

Although most catalytic processes have been solved, there are new processes and
catalyst developments aiming higher efficiency in different industrial applications in
homogeneous and heterogeneous processes. Older processes or catalysts can be opti-
mized with respect to the performance and stability in view of many variables affecting
activity, provoking deactivation, or poisoning. In particular, new and alternative cat-
alysts have been studied and modified for environmental processes, fine chemistry,
hydrotreating of heavy oils, hydrogen generation, C; chemistry, biomass processes,
and new nanometric materials.

24.2 SELECTION OF CATALYSTS

Reactions are classified into groups or families and catalysts in different solid materials.
For each family of reactions, there are one or more solid groups, like metals, oxides
having particular specific activities. The reactions can be classified by reactivity or
similar functionality and so are materials with specific properties.

In general, empirical developments are limited, focusing global kinetic parameters
of different reaction family groups for specific material groups (metals or oxides) and,
if possible, correlating the activity with material properties.

Table 24.1 shows a general classification of reaction families and materials.

24.3 ACTIVITY PATTERNS

24.3.1 Model reactions

The activity and selectivity of catalysts can be evaluated using model reactions. How-
ever, it is advisable to remember some important characteristics of these reactions.
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Table 24.1 Classification of reactions and materials.

Solid Groups Reaction Families (Groups) Suggested Catalysts
Conductors (metals) Hydrogenation Fe, Co, Ni
Hydrogenolysis Ir, Pt
Dehydrogenation Ru, Rh, Pd
Oxidation Ag,Cu,Zn
Semiconductors (oxides and sulfates) Oxidation NiO, CuO, ZnO
Reduction Co,03,Cr,04
Hydrogenation WS,, MoS,
Insulators (zeolites and acids Oxidation NiO, CuO, ZnO
Redution Co,03,Cr,04
Hydrogenation WS,, Mo$,

Polymerization

Figure 24.]1 Cyclohexane dehydrogenation.

First, is the reaction structure sensitive or insensitive? According to Boudart,* sup-
ported catalysts have dispersed metallic particles of different sizes d. With increasing
or decreasing particle sizes, the concentration of accessible atoms or sites varies signif-
icantly, indicating surface structural changes. Structure sensitive reactions (SSRs) are
those reactions where the intrinsic reaction rate relative to the accessibility of surface
sites or the turnover frequency (TOF) varies with particle sizes or diameters, but it
does not vary for structure insensitive reactions (SIRs). It means, for SSRs, the TOF
depends on particle sizes, or dispersion of particles or on the accessible surface sites
of the catalyst. On the other hand, for SIRs, the activity or TOF is independent of the
particle sizes.

Dehydrogenation reactions are known as SIRs, while hydrogenolysis reactions are
SSRs. Some reactions include several steps simultaneously with different reactions,
which are structure sensitive or insensitive.

24.3.2 Cyclohexane dehydrogenation

This is an SIR. The reaction rate is directly proportional to the surface active sites,
and the intrinsic activity or TOF does not depend on particle diameters. The cyclohex-
ane dehydrogenation (CHD) reaction forms only benzene and hydrogen as products,
according to Figure 24.1, and occurs under atmospheric pressure and temperatures
varying between 250°C and 300°C.

Table 24.2 shows the results of CHD for a Pt/Al, O3 catalyst for low concentra-
tions. The Pt dispersion on alumina is almost 100%.
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Table 24.2 Cyclohexane dehydrogenation on Pt/Al,O;.

Initial rate at 543 K

Catalysts (103 molihlg,) Dispersion H/Pt? TOF® (s7') E¢ (kcallmol)
0.7% Pt/AL, O3 179.5 1 12 27
0.9% Pt/AlL, O3 161.5 1.0 1.0 24

Note: P = | atm; H)/CgH |, = 13.2.
2Dispersion of Pt.

bActivity.

“Apparent activation energy.

+3H, —

Figure 24.2 Hydrogenation of benzene.

Benzene is the final product for all tests. The activity or TOF values remain constant
around 1s~!, suggesting that the rate is proportional to accessible active sites. From
the Arrhenius plot, one determines the activation energy which is also constant.

24.3.3 Benzene hydrogenation

The hydrogenation of benzene is a model reaction for characterization of metallic
surface sites which is an SSR. According to Figure 24.2, the final product is only
cyclohexane.

Experiments were performed using palladium Pd® supported on carbon and were
conducted isothermally, without interference of mass or heat transfer. Table 24.3
presents the results of Pd® dispersion and the specific activities in terms of TOF.

The activity or TOF values were calculated from the rate consumption of ben-
zene at 373K and from CO chemisorption measurements. TOF values increase with
decreasing dispersions.

Table 24.3 Results of dispersion and activity.

Catalisador Area BET (m%/gca) Dispersdo (%)* TOFe (s7')
10% Pd/Cy 309 20 0.64
9% Pd/Cc 876 6 2.84

Note: Carbon (Cy), grafite (Cc).
* CO chemisorption at 308 K

244 CONVENTIONAL PREPARATION METHODS OF CATALYSTS

The most important challenge is to confer desired characteristics to the solid, aiming
to design specific catalysts. In most cases, there are conventional direct procedures
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Figure 24.3 Scheme of catalysts preparation.

that confer desired properties; however, there are other new and innovative advanced
methodologies in study, searching for more specific properties.

The formulation of a correct catalyst is a compromise between the fluid flowing
system of the reactor and the activity or stability. The relative importance of these
factors depends on the reaction system, the reactor design, reaction conditions, and
economic factors.

Flow distribution and low pressure drop can be achieved selecting particles with
appropriate sizes and formats and good mechanical resistance. The formulation or
fabrication of a catalyst must attend a specific industrial process. The more severe are
the conditions (charge, temperature, and high pressures or space velocities) the more
difficult are the design parameters of the catalyst.

In general, catalyst can be classified into three categories:

Bulk catalyst
Impregnation on preshaped supports
Mixed/sintered materials

badi adian

The preparation method depends on which application it is used in. In general,
there are different steps as shown in Figure 24.3. The catalysts are formed by:

e Active phases
e Supports
e Promoters
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Table 24.4 Examples of oxide supports.

Tipo Oxides Melting Point (°C)
Acids y-AlL, O3 2318
SiO, 1973
SiO-AlLO4 1818

/ nucleus -7 2=7

rate

o -
nucleup ?\'P\'(‘-;‘v/
N 1
b © N P
° ° -] LI -—
~ -

saturated Super-saturated

Figure 24.4 Rate of nucleation and growth.

Active phases

solution

The active sites or phases are the most important components and responsible for
reaction occurring. The first choice to design a new catalyst is the selection of the

active component.

Supports

The supported catalyst may have different attributes but the most important are the
specific surface areas and the stability of the catalyst. A support stabilizes the active
phases and is thermally stable. Materials must support high temperatures, in particular
for exothermic reactions. Therefore, these materials must have high melting points

(Table 24.4).
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The ideal and unique function of the support is to improve the dispersion of the
active phases, without reactivity or inert for undesirable side reactions. Indeed, such
characteristics can be achieved with oxides having high melting points.

The simultaneous presence of acid sites may favor reactions involving free rad-
icals. In fact, with y-Al,Os3, there are undesirable site reactions, such as cracking,
isomerization, and coke formations, and the later one favoring the deactivation of the
catalyst.

However, there are cases where the acidity of the support influences positively the
main reaction. In this case, the catalyst is bifunctional, and the best example is the
reforming of hydrocarbons. The main objective of the reforming is the conversion of
naphtha compounds with low octane number (paraffins and naphtenes) into branched
or aromatic compounds with high octane index.

Promoters

The promoter is the third component of the catalyst that when added (in general small
amounts) makes the catalyst more active, selective, and more stable. The aim of the
promoter is to improve the stability of the support and of the active phases. The most
used support is the gamma alumina (y-Al,O3).

24.4.1 Precipitation/coprecipitation methods

In this section, we present a summary of the principal preparation methods, whose
details can be found and described in several other references.

It is important to remember thermodynamic properties or in particular the solubil-
ity constants, besides the energy involved and verify if the process is thermodynamically
possible. Very important is the precipitation kinetics and how far it is from the
equilibrium which influences the precipitation rate.

There are two kinds of materials resulting from the precipitation: amorphous
and crystalline or mixed materials, with different properties. For crystallites, the
precipitation occurs in two steps (:

1. Nucleation: germination in a homogenous solution phase. The interaction of ions
and molecules occurs in the solution with the formation of germs and clusters
beginning the crystallization process. If the precipitation occurs in the presence
of a support, it is a heterogeneous process where germination occurs due to the
interaction between ions of the solution and the surface occurring nucleation and
formation of crystallites.

2. Growtb: it is a physical-chemical process where crystallite nucleus grows at the
solid-solution interface; the rate growth depends on the kinetic rate.

Cerium oxide is a good example and one of the most significant materials for
supports or catalyst in the reforming and partial oxidation processes. It is special,
having high oxygen storage capacity, promoting the partial or total oxidation reac-
tions. It is also a good support for metals, like platinum, palladium, and gold. The
cerium oxide was prepared starting with a solution of 0.20 mol/L of cerium nitrate
(Ce(NO3)3 x 6H,0 99.0%, Vetec). Then, cerium hydroxide is precipitated after slow
addition of 1.0 mol/L of ammonium hydroxide (NH4OH 99.0%, Vetec) at room tem-
perature. The precipitate was filtered under vacuum and washed with deionized water
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Figure 24.5 Diffraction pattern of CeO,.

in a Buchner until pH 7. Then, it is dried at 110°C in a muffle and calcined at 500°C
under air flux for 10 h. Figure 24.5 shows the diffraction pattern. The specific surface
area was 71 m?/g and Figure 24.6 shows the microanalysis.

24.4.2 Impregnation of metals on supports

This is the most important method for preparation of industrial catalysts, and there
are different methodologies, however, the most important is the impregnation over
frame-shaped solids, like pellet or extruded. The solution with specified metal concen-
tration, varying time, temperature, and pH transfers the active phase to the support,
and after drying and calcination, it is fixed and stable. The support is in general
an inert material or can be partially active; however, the main properties must be
well defined. In this case, the volume of solution must be sufficient to fill all pores,
known as dry impregnation. When the support is in powder form, the volume of
solution needed is higher than the pore volume of the support, and the impregnation
is known as wet impregnation. Thus, the impregnation method can be divided into
two types:

e Without interaction
e With interaction

In the first case, the solution contains the active substance and the support is inert
or partially active. The preparation can be dry or wet impregnation (Figure 24.7). In
this method, the solution drops slowly in the Becker containing the solid.

Vpores = Violution = volume for dry impregnation
Violution > Vpores = volume for wet impregnation
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Figure 24.6 Photo of CeO, sample prepared by precipitation. (NUCAT/PEQ/COPPE, FEG sample,

Neto).
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Figure 24.7 Scheme of pores.
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The impregnation occurs by diffusion or wetting. For diffusion, the time
estimated is:

~2

tdiffusion =lg= B (241)

where x is the distance in pores and D is the diffusion coefficient (cm?/s).
The impregnation time must be greater than the diffusion time:

Limpregnation > td
The impregnation time can also be estimated as follows:

4.7

t (24.2)

o.r

where p is the viscosity.

In the impregnation with interaction with the solid, there are covalent and ionic
bindings. The pH is the most important parameter and indicates superficial electric
charges. If the resultant electric charge is zero, it is known as zero electric charge and
identified as isoelectric point (IP), where the electric charges are compensated. In this
state, neither the solution nor the colloidal system does transport electric charges.

If pH > IP, then the surface or the solution has positive electric charges attracting
anions, annulling total electric charges. In the colloidal solution, it forms amorphous
aggregates. However, when pH < IP, then the negative superficial charge or the solution
attracts cations which are compensated. In the colloidal solution occurs precipitation.
Each oxide has its IP, or zero electric charge, for example:

Al O3 PI pcz 8.0
TiO, Pl pcz 5.0 — 6.0
Si0, PI pcz 2.0

Summarizing;:
[M*...O0* |+H*<M" —OH < [M*...OH,]* + OH" (24.3)

If acid — surface (+) — exchange anions
If surface (—) < basic — exchange cations

Thus, proton H* can exchange cations of type Ni?*, Pd**, Pt>*, and Au3*.
Hydroxyls OH can exchange complex anions.

24.4.3 lon exchange

The ion exchange occurs between ions A of solid MO with ions B of solution S,
according to the following reaction:

Amo + Bs <> Bymo + Ag (24.4)
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The well-known example for ion exchange is Pt on zeolites. The exchange occurs
between ions of solution and ions of zeolite as follows:

[Pe(NH;);"]s + 2[NH; ], < [Pe(NH;)3" ], + 2[NH; (24.5)

More details can be seen in the literature [Le Page].

Example

For example, we present here the monolithic support (Figure 24.8) which is an inert
material (2MgO x 55i0; x 2Al,03). Itis highly resistant and has been used in different
processes. The main advantage is the low residence time or contact time of the order of
milliseconds. It presents 400 cells in™? (D = 12 mm, L = 8 mm) as shown in Figure 24.8.

First, y-alumina was deposited by washcoating and then impregnated with the
active phase. The y-alumina was prepared with a solution which contains urea and
deposited by dipcoating of small pieces. until reaching 10% concentration of Al,O3.
The active phase was impregnated with a solution of Ni(NOj3), x 6H,O (Vetec) and
concentration of 291 g/L, then dried and calcined and successively impregnated until
reaching 6% concentration of nickel. The metal oxide content on the NiO/AI203
coated cordierite monolith catalysts was 5.3 wt. %, based on the total mass of the
monolith support, after three cycles of immersion and heating treatment. The adher-
ence was qualitatively measured by ultrasonic vibration test. The weight losses were
1.3% and 0.3% for /A1203 and NiO, respectively, after exposure to ultrasonic vibra-
tion for 30 min, which are extremely good when compared to reported values in the
literature, about 4.0%. These results confirm that the urea method is efficient for
washcoating Al, O3 phase and nickel oxide over a cordierite monolith.

Figure 24.8 Monoliths of different forms and sizes.

The microscopic images (FEG) are shown in Figure 24.9. Figure 24.9B and C
shows details of particles and fissures at the surface, respectively. Images indicate that
the surface was completely covered by nickel particles.
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Figure 24.9 (Continued).
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Figure 24.9 SEM microscopy images relative to NiO/Al,O;/cordierite: (A) 20k, (B) 80 k,and (C) 100 k.

24.5 ANALYSES OF VARIABLES INFLUENCING FINAL
PROPERTIES OF CATALYSTS

Variables influencing the preparation by precipitation, coprecipitation, precipitation—
deposition, and impregnation transform chemical and physical properties approaching
the equilibrium conditions. The main variables are:

e pH

e Aging time

e Temperature
e DPrecursors

24.5.1 Influence of pH

The pH values influence significantly the formation of intermediate complexes during
the preparation by precipitation or precipitation—deposition. For example, gold cat-
alysts are prepared with a gold precursor (HAuCly solution), and pH influences the
formation of gold complexes, the maximum content, and the presence of chlorine.
The ions [AuCls]~ form different complexes, as shown in Figure 24.10. Complexes
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Figure 24.10 Gold complexes from a solution of 2.5 x 1073 M HAuCl, (Lee and Gavriilidis, 2002)
(Adapted).

like [AuCly_(OH),]~ (x=1-3) are adsorbed at the surface with the formation of
Au(OH); species which are the precursors of gold nanoparticles.

24.5.2 Autoclaving

Autoclaving is performed in a batch reactor under high pressure and different temper-
atures. There are thermal and hydrothermal transformations in the presence of steam
water, resulting in structural changes. In the presence of a solvent, the precipitated
solid suffers structural and textural modifications, but in principle the main steps are:

1.  Dissolution: part of the solid in the presence of a solvent or water undergoes
solvation of the metallic ions with the rupture of bindings and formation of new
bonds with the solid.

2.  Diffusion: transfer of the solvated ion from the solid to the final solid.

3. Dissolvation: the inverse phenomena of the first step, where the ion goes to
the solid and then is integrated in the new solid structure occurring again as
precipitation.

The transformations occurring are:

Small crystallites — large crystallites

Small amorphous particles — large amorphous particles
Amorphous solid — crystalline solids

Crystallites (1) — crystallites (2)
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24.5.3 Influence of time, concentration, and impregnation cycles

There are maximum concentrations that can be deposited on the surface. The diffi-
culty is to impregnate high metallic concentrations in one step. When the support is
preshaped, such as cylinders or spheres, the impregnation time is important. For short
times, the metallic distribution is concentrated at the external surface. Long impreg-
nation times improve the metal distribution inside pores of the pellet or extruded, as
shown in Figure 24.11.

For higher metal concentrations, the successive impregnation is employed for sev-
eral cycles until the desired concentration is reached. The metal distribution must
be homogeneous. In practice, higher concentrations can be reached with 3-5 cycles
(Figure 24.12).

Concentration profile of metal in the pellet

Ni(NO,), NiO
1.0 mol/l 4.0% (weight)

_/( 0.04 mol/l  0.18%

r/r,

%MeO

»
»

Figure 24.11 Influence of time and concentration on pellets/extruded.

Concentration profile of Ni in the cylindrical pellet

impregnation
Ni %
< 5 6.8% (weight)
NiO (%) | < 1 0.95%

r/r,

v

Figure 24.12 Impregnation cycles—metal concentration.
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24.6 THERMAL TREATMENTS

24.6.1 Drying

During the drying process, the residues and solvents are eliminated, transforming gels
into xerogels. The mass loss depends on the heating rate, and involves heat and mass
transfer phenomena.

7= aku(ps — pg) (24.6)
q=dh(T, — T.) (24.7)

where a and 4’ are the interface areas; k,,,, b the mass and heat transfer coefficients,
respectively; and p, T pressure and temperature of the gas (g) and solid (s), respectively.
Figure 24.13 shows the mass loss and drying rates and the temperature of the different
transformation phases.

The rate increases up to the equilibrium temperature at the surface, and then it
remains constant. During this step, the temperature increases. With time, drying pro-
ceeds to the inner cake, and the rate as well as rate mass transfer decreases significantly
with increasing temperature till the final temperature. The heat transfer rate is impor-
tant to obtain a homogenous drying. In the drying processes, usually the rate is of the
order of 10°C/min.

T final

T equilibrium

T initial

Xerogel

Figure 24.13 Drying of cake.
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slow heating rate

nr

high heating rate

Figure 24.14 Drying of pores.

The drying process is also very important for wet impregnation and for the elimi-
nation of solvents. The higher the heating rate the lesser the contact of the gas with the
surface, which favors the formation of smaller particles and in opposite, the slower the
heating rate the higher the contact time of the drying gas with surface, and consequently

bigger particles are favored, as shown in Figure 24.14.

24.6.2 Calcination

During the calcination with or without gases, there are decompositions of hydrox-
ides, carbonates (gel, xerogel) transforming into oxides which are chemical reactions,
transforming one compound to other compounds. During thermal treatments, there

are following cases:

(a) Decomposition

solid 1 — solid 2

2AI(OH);-25 ALO; + 3H,0

Ni(HCOO),-25NiO + CO; + H,0

(b)  Presence of gas

solid + gas — solid 2 + gas
Ni(HCOO), + 0,-25NiO + 2CO; + H,0

MoO; + 2H,S—2MoS, + 2H,0

(24.8)

(24.9)

(24.10)
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Figure 24.15 Thermal treatments—TGA and TDA.
(c) Phase transformation
y — AL O3 25 0—AL O3>0 — AL O5 (24.11)

Phase transformation can be followed by thermogravimetry, measuring the mass
loss and the temperature difference with increasing temperature, as shown in Figure
24.18.

The effects of calcination are significant in modifying textural and morpholog-
ical properties, affecting the surface area, pore volumes, and structures. There are
also differences between bulk and supported materials. In the first case, one observes
from Figure 24.16 that how these parameters change with increasing calcination
temperature.

It shows that the specific surface area decreases with increasing temperature of
calcination.

Starting from precursors, like nitrates or sulfates, the specific surface area increases
drastically reaching high values and then decreases due to structural crystalline rear-
rangement. Starting from crystals, like alumina or silica-alumina, with increasing
calcination temperature, the specific surface area decreases due to sintering or agglom-
eration of crystallites. The classical case is the alumina. Starting from y-Al, O3 with
a surface area of around 200 m?/g, it is transformed into a- Al,O3 which presents a
surface area of the order of 20 m?/g.

On supported catalysts, the effect of calcination is significant on particle sizes,
dispersions, and crystallite sizes. Measurements of particle sizes or metal dispersions
after calcination and reduction of supported catalysts indicate different situations and
there are three cases that are illustrated below.



706 Chemical reaction engineering

500

400 ~

300 A

200

Surface area (m?/g)

100

500 T 1.000

Figure 24.16 Specific surface area as a function of the calcination temperature adapted from reference
Le Page.

Table 24.6 Influence of calcination temperature and digestion time.

Ni (%) Tcalcination (OC) tdigestion (h) Sme\:allit: (mZ/gNi) Reduction (%)
9 400 | 43 7
9 Without calcination - 10 16
15 400 4 52 5
15 Without calcination 14.6 14

24.6.2.1 Effect of calcination and digestion over reduction and metallic
surface area

The first case illustrates how the calcination temperature and digestion time affect
metallic area and degree of reduction of the alumina-supported NiO for different Ni
contents.

Results indicate that the reduction without calcination presented higher reduction
of NiO and higher metallic area for different Ni contents. After calcination, both
reduction and metallic area decreased significantly, independent of the digestion time,
which suggests agglomeration of particles or interaction with the support during the
calcination step. The digestion time did not affect the metallic area and the reduction.

Figure 24.17 displays the effect of calcination and reduction temperature on the
metallic Ni® area. The precursors were calcined separately at 300°C and 500°C and
reduced with H,. When calcined at 500°C, the metallic area increases with increasing
reduction temperature allowing the reduction of big and small particles at the surface.
However, when calcined at 300°C, the metallic area indicates two different situations.

In the initial situation between range A and B, there are big NiO particles which
are reduced to metallic Ni’:NiO — Ni’.

In the range B and C, the metallic area decreases because NiO interacts with the
support and the reduction of these particles is more difficult.
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Figure 24.17 Effect of the calcination temperature over the metallic area adapted from Le Page et al.
1978.

In between C and D, the metallic area increases due to the reduction of nickel
particles with strong interaction with the support and the reduction of nickel aluminate
NiAl, O3 — Ni® 4+ Al O3. These particles are not easily reduced to metallic Ni°.

Therefore, there are following situations as shown in Figure 24.17.

24.6.2.2 Influence of calcination temperature over dispersion and
particle sizes

The effect of calcination temperature on particle diameters of a Pt/SiO; catalyst after
reduction is displayed in Figure 24.18. The precursor was calcined and present as PtO;
or PtO. After reduction, it is transformed into metallic Pt°. Figure 24.18 shows the
effect of calcination temperature on dispersion and particle sizes.

The dispersion decreases drastically whereas particle diameters increase with
increasing temperature. It is assigned to crystal growth or strong interaction with
the support or sintering and therefore results in the formation of silicates which are
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Figure 24.18 Effect of calcination temperature on particle diameters adapted from Le Page et al. 1978.

difficult to reduce. With increasing temperature, there are migrations of particles or
growth from smaller to bigger particles.

24.7 EFFECT OF REDUCTION TEMPERATURE ON INTERACTION
AND SINTERING

The influence of the reduction temperature on the metal support interaction and par-
ticle agglomeration occurs frequently on supported catalysts and will be illustrated
for nickel-supported catalysts. It depends on the support, the metal concentration,
the calcination temperature, the reducing agent, the H, concentration, and the pres-
ence of water. When promoted with potassium, lanthanum, or any other promoter, the
reducibility and the metallic distribution improve. After calcination, nickel is converted
as oxide (NiO), also as suboxide (Ni,O3) and as aluminate form.

NiO + Al, O3 — NiAlL, Oy (24.12)
The reduction of nickel oxide after calcination occurs as follows:
NiO +H, — Ni’ + H,0, AH =0.4kcal / moles (24.13)

If the reduction is direct of the precursor nitrate, then the following reactions may
occur:

Ni(NO;), + 2H, — Ni° + H,O + 2NO,, AH = 11.9 keal / moles (24.14)
Ni(NO;), + 4H; — Ni® + 4H,0 + 2NO,, AH=-86.5kcal/ moles  (24.15)

Ni(NO;), + 9H; — Ni’ + 6H,0 + 2NH3;, AH=-261.5kcal / moles (24.16)
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Figure 24.19 TPR : (A) a-Al, O3, (B) 8%Ni/a-AlL,O3,and (C) 16%Ni/a-Al,O;.

24.8 INFLUENCE OF THE SUPPORT AND METAL
CONCENTRATION OVER THE REDUCTION

The supports y-Al; O3 and a-Al, O3 exhibit different structures and have specific sur-
face area of around 200 m?/g and <10 m?/g, respectively. Typical reduction profiles of
supported NiO, with 8% and 16% content are shown in Figures 24.19 and 24.20.

These figures show two reduction peaks of nickel species those Alberton et al.
attributed to the reduction of NiO without interaction with the support for lower
temperatures, while for higher temperature there are reduction of NiO species linked
to A3 species of the alumina support formed during the impregnation step.

The a-Al; O3 sample shows shifting of the maximum reduction temperature with
increasing metal content. Comparing the first reduction peak of the supported samples
with the reduction of bulk NiO, it turns out that with increasing metal content, the
reduction is facilitated. Results show the same behavior for the second peak. According
to Li and Chen, the reduction rate of NiO depends, besides other factors from the
nucleation of metallic Ni. Indeed, higher metal concentrations favored the reduction
of Ni species and so the reduction rate.

The degrees of reduction of the 8% and 16 %Ni/a-Al, O3 were 59.4% and 22.0%,
respectively. In fact, there is a significant amount of Ni species that is not reduced,
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Figure 24.20 TPR analyses of bulk NiO and supported catalysts: (A) 8%Ni/y-Al,O3 and (B) 16%Ni/y-
AlLO;.

although under H, atmosphere and temperatures up to 1000°C. It seems that the
catalyst with higher metal content has lower reducible Ni sites.

The absence of NiO on the supported catalysts y-Al, O3 is probably due to the
high-specific surface area of the support. It suggests high dispersion of Ni species
which under calcination at 550°C provoked the formation of NiAl, Oy, as detected by
XRD. Indeed, H, chemisorption measurements do not allow determining dispersions
of Ni particle sizes. TEM or XRD i situ reduction analyses succeeded. Figure 24.21
shows the diffraction of 8% Ni/a-Al, O3. The NiO lines were not more observed above
500°C, but typical lines of metallic Ni are observable. Thus, only metallic Ni was
detected by XRD above 653°C. From the diffraction line (1 1 1) at 44.5°, 0.232rad,
we calculated the crystallite sizes (dn;) 45 A and thus the dispersion (Dy;) 1.9% of Ni.

24.9 INFLUENCE OF THE HEATING RATE

The influence of the heating rate of reduction after calcination and of direct reduction
on the metallic area and dispersion of the Ni/Al, O3 catalyst is illustrated in Table 24.7.

As seen, heating rates do not affect the dispersion or metallic area of the calcined
sample, but influence these variables on catalysts after direct reduction, evidencing
higher dispersion with lower heating rates.

24.10 INFLUENCE OF VAPOR

The effect of the presence of H,O vapor on the reduction of a 10% nickel-supported
catalysts is shown in Figure 24.22. The reduction was performed with a mixture of
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Figure 24.21 XRD in situ of reduced 8%Ni/x-Al,O;.

Table 24.7 Effect of heating rate.

Tealcination (°C) Heating Rate (°C)/min Metallic Area, Spegaiic (M?/g) Dispersion (%)
400 15 32 5.1
400 5 43 6.9
s 15 6.5 6.1
s 5 14.6 13.8

10%H,/Ar and without (a) or in the presence of vapor (b). Profiles evidence that
vapor influences the reduction temperature shifting the maximum peak to higher
temperatures.

The first peak is associated to the reduction of NiO with low interaction with
the support, while the second and third peaks, which are partially superimposed, are
associated to the reduction of NiO interacting with the support, thus, to the reduc-
tion of nickel aluminates. The reduction degree was 100% and the particle sizes of
200 A. XRD data confirmed the existence of metallic Ni, aluminates and lanthanum
aluminates in this sample after reduction.
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Figure 24.22 TPR profiles of a nickel sample and with 10%H,/Ar, without (a) and with water vapor (b).

24.11 EFFECT OF TEMPERATURE AND REACTION TIME

The reaction temperature, mainly for exothermic reactions, affects the structure and
textural properties of the catalysts which cause deactivation. The consequences are
structural modifications or sintering of the catalyst. The most important identification
of sintering is the analysis of crystal sizes or particle sizes before and after reaction.

Frusteri et al. measured the particle sizes by TEM analysis of a 21%Ni/MgO
sample for ethanol reforming at 650°C with H,O/EtOH after 20 h reaction, as well
as, the influence of alkaline metals. Figure 24.23 displays the particle size distribution
before and after reaction, showing the presence of big particles evidencing sintering.
When doped with Li and K, the deactivation is less affected.

24.12 STRONG METAL SUPPORT INTERACTION

Transition metal oxides are easily reduced promoting interaction with metals of group
VIII. This phenomenon was designated by Tauster as strong metal support interaction
(SMSI). The main characteristic of the interaction is the lower metal surface exposition,
drastically decreasing the chemisorption capacity of H, above 500°C. The TiO; is
an n-type semiconductor, with defects in the lattice conferring special conditions for
interactions and hence geometrical or electronic effects.

Horsley assigned the SMSI effect of Pt/TiO; to charge electric transfer from tita-
nium to platinum atoms in the covalent bonding Pt-Ti that becomes stronger than
the bonding between Pt—Pt atoms. When reduced with Hj, it forms oxygen vacancies
producing Ti** ions which attract platinum atoms, modifying the electronic density.
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Figure 24.23 Particle size distribution for Ni/MgO before and after 20°h reaction. Conditions:
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2004a).
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Figure 24.24 TPR profiles of 1% of platinum supported on Al,O3 and TiO,.

Table 24.8 H, consumption.

Catalyst, % Pt® (weight) TPR, pwmol of Hy/gcar Chemisorption Dynamic,b wwmol Hip
OfHZ/gcat

Pt/Al, O3 1.01 84.70 11.3 0.54¢

Pt/TiO, 1.03 182.90 4.4 0.17

Note: ?After atomic absorption.
bAt 300 K.
€82% reduction.

The reduction profiles of platinum-supported catalyst (1%Pt w/w) are displayed
in Figure 24.24. The Pt/Al, O3 catalyst exhibits a maximum peak at 250°C with a
shoulder at 370°C, in agreement with the literature. The hydrogen consumption is
presented in Table 24.10 and corresponds to the reduction of Pt** to Pt’*.

However, the Pt/TiO, catalyst exhibits reduction at room temperature and at
112°C, 372°C, and above 500°C, besides peak shift to lower temperatures due to
the reduction of PtO. Partial reduction of TiO; to TiO,_, occurs at higher tempera-
tures which are attributed to SMSI. The presence of Pt atoms promoted the reduction
of titanium which in turn facilitates the reduction of platinum at the surface.

The calculated dispersion of Pt atoms at the surface of alumina was 54%, consid-
ering the reduction degree of 82% of platinum oxide (Table 24.8). On the other hand,
the Pt/TiO; catalyst has two times more hydrogen consumption than the alumina-
supported catalyst, indicating reduction of TiO; and thus interaction with metallic
Pt’. The H, chemisorption is three times less (17%) than the Pt/Al, O3 catalyst and
confirms SMSI effect after reduction at 500°C.

Jiang and collegues claim that the Ti** cations may adsorb hydrogen and then
diffuse through the support, decreasing the adsorption rate of hydrogen dissociation.

Table 24.19 presents the mean particle sizes of metallic Pt° from CO chemisorp-
tion and TEM analyses of these samples. The results are in good agreement and in
accordance with XRD analyses, suggesting mean particles sizes less than 5 nm.
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Table 24.9 Mean particle sizes (d,) from CO chemisorption and microscopic analyses (TEM)*'.

573K* 773K 773K
Pt (%PESO) Sgpt x 1072 dp co* Sgpt x 1072 dP co’X< dp MET
(m?lg) (nm) (m?lg) (nm) (nm)
Pt/Al,O; 1.01 0.94 3.0 0.82 34 2.0-4.0
Pt/TiO, 1.03 1.95 1.4 0.60 4.7 1.8-4.0

2After reduction, *dP =6/pPt.SgPt18, pPt=121.45 g/cm3.

TPR and chemisorption results confirm the SMSI effect after reduction with H,
above 500°C. Indeed, oxygen vacancies are formed, producing Ti** ions, attracting
Pt atoms. This effect is caused by charge transfer of TiO; atoms to platinum atoms
through the covalent bonding Pt-Ti.

24.13 EXPERIMENTAL DESIGN—INFLUENCE OF PARAMETERS
ON THE CATALYTIC PERFORMANCE

The main goal is to design minimum number of experiments needed for the selection
of variables influencing catalytic properties. The effect of experimental conditions on
the parameters used for evaluating the performance using the minimum number of
experiments (runs) was proposed using a full factorial design of experiments.

Experimental design is an important tool to determine the dependence of vari-
able and to analyze statistically and coherently the experimental results. The classical
method is the full factorial design.

The idea is to design the experiments that provide exact information about the
variables and thus defining the main objectives and selecting the appropriate tech-
niques. For each target, there are associated techniques. Knowing the most important
variables and the effect of these variables on the system and the interactions between
them, then the full factorial design may predict minimum experiments.

In general, the system can be represented by a functional equation containing
correlated factors or variables (entrance) and responses (exit). In particular, the full
factorial design requires specifying the upper and lower limits of each factor. This
method suggests two limits which are maximum value represented by +1 and minimum
value represented by —1.

Besides, it is important to estimate errors for evaluation of these effects. Therefore,
deviation of different factors indicate how experiments are reliable, assuming the same
error for similar experiments. These calculations allow determining the main effects
and the interaction effects.

The main effect (b1) of a factor (x1) is defined as the difference between the average
response when the maximum value is (y(x1,)) and the minimum value is (y(xi_)),
according to equation:

b =y(x14) — y(x1-)

Without interaction between the factors (x1, x2, ..., x,,), the effect of a specific factor
(xj) is equivalent to the effects in the lowest level, when the other factors are in highest
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level. Therefore, the difference between these effects can be used as a measure of the
interaction x; with the other factors. In fact, consistent with the definition of the main
effect, the interaction effect is defined as the difference between two averages, and thus,
the tests must be separated into two groups, according to the levels of each factor (+1
or —1). For example, the interaction between factors x; and x; can be calculated
by doing separate tests where both factors assume the maximum (x4 and x;;) and
minimum (x;_ and x;_) levels and where the factors assume these levels alternatively
(x14+ and x;_ or x1_ and x;; ). Therefore, the interaction effect between x; and x;, or
bij, can be calculated by the difference between averaged responses of each testing
groups, according to equation:

bij=Iy(x14,x1) + y(e1—,x)1/2 = [y(x14,x-) + y(x1-,x4)]/2

where y(x14, xj4) is the response when the factors assume maximum values, y(xi_,
xj—) the responses when the factors assume minimum values, and analogous y(x14,
xj—) and y(x1, xj;) the responses when these factors assume maximum and minimum
values alternatively.

In fact, the levels are represented as +1 for the highest and —1 for the lowest
level. For calculation of the interaction effect between two or more factors, tests are
grouped and those factors which are significant assume levels that multiplied result in
+1 or —1.

For example, in the selection of a catalyst for soot combustion, the evaluation of the
combustion temperature (T¢), the selectivity of CO, (Sco,), and possible interaction
between these factors can be calculated using inlet variables. The main factors are the
ratio of catalyst and particulates (cat:PM), heating rate, and gas inlet flow rate. From
the experimental oxidation profiles and the amount of CO and CO,, we determined
the combustion temperature T¢, as the temperature for maximum CO, formation, or
selectivity (Sco, ), after complete conversion of particulates (PM).

Two levels, maximum (+1) and minimum (—1) values, were attributed for these
three factors and according to the full factorial design resulted in eight tests.

1. Ratio cat:PM: 2:1 and 95:1
2. Heating rate: 2 K/min and 20 K/min
3.  Flow rate O,/He: 5 mL/min and 115 mL/min

Therefore, the average values were calculated and following values were obtained:
Ratio cat:PM: 49:1, heating rate: 11 K/min, and flow rate O/He: 60 mL/min.

Table 24.10 presents the values of combustion temperature (T¢) and selectivity of
CO; (Sco,) according to the experimental design and the averages, deviation values
of TC and Scoz.

Table 24.10 presents also tests with corresponding deviation values and excellent
reproducibility.

The flow rate affected the CO, profiles as shown in Figure 24.25. As observed,
there are interactions between the rate cat:PM and heating rates when the flow is low,
or for high heating rates, elevated temperatures, while for high cat:PM ratios, the
reaction is not limited and reaction occurs at lower temperature. The oppositeoccurs



Table 24.10 Combustion temperature (T¢), selectivity of CO, (Sco,),and deviation values.

Test Factors Responses
Cat:PM Raq Flow Sco, (%) T (K)
2:1-95:1 2-20K/min ~ 5-115mL/min
| -1 —1 -1 98 856
2 +1 -1 —1 97 787
3 -1 +1 —1 97 >923
4 +1 +1 —1 99 797
5 -1 -1 +1 56 825
6 +1 -1 +1 75 821
7 -1 +1 +1 79 883
8 +1 +1 +1 93 879
PC 0 0 0 82 863  Average =+ deviation
PC 0 0 0 90 860 Sco, T.
PC 0 0 0 83 863 85+ 4% 859 +5K
Note: Symbols +1, —1, or 0 indicate, maximum and minimum values for each factor.
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Figure 24.25 TPO analysis of the combustion of particulates (PM mixed with catalysts (cat). Profiles
of CO; varying the ratio cat:PM, heating rate and gas flow rate [34].
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for low heating rates and cat:PM ratios. These results are in good agreement with the
expected interaction factors cat:PM and heating rate parameters.

From these results, it turns out that the combustion temperature is an impor-
tant parameter for testing and comparison of the catalytic performance with certain
limitations, since it can be strongly influenced not only by activity tests but also by
experimental measurements. Moreover, it depends on the maximum peak temperature
and precise evaluations.

24.14 CONCLUSION

The main goal of this chapter is to present the catalytic properties under the influ-
ence of different variables before and after treatments, after a brief introduction of
the catalyst preparation, with specific examples showing affected differences and not
characterization methods which were reproduced partially from my book on hetero-
geneous catalysis, published before. It shows how industrial catalysts are affected and
modified during pre- and posttreatment or reaction conditions.
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Practices







Chapter 25

Experimental practices

In this final chapter, we present some laboratory practices to apply the theory learned
in previous chapters and also demonstrate some practical examples of kinetics and
reactors. The practical examples aimed to determine the kinetic rates and activation
energies. Whereas reactor studies demonstrate to determine the performance in relation
to contact time and yield of different types of reactors presented in this book.

25.1 REACTIONS IN HOMOGENEOUS PHASE

25.1.1 Free radical polymerization of styrene

A polymer may be formed by hundreds, thousands, or even tens of thousands of
monomeric units. This material can also be present in natural form, for example,
cellulose and rubber. The characteristics of these macromolecules depend on the
monomer, chain length, and composition of the mixture. The mechanism and kinetics
have been presented. We present the free radical polymerization of styrene (solution
polymerization) as an example.

This type of polymerization is quite simple. We used as an example, an experiment
from an organic mixture of benzene and styrene with azobisisobutyronitrile (AIBN).
AIBN is the reaction initiator, which undergoes a thermal dissociation to form free
radicals.

HyC
Hac%cw CHg

HC N=N 4 5 HEL—X +N

H30A< oN

CN
| —» 2R
R
R+  HeC— N \cH
\
CeHs CeHs
R*+M ——» RM*

R CH*CgHs R CH*CgHs
\ .
(CH, CH); 4 + H2C =\ — (CH, (")H)|

\
CoHs CeHs CeHs

RM*+M —» RM*

i+1
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Problem: Determine the conversion of polymerization reaction solution (styrene/
benzene) to different concentrations of initiator ([I]=0.07; 0.03; 0.01 mol/L) with
styrene concentration [M]=4 mol/L. Determine also the conversion from three dif-
ferent concentrations of monomer, [M] = 6; 3; 1 mol/L with [I] =0.03 mol/L. Use the
temperature at 50°C.

Material: See Figure 25.1. Two glass flasks—round-bottom flasks (K) with a standard
ground glass stopper (S); 1 magnetic stirrer (R) or an agitated stirrer (M); 2 vases (W);
1 thermometer (1/10°C); pipette, styrene, benzene, and AIBN.

25.1.1.1 Experimental system

S MM
| JWL"J
; ==

Figure 25.1 Experimental layout of a phase homogeneous reaction: polymerization system.

25.1.1.2 Procedure

Styrene was dried over CaCl, and purified by two successive vacuum distillations
(50 mbar) over Na. The same procedure was performed with benzene. AIBN was
purified with methanol recrystallization before use and drying in vacuum at room
temperature. The round-bottom flasks must be clean and dried repeatedly. Place the
flask in a water bath (or another heating fluid) at 50°C. The system was deaerated with
nitrogen gas flow before reaction (to remove O;). The reagents (benzene and styrene)
are introduced into the flask. After the system reached the reaction temperature, the
initiator was introduced. Small samples (~10 mL) are removed from the system every
2 h for determination of the kinetics. These samples are put into a container which
contains an inhibitor (hydroquinone) and then weighed (by gravimetric method). Dur-
ing the experiment, the reaction solution must be maintained with strong agitation.
After the end of reaction, the material is weighed and then sent to a vacuum oven.
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The product is “washed” with methanol and dried at 60°C for 4 h (or longer). The
influence of temperature on the density can be neglected.

Plot a graph X and ¢ and determine the reaction rates for different conditions in
the proposed experiment. Use Equation 25.1:

(25.1)

25.1.2 Polymerization of isobutylene

It is intended to study the polymerization reaction of isobutylene. This reaction is
known as one of the most important processes for cationic polymerization, and also
called catalytic reaction Friedel-Crafts. The high reactivity of the polyisobutene is
obtaining a product with high concentration of double bonds.

The aim of this example is to determine a mode of production of polybutene to
obtain a product similar to standard UV-10. This means, to produce a material with
a greater concentration of terminal double bonds from the process variables and a
commercial catalyst.

Initially, the experimental system was designed for adjustment to process, as shown
in Figure 25.2. RAF1 and butane are added continuously to the reactor. After reaching
the reaction volume, the system was maintained under pressure for about 1 h. The
reaction was initiated from the addition of co-catalyst and a HCI gas stream. At the
end of reaction, the product was “washed” in a solution of NaOH (1.0 N), separated,
and distilled. Some tests with temperature variation were applied to the system (0 to
Tamb). The reagents used were isobutene pure (AGA 99.0%) and RAF1.

=

Figure 25.2 Polymerization system equipped with a stainless steel reactor.
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Figure 25.3 Polymer obtained by using BF; as catalyst.

The variables investigated during the process were the temperature and the concen-
tration of co-catalyst (HCl/Cat = 3 and HCI/Cat = 1). The products were characterized
by infrared (FT-IR). The infrared analyzes were conducted at room temperature in a
Perkin-Elmer 2000 FT-IR at a resolution of 4cm™!.

Due to the formation of HF during the procedure, it was adopted to use a Teflon
reactor. The process is highly exothermic (as well as most of the processes of poly-
merization). After using the Teflon reactor in the first reactions, it was replaced by
a stainless steel reactor with the aim of increasing the safety of the process. Other
variables chosen were the largest volume and a good cooling system, where it was
possible to control the temperature in a better way. For a better understanding one of
the process steps, see Figure 25.3.

One of the conditions used for polymerization reactions is described in Table 25.1.
The pure isobutene and its mixture with RAF1 (from the polybutene) were used
as initial reactants in the process. The addition of reagent is conducted slowly,
avoiding a significant increase in temperature. After the end of the addition of
isobutylene, the temperature remained stable at around 7°C. In an initial volume
(reactant + ethanol in dichloromethane) of 1000 mL, a yield of 600 mL was obtained,
approximately.
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Table 25.1 Reaction Conditions for the Polymerization

Temperature (°C) 5
Volumetric ratio ethanol/dichloromethane 1:100
Molar ratio BFs/ethanol I:1
Volume of solution ethanol/dichloromethane (mL) 101
Total reaction volume (mL) 1.000
Reaction time (min) 45
— UV-10
1.641 4 636 — PIB24

POLBF3 (Isobutene)
—— POLBF3 (RAF1)

Intensity/u.a

M

T T T T T T T T T T T T T 1
1.700 1.680 1.660 1.640 1.620 1.600 1.580 1.560
cm™!

Figure 25.4 IR spectra between 1700 and 1560 cm~".

The stretching frequencies 1640-1642cm~! and 885-895 cm™! are characteristic
of the vinylidene group (double bond), while in 1662 and 820-830 cm~! it belongs to
trisubstituted olefins. Figure 25.4 shows the IR spectra between 1700 and 1560 cm™!.

25.2 REACTIONS IN HETEROGENEOUS PHASE

25.2.1 Experimental system

Figure 25.5 shows the flowchart of the experimental testing unit. It is used in a “U”-
shaped quartz tube without bulb, the temperature is controlled by a thermocouple
with a K-Type sensor associated to a controller/programmer and coupled to an electric
resistance furnace.

The experimental system also has a mass flow controller for gases with four chan-
nels. Four-way valves that allow these currents are diverted from saturators (by-pass).
A three-way valve allows to replace the gas (He) through the reaction mixture.
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Figure 25.5 The experimental testing system.

The determination of the volumetric flow rates is easily performed by a flowmeter
and a stopwatch (by soap-film method). It is necessary to consider the pressure drop
when the gas bubbling through the saturator to yield calibration curves as a function
of the soap-film burette method.

To prevent condensation of liquids, gases are maintained at a temperature of 75°C
by electric resistance heating system, in this case, a VR115 voltage regulator.

25.2.1.1 Chromatographic analysis

Analysis of the results is conducted by a gas chromatograph in series with the experi-
mental unit, in which the chromatograph is equipped with an active phase column
(Hayesep D), thermal conductivity detector (TCD), and flame ionization detector
(FID). The carrier gas used was helium at a flow rate of about 12 mL/min at 20°C.

The calibration system is made by injection of mixtures-certified standards with
known concentrations (H,, CO, CH4, CO,, and H,O). According to the calibration,
one can calculate the respective conversion factors obtained from the areas of the
chromatographic peaks and subsequently a mathematical treatment is performed to
normalize the data.

Figure 25.6 shows one typical chromatogram obtained, which is observed a low
sensitivity to H,. In Table 25.2 presents the retention times and the calibration factors
for each of the components.

25.2.1.2 Determination of mole fractions and partial pressures

The calculation of partial pressures for the reactor effluent from the chromatographic
areas is conducted from an external standard (analytical chemistry) and carbon bal-
ances. Before the beginning of the kinetics tests, the mixture is bubbled into the
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Figure 25.6 Typical chromatogram obtained during reaction (CH4 + CO,).

Table 25.2 Retention Times and Calibration Factors of Peak Areas
from the Chromatograms

Gas Retention Time (min) Calibration Factor
H, 35 4.275

co 5.3 0.67

CH, 9.2 0.45

CcO; 13.9 0915

H,O 18.9 0.55

saturator. From the knowledge of the ratio, for example, O,/He (0.2/0.8) and chro-
matographic areas, it is possible to determine the molar fraction that corresponds to
a particular area “A,” according to the Equation 25.2:

(25.2)

where E; is a compound, yg; is the molar fraction, Ag; and Ao, are corrected areas of
the compound and oxygen, respectively.

To analyze the feed to the reactor, helium gas is bubbled into saturators containing
the liquid for at least 40 min at desired temperatures. The mole fraction corresponding
to the area of a given component (reactor feed) can be determined from the external
standard, from a simple calculation as shown in Equation 25.3 below:

0

Az
0 _ Z7Ei | ; 25.3
YEi AEi YE ( )
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where y2. is the feed molar fraction (ethanol, for example); A%, is the area correspond-
ing to the mole fraction of component in the feed.

For instance, the mole fraction of water in the reactor feed (yy,0) can be determined
from the ratio of the corrected areas (Ap,0) and also the component (Ag;), as shown
below:

H,O

0 2 0

_ = . i (25.4)
szO A . yE

25.2.1.3 Verification of the kinetic regime

To verify the kinetic regime, two tests are performed, in which the volumetric flow (v¢)
is changed and keeping the ratio constant (72¢,./vp).

For the system of kinetic regime, the conversion remains unchanged in experiments
that have the same ratio (m1c.:/v9). If the external mass transfer determines the reaction
rate, an increase in volumetric flow tends to decrease the boundary layer between gas
and catalyst surface, increasing the concentration of gaseous species on the surface and
consequently the reaction rate.

25.2.1.4 Catalytic tests

Tests are conducted at atmospheric pressure. The partial pressures of liquids are deter-
mined by the thermostatic baths (temperature control) and volumetric flow rates
passing through saturators. The methodology of these calculations is described in
detail in Patat and Kirchner (1975).

In general, the catalysts are reduced under flow vy (mL/min) from a mixture 10%
H,/He and heated to a temperature T (°C) at a specific heating rate (10°C/min). For the
adjustment of the reactants partial pressures, the gas flow is stopped. After the system
reached the desired conditions in saturators, several samples from the feed (containing
liquid and water) are analyzed in the chromatograph. Since conditions have stabilized
input, the reactor temperature is raised to the reaction conditions (T,) and then, the
reaction starts.

To analyze the external and internal mass transfer, the space velocity must be
increased and keeping constant the ratio m1.,./Fg; (catalyst mass/molar flow of liquid).
These tests are made on the temperature and partial pressure of liquid in reactor feed.
For example, the catalyst mass and volumetric flow rate of the gas used in the first test
are, respectively, 25 mg and 100 mL/min (#1c,/vo =25 x 1075 geae x mL™! x min™1).
For the second test, the mass and volumetric flow rate are reduced to half to obtain
the same ratio, thus, the conversion is evaluated.

The space velocity is calculated (GHSV) as follows:

GHSV =92 . 20 (25.5)

cat

where %, is the molar fraction of liquid in the reactor inlet, vy is the volumetric flow
(mLmin~!); and m1., is the mass of catalyst (g) used in the test.
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Table 25.3 Dehydrogenation of Cyclohexane over Pt/Al,O; Catalyst (P=|atm
Hy/CeHi2 = 13.2)

Initial Rate at 543 K
Catalyst Hiptb (1073 mol/h/g q;) TOF (s') E, (kcallmol)

0.9% Pt/Al,O3 1.0 161.5 1.0 24

25.2.2 Determination of activation energy: dehydrogenation of
cyclohexane

This example shows a reaction conducted in a microreactor at 1atm, from a quan-
tity of 10 mg of catalyst previously dried and under flowing of N, (30 cm?/min) at
393K in 30 min. Then, the catalyst is reduced with 1.5 H,/N; and the same flow at
500°C in 30 min. After reduction and cooling was introduced, a stream of H, passes
through the saturator containing cyclohexane (99.9%) at 15°C (H,/C¢Hyp =13.2).
The space velocity (GHSV) used was 170h~! to a temperature variation of 250 at
300°C. The conversion was kept below 10%. The products were analyzed by a chro-
matograph FID. The dispersion was determined by chemisorption of H, and the TOF
was calculated by the dispersion of the Pt/Al, Oj catalysts.

Benzene was the only product found and the catalysts were not deactivated after
4 h of reaction. The alumina showed no activity. The results are shown in Table 25.3.
Figure 25.7 shows the TOF with the inverse of temperature. The activation energy
found was 24 + 2 kcal/mol.

25.2.3 Kinetic study—methane reforming with
CO,—heterogeneous reaction

In this practical experimental reports how can we determine the catalytic activity and
reaction kinetics in methane reforming with CO,. A great effort has been directed to
the development of active and stable catalysts for this reaction.

Among the several catalysts tested in methane reforming with CO,, the Pt/ZrO,
catalyst yields good results of activity and stability. The objective is to determine the
catalytic activity of the Pt/ZrO, systems in different experimental conditions.

25.2.3.1 Experimental part

The tests are conducted on the multipurpose unit, as shown in Figure 25.5. The pre-
treatment of the catalysts consisted of drying up to 150°C, under a flow of helium gas
for 30 min, followed by reduction at a mixture 10% of Hy/Ar (30 mL/min) until the
temperature of 500°C (10°C/min). Then, the catalysts are cooled to room temperature
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Figure 25.7 Dehydrogenation of cyclohexane over Pt/Al,O; catalyst, pH,/pC¢H |2 = 13.2 (P = | atm).

(25°C) under He flow. Gaseous mixtures available for the reaction are 10% CH4/He
and 10% CO,/He.

The catalytic tests with chromatographic analysis can be performed at atmospheric
pressure in a fixed-bed quartz microreactor. The mass of catalyst used was 20 mg
and a total flow of the reagents of 200 mL/min, with a ratio CH4:CO,:He of 1:1:18
(GHSV = 600,000 cm3/h g.,;). The gas flow of gases is monitored by the mass flow
controllers with transducers valves connected to a four channel control panel (MKS),
which allows an accurate dilution of the mixture reagents.

25.2.3.2 Activity of the catalysts

The results for different catalysts (Pt/Al,O3 and Pt/ZrO;) are shown in Figure 25.8.

The equilibrium curves were obtained from commercial process package Aspen Plus™
(Aspen, 2006).

25.2.3.3 Determination of rates

In order to determine the kinetics in a particular model, one determines initially the
effect of variation of partial pressure of CH4 and CO; on the rate of consumption CHy4
for PtZr catalyst at 550°C, whose results are shown in Figures 25.9 and 25.10. Each
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Figure 25.8 Conversion as a function of temperature.

experimental measurement was obtained after 30 min of reaction. When the pressure
of CHy4 is kept fixed at 19 Torr, the consumption rate of CH4 shows two different levels,
Pco, < Pcu, and Pco, > Pcp,. When the pressure of CO; is kept fixed at 19 Torr, the
consumption rate of CHy increases with increasing pressure until 27 Torr; for pressures

above this value, the rate is nearly constant.

25.2.3.4 Kinetic model

From the analysis of the data available in the literature and our experimental
results, the following bifunctional mechanism has been proposed for the reaction

CH4—CO,:

4—x

{A} CH4 + (p) < CHx-(p) + H,
{B} CO2 + (2) <> CO1(2)
{C}Hz + 2(p) < 2H(p)

{D} CO,(z) + 2H*(p) <> CO + H,O

{E} COs(2) + CH,- (p)—552C0, + ’2—‘H2 +(2)+(p)

(25.6)
(25.7)
(25.8)

(25.9)

(25.10)
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Figure 25.9 Reaction rate as a function of the partial pressures of CH,4 (at constant pressure and
temperature, T =550°C).

0.20 7 PtZr

0.12 ~

0.08

rCH4(mOI/h'gcat)
| |

0.04

000 T T T T T T T T T T T T
0 10 20 30 40 50 60

PCOZ (Torr)

Figure 25.10 Reaction rate as a function of the partial pressures of CO, versus CH4 (at constant
pressure and temperature, T = 550°C).
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(In this mechanism, p represents the platinum site and z the support site.)

The slow steps of this model are decomposition of CH4 {A} and the reaction of
the CH, fragments with adsorbed species of CO, {E}. For catalysts that inhibit the
formation of residual carbon (kinetically), the surface concentration of carbon in the
metal surface (as CH,) remains constant, that is, the decomposition rate of CHy is
equal to the reaction rate of CH, with CO;:

rer, =ken, - Pon, - (P) — kefy, - [CHy (p)] - Pl ™2 =k - [CO,(2)] x [CH,(p)]
(25.11)

Assuming step {B} in equilibrium, it has been:
Kco, - Pco, - [z] =[CO, — 2] (25.12)

Therefore, two equations are formulated at independent sites. Assuming the
surface concentration of H, negligible:

(p) + CH,-(p) =1 (25.13)
(z) + CO,(z) = 1 (25.14)

and substituting Equations 25.12, 25.13, and 25.14 into 25.10, we find the
following equation for the reaction rate of methane:

k- Kco, - ken, - Pco, - Pch,

= Y (25.15)
k- Kco, - Pco, + (1 + Kco, - Pco,) (kcm - Peny + Reyy, - Ph, )

TCH, =

Kinetic constants were calculated using the following procedure:

(a) When the partial pressure of H; is null and with CHy at constant pressure, the
reaction rate of methane can be expressed by:

rer, = % (25.16)
where a, b, and ¢ are as follows:

a=k-Kco, - kcn, - Pch, (25.17)

b=k - Kco, + Kco, - kcn, - Pch, (25.18)

C=kc1-14 'PCH4 (25.19)
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Table 25.4 Metric Parameters

Constant PtZr
K, 0.030
kE, 0.0148
k' 1.138
Correlation 0.983

(a

JUnit: mol/hge,e Torr.
O Unit:Torr—.
©Unit: mol/hgeae.

This equation can be linearized as follows:

P
% —A-Pco, +B (25.20)
YCH,4
where A= —— + Land B= 1 —
kchyPen, R k-Kco,

Hence, by plotting Pcy, /7ch, versus Pcp,, we obtain the constants A and B.

(b)  When the partial pressure of H; is null and with CO, at constant pressure, the
reaction rate of methane can be expressed by:

rCH, = % (25.21)
where a’, b’ and ¢ are as follows

d =k -Kco, - ke, - Peo, (25.22)

b =kcp,(1+ Kco, - Pco,) (25.23)

¢ =k Kco, - Pco, (25.24)

This equation can be linearized as follows:

Poms _pr p /

P cH, +B (25.25)
where A’ = 280 TCo, 4 L

~ kKco,Pco, = Eon,
Hence, by plotting Pcy, /7cu, versus Pcu,, we obtain the constants A’ and B'.

(c) From the constants A, B, A’, and B/, we can calculate kcys, Kcoz, and k.
The kinetics parameters calculated from this procedure are shown in Table 25.4,
as well as the correlation coefficients obtained for the PtZr catalyst at 55°C.
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The proposed model fit well to the data obtained by kinetic tests for the catalysts
containing zirconia. However, the results show that the kinetics can be simplified.
Thus, considering;:

1> Kco, - Pco,
Therefore:

rcHy = kRen, - Pen, =0.03 - Pep, (25.26)

25.3 PERFORMANCE OF REACTORS

In this section, some practices in batch and continuous reactors are presented in order
to determine the performance in terms of conversion, selectivity, and yield. These
examples were conducted in partnership with some Brazilian industries.

25.3.1 Batch reactor-hydrogenation of sucrose

The evaluation of catalytic hydrogenation was carried out in batch reactor of 450 mL
and under pressure (Parr autoclave). To eliminate the diffusion effects, the reactor was
equipped with double-helix stirring device at specific positions: near the bottom and
on the surface of the reactant (height of the liquid mixture). To visualization of the
system, Figure 25.11 presents the reactor used for this example.

Figure 25.12 shows a schematic representation of the interior of the reactor. We
can see that the system is provided with an inner cooling coil (in case there is a thermal
runaway), one valve for the gas flow, one pressure relief valve, and one for sampling.
From that figure, one can observed the agitation system, input reagent (gas), and
thermocouple.

The analysis of the operating conditions for the hydrogenation of sucrose was
based on industrial conditions to obtain a conversion of approximately 90% to 65 min
of reaction.

The introduction of hydrogen was controlled to maintain the reactor pressure at
40 bar (580 psig), and agitation rate used was 1200 rpm. The heating procedure used
is described in Table 25.5. The concentration of the sucrose solution was fixed at 50%
(w/w) of sucrose diluted in distilled and deionized water.

This procedure was adopted in the production of various experiments by varying
the reaction time to obtain levels of conversion of around 60%, and then compare
the various catalysts used. Thus, we worked with a reaction time of 50 min to reach a
temperature of 130°C. These conditions are summarized below:

Reactor volume =450 mL

Mass of the Raney—Nickel catalyst with 6% (Prewcar./Psolid) = 10.92 g
Reaction temperature = 130°C

Total pressure =40 bar (580 psig)
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Figure 25.11 Schematic representation of the reactor used in catalytic tests, Parr autoclave (with
permission).

Table 25.5 Temperature x Pressure

Time (min) Temperature (°C) Pressure (psig)

0 Tamb atm (14.7 psig)

5 56 Start feeding hydrogen
25 90 450

30 100 580

45 120 580

65 140 580

Sample concentration HD to be hydrogenated:

o Sucrose: 1.14%
e Glucose: 51.72%
e Fructose: 47.14%

Agitation rate = 1200 rpm
Reaction time = 50 min

Hot filtration (80°C) to prevent the polymerization of the products formed.
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Figure 25.12 Schematic representation of the reactor used in catalytic tests, Parr autoclave (with
permission).

The analysis of the reactant and reaction products were performed on liquid chro-
matography (HPLC) equipped with a column (Shodex SC101) with aqueous mobile
phase.

The results of the hydrogenation reactions at 50 min and 130°C of the leached cat-
alysts at 100°C (except commercial) are described in Figure 25.13. The Raney—Nickel
commercial catalyst showed the highest conversion (~60%) followed slightly below of
the Cr—Mo promoted catalyst. The other additive catalysts showed a conversion level
of about 35%, which was similar to that obtained by the Ni-Raney (100) (leached)
catalyst (manufactured in NUCAT lab) at 100°C. The order of activity of the catalysts
tested is shown below:

Ni-Al (commercial) > Ni-Al-Cr ~ Ni—Al-Mo > Ni-Raney(100)

~ Ni—Al-Fe ~ Ni-Al-Co

Reaction at 130°C (leached cat. 100°C)

25.3.2 Integral continuous flow reactor (tubular)—isomerization
of xylenes

The experimental unit for isomerization of xylenes has the function of increasing the
content of ortho-xylene in the xylenes stream from the ethylbenzene conversion.

Ethylbenzene — o-xylene (25.27)
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Figure 25.13 Conversion and selectivity in the hydrogenation reactions at 130°C.

During the isomerization process, ethylbenzene can react in different ways:
O-xylene isomerization;

Disproportionation to benzene and diethylbenzene;

Dealkylation.

Bifunctional catalysts (acid hydrogenation over supported metal) are required for
the isomerization reaction. Under these conditions, reactions of hydrogenation of aro-
matics (reactants and products) and of alkene reactions occur simultaneously as well as
secondary reactions, such as hydrocracking of naphthenic and hydrogenolysis. Due to
the acidic character of the support, the transalkylation reactions, disproportionation,
and isomerization of xylenes also occur in bifunctional catalysts.

o-xylene <> m-xylene <> p-xylene (25.28)

We emphasize that conversion of meta-xylene to ortho-xylene is undesired.

Studies already published in the literature report that a higher activity for platinum
catalysts supported on zeolites compared with y-Al, O3 supported catalysts (Katzer,
1977). In addition, the reactions of ethylbenzene through routes of isomerization,
transalkylation, and disproportionation are reported as preferred.

In this way, an evaluation of commercial catalysts requires a methodology for
simultaneous monitoring of activity and selectivity, as well as evaluating the catalytic
stability under operating conditions.

The objective is to evaluate commercial catalysts based on platinum (Ptl, Pt2,
and Pt3), comparing them on the activity and selectivity for use in an industrial
isomerization of xylenes.

e

.

o ﬁ

"
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Table 25.6 Operating Conditions of the Catalytic Tests

Nominal Pl Pt2 Pt3
LHSV (h') 35 349 3.30 3.13
H,/HC8 (mol/mol) 4 4.0l - -
Preactor (bar) 12 12 12 12/9
Vbed (cm’) 26.9 28.4 26.9 284
Dped (cm) 1.90 1.90 1.90 1.90
Lpeq (cm) 8.58 9.3 9.5 9.3
M (8) 18.32 18.29 16.69 15.57
Qcg (cm?/min) 1.57 1.69 1.5 1.48
Qu (cm3/min) 1.150 1.240 1.150 1.150

Simulated load

Real load

1 OA)()Z/N2 2 pure H2 pure

Figure 25.14 Pretreatment and reaction of the catalytic tests.

25.3.3 Goals

1 Ewvaluation of the activity of catalysts based on platinum for the conversion of
ethylbenzene.

2 Determination of selectivity of platinum catalysts for the conversion of ethylben-
zene to xylenes.

3 Performance evaluation of catalysts subjected to forced deactivation.

The catalysts were tested for performance under operational conditions, as shown
in the Table 25.6. The steps of drying, activation, reaction, deactivation, and
revaluation were conducted as shown in Figure 25.14.

25.3.3.1 Drying

The catalyst is dried in a N, gas stream (24 L/h) with 1% of O, (1.2 L/h of air) at
400°C for 10 min (400°C/h). Then, the catalyst is cooled to 225°C under the same gas.
At 225°C, a N, gas stream (pure) for 5 min is used.

25.3.3.2 Activation

N, is replaced by H; and changing the flow rate to 8.3 L/h gy, simultaneously, the
reactor is heated to 400°C and maintained for 1h.

25.3.3.3 Reaction

After the complete reduction, reactor is pressurized and the reactants are introduced.
After introduction of feed, the reactor is heated to 425°C and kept at this value for
24 h. Thus, the temperature is reduced to 360°C and the load is introduced.
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Figure 25.15 Bench unit for catalytic tests from NUCAT lab.

25.3.3.4 Deactivation

After withdrawal of the last sample at 360°C, feeding is interrupted and the reactor
is cooled to room temperature, under H, flow. H; is replaced by N; at 600 mL/min,
increasing the temperature to 450°C at a rate of 5°C/min for 3 h. We introduced a
liquid load (1 mL/min). The system is cooled to 385°C and the load is interrupted, N,
is replaced by Hy. And again, the liquid load (2 mL/min) is fed to the system.

The tests were carried out in bench unit, as shown in Figure 25.15.

Samples were removed at 360°C, 370°C, and 385°C and again at 360°C. The
catalytic deactivation step was performed under nitrogen flow at 450°C for 3h. And
again, the experimental points at 385°C and 360°C were evaluated.

The load and the liquid phase of the reactor effluent were analyzed by gas chro-
matography and were identified at least for the following compounds: cyclohexane
and carbon chains of up to C7 (nonaromatic), styrene, benzene, toluene, ethylbenzene,
meta-, ortho-, and para-xylenes.

The tests were performed using a specific load industry. The results of load
composition and products at 360°C for the three catalysts are shown in Table 25.7.

For Pt1 and Pt2 catalysts, a large decrease in the products of xylenes at 360°C was
observed, which were converted into lighter compounds (nonaromatic). The catalyst
Pt3, although it has the highest percentage of ethylbenzene in product composition,
did not show significant change in the stream of xylenes.

25.3.3.5 Activity

The determination of the activity of three platinum catalysts in the isomerization reac-
tion of xylenes was by converting ethylbenzene. As well as the formation of o-xylene,
benzene and nonaromatic and m-xylene the same procedure was used:

_ EBload - EBproduct

Xgp
EBload

x 100 (25.29)
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Table 25.7 Load and Products Composition for Activity Tests at 360°C

Composition (% mol)

Products (360°C)

Compounds Load/Catalyst Pt2 Ptl Pt3

Nonaromatic 0.67 44.73 37.16 0.68
Benzene 0.02 0.05 0.02 0.18
Toluene 0.04 0.28 0.22 0.52
Ethylbenzene 27.64 07.34 08.35 16.79
> xylene 71.63 47.07 53.99 70.06
p-xylene 20.6 12.51 14.10 17.72
m-xylene 46.0 26.07 29.66 3691
o-xylene 5.1 8.50 10.23 15.44

Composition (%molar)

Pt3 (OP) Pt1 (Z771A) Pt2 (1-9K)

Catalysts

Il Selectivity (360°C) I o-xylene (360°C)
I o-xylene (370°C) o-xylene (385°C)
I Repetition (360°C)

Figure 25.16 Effect of temperature on the selectivity of o-xylene.

25.3.3.6 Selectivity

The relationship between the selectivity of o-xylene to total xylenes amount (%-
> xylene) was calculated from the Equation 25.30 and shown in the Figure 25.16.
The production (%) of o-xylene is also presented:

Xylene — Xylene

S svlone = product 100 25.30
v 3" Xylene * ( )

product
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These results show that o-xylene selectivity decreases with increasing temperature
for all the catalysts. The selectivity was significantly higher in the presence of the Pt3
catalyst at low temperatures, although at a lower conversion.

The results showed that the Pt3 catalyst had the lowest activity when compared
to the conversion of ethylbenzene and better performance for the selectivity of o-
xylene, further lower formation of nonaromatic compounds. It was observed that this
catalyst remained away from the equilibrium conversion when compared to other cat-
alysts tested; it also showed increased coke formation for samples that have undergone
deactivation forced.

The Pt1 and Pt2 catalysts presented a similar behavior of activity and selectiv-
ity; they are more active in the conversion of ethylbenzene and less selective for the
formation of o-xylene with high formation of nonaromatic in conversions near to
equilibrium.

Under the conditions of this example, the Pt1 catalyst showed to be more resistant
to deactivation processes, maintaining a reasonable selectivity for o-xylene.
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