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Preface

The first edition of my book was published in 1982. The second edition appeared in
2010 after revision and extension of several new topics. This book was intended for
undergraduate students and had one major objective: to teach the basic concepts of
kinetics and reactor design. I decided to write this book after teaching for several years
in the undergraduate and graduate schools of Chemical Engineering at the Federal
University of Rio de Janeiro (almost 4000 students took these courses). The main
reason was that I observed the great difficulty that students had in explaining the basic
phenomena that actually occur in practice. Therefore, I focused on presenting examples
and exercises for each topic and not specific projects of the industry. My objective was
to provoke students observing the phenomena to think about them and thus induce
them to create and innovate. However, kinetics requires theoretical knowledge that
must be complemented and proven in the laboratory. Therefore, I included in the last
chapter of my book some laboratory practices, giving details of the experiments with
numerical values in bench or semi-pilot scale.

Reactors are used for determining kinetic rates and specific rate constants; how-
ever, reactors cannot be designed and operated without knowledge of kinetics.
Therefore, 1 decided to organize my book in two parts: in the first part kinetics is
presented focusing on the reaction rates, on the influence of different variables and
on the determination of specific rate parameters for different reactions both homo-
geneous and heterogeneous. This section is complemented with the classical kinetic
theory and in particular with many examples and exercises. In the second part I intro-
duce students to the distinction between ideal and non-ideal reactors and present the
basic equations of batch and continuous ideal reactors, as well as specific isothermal
and non-isothermal systems. But the main focus is both qualitative and quantitative
interpretation by comparing and combining reactors with and without diffusion and
mass transfer effects, complemented with several examples and exercises. Finally, I
also present non-ideal and multiphase systems, as well as specific topics of biomass
thermal processes and heterogeneous reactor analyses.

In closing, I would like to thank my students for this opportunity, and FAPER],
UFR] and Synergia Editora for supporting the previous two editions.

Martin Schmal
Rio de Janeiro, November 2013
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Nomenclature

Symbols Meaning Units
a,b,c Stoichiometric coefficients

a, b, 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
N4 Number of moles of reactants A, B . .. moles

ng Initial total number of moles moles

nr Total number of moles moles

P Pressure atm~!

Py Initial pressure atm




xiv. Nomenclature

Symbols Meaning Units
Pé Number of Péclét

q Heat transfer rate Kcal/h
0 Heat transfer rate kecal/h
Qg Heat transfer generated from the reaction Kcal/h
0. Convective heat transfer Kcal/h
0. Sensible heat transfer Kcal/h
Or Total heat transfer Kcal/h
0, Removal heat transfer kcal/h

r Reaction rate mol /L.h
(—ra), (—rB) Disappearance rate of A, B mol/L.h
r; Rate of formation of component j mol/L.h
R Gas constant Atm.l/mol.K
S Selectivity

s Space velocity St

t Time s

tf Final time $

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
Vi Reactor volume cm? (L)
v Reaction volume cm?

Vo Initial volume cm?

b 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

e Porosity

€A Expansion or contraction parameter

X Ratio of specific rate constants

i Viscosity; potential, Monod constant, reduced mass

v Stoichiometric coefficient; Kinematic viscosity

p Density g/cm?

o Variance



Nomenclature xv

Space time

Non-dimensional concentration
Local yield

Global yield

Non-dimensional time; surface fraction

T 5.

Subscripts

A,R  Reactant or products
Equilibrium

Final

Gas

Component
Reaction number
Reaction

Initial

O R =—gg FhO

Other nomenclatures

MeO — Metal oxide

M° - metal

kp— Boltzman constant

SSI — Structure sensitive reaction

SIS — Structure insensitive reaction

BET - Surface area (m*/g)

TOF — Rate (frequency factor) (s™')

DRX - x-ray diffraction

TPR - Temperature programmed reaction
MEYV - Scanning electronic microscopy
TEM - Transmission Electronic microscopy
®,, — Thiele modulus

n — Effectiveness factor

Q — Global effectiveness factor

L,,s = Height bed at minimum fluidization
emf =void fraction at minimum fluidization
0s = density of solid

o0 =density of gas

fv — bubble fraction

fe — emulsion fraction of gas

k; — interface coefficient (m’/m>bed x b)

u — mean velocity; collision velocity

uy, — superficial velocity (m/s)

Cap — Concentration of gas in the bubble
Cae — Concentration of gas in the emulsion phase
Ke = gas fraction in the emulsion phase

D, = Effective diffusivity



xvi Nomenclature

u, = superficial velocity in the emulsion phase
U, — minimum fluidization velocity (cm/s)
ps — particle density of solids

pf = fluid density

d, — particle diameter

g — gravity

@s — solid parameter

&mf = void fraction

0s = solid density

& = Porosity of the bed reactor

d, — mean particle size

05— solid density kg/m3

dp— bubble diameter (m)

d, = external diameter of reactor (m)

k; = interface coefficient (cm3/cm>bed x s)
Cap = gas concentration in the bubble phase
Cae = gas concentration in the emulsion phase
7" =reaction rate (molelg x s)

ep — dispersion

dy, dp = diameter (tube and particles)

Sh = Sherwood number

Re = Reynolds number

Sc = Schmidt number

k; — Mass transfer coefficient (cml/s)

aj — external surface — liquid/solid — (cm?*/g)
my, = Mass of particles (g)

H — Henry constant at the gas-liquid interface
pi — Partial pressure

kg4 — deactivation constant

¢ — yield

¢4 — local yield

x = ka/ky — relation between specific rate constants
S — selectivity

V, = specific volume (m>/mol)

E; — energy of component j

Fj — molar flow rate of component j

W — Work

QO - Heat (J/mol)

k*— apparent specific constant

fp — partition function

AS°— Entropy

V., ax — maximum reaction rate

V,ds;Vdes — Adsorption or desorption volume
rg — substrate reaction rate

R - transfer rate
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Chapter |

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, the stoichiometry is defined 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
(CH53C0),0 + H,O — 2CH3;COOH

Kinetics: irreversible second order reaction = irreversible and elementary
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2. Decomposition of the acetaldehyde
CH;3;CHO — CH4 + CO

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

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

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,O0

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

CH;-CH, = CH,-HC =0 + H, - CH;-CH3-CH3-HC =0 + H,
Crotonaldehyde Butyraldehyde
— CH3—CH3—CH3—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
c
il
V(ml) vs t g
V! =
c
8 Ca "\ C,
[
8 Products
Batch reactor
Reactant A
Reactant A
— Products Time (t) or distance (z)
Reactant B
z Concentration

Continuous reactor

Figure 1.1 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 measurement 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
conductivity allow 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 reccommended 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 & rR +sS (1.1)
Initial moles: 749 7y #ro 750
Final moles: ny np ng ng
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:

_ mag—ms _ mpy—np MR —MRy _ Ms — g (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 = npp — aa

np = npgo — bOl

NR = NRo + 1

ns = ngg + so (1.3)

Example

The reaction: 4PH3; — P4 + 6H,
From 1 mole of phosphine, after a certain time, we can find:
NpH; = 11—«

(1/4)a

(6/4)a

np,

ﬂHz

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() —au

CB = CB() — bot
CR = CRO + ro
Cs = Cyp + s (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
Xa. for reversible reactions. So, for irreversible reactions in which A is the limiting
component, we have:

_ Mg — M

Xy= A0 7A (1.5)
naA0
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For reversible reactions, we have:
Xpe=—— (1.6)

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 — Ca

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

na = nao(l — Xa) — V==Const - Cy = Cao(1 — X4)

ng = npo — (b/a)Xa Cp=Cpo — (b/a)X,

ngr = nro + (r/a)Xa Cr=Cpgo + (r/a)Xa

ng = ngo + (s/a)Xa Cs=Cso + (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=ny+(r+s—a—>b (1.10)
Considering that (r+s—a — b)= Av, it is possible to know whether there is vol-
ume contraction or expansion. Note that, s, @, and b are the stoichiometric coefficients
of the products and reactants, respectively, and 19 =49 + 1o + 7r0 + 7250 is the total

number of initial moles. Thus,

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

PV PyVy

. 1.1
RT — RT +Av-a (1.12)

As a function of the conversion, replacing « by Equation 1.2 and rearranging, we
obtain:
nA0 —NA 7o NAO
Av-o=Ap—22—"4 20 740
a nyg NAQ

Av
Av-oe:—-XA~yA0~no
a

where X4 is the conversion (Equation 1.5) and y, is the initial molar fraction of A.
The term

Av
P VA0

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

" Py
0= RT 5

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 =Vo(1 +£4X4) 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,

_ VXA:1 — VXA:()

)= (1.14)

Vx,=0

If in gas-phase reactions g4is 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 temper-
ature. For non-ideal conditions, the compressibility factor Z is corrected. Thus,
Equation 1.13 becomes:

T
V=Vo(l+eaXa) 7~ (1.15)
T zo

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 = e5. However, for any other condition, they are different. For the same total
volume, it is known that:

V=Vo(1+eaXa)=Vo(1+ epXp)
Thus,

EAXA ZEBXB (1.16)

Example EI.1

N, + 3H, < 2NHj;
Case 1 N, 3H,; 2NHj3 (+ Inert) Total ¢
Initial cond. 1 3 0 4
Final cond. 0 0 2 2 ea=-0.5
Case 2
Initial cond. 1 4 0 S
Finalcond. 0 1 2 3 ga=-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
Final cond. 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:

Cro

Cso 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 Fag = C4ovp. 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=vo(1l +¢eaXy) (1.17)
Therefore, considering that the local concentration varies with €4, since, we have:

na nao(l — Xa)
Fa=— v=—"-—"""0(1 +64X4)=Fso(1l — X
A= 2ol T eaXa) o 4Xa) =Fao( A)

where FA() = CA()U().
Therefore, for a system at variable (g4) 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

Xa (1.19)

Fao

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—FB_FR_FRO

P b . (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:

Fa = Fao(1 — Xa)
Fp = Fpo — (b/a)FaoXa
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: 10 1By 1RO no (initial total)
Moles at any ¢: na ng MR n=ngy+ Ava
Reacted moles: nao0 — aa ngy — (b/a)a nro + (r/a)a

We have the molar fractions:

nao —aa  npy — (b/a)a nro + (r/a)
no+Av-a no+Av-a ny+ Av-o

(1.22)

i

We can also determine the molar fractions as a function of the conversion by using
Equation 1.2, and the molar flow, knowing that:

i_—n“‘o_n"‘_& (1.23)
nA()_ a-npo a a )

or

@ _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,

na npo — ao
pa v v

Using Equation 1.1 and substituting « = 7 = 19 + Ava and knowing that p4o = n{;o RT,
the partial pressure of A can be calculated:

a (n—ngp)

PA=PA0—B v

RT
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Since the total initial pressure and pressure at time ¢ are Py and P, respectively, we
have:

a
pAZPAO_A_(P_PO) (1.25)
v
Regarding the product, only the sign is changed from (—) to (+), i.e.,

pR=pRo+Ai<P—Po> (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 Gy as a characteristic property of each component. Thus,

G =Gypna + Gpng + Grug (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)e)

We have:

G =Gy + AGua (1.28)
Considering that:

Go = Gaonao + Gponpo + Gro7iro
and

AG=Gg(r/a) — [Gaa + Ggp(b/a)]

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

_ G.-Gy

(o2

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

o G -Gy

— = 1.29

O, Ge — G() ( )
or as a function of the conversion:

Xa G -Gy

B 1.30

XAe Ge - G0 ( )

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
Xa= (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 reaction 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:

pA:PAO_Ai(P_PO) (1.33)
V

The initial pressure is Po=pao + pr = 9 mmHg.
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(b)

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—pa
Cao Pao

Xa

Substituting p4 from Equation 1.33,

_1P—P
3 pao

Xa

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

X4 =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=Vy(l+eaXa)

therefore,
AV =V —Vy=VyeaXa

The molar fractions can be calculated:

Py ZyAP = yA=O.83
= y1=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 0O 3.3 0.16 3.5

ea=2.5

Thus, according to Equation 1.38, the volume change is:
AV = Vi, X4 =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
v, = 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
Cp = ppo/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 Xp.
The initial molar flows are:

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

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

Fp = Fpp(1 — X3) =0.114 moles/min.
FA = FA() — FB()([?/(,Z)XB ZFBO(I —XB/Z) =0.133 moles/min.
Fr = Fro + FB()(T/CZ)XB =Fpo(0 + Xp/2)=0.019 moles/min.
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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 mlIL of sample. The data in the
table indicate the titrated volume in different reaction times.

t(min) O 10 20 30 50 o
V (mlL) 52.5 32.1 23.5 189 144 10.5

Determine the conversion as a function of the reaction time.
Solution
Calculation of the number of moles:
V-N 1%
=——=—0.675 1.41
"=7000 ~ 1000 (1.41)
Calculation of the conversions by means of Equation 1.7:

XA:M (1.42)
nA0

Calculating according to the following table, we have:

¢ (min) 0 10 20 30 50 00

V (mlL) 52.5 32.1 23.5 18.9 14.4 10.5

n4 (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 Xy, is equal to 0.799.
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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 & R +sS

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

will be:

dG=-SdT+ VdP+ Y p;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:
> uidnj=0 (2.2)
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The chemical potential for ideal gases expressed as a function of the partial pressure
is defined by:

1j=w + RT Inp
We then have:

RTY ajlnpj=-Y ayn (2.3)
By definition, the total Gibbs free energy is:

GO=) mu) =uj(no +aje)

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

_ n,'() — n,-
a;

Differentiating with respect to «, we obtain:

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

AG°
_ﬁ: Z a,»lnp,-— Z a,»lnp,- (2.5)

products reactants

For a reaction of the type, we have:

RS _ _AGf>_

pjpg _exp< RT =K (2.6)
Thus:

AG’=—RTInK (2.7)
Considering that:

PrPs _ g (2.8)

Paph

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:

AG=AH? — T AS° (2.9)
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By substituting Equation 2.9 into Equation 2.7, we obtain:

0 0
K=exp<%) exp(— AH ) (2.10)

RT

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:

AH°
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:

dInK B 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:

=0+ BT +y T (2.13)

where «j, Bj, 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,-:/(oz,-+ﬂ,-T+y,-T2)-dT (2.14)
To

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

AH? = Total enthalpy of the reaction: (Z Hoproduces — Z Hmmms)
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Le.:
T
AHr=AH? + / (Aaj + ABT + Ay T?) - dT (2.15)
To
where Aq;j, AB;j, 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
Kr AHY

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; poqucts-

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), nj 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:

Zniafk - Ak =0
]

Example

E2.1 Determine the equilibrium concentrations of the conversion of the hydrobutyric
acid in dilute solution, i.e.:
CH, - CH, - CH,, - COOH © CH, ~ClH, -C =0+ H,

I_J )

The initial concentration of the acid at 25°C is 0.182 mol/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,

CHy~CH; ~C=0 =R
o_|

A= R

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

_ CRe _ XAe

K= =
CAe 1-— XAe

Therefore, the equilibrium conversion can be calculated:

K

Xpe=——
Ae 1+K

=0.73

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,
L.e.:

9060

InK=_2"_27.4
n T

Solution
Starting from the equation of the previous problem:

in which:

_ AH _ 9060
TRTT T
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and
Ko=e2"*=1.186 x 10~
Thus, the solution will be:

1186 x 10712 ¢2060/T
AeT T 1186 x 10712 ¢9060/T

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

T (0 T (K) Xae
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

T T T T T T T T T T T
280 300 320 340 360 380
T(K)

Figure E2.] 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: CHy4, O3,
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 CHy4 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 -
g
~
I
O
s 60 A
<
9
2
[<5)
g 40 1
Qo
O
20 1

200 300 400 500 600 700 800 900 1.000

Temperature (°C)

Figure E2.2 Conversion of CH, 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, CHy 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
1s 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

AHYe = —10, 940 cal/mol

K=6.8 x 1072 agm~! at 145°C

Cpeyn, = 2-83428.6 x 107°T —8.73 x 107°T>
Cpryo =726 4+2.3 x 107°T +0.28 x 107°T*
Cpeymgo = 6.99+39.7 x 107°T —11.93 x 107°T>

Calculation of AH413k:

418
AHgq3=AH) + / (=3.1+8.84 x 107°T — 3.48 x 10°°T?) . dT

298

Thus:
AH418K =-10.978 cal/mol

Calculation of the equilibrium constant from Equation 2.16:
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The equilibrium constant and the equilibrium conversion are shown in Figures
E2.3 and E2.4, respectively.
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Figure E2.3 Equilibrium constant as a function of the temperature.
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Figure E2.4 Equilibrium conversion as a function of the temperature.
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Chapter 3

Kinetic 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
Molar flow of
reactants A and

Open leaves V
B that enters V system
(reactor)
Fj (moles/h ) Fj (moles/h )

Moles of reactant that were transformed
into products:

Rate of transformation or formation of
product: rj (moles/h.vol.)

Molar flow of formed
products R, S, or not
consumed reactants that

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/L h)
Heterogeneous systems:

. R 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:

C,H¢ — C,Hs +Hy
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

CH4 + 1/202 — C,H40
C,H; +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,O0—-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 (HCunsaturated) + HZ el

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

interface
interface
surface

S B
I
|

gas

liquid ——————

Gas or
liquid
gas

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:

r} = 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; =1 (F;)/V(mol/(Lh))

where f(F;) represents the flow of reactants and/or products in any position and V is
the reaction volume.




30 Chemical reaction engineering

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.
FiNj

TOF =
Si

(s7h)

where F;=molar flow (mol/s) Ny = 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



Kinetic of reactions 31

Rate TOF

Sensitive to the structure

I

Insensitive to the Structure

Diameter d, Diameter d,

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 < rR + sS,
the resulting reaction rate is expressed as follows:

r=kC%Cl — K'CLCS (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 ', ', 7, 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 = kC{CY = k(mol/L h)
First order = 7 =kCs = k(h™!)
Second order = r = kC5 = 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:

r/ s/
; = % = K — equilibrium (3.3)
AeCBe

By substituting Equation 3.3 into Equation 3.1, we have:
! / 1 / /
r:k[CfZ‘CB - 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=kC4 CY = Irreversible reaction (3.5)
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The most common cases are:

Irreversible reaction of Ist order=a'=1,6'=0= —ry =kCy
Irreversible reaction of 2nd order =4'=1,6'=1= —ry =kC4Cp
=ad=2,0=0=—ry=kC}
e Irreversible reaction of # order (global) &' +b' =n= —ry, =kC}

Examples

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

A—R+S

e Rate= —ry=kCy or
= —7A chlzq

2. C4H;{p + NaOH — C,H;0Na + C,H;OH
It is equivalent to a second order irreversible reaction:

A+B—->R+S
The corresponding rate will be:

—7rA=—TBp= kCACB

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:

AL)P

Ak—2>R

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

rp = kch

TR = kZCA

—rp = kch + kZCA (36)
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2. Reactions in series: e.g., decomposition reactions, which can be represented by:
k k
A——>P —5R

The corresponding rates of each component are given by:

—r4 = k1Cy
rp = k1Cy — k2 Cp
TR = szp (37)

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

A+B M, p
A+ P L)R

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

rp = /Q] CACB — szACp
rr = kaCaCp
—r4 = k1CaCp + k2, C4Cp (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 k/ of each reaction i.

Examples

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

C+H,0—>CO+H, AH=118.5k]/mol
CO 4+ H,0 < CO, + H, 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 =—-206.6 k] /mol
Fischer-Tropsch synthesis:

CO +2H; — [C,H2,], + HbO= AH=—-165.0k]/mol
Synthesis of methanol:

CO + 2H; - CH3;0H = AH =—90.8 kJ/mol
Shift reaction:

CO+H,04 CO; + Hy= AH=-39.8k]/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:

CH; - CH;=CH; —~-HC=0+H;, - CH; —CH; —CH; —HC=0+H,

Crotonoaldehyde Butyraldehyde
— CH; — CH; — CH; — 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=kC4% CY = irreversible reaction (3.9)
By defining the conversion in relation to the limiting component A, we have:

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

where

Cgo .
M==2% s always > 1,
A0

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=Clho(1 — Xa)* (M — (b/a)X4)" (3.10)
where
n=d + 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:

_ _® (3.11)

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:

ka  kp kg
== (3.12)

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:

—ra=kCiy(1 — Xa)(M — 3X,) (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:

—ra=kC3M(1 — X4) (3.14)
where:

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

—ra =R (1 = Xa) (3.15)
Generic order 7

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

&:&:... (3.16)
a b

By expressing the concentration Cp as a function of Cy4 in Equation 3.9:
_ a b
We obtain:

—ra=k*Cl (3.17)
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where:
b/
i)
a
n=da+0b

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

—ra=k*C (1= Xa)" (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 <R +sS

whose resultant rate will be:

! / 1 J /
r:k[c;gCB —fcgcg}

2. Elementary reaction of direct and reverse first order:
A&R

whose rate is represented by:

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

A+B&R
AR+ S

whose rates are, respectively:
1

r= k|:CA - %CRCS}

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 = Caol(l — X4)
Cp = Cao(M — (b/a)X )

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

By replacing for the case 2, we have:

1
TZkCAo[(l —XA)—K(R-F(T/LI)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) .
X 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 (X4a.). The equilibrium conversion can be deter-
mined from the thermodynamic equilibrium constant (knowing AG°), or from the
experimental data of the kinetic curve, knowing that when ¢ — oo, the conversion
XA — XAe-

Thus,

_ 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 Cgg and of the reactant Cy4g. 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
—_—p R, S
—
—P
Aand B - Products
P = constant
Reactants
~N Disc without friction
Na D wall

Spring

7

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 =kC4Cp = irreversible reaction (3.23)

Since the concentrations in a system at constant volume are:

_ba ~ _ DB
Ca=gr “*=RT
we have:
k
—TA= WPAPB (3.24)

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

_Pa __ DB
YA = P yB = P
Thus:
k 2
—rp= RTR yaysP (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— 1R

or

k  (nao — aa)(npy — (b/a)x)
(RT)?2 (g + Av - a)?

—ra= p? (3.26)

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:

Fao = 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 — X4)

Fp = Fpo — (b/a)Fa0Xa

Therefore, the final rate will be:

(1= Xa)(M — (b/a)X4)

—ra=kCA
& A0 (1+eaXa)?

(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)Xa)"
(1+eaXa) ()

ra=kCP, (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 £ =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~ Po)

pa=pao —
Since
a=1

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

Av=4=r=95
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But

for t=10min= p40=0, P=1, and P=3

1P—Py

= 0.5
3 Py

A

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

V=Vy(1+eaXa)
Since:

V=2V,

we obtain:

2Vo= Vo + VoeaXa
Voea=2

With the same conversion, X5 =0.5= ¢4 =4.
The rate is of second order and irreversible, and for the batch system this will be:

—ra=kCiy(1 — X4)*

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

(1—Xa)?
—ry=kCE —— 2L 3.29
M T e Xa? 52
But:
P 1
Cao Dao 0 =4.06 x 1072 mol/L

T RT _RT 0.082 x 300

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

Batch (—74) = 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:

(—74)0=4.95 x 10> mol/L min
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Potential energy

Energy barrier

Energy level
Reactants

AH® — Reaction|enthalpy <0

Energy level
Products

Reaction path

Figure 3.3 Potential energy over reaction time.

3.3 INFLUENCE OF THE 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=ky-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 5

ko
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k/k,

low

E = constant

high

!

RT/E

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 k 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 ko 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=102 = k=1.164 x 1072 min"! = (empty volume)
= for k=102 = k=1.164 min" = (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 RT2  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 ko can be
considered constant. The variation of the reaction rate constant k£ with the temperature

will be:

dlnk E
T —RTZ (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 = rg = kf (Ca, Cp), k = kg e~ (E/RT)
Reverse reaction = 7, = kf (Cr), k' = ki e~ E/RT)

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

K=+

7.
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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:

dlnK dink dlnk’
dT ~ dT dT

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

dlnK B AHO
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, Cp) — k| - exp (—E'/RT) - { (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 7,, we have:

dlnr_ E E’
dT _ RIZ YT RT2™

(3.36)

Note that the direct (r4) 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 Erg—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
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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 —z

E
Ink = Inkg 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. The
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In k
T
Figure 3.6 Arrhenius graph.
In k
\
N\
N\
(-E/R), \
(-E/R),
T

Figure 3.7 Intermediate steps.

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

Ehigh

T low

1T

Figure 3.8 Diffusive effects.



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 j is a component, reactant, or
product:

Molar flow of the
component j which
enters the reactor
per unit of volume | _

v

(1]

Molar flow of the
component j which
leaves the reactor
per unit of volume .

v

[2

Rate of generation
or consumption of
the component j
through the
chemical reaction

per volume V

(3]

Rate of
accumulation of the
component j in the
volume V

[4]

Scheme 4.1




52 Chemical reaction engineering

Variation of moles
of component in a
system per time

A+BoR+S \
G » | Molar flow of formed
X

products R, S or not
consumed reactants that
leaves V

Molar flow of
reactants A and B
that enters in V

_ 1
Fj (mols/h) F; + diFj (mols/h )
1

1
1
1
: J Different from other
idzj . .
/ 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:

d?’l,‘

F/'O—Fi‘i‘Gf:E

(4.1)

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,‘ZT/V

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

Vi

.. { = G/ZZAG,‘;‘ZZT,‘;‘AV,‘
Vsl U
> V,r
3 szfr,dV
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By substituting the expression of the rate G; in Equation 4.1, we obtain:

dn;
Fjo —F,-+/r,-dV=d—t’ (4.2)

This is the general equation of the molar balance for any component ;.
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:

di’l/'

Ve

(4.4)
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 (7;). 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=nao(l — Xa)

From Equation 4.4, we have:

1 dﬂA _ nAQ dXA

O -

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

Xa
; 1 dxA
=n —_—
A0 Ve

(4.6)

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

r=Cao [ 22 (4.7)
) (—=74)

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:

Fo—F+rV=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
121, ie.:

Fa=Fao(1 — X4)
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 :FBO_FB :FR — Fro
aFAo bFAO TFAO

We obtain:

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

FaoXa=(2) (re)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
4> 47
i F+df

— —  —

Vv
—» Z

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

F, — (Fj+dFj) +rdV=0 (4.13)
Therefore:

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(l — X4)

U

dFy = —Fa0dX4
Thus:

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

FAodXAZ(rR)dV (416)
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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= Z(b)
vo
We obtain:
lechO/ﬁ (4.17)
(4] ¥
0

where: = Fao=Caovp.

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.



Chapter 5

Determination of kinetic parameters

The kinetic parameters of the reaction rate are the rate constants k and the orders (a/,
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 k( 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:

rj=kC4 Ch = kf(C!) =kCly 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 X4 for irreversible
and reversible reactions.

Generally, we assume an integer order. Therefore:

ri=kCjo (Xa) (5.1)

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):

XA

XA
dXa dXa
t=C /—zc /— (5.2)
AOO i AOO RCYy f(Xa)
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1 A
F(Xa)
0 >
Xa
Figure 5.1 Representation of the integral function.
Tubular (Equation 4.17):
X4 X4
|4 dXyu dX,

——=C ~—2_C - 5.3
=gy =Cnf z A"Of kCiof (Xa) >3

where: ¢ is the measurement time and 7 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(X4), for
each value of X4, we have a linear equation of the type:

F(Xa)=Clyl kT (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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o C"k

A0

tort

Figure 5.2 Representation of Equation 5.4.

SPECIFIC CASES
5. IRREVERSIBLE REACTION AT CONSTANT VOLUME

Reaction of the type: A — products

5.1.1 Kinetic model of first order
(=74) =kCa=kCao(1 — X4a)

The continuous tubular system is chosen and substituting 7; by (—74) in Equation

5.3, we have:

X
_c /A dX,
= A"O kCao(1 — X4)

If the temperature is constant, we obtain:
_In(1 — X,) =kt
For a batch system, the same solution is obtained:

—In(1 — X,) =kt

(5.5)

(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:

=ad =1,b'=1=(—ra) =kCyCp =kCj,(1 — Xa)(M — X4)

= d =2,'=0=(—ra) =kC] =kC},(1 — Xu)*

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 (b’ =1). Thus:
= (—ra) =kCo(1 — X4)(M — 2X,)

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

1 | (M — X4)
(M—1) " M(1—Xg)

—kCpot (5.6)

Or for a batch system (Equation 5.2):
1 (M —X4)

1 =kCyot 5.6
M=1) "M =Xy -6
where:
C
M=22% when A is the limiting reactant
A0

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

= ‘L’kCA() (5.7)

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) =kC =kC3o(1 — Xa)*
The solutions for the batch or tubular tank are, respectively:
(tubular or batch)

XA XA

mZkCAOT or mZkCAot or (58)
(tank)
Xa
m —kCA()T (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 10atm, 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

P~ Po)

pa=pao —

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

_Pao—pa_1(P—Po)

= =0.67
pPAo 3 0.5P

Xa

Considering a first-order reaction: Equation 5.5a:

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

Considering a second-order reaction: Equation 5.8:

Xa

A kCuot
(1—Xu)
Since:
Pao 0.5P, 72
=———— = . 1 l L
Cao=RT = 0082 x330 />0 * 107" mol/
we obtain:

k=2.74L/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)

—ra) = hCag—r A
(—7a) A T eaXa)

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

—(1+8A)ln(1—XA)—8AXA=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.:

7 dx
t:nA()/ 4 (4.6)
0

V(—ra)

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

V=Vo(l+eaXa)
Substituting the rate and volume expressions, we obtain:
—In(1 — X,) =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 — V() = V()SAXA

Thus:

AV

XA=
A VQ{;‘A

Substituting in Equation 5.10, we obtain:

—ln(l— VAV)zkt (5.11)

0€A

5.2.2 Irreversible reactions of second order
The reactions are represented by the examples b and ¢. According to Equation 3.27:
Case (a)

(1 — Xa) (M —Xj4)
(14 ¢eaXa)?

(—ra)=kC2

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

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

X X

A
_ dX, (14 e4Xa)?dXa
e=Cuf < /kcAo<1—XA><M—XA)dXA

0 0
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We obtain the following solutions:

(14 eaM)? (M —Xa) (1+e4)? o
|: (M—-1) :|l M a (M—1) In(1 - X4) + e, Xa=1kCa (5.12)
and when M =1:
> Xa )
(14 ¢e4) —+8AXA+28A(1+8A)111(1 —XA)Z‘L’/QCA() (5.13)
(1—Xa)
Example

ES5.2 A reaction A— 2R + S 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 800K 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:
(—7a) =kC}

and consequently as a function of the conversion we have:

(1—X)?
() =k G e X

Since the reactor is tubular, we have:
Xa

c _/ (14 eaXa)*dXy
T ) TR Xa)?

dXa
0

whose solution was shown in Equation 5.13:

Xa

Txgt 2 X4 + 2ea(1 + £4) In (1 — X4) = tkCao

(1+ea)?

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

Fao —Fa  Fr—Fro Fs —Fso
Fao 2F40 Fao

Where FR() = FS() =0
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Therefore:
Fr=2F40 - Xa
0.034=2F4y x 0.1

Fap=0.170 mol/s

But:
1
‘L’=X= VCA() _ VCA() _ 0.2 x1.06 x 10 =0.124S_1
vo  voCao Fao 0.170
Calculation of &4:
A 2R S INERT TOTAL
Initial 0.7 0 0 0.3 1.0
Final 0 1.4 0.7 0.3 2.4
24 -1
A= 1 =14

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:

Xa
T ot

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 7n. Schematically, we
have:

aA + bB — products
or

aA—R+S8S+T
The rate is generically represented in relation to the principal component A:

(—ra) = kC} 317)
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 dx “dc
t=CA0/ A _ A
0

(—ra) ] kCh

Cao

Integrating, we obtain:

Chl"—Chy"=(n— 1)kt (5.14)
Or as a function of the conversion of A, we obtain:

Cr(1 = XA) '™ = 1] =(n — 1)kt (5.15)

Note that there are two unknowns, k& and #, 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 (z1,2), 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 #y 7.

In the case of half-life, Equation 5.15 becomes:
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1 Chot . .
Initial concentrations

Ca2/2

Slow reaction

3

Fast reaction

1
1
I
1
I
1
I
1
\

(ti): 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 (z= 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:

R =1,

tl/z:(n_—l)kCAo (5.19)
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Int,,
(1-n)
_______________ (n=0)
In C,,
Figure 5.4 Kinetics of half-life.

Thus:

lntl/z =Ink* + (n—1)In Cyo (5.20)
where:

20— 1]
| 5.21
(n—1)k ( )

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

Example

E5.3 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 Cao (mol/L) 0.0250 0.0133 0.010 0.05 0.075
tiya (min) 4.1 7.7 9.8 196 1.30
110°C Cao (mol/L) 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 =Ilnk* + (7’1— l)lnCAQ

CAO (moI/L) tin (min) In CAO Intn
0.0250 4.1 —3.59 .41
0.0133 7.7 —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=216

with a mean standard deviation of 0.99.

Thus:

(_rA) — k*c§.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 = 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):
X4

— = —kCyot
1—Xa =

with X4 =0.5 and ¢ =t;,», we obtain:

1

= 5.22
Caoti)2 ( )

Thus:
k100 =9.76 L mol ™! min

error is 17%, and, therefore, negligible.

With this consideration, we can 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 Cao =0.025 and t12 =2.0:

k110=20.0L mol ™! min !

Note that the value of k is doubled. Moreover, we can see from the table that, or
the same initial concentrationCj, 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 kg 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
r= k |:CA - f CR]

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

Ca=Cao(1 - Xay)
Cp=Cpo(M — X4)

Cr=Cao(R+X,4)

we have:
1
r:kCAo[(l—XA)—f(R+XA)} (3.19)
where:
kR (R+Xpe) ey
e m = K — equilibrium constant (3.20)

and X, is the equilibrium conversion.
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—In [l— Xa j
XAe

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, Xe:

. kRCao(R+ 1)

R+ Xa) (Xae — Xa) (3.21)

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

Xa
dx
o(t)=Cao [ =+ (5.23)
0

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

Xa\ _ k(1+R)
—ln (1 — XAe)—mT or (t) (5.24)
Or graphically:

Note that 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 t.
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):
[P
r=*k CACB_ECR (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 5.235), this equation becomes:

r:/ecjo[(l - Xp) - %Xﬂ (5.26)

Knowing that: Cr=2Cy0Xa
In the equilibrium, the resulting rate r is zero; therefore:

(1 = Xae)* x K—4X3%,=0
Knowing that and solving the quadratic equation, i.e.:
(K —4)X3, — 2KX e + K=0

Two roots are obtained:

. 2K b
Xaet Xpe=p—7=—1

, K c
XK=k 274

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

r

RCE(K—4T ., 2K K
=TK [A_(K—4>XA+<K—4>}

U u
(XAe + X;\e) (XAe X X,/L‘e)

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

kC* (K — 4) 2K K
_ A0 2
=X [XA <K—4>XA+<K—4>]
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kC2 (K — 4) /
r= T[(XAE = Xa) (X} — Xa)l (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:

. (1)M e 528

3

(or in the batch system (z))

where
X/
— e
= XAe
and
k* =k — 1) (K—4) CaoXpe (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 X4 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:kCAO[(l — XA - iXA}

With the following parameters:

k (1+XAE)2
K: DT —
k/ (1 _XAC)Z
and
b =/e(K —-1)
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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):

X4\ _ k(1+R)
_1n<1 - XAe> "R+ X)) (3.30)

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

Ky7=5.29x 1073 min !

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

k Xie
K= =ioxw =’

Thus, the reverse specific rate will be:
5> =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:

k197 =3.29 x 1072 min

Rip;=2.19 x 1072 min ~!
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We then calculate the activation energy, using the two values of k and of k'

Inkio7/k27
(1/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=ky exp(— E/RT)

For T=300K, k37 =5.29 x 103 min—'. Thus:

ko =30.0 min !

The same procedure is valid for determining the constant ky=1.71 x 10* min~".

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

k — 30e-S135/RT

R =1.71 x 10%e~10211/RT

We finally can calculate the specific rate at 87°C. Substituting the values, we have:
ks7=2.25 x 1072 min !

Ry, =1.03 x 10~% min '

The equilibrium conversion can be determined:

kg7 X4ae
Ko =3 —216=
T R (1= Xac)
Thus
X4 =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 = Crvg = CqovoXa

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

P 10

C = _—w— w-w_-—
A0 RT ~ 0.082 x 360

=3.38 x 10" moles/L

Thus:

Fr=CaorvpX4=3.38x 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

ES5.5 The reversible second-order (direct and reverse) reaction 2C,HsNCO— C,H;sN,
(C=0)C,yHjs is conducted in a § 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
r=/ecio[(1 —X4)? — EX/Z*}

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

k X3
K=—=—-4 _=0.125
R 4(1 — Xye)?
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or
(4K — 1)X3, — 8KX e + 4K =0
Xpe=0.414
X =—2.41

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

kC3 (4K — 1) Xa Xa
R

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

ln|:<%> @} =k*1(¢) (5.32)
(1-%2)

where:
(4K —1)
* =B — 1) G0 X e =0.
k k(l( ) 4K CA() A 0.956
where:

/
k=-—2=-5283
XAe

XA =0.7 x XAe

From this, we get:

kt=1.432

Since,

T= Z =0.83 min
[40]

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—-R+S+T

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

(—TA) Zk*CZ

where k* is the apparent constant and 7 is the global order.
In a system at constant volume, the rate will be:

dCy
dt

(=ra)=—

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

dc,

In(—r4)=In (— i

):lnk*—i—nlnCA (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 Cuo
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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Co |

\

—(dC./dt),
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Figure 5.6a Kinetic curve.

In[—(dC, /dt)]

Ka

Figure 5.6b Differential method.
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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*=kCY

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:
k= k*C

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 @
and &', we can directly calculate the specific rate k*, since:

. (=74)
CiCy

(5.34)
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In(-r,) In(=r,)

InC InC

A A

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(—749)=1In (— P

) =In k* + 7 In Cy (5.35)
0

and

o a0 (5.36)
40CBo
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:

ln(—rA)=1n<—dd%>=lnk*+n In Cy4 (5.37)
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or

Y=a0+a1x1 +axx;

With an experiment j, we have therefore:

Y, =ao; + ar1x1j + axxy;

For a reaction system, we obtain:

Z Y; =Nag; + a4 ny +a sz,'
2
2

(5.38)

With three linear equations, the three unknowns a, a1, and 4, 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):

Chao Car0 (—rHBr)o x 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

03103 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 = kCI‘fIZ CBr
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Considering a’' + b’ =n, we obtain:
(rHBr)O = k*C]n—Izo

where:
k* :k ( CI:‘urO )b/
CH20

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

(ruBr)o =k Cip Cg_a)

B A Linear Fit of Datal_A

-5.0

INTgro

-20 -18 -16 -14 -1.2 -1.0 -08 -0.6 -04 -0.2 0.0

InC,_,,

Figure 5.8 Differential method—initial rates.
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or

/

Cm2o :|a

Yo
(7rBr)o Br0 |: Cono

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

(repe)o [ Crzo
In o =lnk+dln Coo

In [Cr20/Crra0] Cao In [(—rrer)o/Cao
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 —4.011
—0.489 0.421 —4.85
—0499 0.1766 —4.937
-3.6 —
= A Linear Fit of Datal A
-3.8 n
—40 - n
o —4.2
o
QO n
> 4.4 n
L-% | u
£ 46 -
4.8 —
[ |
) =
-5.0 +
I T I T I T I T I T I T 1
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8

In [Ch20/Cirol

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 F4o and Fyq, respectively.
Therefore (Equation 4.13):

Fpao — Fas +74AV =0
Considering that AV =V, we have:

FAO_FAS

% [mol/L min] (5.39)

(—7ra)=

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

(Cao — Cas)vo

7 (5.40)

(—ra)=

where vg 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.:

(=ra)=(=7a)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* +nln Cyy (5.42)

Example

ES5.7 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:

CsHig + Ho — CgHig

C8H16 ~B
Cro 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 (—7pg) =Ink* + nln Cpg (5.43)

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

The angular coefficient is 7= 1.4, which is the reaction order with respect to
octene. The linear coefficient would be the reaction rate constant. However, sub-
stituting # = 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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2 -
4
Ul
= |
-6 -
-8 T T T T
-3 -2 -1
InC

Figure 5.1 1 Determination of the specific rate.

Thus the rate will be:

(—74)=1.844 x 107>C}*Cy,



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
N 2

HeT NS0 = e " No
1

Crotonoaldehyde Butiraldehyde

Series-parallel reactions
Ky
C+HO——CO+H,
k2
CO+HO ——CO, +H,
Parallel reactions Fischer Tropsch

k
CO+3H, 2, CH, +H,0

k
CO +2H, —2 5 [CH,], + H,0

6.1 SIMPLE REACTIONS IN SERIES

+H,
— NN

Butanol

Consider here the simplest irreversible and first-order reactions. If the reaction is

consecutive or in series of the type:

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

dc,
—— " =kiCa (6.1)
dc
d—tR =k1C, — k2Cp (6.2)
dCs
4 =haCr (6.3)

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

Ca+Cr+Cs=Cyo (6.4)

Defining new variables:

Ca

= 6.5
Cio (6.5)

YA

and analogously ¢r and gg, the initial concentration Cyp is always used as a reference.
Making the time dimensionless (6 =k1t) and substituting these new variables into
Equations 6.1 and 6.4, we obtain the following solutions:

pa=¢e"’ (6.6)
1
=TT [e™ —e ] (6.7)
P SRS R SR (6.8)
vs x—1) x—1) '

Considering that

_ka
X_kl

where x 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 6 — oo. 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:

dCx

d€0R
3 0

o (6.9)
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or

C Cq Cror ¢r
/ &
8 \
Cr k=0.1
0
tmax t tmax or Gmax
Figure 6.1 Concentration profiles.
Differentiating Equation 6.7, we obtain:
dyr 1 0 0
——=——[xe ¥ —e"]=0 6.10
gL ) (6.10)

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

In x
Omax = ———— 6.11
(x—1) (611}

Substituting 0.« into Equation 6.7, we obtain the maximum concentration of R:
(pRmaxzeXp(_Xemax) (612)

Substituting Oax (Equation 6.11) into Equation 6.12, we finally obtain:

DR max = Y/ (6.13)
C max
Rma = ylx/(1=x)] (6.14)
Cao

Observe that @g,..x or the maximum concentration of the intermediate Cgryax

changes, when the parameter x 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 x.

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 #,,«, the parameter x is calculated through Equation 6.13
or 6.14. Returning to Equation 6.11, 0., is calculated. By the definition of 6., = k11,
the specific rate k; is directly determined. Knowing x, 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,
@max = 0.715

Concentration

Figure E6.] Concentration profiles of the reaction in series.
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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 = 1.0min!

k> = 0.15min~!

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:

A—LLR (6.15)
AR g (6.16)

whose rates are, respectively:

(—=74) =k1Ca + k2Cy (6.17)
R =k1Cq (6.18)
rs=k2Cy (6.19)

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

4Gy k)G (6.20)
dt

dc

L ke (6.21)

4 _ ke, (6.22)

dt
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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
—Ingy=—In—=(1+ x)kt (6.24)
Cao
where
_k

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

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

. k . k .
reaction A—>R 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

A28 is faster than that of A—~>R. Therefore, the accumulation of §, 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 k1 and ky. 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 k; can be determined by using
Equation 6.24 or through the angular coefficient according to Figure 6.2. Knowing kq
and x allows for determination of k,.

Cs —Ing,

(1+x)k,

Cs t

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

[N 0.74 0.548 0406 0306 0.223 0.162 0.122 0.090 0.067 0.050 0.027 0.015
o 0.172 0.300 0.395 0465 0.517 0556 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 0.301 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 ¢s, 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

(1 + x)ky.

The angular coefficient x=0.575.
The angular coefficient (1 + x) k1 =0.273. Thus,

k1 =0.173 min~"

k> =0.099 min~!

1.0 [—m—B —e—C D
0.9
0.8 -
| o A
0.7 -
| R _ e——0—"°
0.6 /./o—/‘°

05 ] -\ ././
4 /

0.3 — /o l\\.

Molar fraction

024 \,
0.1- N
. - .\.\.
Ty
0.0 T T T T T T T T T T T T T T ™ T
0 2 4 6 8 10 12 14 16

Figure E6.2 Concentration profiles—parallel reaction.
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Molar fraction of S

-Ing,

0.35 A

B A ——Linear Fit of Datal A

0.30 —
0.25 —
0.20 —
0.15 —
0.10 —

0.05

0.00 T T T T T T T T T T
0.1 0.2 0.3 0.4 0.5 0.6 0.7

Molar fraction of R

Figure E6.3 Relation between the molar fractions of R and S.

HA

Linear Fit of Datal_A

t (min)

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—P R4S (6.25)

AL oT (6.26)

The rates are, respectively:

(—=7a) = k1Ca + k2 Cy (6.27)
TR = /Q1CA
rr = kyCa (6.28)

Defining the conversion X1 of the first reaction and X4, of the second reaction,
we obtain the corresponding molar fluxes:

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

The total molar flow will be:
Fi =Fx0 + FaoXa1 + FaoXa2 (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 — Xa1 — Xa2)

cooFa_ 6.34
AT vo( 14+ ea1Xa1 + €42Xa2) ( )

Thus, the corresponding rates in Equations 6.27 and 6.28 are transformed into:

Fao(1 — Xa1 — Xa2)

6.35
vo(1 + ea1Xa1 + 42X a2) ( )

rR:kl

Fao(1 — Xa1 — Xa2)

6.36
vo(1 4+ ea1Xa1 + €42 Xa2) ( )

1’T=k2



98 Chemical reaction engineering

The rates in a differential reactor in relation to R and T are:

dFr

—= = 6.37
qv =R (6.37)
dFr

— = 6.38
v =T (6.38)
Substituting the rates rgrand rr in Equations 6.37 and 6.38 and considering that:
dFRr = F40dXa1 (6.39)
dFr =2FA0dXas (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:

Xa1=~Xa (6.41)

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

Xa dx

7= Cao / 24 (5.3)
0 i

we obtain:

(I+ea1) + (1 46k
(1+ «2)

(ea1 + ea2)k
1+

ln[l — (1 4+«Xa1) — XAl] =tk (6.42)

where:

Xa1 +Xar=Xa

_k
=2

K

With the experimental values of the conversions as a function of the space time,
the constants kyand 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:

m — X —— Benzene + CH,4

m—X—sp—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 64> = 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:
Al = 0.75
Calculating;:

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

Fg=Cx0Xa»=0.077

Thus:

X2 =0.64
and

X41=0.35

Calculation of t:

\%
7=—=0.0416min ' =2.557!
[40]

However, from Equation 6.41, we have:

Substituting all values into Equation 6.42, we obtain:
k1 =0.7425""

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

kl kz kn

Py Py..... — =P,

A

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

dCy
e (6.43)
dgl’l — k1 Cy — rC, (6.44)
t
dg”z — k> Cp, — k3Co, (6.45)
t
dCp,
€.k, (6.46)
Defining the new variables:
Ca
YA = C_AO (6.47)

And, analogously, always considering the initial concentrationCyg as a reference,
the dimensionless time (6 = kyt) 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:

on=ef (6.48)
1 0 _ kB
T (6.49)
and
% = (KlK—ll)[e"(g — e — ku0p, (6.50)
where:
Kl:%”‘"zz_j (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 QP; max PP, max ng max
0.2 0.8 0.668 2.0 0.162 2.3
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, 8; and 6,, which can be obtained by differentiating
the rates and making them zero. We then obtain:

In x1
Op, max = ————— 6.52
P =T ) 16:32
0 fn % 6.53
P> max — m ( . )

Therefore, if the experimental values of the concentrations Py and P, are known,
the corresponding values of ¢p, max and @p, max are determined and the values of x; and
K are calculated. Consequently, the values of 0p, max and 6p, may 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 «, and xy, 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 P; and P, are the final products and that the constants k4, k; are

unknown.
The corresponding rates are:

dC
—d—tA =k1C, — k2C4Cp, (6.55)
dCp
— dtz =k1C,Cp, (6.56)
where:
Ca+ Cpl + Cr, =Cyo (6.57)

Cs, + Cr, = Cp,, (6.58)
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By making dimensionless, dividing and integrating Equations 6.56 and 6.57, we
obtain:

¢a=(1—N)+ ¢p2 + (R/k1)In(pp2/N) (6.59)
where:

_k
K1 = kl

To determine «1, we can use Equation 6.59 from the product concentrations P,
substituting when the time ¢ — oo, and therefore, 4 =0.
Thus:

RM (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:

¥

d(/’B
C gz_/ 2 6.61
A0 S pm,[(1=N)+ m -+ (R k1) In(gp /N)] (6.61)
where:
1 Cg
R=— N=-—-2 Cp, =N
CA(), CAO, 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,0O— 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) 141 29 76 194 43

[P](moll) 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:

g0p2=0.5
N=1
R=1

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

ky =2.57 min~!

ks = kk1=3.65L (mol~' min~!)

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>049
Area Peak at Width Height
2.57802 0.49 0.0l 117.76805
0.5 — .
T — |
] ./.
"
0.4 - —
I/
0.3
Sy
0.2 1 u
/

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.

Pn71+B_>Pn knfl

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:

dCa
dCr, =koC4Cp — k1Cp, Cp (6.63)

dt
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dC

;;71 an_2Cpn_1CB —kuq Cpﬂ_1 Cp (6.64)
dcy,

5" =ki1Cr,, Cy (6.65)

Considering that:

Ca+Cp,+Cp,+---+Cp, , +Cp,=Cyo (6.66)

n—1

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:

Cg+Cr, +2Cr2+---+(n—1)Cp,_; +nCp, =Cpg (6.67)
Using the same dimensionless variables defined previously, ie, g4 = CC—:O, pp = CC—;O,

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

Ki

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

—=k1— —1 (6.68)

By using the integration factor, we obtain the solution with the boundary condition
that g4 = @p, =0:

1
(k=1

op, = (0a — @) (6.69)

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

dor, _ o0 _ 90 (6.70)
doa PA PA

Substituting from Equation 6.69, we have:

2
doa 7 1 -1

d K
¥p2 ¥p2 K1 [1 _ go( 1 1)] (6.71)

= A

Using the integral factors with the boundary conditions = 0, g4 = 1, we obtain the
generic solution:

K1

o =1 )[(Kl —i2)pa — (1 =)@t + (1 —k1)¢f?]  (6.72)

1 —x)(1 —x2)(k1 — K2
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Knowing the concentration gp; 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, = —Kipy " / Wf (¢a)dga + 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,
@pi1 is differentiated and equaled to zero.

For Py, the maximum concentration will be:

opmax = k1 (T47) (6.74)

We observe that ¢p; m.x depends on the relation between the reaction rate constants
1. Analogously, ¢p; 1 max 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 ¢p iy and consequently the rate constants. To determine the
reaction time ¢, we should start from Equation 6.68 and substitute ¥ as a function of
@p;. We finally obtain:

1 1 d
’Z/A Flon) A

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[NOJ*[H.]

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

rur = R[Hz ] [Bra]” [HBr]™

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

3. N+ 3H,; < 2NHj;
The kinetics is:

rNH; = R[N2][H2 ]"[NH;3]™

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,

Le.:

1‘,-:27‘,‘1' (7'1)
1

where j in the intermediate species and i 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
W U A ) 7.2

If either step is slow, the resulting rate is equal to the rate of this slow step, i.e.:
¥j =TRLS (73)

A pseudo-equilibrium state is defined when the resulting rate of the intermediate
species is 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, LN N, + H,0; slow step

ka (c)

H,0,+H, ——H;0
2. 2NO « £ N0, (d)
N,O, +H, « LN N, + H,O, slow step (e)
H,0, +H, <« ~_,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] (g)

This rate is in line with the observed rate (b).
For the mechanism (2), the limiting reaction is the second one (e) and, therefore:

N, =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:

8,0, = R3[NOJ* — k4[N, 03] — ks[N,0,][Hy] =0

Thus:
N0, = — ___[Nop?
(k4 + ks[Ha2])
_ k3k5 2 .
™, = [NOJ“[H2] (i)

(k4 + ks[Ha])
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Substituting (i) into (h), we have:

ksks

R8s 2 :
(k4+/e5[H2])[NO] [Hz] ()

™, =

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:

 ksks

™, = k4

[NOJ[H:] (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—S L Aaqar (7.5)
whose rate relative to the activated molecule is represented by:
ras = kq[A]?
2. Deactivation of the activated molecules:
ArA— Aaqa (7.6)
The corresponding rate will be:
ra» = Ra[AT][A]
3. Transformation of the activated molecule:

A B R4S (7.7)
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With the following formation rate of S:

rs =k3 [A”] (7.8)
As an example, we have the following overall reaction:

(CH3)2N; — CsHg + N3

Showing the following intermediate steps:

(CH3)2Nz + (CH3)2N; — (CH3)2 N + [(CH3)2 N, J*
(CH3)2Nz + [(CH3)2 Nz |+ — 2(CH3)2N»
[(CH3)2N2]* — [C3Hg] + N,

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 =k [A]* — ky [A*][A] — k3 [A*] =0
Therefore:

ki [A)

A=A
4] (ks + k2 [A])

(7.9)

Substituting this expression into Equation 7.8, we obtain the formation rate of the
product S, i.e.:

 kiks AP
5= T 1 b lAD (7.10)

This expression is equal to the equation of the rate (k), shown in the example
above.

The rate of formation of S can be simplified for certain conditions of concentra-
tions, as in the following cases:

(a) If the concentration of [A] is low: k;y [A] < k3
Thus:

rs=ki[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:

[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 HCl and this would only be possible by lowering the energy barrier. The
following steps occur:

(a) Initiation:
Clz by 201 (radical)
(b)  Propagation:

Cl*+H,; - HCl+ H*  (radical) AH=25k]/mol
H* + Cl, — HCl + CI* AH =13 kJ/mol

....... (cycle of 10° times)
(c) Termination:

2CI" - Clp

If we compare the energies needed to form HCI from the radicals with the total
energy required for the formation of HCl 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 E,, 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:

ka,kq

A Ax 5

R (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:

A*

Reaction pathway

In the initial state, there is a formation of radicals due to the collision of molecules

with energy E < Ej,.
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] — k2[A"]=0

Thus:

k
[A"]= - [Al=K"[4] (7.14)
2
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Where the equilibrium constant is:

_kl

K*=—
3

Formation of the product:

rr =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 T
ks== (7.16)

From the thermodynamics, the equilibrium constant is given by:

K* =K} e 2G"/RT (7.17)
Considering that:

AG?=AH" - TAS® (7.18)
Substituting this expression into Equation 7.17, we have:

K — KSC—AHO/RTe ASO/R (7.19)
In this case, the pre-exponential factor depends on the entropy of the system, i.e.:
Ko=Kje 25'/R (7.20)

We define, therefore, a constant of the transition state: as:

ks T
kst = 2 Koe ~AH"/RT (7.21)

When compared with the Arrhenius equation :
kag = 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:

7R = k1sT[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) 2Bt
(b)  Propagation of the chain:
* kl/k/z * :
Br +H), «———>HBr+H (radical)

H +Br, —2  HBr + Br’
(cycle of 10° times)

(c) Termination:

2Br$> Br,

Solution
The rate of formation of HBr will be:

rige = k3[H ][Bra] + ka[Br ][Ha] — ka[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:

i = ko[Br |[Ha] — k5 [HBr][H ] — k3[H ][Br,] =0 (7.25)

Fps = 2k1[Bry] — 2ka[Br 1> + k5 [HBr|[H | — ka[Br |[Ha] + k3[H ] [Bry] =0
(7.26)

Summing up the two expressions, we obtain:

o ( )/ 12
[Br*]=(-—) [Br] (7.27)
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Substituting Equation 7.27 into Equation 7.25 and rearranging, we have:

ka[Hy] - (k1/ka) /2 [Br]'/2

[H]= K, [HBr] + k3[Br;]

(7.28)

Substituting Equations 7.28 and 7.27 into Equation 7.24 and solving, we obtain
the rate:

_ 2kaks(ki/ka) P [H,][Bra]*/

= 2
Hbe K, [HBr] + k3[Br;] (7.29)
Where
R* =2kyk3(ky/ka)'/?

Then, dividing by [Br;], we obtain the usual expression:
* 3/2
' [Hy |[Br2) 730

THbr = (HBr] + ks [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 [Hy]. 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,]'/2.

Verify the expression of the rate in Equation 7.30.

Solution
From the kinetic model, according to Equation 7.10 for each component separately,
we have:

kiks[A;]*
(k3 + k2[Aj])

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 [H;].
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 < ka[Br;]. Thus, the resulting rate:

32

32
e [lilfgzr]z] ~ [Br2]1/2 (7.31)

From experiments 1 and 3, the rate can be expressed as follows:

klkz[Hz] [Bf2]3/2

T = ¥ ka[Br,]) (7.32)

In relation to [HBr], we have:

1

THBr = m (7.33)

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
THBr ~ — 57 (7.34)

[HBr]
Gathering Equations 7.32 and 7.34, the following rate is obtained:

. kikz[H,] [Br,]*/?

"HBr = (&5 [HBr] + ko [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*[H,] [Br,]"?

THBr =
ks + k; [[Igir]]

(7.36)

where k*, ky, and k3 are the values determined experimentally.




Chapter 8

Polymerization reactions

8.1 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
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 —8L S 2R* (radical)
(b) Propagation of the chain:
R: +A —2 5 R\H + R} (radical)
Ry —5 P4+ 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.

(—74) = ka2 [RT][A] (8.1)
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The corresponding rates to the radicals are, respectively:

rr: = 2k1[A] — k2[R}][A] + k3[R3] — ka[R}][R3]=0
rr; = k2[R71[A] — k3[R3] — k4[R7][R3] =0 (8.2)

Summing them up, we have:

kilA]

[R3]= IR

(8.3)

Substituting Equation 8.3 into Equation 8.2, simplifying and considering that the
initial rate is low compared to the rates of propagation and termination, we obtain the
following expression:

kiks
R* 2 — .
[ 1] k2k4 (8 4)
Substituting Equation 8.4 into Equation 8.1, we obtain:
kikyk
(~ra)= [ = 1A] (8.5)
4

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.:

k, = /klkz/€3 (8.6)
ky

Note that the specific rates depend on the temperature and have their own
activation energies t, satisfying the Arrhenius equation, i.e.:

k; =k exp(—E;/RT) (8.7)

Thus, substituting Equation 8.7 into Equation 8.6 and taking the natural log on
both sides of the equation, we can obtain the apparent activation energy:

Ei+E:+E; —E4
E,= >

(8.8)

The apparent frequency constant will be:

ko= M (8.9)
R40
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Example

E8.1 Consider the decomposition of acetaldehyde, whose reaction mechanism is

known:

CH3CHO —* CHY + CHO*

CH + CH3CHO —2— CH + CO + CH4
CHO* + CH;CHO —— CH} +2 CO + H,
2 CHE — 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) =ki[A] + k2[CH3][A] + k3[CHO™][A]
The corresponding rates to the radicals:
ren; = ki[A] + ks[CHO*][A] — ke[CH3]* =0
rcHo* = ki1[A] — k3[CHO™][A] =0
Summing up the two expressions, we obtain:

a_ ki
[CHO ]_k_3

Substituting into Equation 8.11, we have:

2kq[A]

[CHS1 =\ | =

(8.10)

(8.11)

(8.12)

(8.13)

Substituting them into Equation 8.10 and neglecting the initiation term, we have:

2%,

32
» [A]

(—ra)=k2

(8.14)

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:

rcHg = ka[CH3 T
Substituting Equation 8.13, we obtain:
rCyHg = 2k1[A]

i.e., is of first order in relation to A, where A =CH;CHO.

(8.15)

(8.16)
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8.2 KINETICS OF POLYMERIZATION REACTIONS

The polymerization reactions are of great industrial interest and the advancement in
the last 50 years has been very great. Originally, Ziegler and Nathan (1950) invented
the polymerization reactions, starting from olefins and generating oligomeric products
with the formation of carbon chains of high molecular weight. Catalysts of TiO,—
MgO were used for this purpose. With these catalysts, polymers of varying degrees
of polymerization are produced. The important thing is to get selective products in
a certain range of hydrocarbons and for that the catalyst plays a crucial role. New
catalysts are highly selective to the desired range that have already been developed.

The second problem is to know the kinetics of polymerization reactions which
involves different steps, similar to that seen in nonelementary reactions. This kinetic
depends on the mechanism of polymerization, which is a chemical problem. The com-
position and the structure of the different steps involved should be known. Once this
mechanism is established, the reaction kinetics and the reaction constants involved can
be determined.

These reactions are nonelementary and can be identified when the order of the
kinetics of the reaction does not match the stoichiometry of the reaction itself.

There are several classic examples:

Condensation reactions.

Addition reactions.

In the first case, we have:

Mi+M, —2 5Pt A

where
M; and M, are the monomers and P is the polymer formed.
The mechanism of these reactions can occur in three different ways:

Chain reactions.
Successive reactions.
Opening of cyclic chain.

W=

The chain reactions occur with the formation of radicals, which in turn react with
the monomers. Reactions with the formation of ions that react with the components
may also occur.

8.3 REACTIONS BY ADDITION OF RADICALS

In principle, these reactions follow the sequence of the reactions previously described
for chain reactions. The following steps occur:

8.3.1 Initiation

This initiation may be monofunctional, but it is started from an initiator which is
decomposed into an ion or radical. The initiation may be bifunctional, with the
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formation of several radicals, which are not always active. Thus:

L —X,or (8.17)
[+M LR (8.18)

or bifunctional
[+M L RE Ry (8.19)
U
It may or may not participate

where

8.3.2 Propagation

In this step, once the radicals (which have a degree of freedom and therefore are very
reactive) are formed, they may combine with monomers to form a sequence of new
radicals and are also very reactive.

RE+M —2 RS (8.20)
R; +M —2 5 R (8.21)

k
R:+M —L5R¥

It is assumed in this case that the rate constants are not so different, and, therefore,
they are equal to a propagation constant &j,.

The growth of the chain then occurs, with the sequential formation of polymers,
via the reaction of the radicals with the monomer. This growth can take place in three
ways:

(a) Transfer of the radical to the monomer, forming the initial radical:
RI+M—" P, 4 R} (8.22)
(b)  Transfer of the radical for other species:

RI+M—20s P, 4+ R; (8.23)
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(c) Transfer of the radical to the solvent:

Ri+M—S P 4 R] (8.24)

8.3.3 Termination

These reactions are important to terminate the growth of the chain and may take place
in two ways:

(a) By addition of radicals:

RY + Ry —2 Py (8.25)

(b) By disproportionation of radicals:
R} + R} — 2 P, + Py (8.26)

With this model of reaction mechanism, we can determine kinetics, the rates of
transformation and formation, as well as the reaction rate constants. Initially, we
determine the reaction rates in each step:

Initiation rate:
From Equation 8.17, we have:

(—71,) =kolI2] (8.27)
rn=_2ko[I5] (8.28)

The rate of formation of radical in the initiation step is obtained from Equa-
tion 8.18:

rry = k1 [M][I] (8.29)
Therefore, the resulting rate of the initiator will be:
r1=2ko[L2] — ki [M][I]=0

Assuming a pseudo-stationary state, we can determine the concentration of the
initiator ion as a function of the measurable concentrations I, and M. Note that only
a fraction of the initiator participates in the reaction, and thus a correction factor y is
used. Therefore,

_ 2ykolL]
n="ra (8.30)

We can thus determine the rate of formation of radical by substituting Equation
8.30 into Equation 8.29, i.e.:

rr: = 2yko[12] (8.31)
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Rates of termination:
If termination by radical addition is assumed and according to Equation 8.25, we
have:

R} + Rt~ p,
Ry + Ry — 4, p

1 2 3
Ri+ R 4. p,
1+ R —— L

The rate of the radical in the termination will be, according to the previous
reactions:

(=7ky) =Ra[RE1* + ka[R31[R3] + ka[RFI[RS] + - + ka[R}][RY]
Or generically,
(=7r;) =kalR}] ) [RY] (8.32)
Rates of propagation and termination in relation to the radical is,
rr; = r&; + kp[R{1[M] — ka[R;] ) " [R¥]+ km[M] D [R7] — kp[R}] D [R7]
4—kB[B]2£:[Rf]4-ksL5]§£:[Rf] (8.33)
Generalizing for any radical
(—rre) = kp[M] ([R7] = [R}_]) + kalR]] Y[R+ kmIM] Y [R7]
+kp[Ri] Y [R7]+ks[B] Y [R7]+ ks[S] Y [RY] (8.34)

We will then sum the rates of all radicals > (TR?) =rg+ and we sum up Equations

8.33 and 8.34. Renaming ) [R;]=[R"], defining k; = k4 + kp, and developing the
first term of the rate of Equation 8:34, i.e. ([R;] — [R}_, ), we finally can obtain the rate:

rre =2ykoll2] — ke ) [Rf1)[R]] (8.35)
If
ORI IRf=[R

Then, in the pseudo-stationary state, we have rr: =0, and thus

2ykoll1]

[R)=\ [T

(8.36)
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The rate of decomposition of the monomer M will be equal to the rate of initiation
and to the sum of the rates of all radicals:

(=) = (—71) + ko[M] > [RY] (8.37)

Since the rate of initiation is much lower than the rate of propagation due to the
fact that the rates of decomposition of the initiator are very fast, we can neglect it.
Substituting Equation 8.36, we finally obtain:

2ykoll>]

(=ra0) = kM1, | =7

(8.38)

To determine the rate of formation of polymers, we also have by definition:

e, = (=1y) (8.39)

]

The rate constants depend on the temperature and have their own activation
energies, which are also expressed by the Arrhenius equation:

kj = kjoe B/

Thus, the apparent activation energy of the decomposition rate of the monomer
will be:

(EO - Er)

E,=
2

+ Ep (8.40)

Note that the concentration of the initiator is an important parameter and is
included in the expression of the rate. However, it varies with time, although the
rate of initiation is low compared to the rate of polymerization.

Thus, considering the batch system, we start from the equation of the rate of
initiation, according to Equation 8.27, i.e.:

(=7r1,) =kolI2] (8.27)

Since the volume is constant, we have from Equation 5.6:

L

tz_/ (i)

I

Integrating, we have:

[I2] = [I20] exp(—kot) (8.41)
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Substituting this concentration into equation of the rate of decomposition of the
monomer, we have:

(—=rm) = kp[M]

2J/ko[lzo]exp<_ k0t> (8.42)

k¢ 2
The variation of initiator concentration is practically negligible, and, in this case,
it can be simplified, obtaining the rate of Equation 8.38. The concentration of initiator
is equal to initial concentration or [I] = [I20].
The constants can be determined, both in the batch and tubular (PFR) system,
from Equations 4.7 and 4.17, respectively. In the case of the batch reactor, we have:

M ax

t:MO/ M (8.7)

(=r™m)
0
where

My —-—M

Xy= 2"

M My

where Xy is the conversion of monomer and (—ry) is the rate of transformation. M
is the initial monomer concentration and and M the monomer concentration at any
moment, Substituting this expression of the rate (Equation 8.38) in this integral and
solving it, we obtain:

lnﬁzkp 8yl

—kot/2 _
My “kiky [e 1] (8.43)

When the concentration of the initiator does not vary with time, we can start from
the initial Equation 8.42, expanding the exponential term in series and neglecting the
terms of the exponents higher than 1. In these conditions, Equation 8.43 is transformed
into:

—1n£=2/ep Zyko[lzo]t

M, k, (8.44)

The rate of decomposition of the monomer or formation of the polymer is valid
for any system, batch or continuous. However, the concentration of the initiator also
varies with time. Most of the polymeric reactions occur in a batch reactor.

The constant is directly obtained from the experimental data on the variation of
monomer concentration as a function of the reaction time.
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Example

E8.2 In the polymerization of methyl methacrylate into benzene, in the presence
of azobiisobutylnitrile, the following data were generated in laboratory (adapted
from Hill).

[M] (mol/m3) [l] (mol/m3) (—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

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) Propagation of the chain of radicals.

) Termination by addition of radicals.

Analyzing the data from the table, is it possible to propose a decomposition rate
of the monomer including the different stages of the process?

With the data presented in the table, it is possible to determine the apparent
constant, assuming that the fraction of the initiator is 0.1.

Solution
The problem data lead us to the same expression derived above, assuming that the
initiation rate varies little with time.

Analyzing the effect of inhibitor concentration on the rate, we see that:

1. Choosing the same value of the concentration of M:

[M] (mol/m?) [l2] (mol/m3) (=rm) (mol/m3) s~!
4.82 0.313 0.122
4.80 0.192 0.0937

or
[M] (mol/m3) [l,] (mol/m3) (=rm) (mol/m3) s~
422 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 intiator concentration drops 1.63 times, its square root decreases 1.27
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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]'/?. This in agreement with the equation of the reaction rate.

vkoll2]
k;

(—=rm) = kp[M] (8.38)

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/m?) [l] (mol/m?3) (=rm) (mol/m3) s~
422 0.235 0.0867
9.04 0.235 0.193

or
[M] (mol/m?) [l] (mol/m?3) (=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].

In both cases, the experimental data of the table gives that they are consistent with

the rate equation.

By making;:
k*=kp M (8.45)
Ry
Choosing any value, for example:
[M] (mol/m3) [l] (mol/m?) (=rm) (mol/m3) s~!
9.04 0.235 0.193
And substituting the values
(—rm) =k*[M] (8.46)

We obtain:

kx=0.0213s7"
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Substituting the values of £* and [I,], we have:
ko 3
ka=kp = 0.146 (m’/mols)
t

Example

E8.3 In the previous example, the values of the constants were estimated, i.e.:
ko= 1078571
ky = 1072 L/mol s~
k; = 5.107L/mols™!

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?) (=rm) (mol/m3) s~

9.04 0.235 0.193

Solution
Starting from Equation 8.43:

M [ 2ykolI20]
—In M 2kp k—tt

where

k* =2kp %t”m] =1.91 x 107 (m’ /mol s)
Thus,

~In Mﬂo =0.822
But

[M]=3.97 (mol/m?)
And

_My-M

X
M Mo

Thus, the conversion was 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.:

ko /k
S+ES 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:

ko /k
S+ E<SEs (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[H, OJ[ES”] (9.5)

where [-] represents the concentration.
In relation to the complex ES*, we also have:

rese = k1[E][S] — k2[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)

Ex With enzyme (black curve)

Reaction enthalpy

/

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]
kl[S] +ky + /€3[H20]

[ES*] = (9.8)

Substituting Equation 9.8 into Equation 9.5 and considering that (—rs) =7,, we
have:

ks [EISIIHLO]
S = ST+ 2 + By [L0] -2)

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 =k}

Thus:

o kislED)S)
( rS)_k1[S]+k2+/e’3‘ (9.10)
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The Michaelis constant is obtained by dividing the equation by ky:

_ kz +/€§
= i

Ky (9.11)

On the other hand, it is known that the maximum rate is obtained when all enzymes
are complexed. Therefore, by making:

Vmax:k§[ET] (912)

Substituting these new parameters in the Equation 9.10, we obtain:

(—rg) = (9.13)

There are special cases that simplify the expression of the rate.

If the concentration of § is low, we can simplify the equation which expresses the
rate by considering that § < K.

We then obtain a rate which is directly proportional to the substrate concentra-
tion, and a linear variation is observed, i.e.:

Vinax[S]
Km

(—rs)= (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:

<_rS):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:

Vﬂ’laX
2

(=rs)=

and substituting into Equation 9.13, we have:
Ky =[S]i2 (9.16)

The three cases can be seen in Figure 9.2.
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Ky = S, [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 Km 1
= + 9.17
(_75) 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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[S]

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
ds
__ 1
= o

So

Or in terms of the conversion, making:

XM=SO_S (9.19)
So
and
T ax
t=[so]/ A (9.20)
) (=7s)

The rate shown in Equation 9.13 is transformed as a function of the conversion
and we obtain:

Vméx(l - Xs)

)= R
M
(1=X) + 5

(9.21)
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1
—Eln(l— XS)

{ [Sol
K

max

Figure 9.4 Integral method.

Substituting the rate into Equation 9.20 and integrating it between 0 and X4, we
obtain:

S K
e [O]Xs— M

Vmax max

In(1-Xs) (9.22)

Rearranging and placing in Figure 9.4, the constant Ky is determined:

Vmax [SO] XS
- —— 9.23
Kwu Kyv t ( )

1
—In(1—-Xs)=

The parameters Ky and V4, 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,O and O, are obtained, according to the following mechanism:

H,0, + E-% [Hy0,E7]
[H,0,E ]2 H,0, + E

[H,0,E*] + H, 05 H,0 + O, + E

The experimental results that were obtained are displayed as follows:

t (min) 0 10 20 50 100
[H20,] (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 OZ]

78) = 1H,0,1 + Kny

Whose solution in a batch reactor is given by Equation 9.23:

Vmax [HZ OZ] &

Kum Km t

—%111(1—)(5):

Considering that:

[H203]0 — [H,0,]

X¢=
S [H20:]o

where X is the conversion
Since [H; 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 — Xg) x 102 — 1193 1178 1269 1386

x 102 - [.125 1.05 0.94 0.75
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0.0140 -

u [ ] B
Linear Fit of Datal_B

0.0135 +

0.0130 +

-In(1-X )/t

0.0125

0.0120 -

0.0115 L L e B e L A B
0.0070 0.0075 0.0080 0.0085 0.0090 0.0095 0.0100 0.0105 0.0110 0.0115
Xglt

Figure E9.| Determination of the rate constants.

The angular coefficient is —0.56. Therefore, since [H,O2]o = 0.02, we have:
Kyv =0.0354
The linear coefficient is equal to 0.018, therefore:
Vinax =6.37 x 107# (mol/L) x min -1
If the enzymes are triplicated, we have:
Vimix =k3Er=3 x 6.37 x 1074 =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:

kyfky k3

S+ E«~—ES*(+H,0)—P+E
k. /R,

B+ E N Ese

where

E = free enzymes
ES and ES* = complexed enzymes
B = Dblocker.

Non-competitive

0000000

coocdqoo

O Blocker O Substrate O Enzymes
Competitive

O 0 000 W
90)0000000)

O Blocker O Substrate O Enzymes

Figure 9.5 Competitive and noncompetitive models.

(9.24)
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The rate of formation of the product P can be determined, and the following final
expression is obtained:

_ ksK4[S][ET]
(—7s)

= T4 Ki1S] + KalB] .23)

where:
Ky =k /K]

Ky =ky/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 S into
the product P in the presence of an enzyme E is proposed.

ko /k
S+ ES M Esr

24
2.2—-
20-
15

1.6

1.2—- l\.

1.0 +

Vmax(-rg)

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)2%P + E

" ka kS "
ES* + E<—SES

Designating S for the substrate and E for the enzyme. The experimental results are
presented in the following table (adapted from Fogler, 2000):

Vinax (—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

(—7s) = k1 [E][S] — k2[ES*] (9.26)
But:

ris- = k1[E][S] — k2[ES*] — k3[ES*] — k4[ES*][S] + ks[SES*] =0 (9.27)

rsese = ka[ES*][S] — ks[SES*] =0 (9.28)
But:

[Er]=[E] + [ES"] + [SES*]=0 (9.29)

From Equation 9.28, we have:

o Ra
ISES") =7

N

[ES*][S] (9.30)

Substituting Equations 9.30 and 9.29 into Equations 9.27 and 9.26, we have:

s — kg
—r) =k SUE+]———— =5
(=7s) =k1[S][ T]k1[5]+k2+k3

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:

Ly FalSIIEr]
> R[S+ Ku
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where:
Ky = w constant of Michaelis
3
in which:

kl [ET] = Vmax

We then have:
ey V]
"= ki[S] + Ku

Transforming this equation we obtain:

KM Vmax
ki + m = (9.31)

From the table we obtain:

Vinal(—Fs) 2.5 1.5 1.0 0.5 0.6 0.6
& (moles/L)~! 50 25 16 10 33 2.5

Placing the values of the table in Figure E9.3, we obtain:

" A
254 —— Linear Fit of Datal_A
2.0
@
1L 154
]
=
>
1.0 H
0.5 4

1/s

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

Phase |

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]

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 y 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]

= Hmaxrer T 9.34
r=r [S] + KMonot ( )
where:
Knon = Monod constant.
Thus:
[SI[C]
7C=max ——————— 9.35
= [S] + KMonot ( )
Therefore, this is similar to the Michaelis equation.
There are several other empirical expressions, as the Moser equation:
(€]
o= max ————— 9.36
c=u AT 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] + [rproduced] = [raccumulated] (937)

However, the resulting rate will be:

[rgeneration of live cells] = [7generated] - [7dead] = (Tg_rm) (938)

Therefore, from Equation 9.37, we have:
[Glo = [Gls + (rg—7m) =[ra] (9.39)

In a liquid-phase continuous system, we have the following expression as a function
of the cells concentration:

dC
([Clo = [Clo)vo + (rg — rm) = (9.40)

Since there is no flow in a batch reactor, we have:

dc

o (9.41)

(rg —tm)=

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.e.:

(—rs)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 I.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:

[S][C]
=MUmax7er - 9.35
re=H [S] + KMonot ( )
Transforming;:
KMonot 1 [C]
. (E9.3)
Mmax [S] Mmax rc
KM Vmax
1+ —= 9.28
51 s 28

Substituting the data, we obtain the following table:

Experiment 11[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

| --m-B P
0.60 - - ---DatalB //.’

C.Ir. 055 //,
050 1
0.45
0.40 1 y
035 1 Jrali
030 1 -

0.25 4 27

0.20 4., ’/0.13518

r I r
0.1 0.2 0.3 0.4 0.5

Conc.Celulas - C.

Figure E9.4 Graph constructed from Equation E9.3.
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From this figure we obtain:

KMonot —0.95
/’Lmax
1
=0.135
/'Lmax

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 B O Molecules
or Ocl

O HNONO) 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 E,.
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:

Ay + By M A 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 LAYE (9.44)
)\,AB*

where:
ko = constant when it is infinite

ya and yp = activity coefficients of A and B, respectively
AAaBs = 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



150 Chemical reaction engineering

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:

q3w/8nN0/1000j|

2(kpTe) (9.45)

loglleo = logloko + ZZA.ZB\/I_L|:

where:
za and zp = charges of the ions A and B, respectively
q = 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:

p=y (Y1c1?)
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:

logty=1log, ko + 224.25.0.509. /1t (9.46)
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log,o (k/ko)

amp Z, Zg=>(+)

C mp ZpZg e (0)

b 7, Zg mb ()

(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:
H,0, +2H" 4 21" — 2H,0 + I?
We observed the following rate at 25°C:
r=ki[HyO2][I7] + k2[A*] — k3[H, 02 ][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,, k =logoko + 224.25.0.509./1
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Table E9.1 (Hill)

u (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:

2H,0,-21- =0

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:

2 &mt =—1

thus, the equation becomes:

log,ok =log oko — 2 x 0.509/1

Substituting the values, we have:
When M= 0, /Qz =19. Thus, ko = 19/60.

Therefore:

logok=1.278 — 1.018. /%t

For the other values of the table and Figures E9.5 and E9.6, k; is calculated, i.e.:

w (kmol/m?3)

ky (experimental)

ky (calculated)

0

0.0207
0.0525
0.0925
0.1575
0.2025

19
15
12.2
1.3
9.7
9.2

19

13.5
1.1
9.31
7.49
6.61
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Figure E9.5 Calculated versus experimentally determined constants k; as a function
of the ionic strength.
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Figure E9.6 Constant k;: calculated and experimental determined.
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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:

k= ko + kit [H3O%] + kop- [OH ]+ Y kux[HX] + Y kx;[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 + ki+[H;0™] + kop-[OH™] + kpa[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,

k*

[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:

bk, [HAI
[HT]=Ka A (9.50)

In this case, we can simply have the expression above, i.e.:

k=ko+ ki [H;01] + koy-[OH™] + kpa[HA] + ka-[A7] (9.51)
where

k*=ko + ki [H;0™] + koy-[OH™]

Thus,

K
k=Fk* + [HA] + (kHA + kA[H—ﬁ]) (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.
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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,; — 2NHj3 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 kJ/mol NH3) and runs at relatively
low temperatures (~400°C) and high pressures (=60-100 atm). 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.

B

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?

v

\ 4

Catalytic Bed

Figure 10.I Ammonia synthesis.
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10. 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.

N, NH,
> Catalytic Bed

H,

Reactants

Particles

Concentration

Ca .
ySurface of the catalyst

Distance

Figure 10.3 Concentration profile through the film.



Heterogeneous reaction kinetics 159

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 (7) or molar
flow rate (F), and measure the conversion. If for successive experiments the conversion

Xa
Experiments
[0
L/D fixed
D
W/F
XA
WI/F cte
Vlinear

Figure 10.4 Mass transfer effects.
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Xa

A

Limiting step Limiting step
Internal diffusion | Chemical reaction

b l—»

A

S e i

\ 4

i

1 2 31d,
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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Diffusion Film Fluid

Concentration of the Reactant

Distance

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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UT
Figure 10.8 Arrhenius In(k) versus I/T diagram.
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 < 5kcal/moles I/d Vo

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 E¢ > 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.
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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. DParticles 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



Heterogeneous reaction kinetics 165

Energy

Non catalytic reaction

—H

reactants

catalytic A Hg

reaction

H

Products
I Hdes

Reaction path

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,4, <O.
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:
AHadS:AGadS+TASadS (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,y;) 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 III 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 4. The fraction of sites occupied by A molecules is 94:

o=

SN

o = A (10.4)
nm

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:

64 = fraction of occupied sites of A molecules.

(1 —64) = fraction of unoccupied sites or free sites.

where
04 = Mads
M
and
n,, =number of molecules of a monolayer.
Schematically,
A (1—0,)
gas A
4’ _}
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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,

7des:kd9A (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 = Vdes

Hence, we can determine the fraction of occupied sites of A molecules, according
to the equation:

kapA

O, = —aPA__
A7 ka + kapa

This equation can be written as function of the equilibrium adsorption—desorption
constant, which is a thermodynamic property. Defining,

kq
Ky=-—=
A ky
Thus,
Kapa
Gy=—" 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

a4=-—j§$L— (10.8)

Vmonolayer

The order of magnitude of the equilibrium constant K4 indicates the affinity of the
gas with the solid. For high K, values, the equilibrium is shifted toward adsorption
and vice versa. There are two extreme cases to be considered:

1. If Kxapa =0, the equation becomes 64 = Kap 4, i.€., 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 64 =1, or, the coverage is a complete mono-
layer. It occurs when p4 > 0, i.e., near the vapor pressure of A, or when K4 >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:
A (g) +27(s) 2 Al gy (10.9)
In this case, the adsorption and desorption rates are, respectively:
Fads = Rapa(l — 64)° (10.10)
Fdes = k0> (10.11)

The dissociation of molecules occurs on two sites simultaneously.
At equilibrium, we have:

Tads = kapA(l - 0A)2 = kdé‘i

Since

ka

Kya=—
A ky

Rearranging, we determine the fraction of occupied sites due to dissociation, thus,

g = Y KaPa_
1+ /Kapa

This is the Langmuir equation for dissociative adsorption.

(10.12)

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:

Agas Bgas ( 1- OA a GB)
—p R
_‘ H—/
GA OB A/ OR
— N
Surface

Then, the fraction of free sites is:

0,=(1— 04— 05 —0g...)
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where 0 and 6g 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 =Kapab,
0 = Kpppb, "
Or = KrprOy

> 0;=(Ka-pa+Kp-pp+Kr-pr+--- )0,

——
> Kipi (1-326:)
Thus,
Kip;
S 6= _ 2 Kibi (10.13)
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; = Kipity
Thus, for example, for component A, we get:

Kapa

=
A (1+Kas-pa+Kp-pp+Kg-pr)

(10.15)

If one of the components is dissociated, we substitute the corresponding term by
square root. For example, if A is dissociated, then

VEKapba (10.16)

Q) =
A (1+/Kapa+Kg-pp+ 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 =kpl/n (10.17)

where k and # 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,s=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,g, = AHo(1 — p0) (10.19)

where AHj is the initial heat of adsorption. The degree of surface coverage is, in this
case, given as follows:

RT

0=
BAH,

In (aP) (10.20)

where 4 is the constant related to the enthalpy of adsorption and B 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
ka/k
At * al dA*

where * =surface active site, A*=adsorbed molecule at the surface, k, and
k4 =adsorption and desorption constants, respectively.
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2. Surface chemical reaction
The decomposition occurs with the adsorbed reactant species transforming into
product adsorbed species on free site. Thus,

AR

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.

3.  Desorption of the product
The adsorbed R* species is desorbed, releasing one active site and producing R
gas molecule.

ka/k
R* /dR*+*

Schematically we obtain:

A

)

’ R*

Surface

There are three possibilities:

(a)  Adsorption of A is the limiting step.
(b)  Chemical reaction is the limiting step.
(c) 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= kb, (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+Kgr-pr)

(—7ra)= (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 10.135.

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,

The fractions of adsorbed species A and B were calculated considering all adsorbed
species, according to Equation 10.15. Thus,

kKaKppaps
(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)
Treacio — 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 # 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:

VZkQApB (10.25)
where

Kg=0

Kr=0

Thus, similar to Equation 10.24, we obtain:

kKapaps
—ra) = 10.26
(=ra) (14+Ka-pa+Kgr-pr) ( )

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)

Kl' = K,'o . CXp(AH,/RT)



178 Chemical reaction engineering

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— AH4 + AHg (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 Kr pa
— 4 — pr= 10.29
B RPN T R PRT ) e
It is illustrated graphically in Figure 10.15.
PA/(-1) For p,=0
1/k
1/k x K, {
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:

Cyclohexanol — cyclobexene + 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) Prizo (atm)
(moliL s)

33
1.05
0.565
1.826
1.49
1.36
1.08
0.862
0

0 1.37

—VONCUAWN —
WO —WwwWNN O U —
wuroooou—— —
wooSEm—————

Solution

OH

A—R+S

First, verify from this table what components are adsorbed.

1. For A:
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
(14+Ka-pa+Kg-pr)
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From the experiments:

Experiments Rate r x 10° (mollL s) Pcy (atm) Pcy (atm) Pyz0 (atm)
| 33 | | |

2 1.05 5 | |

3 0.565 6 | |

e Note that if Pcy- =Pprpp=1 then:

o 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) Prizo (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) Py0 (atm)
I 33 | I I
8 0.862 | 10 10
4 1.826 2 5 I
5 1.49 2 10 I

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

= 10.30
’ (14+Ka-pa+Kg-pr) ( )

or rearranging, we get:

Kr
kK4

1 1 Kg — pa
—+EPA+ ml?s—

kKA pR+

(10.31)

r
[ N N —
a b c d

a+by, +cy, +dy; =X

From the experiments:

Experiments Rate r x 10° (moliL s) Pcy (atm) Pcy, (atm) Pyz0 (atm)

I 33 | | |
2 1.05 5 | |
3 0.565 6 | |

Pr=Ps=1.0
Thus,

y2=y3=1

ax+by; =X
where

cx=cy) +dys

ax=a+ cx

ax=0

b=1.146 x 10°

k=1/b=8.72 x 10~%(L/moles) s~




182 Chemical reaction engineering

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:

1. 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, (4nr?)| ,, =0 (10.34)
Since no generation or accumulation of gas (O,) occurs, we obtain the equation

in the differential form:

d(Mo,7)

P =0 (10.35)
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Reaction

DiffUSion mem  mm Ash

[O,]

R, i

Figure 10.16 Non catalytic reaction model.

However, from Fick’s law, we have:

dCo,
dr

Mo,| =D (10.36)

Substituting Equation 10.36 into Equation 10.35, we obtain:

d(Mo,7)

dr =0

Rearranging, we get:

dCo
= —D 2
r dr

Mo, (10.37)

Solving the equation for the boundary conditions, we have:

d dCo, 2)_
dr <_D dr r)=0
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1.0

C/Co

|
I
I
I
I
I
I
I
I
|
I
I
0

Ro R(t) R

Figure 10.17 Concentration profile of oxygen.

We obtain:

d (,dCo,\

. (, T) _0 (10.38)
T

With boundary conditions:
r= R() CQ2 = C[OZ]O

r= Rinterface C02 =0

We obtain:
Co, _,_ UR=1)r
Cio,0 1/R—1/Rg

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:

_pdo: —_p b (10.39)
dr interface (l — L) 72
R R
4. Carbon balance
[Generation rate] = [Accumulation rate]
4/37R3
. (4xR?) = —p d37R pce)Co, (10.40)

dt
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where
re = solid reaction rate per unit area (g/m” min)
pc = 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_ e
dt  (pce)

(10.41)

Carbon/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]

_p_ %o

Rinterface <R B R_Z)
Ro

Then, substituting Equation 10.42 into Equation 10.41 for r=0, R=R,, we
obtain:

/=~ Mo, (10.42)

dR _ 5 Cioa1o

dr 1 1
(pce) (E - R_o)

With the boundary condition = 0 and R = R and integrating, we obtain:

_ (pce)R} R\? RY\?
t= 4DCo.r 1-3 <R—0> +2 <R_o) (10.44)

The time needed for the total consumption of carbon is obtained when R = 0.
Thus,

(10.43)

(pce)RG
— P (10.45)
6D Co,),
If the conversion is defined as:
(4/3)7R> R\’
X=1- 2P o1 = (10.46)
(4/3)7R] R,
Substituting in Equation 10.44, it results as:
RZ
(PeelRY 11 31— X125 4201 — X)] (10.47)

~ 6DCjo,),
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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 15 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
i O—D /
Linear Fit Datal B

© 0.08
< | 700°C
o
& _
+ 0.06 150 min
© i
O
©
S
w 0.04 - Coef.ang. —4.914 x 10™*
X
SIL i
&
& 002

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-6DCo,),

=FX
oceRz Y

Figure E10.18 shows the results.

From the angular coefficient, we calculate the parameter 8.

_ DCoyo

(oce)RG

B =4914 x10~*

(10.49)




This page intentionally left blank



Chapter 11

Kinetic exercises

I1. SOLUTION OF KINETIC EXERCISES

Example

ER.1 The following reaction was performed in a batch reactor:
2N205 —> 2N204 + OZ

Calculate the activation energy using the half-life time data for different temperatures.

T(¢C) 300 200 150 100 50
tip(s) 39x103 39x103 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 11.1 presents the values of k; varying with temperature:

Table 11.1

T (0 T(K) tin 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 11.1 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 11.2). 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.

_-_
61 300°C F

Ink

T T T T T T T T
0.0016 0.0020 0.0024 0.0028 0.0032
T

Figure I1.1 Arrhenius plot.

-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
uT

Figure 11.2 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
7B =k1|:(Co —Cp) — fczz;]

where:
Co=Cao + Cpo

Show that the maximum concentration of B is equal to:

C C
CBmax:ﬂ (1 + BO)

2 Cao
Solution
r8=k1Ca + k1Cp — Ky C2 — k1Cp
Then,

rs=k1(Ca + Cp — Cp) — K, C2
But,

Co=Ca+Cp
Thus,

1
7B =k1[(co - Cp) — Ecﬂ

The maximum concentration of B is given by the following equation:

Cgo Cgo
C max = 5 1 P
? 2 ( * CAO)

Example

ER.3 The following reversible reaction is carried out in a tubular reactor at 25°C:

i

C
PN
2CHNCO —=CetN [ N Gy
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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:kCAO[(l — X4) — RXA}
Since:

C
CRZ%XA

However, in equilibrium, the resultant rate is zero and thus:

k Xae
=—=————=1.2
ko 2(1 —Xyue) S

or
Xa.,=0.714

Expressing the resultant rate as a function of the conversion, we obtain for R =0
the following Equation 3.21:

X4
T:kCAO (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:

XAd
(t) = Cao %
0

—ln(l—;;A): L (5.24)

Ae
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Since the conversion is 90% of the equilibrium conversion, we get:
where:

X, 0.642
=22 .89
X, 0714
Then:
kT 5207
Ae

Since 1=V /vy =83.3 min.
Thus,

k=1.89 x 102 min~"

E'=1.51 x 102 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 x 2=0.2atm
pPao= 1.8 atm

The partial pressure of A is therefore:

a

P~ Po)

pa=pao —
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After 50 min, the total pressure of the system is 3.3 atm and the initial pressure
2 atm. Since, Av=2—1=1 and a=1, then:

pa=18-1(3.3-2)=0.5
Thus, the conversion is:

XA:M:OH

Pao

The rate is a first-order reaction and for a constant volume it is equal to:
(=74) =kCy =kCao(1 — X4)

Substitute the rate equation in the batch reactor equation and integrate. Then,

Xa d
XA
t= CA°0/ kCo(l — Xa)
—ln(l — Xa) =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=Vo(1+eaXa)
The expansion factor is:

A— R+S

A R S Inert  Total

Initial 0.9 0 0 0.1 1.0
Final O 09 09 O.l 1.8
Thus,

Substituting these values, we obtain:

V=0.1(1+0.8 x 0.722)=0.157L
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The initial concentration is:

o yA()PQ _ 0.9 x2
~ RT ~ 0.082(273 +450)

Cao =3.03 x 1072 mol/L

Example

ER.S 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 10 atm and
800 K. The reaction is irreversible and second order. Data are presented in the table
11.2 below.

Table 1.2
Ve (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—Xa)?
() =k X

Substitution in the PFR equation:

Xa
B (14 e4Xa)>dXa
Co= [ S e
0

The solution of this integral is:

Xa

(1—Xa) + S%XA + 2e4(1 4+ e4)In(1 — X4) =1kCyo

(1+ea)?
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Calculation of Cyg:

i onPo _ 0.3 x 10

C =
ACTTRT T 0.082 x (273 + 527)

Calculate conversion:

_FA()—FA_ Fr _ZFS
~ Fap  2Fa0 Fao

Xa

The initial flow rate of A:

FAO IonFQ =0.7x72=5 mol/L

=4.57 x 1072 mol/L

Calculation of conversions from Fg data is shown in the following table 11.3:

Table 11.3

Ve (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) 5.8 x 1072 5.9 x 1072 6.0x 107"

Calculate &:

1
A—2R + ZS
A R S Inert Total
Initial 0.7 0 0 0.3 1.0
Final 0 1.4 0.35 0.3 2.05

oy = VXA:1 — VXA:O 22.05— 1 —1.05=1.0
Vx,=o 1 ' '

The equation becomes:

4X4

m + Xa+4In(1 — Xa)=1kCag

Substituting these values, we calculate k, as shown in the table 11.3.

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.

b= koe_(E/RT)

However, first we must calculate the constant kg. 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 £ =5.85 x 1072, we obtain:
k=koe F/RT) =585 .107% = 8.25 - 106¢~130000/2T)

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-3H, + 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:

ALL Ry 4 Y

H* + A% H, + R
R + M- MR
MR? + AL R + R,
2R3 L5, p

The rate of disappearance of A is:

—ra=ki[A] + ka2 [A][H®] + k4[MRT][A] (11.1)
rie = k1 [A] — ko [A][H?] =0 (11.2)
o_ki
[H]= (11.3)
rmRr; = R3[RT][M] — k4[MRS][A] =0 (11.4)
rry = ki[A] + ko[ A][H®] — k3[R}][M] + ka[MR}][A] — ks[R}]? (11.5)
k1[A]

Thus,

2ki[A] =ks[R}]?

[2k11A
[R;]= ;E ] (11.6)

From Equation 11.4 we get:

or:

k3[R [[M] = k4[MR1][A]

. k3[RY]IM]
MR;] = 11.7
Substituting Equation 11.6 in Equation 11.7, we obtain
k3[R 1IM] [2k1[A]
MRS = 11.8
[ 1] k4 [A] k5 ( )
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Substituting Equation 11.8 in Equation 11.1, we obtain:
—ra=k1[A] + k2 [A][H®] + k4[MR;][A]

2k4[A]
ks

—ra=2k1[A] + k3[M]

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:

2k4[A]
ks

—ra=hks[M] (11.9)

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 0.510 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, — CHR’
A+ M—>MR

Thus, the rate equation is:
—ra =k[A][M]=k[A]? (11.10)

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]Y2[M] (11.11)

Verifying if the rate of the global reaction 11.10 is correct, assuming a second-order
and irreversible reaction.
The expression as function of conversion is:

(—ra) =kC5 =kCho(1 — Xa)?
Substituting in the batch reactor equation, we get:

Xa

—— = kCyot 11.12
1-X0 A0 ( )
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Verifying Equation 11.11, assuming proportionality we get:
—ra=k[A]'2[M]
(—ra) =RCY*Cr = RCYE (1 — X4)%2 (11.13)

Substituting this equation in the batch reactor equation and further integration
results in:

1

We calculate the specific constants from the following table 11.4 (last two columns).

Table 1 1.4

t(s) [A] Xa k (Equation 11.12) k (Equation 1.14)
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 0.505721 0.002341 0.00180

640 0.3820 0.562929 0.002303 0.00171

750 0.3430 0.607551 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 10~3 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 3.52 x 1073 |.55x 1073
Fr (molls) 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—Xy)?
(70 =k e
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Substituting in the PFR equation, we obtain:

Xa

[ (1 4eaXa)
S i
0

The solution is as follows:

X
(14 e4)* ——2 — 4+ &2 X, + 2ea(1 + £4) In(1 — X4) = tkCag
(1—Xa)
Calculate e4:
A— 3R
A R ) Total
Initial 0.6 0 0.4 1.0
Final 0 1.8 0.4 24
Then, e4 =1.4

Calculate initial conditions:

—  Concentration:

_onp() N 0.6 x 10

_ _ —0.121 mol/L
Cao="RT = 0.082(600) — 121 mol/

—  Molar flux:

FAO = UOCAO =1.0x0.121=0.121 mol/L

—  Conversion:
Fao—F4  Fr
X = =
4 Fao 3Fa0
5.75X
2 O7A 1 1.96X, +6.72 In(1 — Xa) = tkCao
(1 —Xa)

From these data (Table 11.5), we calculate the specific rate constant k:

Table 11.5

Ve Fr X k

0.05 0.05 0.137 0.0795
0.00757 0.15 0413 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) 49x107™* 6 x10™° 1.IxI10™* 24x1073 22x10°2 1.I18x 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: »=k,C

These values correspond to the initial rates and concentrations. Transforming in
logarithmic form, we obtain:

In(ro) =Ink, +nInC,,
where:
k = koe~(E/RT)

For determining the reaction order, we use the first two columns in the following
table 11.6 and at the same temperature. Thus,

In(4.9 x 107%) = —=7.62 In(6 x 107°)=-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 11.6 Specific rate constant.

ro CAg T k T
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.



Kinetic exercises 203

) “moA
—— DatalA
1
| R = 0.997
04
_1 Na.  E = 41653 cal/mol
X 1 X
£ o
-3
4 4
-5

T T T T T T T T T T
0.00112 0.00120 0.00128 0.00136 0.00144
UT (K)

Figure 11.3 Arrhenius plot.

The reaction rate is thus:

1.73
or:
70
p= 10
C1.73
A0

From Table 11.2, we calculate the specific rate constants and plotting these values
in Figure 11.3, 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:

r=kC,Cs — k'Cy

However, for equimolar concentrations, we obtain:

r=kCi — kK'Cy

In terms of conversion it becomes:

1
2 2
r:kCAO[(l =N KCAOXA]

(11.15)
At equilibrium, =0 and substituting K =10 and C4p =2, we obtain

KCuo =K. =20

1
=|(1-Xpe)? — =X
0 |:( Ac) 20 Ae]

20X2 —41X4.+20=0

Finally, we get:

X4e=0.80 and X).=1.25

Substituting:

e K
(1_XAe)2 ‘

(11.16)
From the Equation 11.5, we get:

(1 - Xae)
r:kC/Zw [(1 — XA)Z — X—ACXA:|

or:

r=kCioXAe[(1 — ;éf) <K X4 )}

— 11.17
X ( )
where:
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It is the reaction rate as function of the conversion. Substituting Equation 11.17 in the
PFR equation, we obtain:

T ax
r:CAO/TA (11.18)
0

After integration, we obtain the solution:

(-~ %)
Xae) | _peq (11.19)

" X
* XAe
where:
K. —1
k*=(K—1)/€CAO XAe (11.20)

Cc

Since the final conversion is 70% of the equilibrium conversion, we have:

X/
k=-—2=1.56 and Xa =0.7
XAe Ae
Thus,
(- %)
In Xae) | _0.608 =k
1 Xa
“ ( XAe)
However,
T= X =2
Vo
0.608 =k*t
Then,
k*=0.304

From Equation 11.20, we get:

K. -1

c

k* = (K - 1)kCA0

XAe
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Substituting the values, we have:

k = 3.57 L/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 11.7, calculate the constants.

Table 1'1.7 Experimental data.

Experiment Caubstrate (g/L) Cees (g/L) Rate (g/g-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=ul[C]
where:
P )
e [S] + KMonod
Thus,
e 1SUC)
e [S] + KMonod
or:

[S] + KMonod _ [S][C]
Mmax rc

This expression is conveniently transformed into:

Kitono | _1__ 1] (11.22)
Mmax[s] Mmax rc

These data are plotted in Figure E11.4.
Therefore,

KMonod
MmaX

=0.949
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0.65
] = B P
0.60 ~ ---- DatalB 1
CC/rC 055 4 //',/
E ///
0.50 - ed
4 . v
0.45 - P
0.40 4 Pl
' *" 004015
0.35 JrANN
] v
0.30- e
0.25 - e
h /.{/
0.204 ., ’/ 0.13518
T T T T T T T i T
0.1 0.2 0.3 0.4 0.5
Conc.Celulas - C.
Figure | 1.4 Determining rate constants.
1
=0.13518
/*'Lmax
Thus,
Mmax = 7.4
Kymon=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;.

Py, (mmHg) 0 0.5 1.0 15 25 35 5.0
oy (Lo, /hmg,...) 0 235 33 375 ) 43 43
Solution

Figure 11.5 displays the rate as function of the partial pressure.
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50

—s—B
{ 425 R .
40 -
~ 301 T=23°C
(@]
=
<
_8 20
=
0
10 4
04
0.52
T T T T T T T T
0 1 2 3 4 5
R, (mmHg)

Figure 11.5 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
- + (11.23)
(_702) Vmax [Poz] Vmax

Plotting in Figure 11.6, we get:

0.045

0.040

0.035

(1/rg,)

0.030

0.025

0.020

T T T T T T T T T T
00 02 04 06 08 10 12 14 16 18 20 22
1/P.,)

Figure 1.6
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From this Figure 11.6 we determine:

=0.01991
And
Vinax =50.22
Since,
v_v
T T
Then:

301
V. =5022— =517
296 ’

max

Finally we calculate:

Km
=0.01107
VI{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; + EX% [H 0,E]
[H,0,E" -5 H,0, + E

[H,0,E] + H, 05 H,0 + 0, + E
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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) 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 OZ]

(=78) = H,0,] + Ku

The solution in a batch reactor is given by Equation 9.23:

g Yo [P0
where:
Xg = [H,0,]0—[H,0,]
[H,02]o
where:

Xj is the conversion of [H, O3]

Since [H20;,]p=0.02, we calculate the values in the below table 11.8 and plot
Figure 11.7.

Table 11.8
t (min) 0 10 20 50 100
[H,0,] (mollL) 0.02 00177 00158 0.0106 0.005
Xs 0 0.115 0210 0.470 0.750
Utin(l — Xu) x 102 - 1193 1.178 1269 1.386
Xslt x 102 - 1125 1.05 0.94 0.75

The angular coefficient is —0.56. Then, if [H,O;]o =0.02:
Ky =0.00354
The linear coefficient is 0.01802 and

Vimax = 6.37 x 1074 mol/L min
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0.0140

= B

0.0135 A
— Linear Fit of Datal_B

0.0130

In(L-X )/t

0.0125

0.0120

0.0115 — T T T T T T T T T T T 1
0.0070 0.0075 0.0080 0.0085 0.0090 0.0095 0.0100 0.0105 0.0110 0.0115
X/t

Figure 1.7 Plotting eq. |1.24,from data shown in the table above.

Tripling enzymes we obtain:
Vimax =k3E7 =3 x 6.37 x 107*=1.911 x 10> mol/L min
The time needed for a conversion of Xs=0.95 is according eq.9.22:

t =189 min

Example

ER.13 The following reactions are represented by second-order reaction rates:

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 = lei
rs = szi

Relative to the reactant, it follows:

(=ra1) = %R
(=ra2) =75
k
(=7a) = %R +rs= (71 + /ez)cj =k*C?
k* = (% + k2> (8.25)

Substituting these rates in the PFR equation, we obtain the following solution
(Equation 6.8):
Xa

m:k CA()'C (1126)

The total feed molar flow rate is: Fy =0.0181 mol/min
Then:

Fap=0.5Fy=0.090 mol/min

Initial concentration:

yaoP

RT =9.06 x 1072 mol/L

Cao=

Volumetric flow rate:

F
vo=-22 —0.993 L/min
Cao
Space time:
\%
T=—
vo
=1.0

For 0.53 conversion, we obtain from eq. 11.26:

k*CAo‘[ =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:

s— R _ki_ o0
—7rA k*

Thus:
k1 =0.7k*=8.71 L/mol min
and from eq. 11.25

k; =8.04 L/mol min

Example

ER.14 The following reactions occur during the formation of ethyl bromide:

C,HsBr-L Gy + Br*

Br* 4+ C,HsBr—2HBr 4+ C,H,Br*
CoH4Br* 22 CyHy + 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 = C,H;Br, R} = C,H3, R} =Br*, R} = C,H Br*

M-SR, + R,

Ry + M- HBr + R,
Ry CyH, + Ry

Ry + Ry~ P,
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Thus, the reaction rates are as follows:

(—rm) = k1[M] + k2[R ][M] ~ k2[R ][M] (11.27)
rg, =ki[M] — ka[Ry][M] + k3[R3] — ka[R;][R3] =0 (11.28)
7Ry = —R3[R3] + k2[R ][M] — k4[[R{][R3] =0 (11.29)

Add Equations 11.28 and 11.29, we obtain:

k1[M]
Ry — 11.30
37 2ka[Ry] (1130
Substitute Equation 11.30 in Equation 11.28:
kiks
Ri)*= 11.31

Substitute Equation 11.31 in Equation 11.27:

(—ru) = ka[Ry1[M] =, | kf,jk3 [C,HsBr]

Thus, the decomposition rate is a first-order reaction.
Considering that:

k —k e~ (Ea/RT)

or
k /Q e (Ei/RT)

Using logarithm and equaling, we obtain:

Ei+E,+E;—E
E, = (s 2—; > 4:27.51<cal/mol

E, = 27.5kcal/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(mn) 0 5 10 20 30 40 50
X 0 030 050 073 085 093 097
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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=kCao(1 — Xa)

Then:
1
t=—7 In(1 - Xa)

Thus, from the date in table 11.9 we calculate:

Table 11.9

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
100 4
730

Then:

Rioo

Sl00_4
kSO

Thus:

0.0067

= 0.0167 min~"

kSO =
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From these values, we calculate the activation energy:

In(k100/kso)
(1/Tso) — (1/T100)

Calculate kg:

E=R =1.80 x 10* cal/mol

ko=keF/RT) =2 83 x 10°

Therefore:
k=2.83 x 10%~(1:8x10%/RT)

The specific rate constant at 90°C (363 K) is:
koo =0.0341 min ™"

How the catalyst concentration affects the rate?

(—=rah _ /Q1Cclat _ k100 _ 0.067 _
(—7a)2  kaCX koo x2 2x0.034

In fact, the rate was not affected.
The conversion after 10 min at 90°C is:

(1—Xp)=e k= 0031020711

Xa4=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 11.10) were obtained.

Table 11.10
Feed Partial Pressures (atm)
Feed Molar Flow
Rate (Fy) (mollh) Pao Pgo Exit Molar Rate, R
1.7 0.5 0.5 0.05
1.2 0.5 0.5 0.07
0.6 0.5 0.5 0.16
0.3 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 Fgr—Fg
o= =
Fao 2F o
F
Xy=—=2
2F A0
PAO PBO 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 Pjp:

Pa=Puo(1 —Xa)

Pp =Ppo(M — Xa), where M= Ppo/Pao

M Xa P4 Pg

| 0.05 0.475 0.475
| 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)=(=rg)=(1/2)rr

It follows:

(—TA) ZFAOXA/WZFR/ZWZ YRF()/ZW, where W =0.040 kg

Fy 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
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Using the least square method and the equation:

(—ra) = kP4 PY

In(—74)=Ink+d'In P4 + b'In Pg

From Equation 5.38 for N experiments and for j tests, we obtain:

Y, =Ag + A1 Xy + A Xo;

With simultaneous equations, it follows:

N N N
ny = NAj) + A4 ZX1;‘+A2 ZXZ/
=1 =1 =1

N N N N
ZX”Y] = AO ZXU +A1 ZX%/ +A2 ZXijlf
I=1 I=1 I=1 I=1

N N N N
ZXZ,-Y, = Ao ZX2/ + A ZX2/X1/’ + Az ZX%/
=1

I=1 I=1

I=1

(—ra) Pa Pg Yj le lez Xz,' Xz;z 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 0.4276 0.7450

09375 0540 0540 —0.0645 —0.6162 03797 —-0.6162 03797 03797

2.0625 0.570 0.370 —0.7239 —0.5621 0.3160 —0.9942 0.9884 0.5580
z 0.4403 —4.6953 3.8868 4.6419 3.6886  3.5764

Xii*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 = 6Ag —4.6953A1 — 4.6419A,

—0.0258 = —4.6953 + 3.8868A1 + 3.5764A,
—0.5866 = —4.6419A¢ + 3.5764A1 + 3.6886A,
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Solving these equations, it follows:

Ap=-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 11.11) were obtained:

X 0.118 0.196 0262 0339 0446 0454 0524 059 060
P (atm) [ | | | | | [ I [
W/Fao (kgea: h/kmol) 0.2 04 0.6 088 153 16 266 422 454
X 0.14 02 025 028 035 0.4 019 023 027 032 0l 0.6
P (atm) 33 3 3 3 4 4 4 4 4 7 7

W/Fso (kg h/kmol) 02 04 06 088 16 02 04 06 088 16 02 04

X 0.194 0214 0254 0.1 0.48 0175 0.8 0229
P (atm) 7 7 7 0 10 10 10 10
W/Fao (kgeae h/kmol) 0.6 0.88 1.6 02 04 0.6 0.88 1.6

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

erQAPB — /QIQR
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)=k [ kK spaps 1 kRKRpr }
(1 +Ka-py +Krpr) K(1+Kapy+ Kr-pg)

Assuming a differential reactor and rearranging:

Krp Kx K K 17 K,
[m+m_Z}XA+E<1+K_A]_7<1 Xa)Pp

Model 2: irreversible reaction and adsorbed product
r= k@APR
Assuming a differential reactor and rearranging:

kKapapr
(1+Ka-py + Kr.pr)

Model 3: irreversible reaction and nonadsorbed product
r= k@APB

Assuming a differential reactor and rearranging:

1 1
m + EpAO(l - XA) =

PA(;PB (1-X,)

From experimental data and the corresponding models, we obtain X, after
linearization.
Model 1: Varying pressures for constant flow rates

P W 0.2 y

P, 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
I 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
|

0 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
P w 0.8 y
Py X
| 0.135 0.399 0.0462
3 0.405 0.286 0.1498
4 0.54 0.271 0.2040
7 0.945 0214 0.3849
10 1.35 0.188 0.5681
P w 1.6 y
Py 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
1.9+ P vs X, (1/r constant)
y =-3.7987x + 1.684
R?=0.8705
H L]
y = -3.3676x + 1.1449
0.8 R?=0.951
2 06 y =03.7672x + 1.0311
3 R?=0.9771 u
i 0.4 y=-38971x+0.8361 ¢ \'.\.\
R?=0.8985 AN N °
:\\ \'\ o
0.2 {y=-1.9793x + 0.3118 N N
R?= 0.4708 Mo .
\\E \Q\ \" \x °
0 _x 3 * . " i '
0.1 0.2 03 0.4 N 05
-0.24 Conversion (Xp)
® W=066 = 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)

Linear (w = 1.6)

Figure EI7.1 Model I.
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Pvs X, (1/r constant)

0.4

0.7 7 =-4.3405x + 1.759
R?=0.9905 °
0.6
0.5-
=_3.2403x + 1.0791
oo R*=0.9995
= 044 n
>.< .\ ‘\
- . LN
= y =-2.9141x + 0.8337 N, AN
S 03- R?=0.999 \
< N e
\ \ X
y =-2.8086x + 0.645 \ .
0.2 R?=0.9835 AN "
N .
FS | |
y =-1.8209x + 0.3028 \
014 R®=0.9488 \ A
X
0 T T T T T T T |
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Conversion (X,)
¢ W=0.66 B W=0.88 ® W=16 X W=0.2 W=0.4
———-— Linear (w=0.66) =—-:—-- Linear (W=0.88) ==-=--=--- Linear (w = 1.6)
Linear (w = 0.4) Linear (w = 0.2)
Figure E17.2 Model 2.
w 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
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
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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 1.915
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 E17.1 and E17.2, 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.

ks /k
S+ ESMES

ES + S25K,

ka /k
Es<SELp
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(a) Describe the reaction rate of the product P(r,) based on this mechanism?

(b)  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
(Viax = k,Cikq)). Plot 7, as function of [S].

ko Jk
S1+ E(z—;ES1

ko /k
S + E(Z—;ESZ

ES-.E 4+ P,

ESXSE + P
Solution
(a) Rate equations for ES and ESS
res = R1[E][S] — R} [ES][S] + k5[ESS] — k:[ES] (1)
ress = R [ES][S] + k5 [ESS] (2)
Assuming steady state for [ES] and [ESS], we have:

dTES/dt =0
drgs/dt =0

The total enzyme concentration is:
[Eo]l =[E] + [ES] + [ESS] (3)
From Equation (1):

k| [ES] + k2 [ES][S] — k5 [ESS] + k:[S]

[EST1= F ST

From Equation (2):
R5[ESS] = ka[ES][S]
From Equation (3):

[ESS]= %[ES 181
2
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Substitution of [ESS] results:

_ [Eo]
B
ki[S] K>
where: k,, = M
ki

since k, = k, [ES] we have:

) 1 . (4)
ko 154 B2
[S] K

where: k, [Eg] = Vinax

Vinax[S]

SP
b + 18]+ -

kpz

(b) The nonreactive complex formation promotes inhibition because the amount
of enzymes decreases with increasing product formation. Comparing Equation
(11.30) 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).

(c)  Since:

Vinax[S]
NN ©
k.. + [S]+ K_z
) . dry
The rate is maxima when: m =0
Thus:
_ k[EglVka Ky
Ypmax = (7)
kK>

Ry VR Ky +

when V.« =k, [Eo] (item C)
Therefore:

_ Vmax\/ kaZ
Ypmax = kaZ

km + VkaZ +




226 Chemical reaction engineering

Vmax is smaller when compared to Michaelis-Menten mechanism.
For the Michaelis-Menten it is: V,,.5.k,[Eo]

o

A

Prrax

> [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:

Xy = M
T Yy

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:

My = 3 mol/dm?

I, =0.01 mol/dm?

k() =10"3s"1

k,=10dm3/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[I
(=) = k], | 2701
t
Calculation of the polymerization grade Xn
From the definition:

YT 2ykoll] + ke (RY)?
where: [M] = M.

When the concentration of the initiator does not vary with time ([I2] = [I2]o),
then, Equation 8.36 becomes:

R* = /% =4.47 x 10~ mol/dm>
t

Since M = My(1 — Xp1) = 3(1 — Xp1), the expression of Xy results:

k,M - R*

XN =
N7 2ykollo] + ki(R*)2

XN =1.34 x (1 —XM)

(b) Concentration of the monomer with time:
The rate equation of consumption of the monomer or formation of polymer is
given as:

—TM = _rp - kpMR*

For batch reactor (Equation 4.7):

M ax
=M M
! O/ (—7m)
0

Changing the integration interval:

My—M dM
. = M M,

Xm
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Then:

Substituting (—7p):

t=— In(M — M)

kyR*
Thus, the concentration of the monomer with time in a batch reactor is:
M =My x exp(—tk,R") (11.35)

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 ©

M= M, x exp(—tk,R") (11.36)

e For CSTR:
dXu
T=

(—rm)

Similarly:

 My-M

X
M Mo

Substituting (—7p) results:
My -M
T=—
k,MR*
Rearranging, the concentration of the monomer with the space time is:

M

Me 11.37
tk,R* + 1 ( )

Figures E19.1 and E19.2 display the concentration profiles of batch, PFR, and CSTR
systems, respectively.
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Tvs. [M] (Batch)

35
3
25 \
3 2
E
s
15
1
0.5
0 T T T T T T T T T
0 0.5 1 1.5 2 2.5 3 35 4 45 5
t(s) % 10°
Figure E19.1 Batch.
Tvs. [M] (CSTR e PFR)
35
3
25 \
£ 2
o
E
s
=15
CSTR
1
PFR
0.5
0 T T T T T T T T T
0 0.5 1 15 2 25 3 35 4 45 5
t(s-1) X 10°

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

_rm

T, =

Equating t;:

Xai — Xai-1

2ykol1]
k;

T, =

ky[M]

For each reactor:

Xai — Xai-1

2ykolI>]
ky

V,':U() X

kpl1 — X 5

Equating the volumes V; =V, and V| = V3, we obtain:

XM Xma—Xwm
(1—=Xm1) (1—Xm)

The final conversion is 90% (X3 =0.9). Solving these systems, we obtain X
and Xpn:

X = 0.535
Xm = 0.784
XMz =0.9

Figure E19.3 displays the volume of the reactor (since, V1 = V, = V3) as function
of vgp.
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Output vs/ Volume

600

500 /

1CSTR

400

300

Volume (1)

3 CSTR

200

100

0 0.5 1 1.5 2 2.5 3
4
Output (I/s) x10

Figure E19.3 CSTR in series vp.

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—/ dXm
S (=rm)
Moy

Substituting (—7y) and after integration results:
M= M, x exp(—1tk,R")
where:

. |2vkoll2]
R*= k—t
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Varying ko and k,, we obtain:

t vs. [M] (PFR)

35
3
Kp=05
2.5 \\
= 2
o
: \ \\
= Kp=5
S \ \ p
1 \ Kp =10
K :50\
0.5 P
0 Lp=50 : ;
0 5 10 15

t(s-1) x 10°

Figure E19.4(a) .

tvs. [M] (PFR)

3.5

2.5
) \ Ko = 0.00001
15 \ \
\\ \ Ko = 0.0001

1

\ Ko = 0.001
05

Ko=0.1
Ko =
0

0 5 10 15
t(s-1) X 10°

[M] (mol/)

Figure E19.4(b) Influence of parameters Ko, and K.
We see that the influence of K, is more significant than of Ky. Therefore, the
parameter controlling the polymerization kinetics is the propagation constant. The
concentration is strongly affected for higher K, values.
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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:

T
2?1
i

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:

Tp M k2

7i «/E Zkokt
PFR and batch

a _

M

(8.38)
Substituting Equation 8.38 in Equation 4.7:

M
/ dXm
T=1=
(—=rm)
Moy

Batch and PFR
Equation 8.43

My

M [8ylhol (%)
I =k, Tk e 1]

or

2y(I —( kot
M= M, x exp |-k, yL 20l le (%
t

)_1]
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[M] X't (PFR)

3.005
. 3
£
S
3
2 2.995
=
5 2.99 \
c
S
8 2,985
c
[0}

o
& 2098 \
O

2.975 \

N—
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

Xu—Conversion of the monomer

(—=rah klcclat _ k100 0.067

(—ra)ls  k2C2. koo x2  2x0.034

(1—Xu)= e—kt =€_0‘034X10 —=0.711

X4=0.288

1.2 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.

H,0 + C,Hy«—C,HsOH
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Data:
Component AGYggx (keal) AHYs (keal)
H,O ~54.63 ~57.79
CoHs 16.28 12.49
C,HsOH —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.

(0] (0]
[l ICIZ
neeHe-Cg HC™ ~C”~ ~OocH, W o
Il | + CHOH —— I | + +
HC. ~CH 3 HC_ -CH
CH
t(s) 0 27 45 62 79 93 105 120 )
®(cm™) - 0.352 0.646 0.813 0.969 1.12 1.26 1.40 35

Assume a second-order reaction under isothermal conditions at 25°C. The initial
concentration is 3.6 x 10~3 mol/m?>.

Example

EP.3 The decomposition of DME (dimethylether) occurs at 504°C, according to the
reaction:

(CH3),O0 — CH4 + Hy; + 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~!,

) Calculate the activation energy.

) Calculate the collision factor.

) Calculate the rate and compare with item b.

) 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 k¢, show the following relationship.

1 172
7| (1OE
RIn2
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;COOC¢H;5 + NATOC¢H; - CH3;COO Na + 2C¢H;OH

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/m3. Assume irreversible reaction and following rate expression:

CaCp

r==k Cx

where C4 = concentration of ester CH; COOC¢H;s, Cg = concentration of phenolate
NatOCgHjs, and Cg = concentration of phenol CsHs OH.

Following experimental data were obtained by collecting samples with different
times:

t (kseg) 0.72 216 432 8.64 20.6 27.2

G (mol/m3) 22 18.2 15.3 12.15 85 7.3

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
E+ <5 E]
ESSE4P

where E =Enzyme, [ =Initiator, and ES, EI = Complexes.
Show that the rate of product P formation is given according to the equation:

Vinax[S]
181+ K (1+ 25

rp=

where K1 = Michaelis constant and K; = Inhibitor (k4/k3) constant.
Do all simplifications needed and justify.
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Example

EP.9 The reaction (CH3)3COOC(CH3)3—k>C2H6+2CH3 COCHj; was performed in a
batch reactor, measuring total pressures with time at 50°C.

t (min) 0 25 5 10 I5 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 A8 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.11 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:

T (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) 021 0.48 0.09 0.39 0.6 0.14 | 44
pp (atm) 0.1 02 0.05 0.3 04 0.05 05
Po (atm) 0.1 02 0.05 0.0l 0.02 0.4 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:
CyH, Cly—> C,H, Cls+HC
b= 1012e—21940/T(s—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 107* 32x107* 40 x 10~

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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N
2CH,NCO —=CH,N - N -CeHs

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

|C|)
_CH
\O ') 3
+ CHOH — + H" 4+ ca~

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 .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.




Kinetic exercises 24|

Experiments Pa (atm) Ppe (atm) Psgua (atm) Rate (mollg.q, min)
| 1.0 0.0 0 .34 x 1073
2 0.9 0.1 0 .32 x 1073
3 0.7 0.3 0 1.35 x 1073
4 0.4 0.6 0 .31 x 1073
5 1.0 0.2 0.8 035x 1073
6 0.5 0.2 0.3 0.85x 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 (mol/g.q min)
| 1.0 | 33x 1078

2 5 | [.5x 1075

3 10 | 0.56 x 1073

4 | 10 0.86 x 1073

5 2 5 1.82 x 107°

6 2 10 1.49 x 107°
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Chapter 12

Elementary concepts of the collision
theory

A reaction needs minimum energy to break chemical bindings to occur. These energies
come from different forms and configurations with electron transfer and geometrical
rearrangements.

Consider a closed system with N total number of molecules which is the sum of
a set of n; molecules. Thus, for each set #;, an energy &.; is associated. These energies
result from the translation movement of the mass center and vibration and rotation
molecules movement. In fact, each molecule has its own trajectory and the fraction of
molecules with energy &.; follows the Boltzmann distribution function which affirms
that “the energy of a system in equilibrium is distributed exponentially according to
the different degrees of freedom, satisfying the Boltzmann law.” Therefore, the mean
energy is:

o (m7)
s fie (12.1)

i

» e_(kBT

where kg is the Boltzmann constant.

The denominator of this equation contains the partition function, which is the
sum of all states and energy levels. In the case of an ideal monoatomic gas, there is
only translation movement of the mass center, and the mean energy can be calculated
as follows:

e=kBT2%€) (12.2)

where

=Y e (ar) (12.3)

In this case, the partition function can be calculated, resulting in the following
equation:

32
ankBT] (12.4)

h=v[ 75
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where V is the volume/atom ratio, 7 the mass, and » the Planck constant.
Substituting Equations 12.4 and 12.3 into Equation 12.2, we obtain the mean
energy:

3
e=ksT (12.5)

Note that the mean energy depends only on the temperature.

For diatomic molecules, there are several degrees of freedom, being three of trans-
lation of the mass center and three relative to the rotation (2) and vibration (1)
movements, as shown in Figure 12.1.

Diatomic molecule 2 atoms = 6 degree of freedom

U

(3 = mass center) + 3 relative to

©

~ ’ :
@ translation rotation (2)

vibration (1)

/ Mass center

The total energy accounts the kinetic and potential energies. The kinetic energy
accounts the movement of the mass center, due to the translation movement P, and
the movement of the reduced mass P;. Thus,

E=) (0}/2m) + V(g1 — q2) (12.6)

where
g; = atomic coordinates (41, 92, 43) = qix> G1y> J1z-+-
pi=relative movements = (px, Py, Pz) = Pix> Py Piz-

As observed, the kinetic energy term includes the movement of both the mass
center and the reduced mass. Thus,

S 22m)= (P, /2Ma) +  p/2u (12.7)
Motion relative ~ Motion relative
to the Mass to reduced mass

center
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where

?r = [L_T)

r=q1 — q2 = relative coordinate
my + m, = reduced mass

mqmy

r=q1 — q2 =relative coordinate
=reduced mass

Considering the vibration movement of two atoms, the potential energy can
be assigned as a harmonic oscillation, considering a minimum potential Uy and an
attraction force Kr between the atoms, thus:

V(r) = Uy + Kg(r — re) = harmonic oscillation (12.8)

where 7. is the equilibrium distance.
The partition function for a diatomic molecule can be determined as follows:

V(r)= Uy + Kg(r — r.) = armonic oscilation (12.9)

o= / AR / dr. / APy, / dpy. exp [(P2,,/2Men) + (p2/20) + V(r) kg TIT

The first term of this equation corresponds to the partition function of the mass
center, and since it does not interact with the relative movement it is independent of
the second term in the expression. In this case, the partition function of the mass center
is equal to Equation 12.4. Hence,

fpzfpcm 'fp relative (1210)
and
fo relative =47 / dp, - exp (py /2ksT)? / dr-7* - exp[V(r)/ksT] (12.11)
e J

Substituting the harmonic function in Equation 12.11 and using the expression
for f,, of Equation 12.10, we calculate the partition function, and after substituting in
Equation 12.2, we calculate the energy. We obtain the final expression as:

e=(7/2)kgT + Uy (12.12)

Note that the expression contains the contribution of the energy due to the trans-
lation of the mass center [3/2kgT], of the relative movement of the atoms due to the
harmonic (kgT + Uy) vibrations and rotational movements kgT.

This expression is similar to the calculated energy equation of the classical theory.
The difference is that in the quantum concept the position and the movement do not
depend on time as in the classical concept, where the position is well defined. Thus,
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the partition function in the broadest sense (quantum) does not interact. In fact, it can
be expressed as:

fp diatomic = fp translation * fp vibration * fp rotation

From the six degrees of freedom, three correspond to the translation of the mass
center, one to the vibration and two to the rotation movements.

rotation

vibration

rotation

Consequently, the energy of a diatomic system depends on these movements
contributing separately, or,

E = epransiation + Erotation + Evibration (12.13)

12. COLLISION AND REACTION RATES

The reaction occurs in the microscopic level, depending on the energy state of the
molecules in this system. In the simplest case, if molecules A and B are constituted
by two atoms, as seen before, one may attribute to each one rotational, translational,
and vibrational movement in the initial state i. The mass center has relative and a
translational velocity # 4, % g and thus the resulting energy is:

U =Tas— Up

Molecules A and B may collide during the movement and, therefore, have ener-
gies involved which are distributed in the system, caused by translational, rotational,
and vibrational movements. Collision causes energy transfer but not properly chem-
ical reaction. Not all A and B molecules collide, but after collision they pass from
one quantum state to another state through a transfer section o which represents the
number of molecules that are scattered when colliding with an angle 2. The molecules
in this new state have different relative velocities. Therefore, the initial and new state
can be represented as follows:

Ali, & a) + B(j, W p) <> A'(m, 34'y) + B'(I, 4 )

where i, j, |, and m are the quantum states.
Therefore, the number of molecules per unit volume passing to a new state /,
m after collision represents the energy transfer rate. This rate is proportional to the
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collision probability of molecules at the collision section o passing to a new state.
Schematically, it is represented by the following configuration:

O
0 B O_B
@] Q J \Oﬂ
0=0 (OR=N0]
A A
Before collision transfer section Q After collision
State i, ] energy angle ¢ State |, m
(nO scattered
molecules)

The collision rate represents the number of molecules varying per time and volume:

dﬂ:a-nAnBuAuB dQduy dug =of (7')d %’ dt (12.14)

dt

Assuming rigid spherical molecules with different diameters d4 and dg, as shown
schematically below:

d o @ da = mean diameter d = (dA + dB)/2
A

b

Depending of the distance b and diameter D of a closed system, there are following
probabilities of collision of molecules:

If b > D = no collision, and the probability is: P=0.

If b < D = collision and the probability is: P=1.

A
A 4

@ Molecule A = (d,)

[0 Molecule B = (dg)
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The collision rate 7., becomes:
Teol =Ry - MANB (12.15)

According to Van Santen and Niemantsverdriet, the mean velocity is as follows:

o2
[ u.exp (2/:“17") w’dudr
B

U= x (12.16)
[ exp (;Z;“T ) w2dudr
where
dr=d(cos0)dgp
Therefore, the collision constant is equal to:
kazn—dz ‘u (12.17)
g

u is the mean relative velocity between molecules and g represents the type of molecule.
If g =2, both molecules are similar (A and A). If g =1, the molecules are different (A
and B).

Solving the integral in Equation 12.16 and substituting the corresponding values,
one determines the mean velocity as follows:

8k T
T

u=

(12.18)

Note that the collision rate (r) is directly proportional to the temperature T'/2
and pressure P2.

The probability of collisions between molecules is very high but not all molecules
may react. During collisions there are energy transfers. This energy is necessary and
uniformly distributed to the environment to maintain the total energy constant and,
thus, uniform distribution of energy and temperature. The thermal equilibrium satisfies
the Boltzmann law. The reaction occurs when the energy of collision is greater than
the barrier energy E,. It also appears in the constant k of the well-known Arrhenius
equation. Therefore, the reaction rate of the product R for a reaction A + B — R is:

1’R=/€(7 I (12.19)
where
k= ko - exp (—E;,/RT) (12.20)

where Ey, is the energy barrier and kg the collision factor, being E > E,,.



Elementary concepts of the collision theory 249

Considering the energy barrier E,, then the general rate expression involving the
minimum energy is:

d? d? 8kgT
Feol = T manp = 2. [ 2RBT o E/RT) (12.21)
8 g T

Thus,

2
T
p = T4 [8kT e mm (12.22)

g T
The logarithmic expression is:

Ink, ks |y
dT = 2T = RT?

(12.23)

Comparing with the Arrhenius equation in the logarithmic form (Equation 3.34), it
follows:

Ink E
= 3.34
dT RT? ( )
Finally, the relation between the activation and barrier energy is:
E=ke g (12.24)
TaT Tt '
Potential
energy

Activation energy

E,
..

Catalytic\reaction N Hg

_____ _ _ H

reactant

products

Reaction path
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That means that besides the energy barrier, the activation energy of chemical reac-
tion accounts the term which considers the distribution energy of the molecules, due to
the collision of molecules, as represented by the Boltzmann constant and the tempera-
ture. This explains the Lennard—Jones diagram, representing the energy varying with
the reaction path. Reactants and products have potential energies in different levels.
Thus, the activation energy needed to transpassing from the initial state to the final
state must be higher than the energy barrier. Only thus molecules that after collision
reached the minimum energy may react.

Example

E12.1 The decomposition of ozone with atomic chlorine follows a reaction mechanism
in two steps. The direct reaction is difficult since the binding ruptures may occur only
at high temperatures and need high energy demands. As observed, the reaction can
occur with less energy, just because of the formation of intermediates,

Cl+ 03— 0, + CIO
ClO+0— 0, +Cl

O+0;3—-20,

Experimental results of the rate formation of oxygen are represented by the
following equation [Niemantsverdriet]:

k=1.9 x 107" . exp (—2300/T) cm?/s
For 200K, the specific kinetic constant is:
k=1.92 x 107" cm?/s

Using the collision theory and considering spherical and rigid molecules for the
values:

g=1= 0 and O3 (m,=16)
Result:
k=10""cm’/s

Therefore, the experimental value is lower than the calculated value, suggesting that
most molecules collide but do not react, and indicates that the energy was not enough
to pass the energy barrier. Note that the constant k, is of the order 10~'°, which is
approximately equal to the constant ko of the Arrhenius equation or the frequency
factor. It confirms that the frequency factor depends on the probability collision of the
molecules in the system.




Chapter 13

Catalysis: Analyzing variables
influencing the catalytic properties

13.1 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.

13.2 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 13.1 shows a general classification of reaction families and materials.

13.3 ACTIVITY PATTERNS

13.3.1 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 13.1 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$S,

Polymerization

Figure 13.] 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.

13.3.2 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 13.1, and occurs under atmospheric pressure and temperatures
varying between 250°C and 300°C.

Table 13.2 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 13.2 Cyclohexane dehydrogenation on Pt/Al,Os.

Initial rate at 543 K

Catalysts (103 molihig,) Dispersion H/Pt® TOF® (s7') ES (kcallmol)
0.7% Pt/Al,O5 179.5 1.1 1.2 27
0.9% Pt/Al,O4 161.5 1.0 1.0 24

Note: P =1 atm; Hy/CgH | = 13.2.
2Dispersion of Pt.

bActivity.

“Apparent activation energy.

+3H, ————

Figure 13.2 Hydrogenation of benzene.

Benzene is the final product for all tests. The activity or TOF values remain constant
around 1s7!, suggesting that the rate is proportional to accessible active sites. From
the Arrhenius plot, one determines the activation energy which is also constant.

13.3.3 Benzene hydrogenation

The hydrogenation of benzene is a model reaction for characterization of metallic
surface sites which is an SSR. According to Figure 13.2, 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 13.3
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 13.3 Results of dispersion and activity.

Catalisador Area BET (m?/ga.) Dispersdo (%)* TOF® (s')
10% Pd/Cy 309 20 0.64
9% Pd/Cc 876 6 2.84

Note: Carbon (Cy), grafite (Cc).
* CO chemisorption at 308 K

13.4 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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Not pre-shaped supports Pre-shaped supports

l l i

Step |

Precipitation or lonic-change

Dry impregnation

or

Co-precipitation Wet impregnation

A4 v

Aging
Washing
Filtering
Drying
Thermal or hydrothermal treatments

Step 1l

Step I

Figure 13.3 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
importance of these
factors depends on the reaction system, the reactor design, reaction conditions, and

system of the reactor and the activity or stability. The relative

economic factors.

Flow distribution and low pressure drop can be achieved selecting particles with
appropriate sizes and formats and good mechanical resistance.
fabrication of a catalyst must attend a specific industrial process.
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:

1. Bulk catalyst
2. Impregnation on preshaped supports
3. Mixed/sintered materials

The preparation method depends on which application it is used in. In general,
there are different steps as shown in Figure 13.3. The catalysts are formed by:

e Active phases
e Supports
e Promoters

The formulation or
The more severe are
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Table 13.4 Examples of oxide supports.

Tipo Oxides Melting Point (°C)
Acids y-Al, O3 2318
SiO, 1973
SiO,—-AlLO5 1818

/ nucleus ,-52= 75 ions
& L
nucleup ‘;k\‘_c_‘ .
. \/ o ——— TSy
@ @ & ‘\ % Tl ," .rr
~ \“--’ ,f
i kTR
rate ! " -
I :L. nucleation
W]
r,grovvth
7/ r}rowthl
S
7
s=1 S S x
saturated Super-saturated solution

Figure 13.4 Rate of nucleation and growth.

Active phases

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 13.4).



256 Chemical reaction engineering

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, O3, 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).

13.4.1 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 (NH;OH 99.0%, Vetec) at room tem-
perature. The precipitate was filtered under vacuum and washed with deionized water
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Figure 13.5 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 13.5 shows the diffraction pattern. The specific surface
area was 71 m?/g and Figure 13.6 shows the microanalysis.

13.4.2 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 13.7). In
this method, the solution drops slowly in the Becker containing the solid.

Vpores = Vsolution = volume for dry impregnation
Violution > Vpores = volume for wet impregnation
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Figure 13.6 Photo of CeO, sample prepared by precipitation. (NUCAT/PEQ/COPPE, FEG sample,
Neto).
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Figure 13.7 Scheme of pores.
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The impregnation occurs by diffusion or wetting. For diffusion, the time
estimated is:
2
x
Ldiffusion = td = D (13.1)

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:

timpregnation >14
The impregnation time can also be estimated as follows:

B 45>

t (13.2)

o.r

where u 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;:
[Mt...0* |+ H" &+ M*" — OH < [M"-..OH,|" + OH" (13.3)

If acid — surface (+) — exchange anions
If surface (—) < basic — exchange cations

Thus, proton H* can exchange cations of type Ni?*, Pd**, Pt?*, and Au’*.
Hydroxyls OH can exchange complex anions.

13.4.3 lon exchange

The ion exchange occurs between ions A of solid MO with ions B of solution S,
according to the following reaction:

AMQ+B5<—>BMO +A5 (13.4)
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Figure 13.8 Monoliths of different forms and sizes.

The well-known example for ion exchange is Pt on zeolites. The exchange occurs
between ions of solution and ions of zeolite as follows:

[Pt(NH;);* ] + 2[NH; ], < [Pt(NH;);* ], + 2[NHJ ], (13.5)

More details can be seen in the literature [Le Page].

Example

For example, we present here the monolithic support (Figure 13.8) 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 13.8.

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,Oj3.
The active phase was impregnated with a solution of Ni(NO3); 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/AI1203
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.

The microscopic images (FEG) are shown in Figure 13.9. Figure 13.9B 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 13.9 (Continued).
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Figure 13.9 SEM microscopy images relative to NiO/Al,O3/cordierite: (A) 20 k, (B) 80 k,and (C) 100 k.

13.5 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:

pH

Aging time
Temperature
Precursors

13.5.1 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 13.10. Complexes
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Figure 13.10 Gold complexes from a solution of 2.5 x 107* M HAuUCI, (Lee and Gavriilidis, 2002)
(Adapted).

like [AuCls_x(OH),]~ (x=1-3) are adsorbed at the surface with the formation of
Au(OH); species which are the precursors of gold nanoparticles.

13.5.2 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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13.5.3 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 13.11.

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 13.12).

Concentration profile of metal in the pellet

Ni(NO,), NiO
1.0 mol/l 4.0% (weight)

_/( 0.04 molll  0.18%

r/r

» o
»

%MeO

Figure 13.11 Influence of time and concentration on pellets/extruded.
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Figure 13.12 Impregnation cycles—metal concentration.
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13.6 THERMAL TREATMENTS

13.6.1 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.

1 =akn(ps — Pg) (13.6)
q=ah(Ty—Ts) (13.7)

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 13.13 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.
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Figure 13.13 Drying of cake.
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Figure 13.14 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 13.14.

13.6.2 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 AL O; + 3H,0
Ni(HCOO),-25NiO + CO, + H,0 (13.8)

(b)  Presence of gas

solid 4 gas — solid 2 + gas
Ni(HCOO), + 0, -2 NiO + 2CO; + H,O (13.9)

MoO; + 2H,S-25MoS, + 2H,0 (13.10)
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Figure 13.15 Thermal treatments—TGA and TDA.
(c) Phase transformation
A A
]/—A1203—>6—A1203—>(){—A1203 (1311)

Phase transformation can be followed by thermogravimetry, measuring the mass
loss and the temperature difference with increasing temperature, as shown in Figure
13.18.

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 13.16 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 - 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.
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Figure 13.16 Specific surface area as a function of the calcination temperature adapted from reference
Le Page.

Table 13.6 Influence of calcination temperature and digestion time.

N’ (%) Tcalcination (OC) tdigestion (h) Smemllic (mZ/gNi) Reduction (%)
9 400 | 43 7
9 Without calcination - 10 16
15 400 4 5.2 5
15 Without calcination 14.6 14

13.6.2.1 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 13.17 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 13.17 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 13.17.

13.6.2.2 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 13.18. The precursor was calcined and present as PtO,
or PtO. After reduction, it is transformed into metallic Pt°. Figure 13.18 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 13.18 Effect of calcination temperature on particle diameters.

difficult to reduce. With increasing temperature, there are migrations of particles or
growth from smaller to bigger particles.

13.7 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 (NiQ), also as suboxide (Ni,O3) and as aluminate form.

NiO + AL O; — NiAlL O, (13.12)
The reduction of nickel oxide after calcination occurs as follows:
NiO 4+ H, — Ni® + H,O, AH =0.4kcal / moles (13.13)

If the reduction is direct of the precursor nitrate, then the following reactions may
occur:

Ni(NOj;), + 2H; — Ni’ + H,O + 2NO,, AH =11.9kcal / moles (13.14)
Ni(NOj;), + 4H; - Ni® + 4H,0 + 2NO,, AH=—86.5kcal/ moles  (13.15)

Ni(NO;), + 9H; — Ni’ + 6H,0 + 2NH3;, AH=-261.5kcal / moles (13.16)
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Figure 13.19 TPR : (A) a-Al, O3, (B) 8%Ni/a-Al,03,and (C) 16%Ni/a-Al,O;.

13.8 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 13.19 and 13.20.

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 13.20 TPR analyses of bulk NiO and supported catalysts: (A) 8%Ni/y-Al,O3 and (B) |16%Ni/y-
AL O;.

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,O4, as detected by
XRD. Indeed, H, chemisorption measurements do not allow determining dispersions
of Ni particle sizes. TEM or XRD iz situ reduction analyses succeeded. Figure 13.21
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°, 0.232 rad,
we calculated the crystallite sizes (dn;) 45 A and thus the dispersion (Dy;) 1.9% of Ni.

13.9 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 13.7.

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.

13.10 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 13.22. The reduction was performed with a mixture of
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Figure 13.21 XRD in situ of reduced 8%Ni/a-Al,Os.

Table 13.7 Effect of heating rate.

Tealcination (°C) Heating Rate (°C)/min Metallic Areq, Spezaiic (M2/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 13.22 TPR profiles of a nickel sample and with 10%H,/Ar, without (a) and with water vapor (b).

13.11 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 13.23 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.

13.12 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 Ti3* ions which attract platinum atoms, modifying the electronic density.



60
ds=72.2A

50

40

30

e 21%Ni/MgO fresh

20

Distribution of particle sizes (%)

10

0 1 T T T T
0 60 120

180 240 300 360 420 480
Diameter of particle (A)

60
ds = 197A

50

40

i

21%Ni/MgO used

Distribution of particle sizes (%)

10

) NN

0 60 120 180 240 300 360 420 480
Diameter of particle (A)

Figure 13.23 Particle size distribution for Ni/MgO before and after 20°h reaction. Conditions:
GHSVy =667 mLgop/(min mle,), T =923K, and ratio H,O/EtOH =3 (Frusteri et al.,
2004a).



276 Chemical reaction engineering

=
&
c
ie]
a
1S
2
B PUALO,
<]
(8]
c
@
[S)
o
I

296 350 500

650 800

Temperature (K )

Figure 13.24 TPR profiles of 1% of platinum supported on Al,O3 and TiO,.

Table 13.8 H; consumption.

Catalyst, % Pt® (weight) TPR, wmol of Hj/gcar Chemisorption Dynamict pmol Him
ofHZ/gcat

Pt/Al,O4 1.01 84.70 1.3 0.54¢

Pt/TiO, 1.03 182.90 44 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 13.24. 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 13.10 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 13.8). 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 13.19 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 13.9 Mean particle sizes (d,) from CO chemisorption and microscopic analyses (TEM)3'.

573K* 773K 773K
Pt (%PESO) Sgpt x 1072 dP co>k Sgpt x 1072 dp CO* dp MET
(m?lg) (nm) (m?lg) (nm) (nm)
Pt/Al, O3 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 1.84.0

2After reduction, *d;, = 6/pPt.SgPt18, pPt =21.45 g/cm3.
P g 8

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.

13.13 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:

b1 =y(x14) — y(x1-)

Without interaction between the factors (x1, x2, ..., x,), the effect of a specific factor
(x;) 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 x1 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=[y(x14,%1) + y(x1-,x-)1/2 — [y(x14, %) + y(x1-, x54)]/2

where y(x14, xj1) is the response when the factors assume maximum values, y(xi_,
x;—) the responses when the factors assume minimum values, and analogous y(x14,
x;—) and y(x1, x;;) 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 13.10 presents the values of combustion temperature (T¢) and selectivity of
CO; (Sco,) according to the experimental design and the averages, deviation values
of T¢ and Sco,.

Table 13.10 presents also tests with corresponding deviation values and excellent
reproducibility.

The flow rate affected the CO, profiles as shown in Figure 13.25. 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 13.10 Combustion temperature (T¢), selectivity of CO, (Sco,),and deviation values.

Test Factors Responses
Cat:PM Ruq 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 —I +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, — I, or 0 indicate, maximum and minimum values for each factor.
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Figure 13.25 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.

13.14 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.



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.

(¢)  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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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:

) Residence time.

) Pressure drop in the reactor.

) Type of load in the reactor (catalyst or filling).

) 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

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 F4o (mol/h) is the molar flow, vy (m3/h) is the volumetric
flow at the reactor inlet, and V (m?) the reactor volume, then:

Vo, 1
c=s=2h 14.1
Ve=S$ V( ) ( )
or
. Eao -1
ve—s—CAO ” V(h ) (14.2)

where Cxo and Fy 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 5 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

}

Co Tracer

Vo

= .S

Vo

Figure 14.3 Mass balance of nonreactive fluid in the tank reactor.
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{molar flow of tracer entering system, mol/h} — {molar flow of tracer leaving system,
mol/h} = {molar flow of tracer accumulating, mol/h}

v,C, —v,C =V (dC/dr)

Integrating for t =0, C = Cy, and for t # 0, C= C,,y and considering that 7 is space
time:

7=—(h)
Vo

We obtain:

C
Co =1 —exp(—t/7) (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[1 — F(¢)] x Co + voF(t)Co =v(C

along with Equation 14.4:

F(t):C£0=1 —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 (¢t =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 =t. The mean residence time is equal to the
space time.
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F@®

/|§ Area 2

N
Non ideal | f; Ideal CSTR
|

reactor I
\\

/ Ideal PFR
Area 1 //

S

t=7

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 Gy 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

F=1g,=a)

(14.6)

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 m?*/min. Determine
the cumulative residence time distribution function (F) and the mean residence time.

Solution

Space time:

r=—(h)=

vo

1
2

=35 min

Calculation the function F:

G(it)—- G 2—Cl(t
Fy= G =Gi_2-Cly
(G2 — Gy)
t (min) 0.1 0.2 2 5 10 20 30
C (g/m3) 1.96 1.93 1.344 0.736 0.286 0.034 0.004
F(t) 0.02 0.035 0.328 0.632 0.866 0.983 0.088
1.0
0.8 -
Data: Datal B
Model: Boltzmann
0.6 - Chin2/ DoF = 0.00001
= R”2 = 0.99996
* Al —8.69359 +4.14906
0.4 4 A2 0.99782 +0.00285
X0 —10.08414 +2.52512
dx  4.65647 +0.1517
0.2 A
Ay
0.0 T T T T T T 1
0 15 20 25 30
t (min)

Figure EI4.1 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:

vy AF(t) x Cp=v9C
At the limit At — oo, we have:

AF() dF C

= 2 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:

J(E)u-f ()

C(t)
Entrance Response
Co
4 Ideal PFR
s
Ideal CSTR Non ideal reactor
/ -

Figure 14.5 Residence time distribution curve.
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One defines E(t), residence time distribution function as:

dF
& =Ew
or
dF(e) e
Therefore:

/dF:/t x E(t)dt

Then, the mean residence time will be:
f:ft x E(t)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 1133 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:

1Cy=2.830
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Then, using Equation 14.9, we have:

C(2)
=— 14.11
Co ( )
160 - ® B — Polynomia | Fit of Datal B
140 A u
120
i (]
s> 100 4
£ ]
3 80 -
o
é 4
O 60 4 -
40
20 -
0 T T T T T T T T T T T T T 1
0 5 10 15 20 25 30 35 40
t (min)
Figure E14.2 Concentration versus time.
t (min) C (molim®) E@) t-EY)
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.:

Z:/t~E(t)dt

Figure E14.3 shows the curve t, E(¢) versus .
By integrating it according to Equation 14.10, we obtain the mean residence time:

f=15min
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® D —— Polynomia | Fit of Datal_D
0.8 "
0.6
n
0.4 -
L]
0.2
0.0 T T T T T T ul
0 5 10 15 20 25 30 35
t (min)

Figure E14.3 Residence time distribution.

Calculating the space time:

Vv 2
=—=——=16.6 mi
T T 7.2/60 i
Thus,
1=16.6 min

14.3 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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@ Variation of number of mol of the
component in the system per
unit time

A+Bo R+S 3)

Molar flow of products

R and S or nonconsumed
@) | Molar flow of reactants leaving dV
reactants A and B

entering dV

| Fj + dF; (moli)

Fj (mol/h)

dz Different from other systems, that only exists
(5) if reaction takes place

“
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 volumeV per unit volumeV chemical reaction,

per unit volume V
(1 [2] [3] [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,‘

Fjo—F; + G,' = T

(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,

Fio—Fi+/rjdV=% (14.13)

This is the general equation of a molar balance for any component j of a chemical
reaction.
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Cho Cpo Variable Cpo Variable
Vo Vo

CD GID %

C, Variable c, Variable

@ (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 Cyy and
volumetric flow vy at the reactor entrance. If the reactor is ideal (perfect mixture),
the concentration of A in the tank (Cj4) is uniform and equal to the concentration at
the reactor outlet. While in steady state, there will be no variation in the tank height
(1) or in the outlet concentration. In case (b), the initial concentration in the tank
varied because of a feed with different concentration from Cjug, 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 lig-
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:

F,-O—F,-+fr,dvzo (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:

dn;
T,’VZ%

Therefore, integrating between Cjp and C;, we calculate the total reaction time:

G
dG;
g
Cio

Using the conversion as a variable, we have for liquid or gas systems without
contraction or expansion of volume:

Ca=Cao(l —Xj4)

Xa

dXa
t:CAO/ =N (14.15)

This is the time required to reach a final conversion and it can be calculated by
determining the reaction rate (;).

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

dXa
t—nAO/m (14.16)
0

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 ratej

Average rate
Y
Xa

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 ), which takes into account stops, unloading, cleaning, and reloading
of the reactor. The total time will be:

t=t, + 1

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
Vieactor = —— 14.17
o= (14.17)

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:

Average production rate: (kg/h) (14.18)

t,+to

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/cm?.
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:

R oo
~ kaCr + k3Ca
where:
k1 =0.3kseg™!

ks =0.625 cm3/kmol
k3 =0.36 cm?/kmol.

Solution
Rearranging the rate expression as a function of conversion (reactant A):

Ca=Cao(1 - Xa)
Cp=Cpo(M — X4)
Cr=Cao(R +2X4)

where Cx9, Cpo, and Cgy are the initial concentrations of reactants A, B, and product R.

_ RiCyo(1 = Xa)(M — Xy)
ra =

N1 EXA) (14.19)
where:
M = Cpo/Cao
R =Cro/Chao
N=FksR + k3
k'=2ky — k3.
Substituting the numerical values, we obtain:
M=2
R=1.5
N=13

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

J k1Cao(1 — Xa)(M — Xq)

t = Cuo (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=30m’

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 + NacCl

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 00

NaOH (mL) 525 321 235 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
B dX,
t—CAOO/ o (6.2)
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where:
1
r:k[ci — Ecﬁ]
or

r=kC3, [(1 - Xa)? - %X/ﬂ

(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:

(- %22)
k*:lln <1> Xae
O
Xae

K

where X4 and X/, are, respectively, the real and imaginary equilibrium conversions,

given by the following equations:

k X2
K=—=—4¢ __1538
k/ (1_XAe)2
2K
K:km —1=1.672
k*=ky — ky

Calculating the conversion:

Number of moles =V /1000N (normality) = V/1000=0.515

The values are shown below:

A B

t (mm) 4 (mL) Na XA | — (XA/XAe) X — (XA/XAe) |_f'I[X71 A/B] k*

0 52.5 0.027 0 | 1.672 - -

10 32.1 0.0165 0.388 0.514 1.186 0.3224 0.0322
20 235 0.0121 0.551 0.31 0.982 0.6393 0.0319
30 18.9 0.00973 0.639  0.20 0.872 0.958 0.0319
50 14.4 0.00741 0.725  0.0926 0.764 1.597 0.0319
00 10.5 0.00540 0800 O - - -

0.75 0.0625 0.7345

CA() =0.0270 mol
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Therefore:
k* =k, nq0 (x —1)=0.03188
k,=0.0797
But:
ko=k1 —ky=ky(K—1)
where K=kq/k, =15.8
k; =0.0054 L/mol min

k1 =0.085L/mol min

1.6

B B — Linear Fit of Datal_B

1.4+

1.2

1.0+

A/B]

Y=A+B*X

-1
X

0.8

In[x

1 B =0.03188
0.6

0.4+

0.2

0.0 T T T T T T T T T T
0 10 20 30 40 50

t (min)

Figure E|14.4 Determination of constants.

Combining the Equations 6.2 and 14.21 and integrating to a final conversion of
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
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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 — 2NH3 + CO;, + E
The reaction is irreversible and represented by the following rate:

2,66 x107*Cy
~ 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:

Vi = 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)
0.125 + Cpo(1 — Xy)

4= (14.22)
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where:

Kyv=0.125

Vi =2.66 x 10~* mol/(sL)
CAO =0.1 mol/L

K; =Km/Cao=1.25.

Substituting the rate expression 14.20 into Equation 14.15:

0.8

K3 1—X4)dX
tXszcAo/[ M+( A)d A
0

(1 —Xa)

(14.23)

Integrating:

t X Vinax = Km[ — In(1 — Xa) + Xa]
Having X4 = 0.8, we have:

t=1.136s=19min=0.31h
The total time is Zreaction + 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:

Fio — Fi+#V=0 (14.24)



304 Chemical reaction engineering

Vreactor

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:

Fpao —Fa  Fpo—Fp Fr —Fgo

aFay ~ bFay  rFao
Then:
;
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
b b

Fao = Caovo
and
Fa = Cavo = Caovo(1 — X4)
Therefore, to calculate the reactor volume, we have the following general equation:

\% X
— =1=Cy—2
vo (=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=kCi(1 — Xa)(M — X4)

where:

i Co
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:

- VreaCtOr
= —

VUoutput

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:
Vreactor V T

I= = = 14.28
Voutput vo(l +eaXa) (1 4+eaXa) ( )

In the latter case, the mean residence time 7 is different from the space time 7.
In short:

If Visconstant, f=1

If V varies (gas), t # 7

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
logyg k=~ +0.00754 + 583

where k is the rate constant, L/(mol min).

If the ester concentration is 6 g/l 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%.

CH3;CO,C,Hs + NaOH — CH5CO;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
= — = = — = . 1 L
CA() v V x M 38 0.0681 mol /
A
Vo
|/
f V=5L
» R (mole/L)
Coom= e ™ 3 _0125mol/L
=y T VxM a0 - o0me
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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) =kCho(1 = Xa)(M — X4)

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 kCZ (1 — XA)(M — X,)
T=2.65min
Fao= CaoV =2.56 mol/min
T

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) Cr (mol/L)
0.12 13 1.8
0.90 13 1.5
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) =kC> = Cj,(1 — Xa)?
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Substituting the rate in the molar balance equation of a CSTR reactor (Equation
14.27):

Z—‘L'—C —XA
vo - RC2(1— Xa)

Calculating the conversion:

Cao — Ca _ Cr _X,
Cao 2Ca0

Substituting the values of Cgr, C40 =1 mol/L and vy into equation of :

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:

(i)
1H k_
. 2
E=1.98 ——=21 (14.29)
T, T,
where T is temperature (K).
From the Arrhenius equation, one determines the constant kg, i.e.:

ko=k1e®/RD =5 4 x 10* L/(mol min)
Therefore, the rate constant at T =323 K is:
k=5.4 x 10% 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:

2kol,
k;

(—=rm) =kyp[M] (14.30)

where:

[M] = Monomer concentration (mol/L)

k, = Propagation rate constant=10"2 (L/(mols))

ko = Initiation rate constant=10"3s~1

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]

Mo oM

Then we determine the space time t using the CSTR equation:

\% X
— =1=[Moy] 4

14.31
o 6.33 x 10~2[Mo](1 — Xu1) ( )

I=X=63.Zs
Vo

Given v, we calculate the reactor volume:

V=75.8L

Example

E14.9 Let us consider the methyl acetoxypropionate decomposition that forms methyl
acrylate and acetic acid according to the reaction:

CH;COOCH(CH3)COOCH3 — CH3COOH + CH,; = CHCOOCH;
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The rate constant can be calculated by:
k=7.8 x 10’ - 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:
(—74)=7 x 8 x 10° exp (—38,200/(RT))Ca (14.32)

where:
Ca =reactant concentration [CH; COOCH(CH3)COOCH;3] mol/L

But the reaction volume varies, then:

C =CA0(1—XA)
AT 1 T eaXa)

By CSTR equation:

7= Cao Xa =X (14.33)
7 x 8 x 107 —38,200/(RT)) =40 " — 247
x 8 x 107 exp (~38,200/(RT)) -~
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Calculating e4:

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:

7=143s

G
But, Fao = O'SM =0.38.

P

where P=4atm and T=873K

Fao=Cao.v0

Therefore:

vo=8.64L/s
and

V=vpr=12.3L

The mean residence time can be calculated by Equation 14.28:

F— Vieactor _ T —0945
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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dv
Fao
A F, F, + dF, FaFs
B Fgo Fr
C
" Xp _ o=
— —
- -~
~
”~
7
7 T = constant

Figure 14.10 Balance in a tubular reactor (PFR).

The molar balance for any component in the volume element dV is (Figure 14.10):

F; — (F; + dF,‘)-i-/.T,‘dV:%

Assuming steady-state regime, we obtain generically:

/dFiZ/T/.dV

One should integrate between Fjp 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 X4:
—  For the reactant:

Fa=Fao(1 = Xa) > —dFs =Fx0dX4a

Fp=Fxo(M — Xa4)
—  For the product:

Fr = Fao X4 — dFg = Fa0 dX,4

Where

F
M= -89
Fao
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Therefore, with respect to the limiting reactant A, we obtain the equation:

Xa \%4
/FAO dXA:/(—rA)dV (14.35)
0 0

Or with respect to the product:

XA \%4
/FAodXAZ/TR.dV (1436)
0 0
Integrating:
v fdx
— = / 4 (14.37)
FAO j
0
or
Tax
r= Y g [ XA (14.38)
1) 7‘,‘
0

where 7= 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 (—74)=kC,=kCso(1 — X,4) 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 (—7r4)=kCyCp=Fk Cio(l — XA) (M — Xa)
into Equation 14.38 and integrating:

1 (M—Xa4)

T kCao(M=1) " M(1-X4)

(14.40)
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If the initial concentrations are the same, i.e., Cag = Cpg or M = 1, the solution
is different.
1 X4
T=—
kCao (1-Xa4)

(14.41)

(c) Reversible reaction at constant volume: (A <> R)
By the kinetics, we have:

r=kCp—k'Cr=kCpo(1=X4) — K'Cao(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 Xa,

considering X4 < X4 where Xy, is the equilibrium conversion:

_ (R+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 (rg) = kC4Cp, respectively, first
and second order. In this case, one should take into account the volume variation,
where:

C =CA0(1—XA)
AT (14 eaXa)
C =CA0<M_XA)
P71+ eaXa)

Substituting the concentrations into the rate equations, then into the balance
equation 14.38 and integrating, we obtain:
Case (a) first order

‘E:—%[(l +ea)n(1=X4) + eaXa] (14.43)

Case (b) second order (Cag # Cgo)

_ 1 [t eaMP\ (M=Xa) (1+ea) )
_kCAO[( (M-1) )ln M (M—1) 1n(l_XA)—SAXA:| (14.44)

T

where:

Mzﬁ
Cao

Case (c) second order with the same concentrations (Cag = Cpo)

1

= kCao

[(1+8A)2(1i<_;‘m+83‘XA+28A(1+5A)111(1—XA)} (14.45)
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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 (z!/ 7%) 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 (e,)

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 72 as a function of the factor
€4, given a conversion, one observes in Figure 14.11¢ 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 e4. 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:

rdv
A (14.46)

v

However, by the molar balance in the PFR we have (Equation 14.35):

_ FAO dXA

dv
(=74)
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T2

@) (b) (©

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=vo(1 + 4X4). Substituting this expression into
Equation 14.46, we have:

X
i=C A dXa (14.47)
- AOO (1+eaXa)(—7a) ‘

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 5 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)

(_TA)ZkCAOm (14.48)
The mean residence time will be:

A
T= CAOO/ m (14.47)

Where the rate is given by Equation 14.48. Substituting and integrating, we obtain:
= —Ln(1-X,)
=——In —
A A

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 T dax
r:—:CAO/ 4 (14.38)
Vo ) (=7a)

The solution will be:

r:—%[(l +ea)n(1—=X4) + £4X4] (14.43)

Then:

T=6.7s
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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

But space time in the CSTR is known

XA - Xa
—:‘L’:C 1=
Vo VST R(1=Xa)

(14.27)

Substituting the rate:

—
- k(1-Xa)
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:

Cs3Hg + Clz — CH, =CH — CHzCl + HClI
takes place in gas phase inside a PFR reactor of S m? at 300°C and 20 atm. One intro-
duces 30% CsHg, 40% Cl,, and balance in N,. The total molar flow is 0.45 kmol/h.
The rate constant is given:

k=412 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:

(—7a) =kCACp =kC3y(1 — X4)(M — X,)

Substituting into PFR balance equation:

v T dx
r:—:CAO/ A (14.38)
12 (—=74)
0
We obtain the following solution:
1 (M—X4)
- 14.4
"= RCaoM—1) " M(1—X) (14.49)
where:
Cpo
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=y40Fy=0.3 x 0.45=0.135 kmol/h

and the volumetric flow will be:

Fao = Cao.v0 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, = —ﬁ + 12.5(m01/(atm2 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:

Vio 14.2
yao="==775-06
Vz() 05x71
=—=———=0.165
B = 21.5
yr=yBo=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-X3p)(M—X3)

—rp) =kC2 14.50
(—7B) w1+ epXp)? ( )
The ideal PFR equation is:

v T ax
r:—:CBO/ 4 (14.51)
v / (—7B)

Substituting the rate expression 14.50 into PFR equation we obtain the following
solution:

1 [((1+53M)2> (M—X3) (14 ep)?
T In

= — _ 2
~ kCpgo (M—-1) M (M=1) In (1-Xp) 8BXB] (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
Cgo
where:
yeo  0.165 x 1.0
Cpp==—==———""—=0.00564 1/L
BO=RT ~ 0.082 x 359 (mol/L)
and
yao 067 x 1.0
Cao= 1T = 0.082 x 359 — 00228 (mol/L)
Thus,
Cao
M=—"—-=4.0
Cgo

Calculating the rate constant at T =359K:

5470
Inky=—~—2= +12.5=-2.736

k, = 0.0648 (mol/(atm*L min))
Thus,
k=k,(RT)* =0.0648(0.082 x 359)* = 56.1 L/(mol min)
k=56.1L/(mol min)
Substituting Xp = 0.90 (limiting), we obtain:
7 KCpp=0.486
7=1.537 min
The reactor volume will be:
V=1Vp=1.537 x21.3=32.7m’

V=32.7m?
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And the space velocity:

1 v .
ve=;=70=0.65m1n1

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: k=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.

CoH,
Hy

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:

1 2
= [(1 +éea)

Xa

o X+ 2eall el (1= X, (14.53)

Calculating e4: first reactor

CH;CHO — C,H4 + CO
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CH3;CHO CyH, co CH4 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
ea=0.09

Calculating Cap:

0.9x1.0
Cuao VA0 X

== =], -3
= RT = 0,082 <793 1.34 x 10 (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,Hs +Hy (14.54)
1
T= _E [(1 + sA)ln(l — Xa) +eaXal
But the factor of expansion is:
CyHq CH;CHO C,H, 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 Cpp=1.273 x 1073 mol/L
We calculate k; at 800°C (1073 K):

ky=0.685s"
Substituting k; into Equation 14.54, we obtain for X4 =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 _ 395

Vo1
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Example

E14.15 The mixture 15% CyHy4, 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:

CaHy + Bry <2 C,HyBr)
The rate constants are:
ki =500m?/(kmol h)
k_1=0.032h71

Calculate the reactor volume to a conversion of 75% (limiting reactant).
(Data: Molecular weight: C;Hy4 = 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 CoH4(A) —» ma=nys - My =0.15,» 1, =>5.3510"3moles/b

To Bry(B) — mp=np - Mg=0.55,» 15 =6.8710"° moles/h

To Inert (I) — my =n; - M;=0.30,» 17 =6.81107> moles/h

We will use the variable o that represents the extent of reaction and organize the
following molar balance:

Component Moles Entering Moles Leaving Molar Fraction — y;

0.00535 — o
Hs A . . - _—

CHs ) 0.00535 0.00535 — & 50191
0.00687 — o

Inert (1) 0.00681 0.00681 0.00681

CaHs Bry (R) 0 *

24 B0 * 00191 —«a
Total 0.0191 00191 —«

The partial pressures can be determined for each component:

pi=yiP
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where P is the total pressure of the system.

ki P2 kP2 (0.00535—)(0.00687 — a)
R RTY (0.0191—a)?

—aPAbB=
(RT)2
Since the reaction is reversible, one can calculate the equilibrium constant equaling
the resulting rate to zero:

7‘=k1CACB —k_1CR=0

K.= :—1 =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:

ky ky P kyP? (0.00535—a)(0.00687—a)
(RT)ZP APE = RV RT) (0.0191—a)?

Substituting the rate expression into the PFR balance:

v [d
t=tmpy [ &2 (14.55)
%) r
0

where g is the total initial number of moles.
Then:

V_RT? [ (0.0191-a) da

vy moP? ] (0.00535—a)(0.00687—c)
0

Substituting the value of ki, considering ny= Cyvy and with the total initial
concentration given:

k,P?

with P=1.5atm and T =603 K, we have:

Ao T A _ Y 75

nA0 nA0

Xa=

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 vo = 10 m®/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 Xy, 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 . :
— 1 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 F/Ei] + Qgenerated + Qexternal — Wione = E (14.56)
i i j

mn out
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Nonisothermal batch or tank reactors

CSTR | |
PFR
| : LN '
Cooling or
Water or heating jacket
_ steam
Electrical
resistance
Ca
p/Ty
p/T,

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 )
reactants leaving V

reactants A and B
entering V

F; Ej (KJ/h) Fy X Ej+ d (Fy X Ej) (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
O = 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)] + Y F (P.V)]  + Weyeernal (14.57)
j j

in out

where:

(PV;) (Pa m*/mol) = 1 J/mol
V; = specific volume (m*/mol)

Substituting Equation 14.57 into Equation 14.56:

dE

o = 2 FE+PVI] =3 F(E+P.V))]
p ,

in / out

+ Qgenerated + Qexternal - Wdone ( 14.5 8)

However, the energy of the system consists of the internal energy (Uj;), kinetic
energy, and potential energy, i.e.,

2
v
Ei=Uj+ 5 +g3 (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, + PV,

Considering that the energy of the system is equal to the internal energy, E; = Uj:
H;=E; + PV; (14.60)
Substituting Equation 14.60 into Equation 14.58:
dE
E = Z Fi H]] - Z F/Hi] + Qgenerated + Qextemal - Wextemal (1461)

j i i

n 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 (1462)

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:

H,:/c,, dT (14.63)

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 Spi varies with temperature and it is calculated according to the
following expression, assuming ideal gas systems:

cpj =0+ BT + T (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 ¢,;, but when it is expressed as cal/(mol K) one
should use the nomenclature with bar, i.e., ¢p;.

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) i 0 — steady state regime (14.65)
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d n;c,i T
o)

(b) — =————% > transient state regime (14.66)

det det
=0+ BT + T

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 (Z ﬂjEp,‘T)
b) dE__ A7/ (14.67)

de dz
d (Z n,»Ep,T>
i

dt

For the steady-state regime:

Y FH;] =Y FH] + AH#dV + Qexeernal = (14.68)
j i j

mn 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 F/Hi] - Z Fij] + AH,?’]‘ dV + Qexternal =0
j n

n out

Moreover, by the molar balance for the reactant A in a PFR reactor, we have:

—Y "Fig, (T = To)
j

(—TA)CIVZFA() dXA

Substituting these two expressions into Equation 14.68 and integrating between
Ty and T, and X4 =0 and X4, we have:

Z F/Ep] (T - TO) + AI_Ier"&O}(A = Qexternal (1469)
j

Therefore:

Qsensible + Qgenerated = Qexternal
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Q External

Q /
QGenerated

QSensibIe

T

Figure 14.15 Heat as a function of temperature in nonisothermal reactors.

where:

AH, = Z ng‘oducts - Z H?eactants (1470)
i 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—rR
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Then:

> Ficp=Facpa + Fscpp + FrSpr (14.71)
j

But by the relation:

Fao—Fa  Fpo—Fp Fr—Fgro

aFao o bFAo N rFa0
where:
Fpo — F
X, = fa0 = fa
Fao
We have:

Fa=Fao (1 —Xa)

b
o=t (5) ]
7
Fr="Fyo (;) Xa

F
But M= # and Frg=0. One assumes a =b =r = 1. Therefore:
A0

ZF/Ep/ =Faol(1 — X4)Cpa + (M — X4) Sy + XaCpr]
j

where:

Cpa, CpB € CpR, are the specific heats of components expressed as ]J/(molK)

The external heat Qeyernal 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 hgy,;q, and the thermal conductivity k. of the
material. Therefore,

Qexternal =U - Aurea (T - Ts) (1472)

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 14.135.

Substituting Equations 14.72 and 14.71 into Equation 14.69, we have:

> FEgy (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.

v dx
=2 —Cuo A (14.38)

Vo r

0
or,
X

L=y (14.27)
vo (—ra)

where the rate,
(—=ra) =ko exp (—=E/(RT)) f(Xa)

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 Qcxernal i zero into Equation 14.69 or 14.73.

> Figy (T — To) + AH, Fao X4 =0 (14.74)
j
Then:
—AH,Fp0 X
(T = To) = ——tt (14.75)
> Ficy
]

The temperature varies linearly with conversion. However, the term:
> Fi
]

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.
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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 71,‘2p,‘T>
B S (14.76)

AHrer + Qexternal = dz

But considering that,

(— )__ldﬂ_@dﬁ
TWETYV G TV @

And substituting the term 7;V by the expression above, we obtain:

Z n,fm.dT)
nao dXa < i
_AHI_ — + Qexternal = T

As an integral equation:

Xa

t T
/ AHRnAodXA + f Qextemal dt = / Z n,‘Ep,'dT (14.77)
0 To /

0

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) = AHnpoXa + Y 2y (T — To) (14.78)
i

This is the energy balance equation for a batch reactor, in which T is the tempera-
ture of reaction, Ty 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 14.75,

—AH, nsXa

(T —To) = =
21
]

(14.79)
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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.

Xa
t=CA0/ dXa (14.16)
0

(—=ra) =ko exp (—E/(RT))f(X4)

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.

3" E2y(T — To) + AH,Fao Xa = UAJ(T — T) (14.73)
j

The heat transfer through the cooling/heating coil or jacket is due to the sensible heat.
By definition, Ty is the temperature of the fluid at the entrance of the exchanger, ¢,/
is the fluid specific heat and vy is the feed flow rate of the fluid, i.e.:

Qexternal = UAS(T - Ts)

and,

Qexternal = prf()Cpf(Tf — TfO)

By equating the equations one can determine the temperature Ty and replacing it,
one obtains the heat removed or supplied:

Qextemal = U*AS(T - TfO)

where:

1
U= (14.80)

( A, >+ 1
prvfocpr ) 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; T AH,FaXa
T > Ficpi To X Ficp To
] ]
= U (14.81)

1-=5=—
ZFiCpi
]

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.:

PrUfoCyf —> OO OF Z Fjcp; — o0
j

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 — Xa)
The Arrhenius constant:

k=ko exp (—E/(RT)) = ko exp[—y / (T /To)]

where y = ——(activation parameter
14 RT. p
0
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By the energy balance Equation 14.75:

T (_AHr)FAO
=14+ X
To S Fey
j
Defining;:
(_AHr)FAO

=77 14.82

p >y To ( )
i

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
— =1+ 8Xa (14.83)
To

In a CSTR, the space time will be:

\% Xa
v " Roexp(—/(T/To)) (1 - Xa) e84
Substituting T of Equation 14.83, we obtain X :
-k —y/(1 X
Xy= " oexp(—y/(1 + BXa)) (14.85)

T 1+t koexp(—y/(1+ BXa))

The results are shown in Figure 14:16 for different values of parameters y and 8. The
variable 7.k, which is proportional to reactor volume for some feed conditions, is
shown as a function of conversion Xy4.

If the reactor operates isothermally (8 = 0), the volume increases with conversion
since T~ V. Comparing to an exothermic reaction, the volume depends on g 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=35.0
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,

(—=74) =ko exp (=E/(RT)) Cao(1 — Xa)
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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:

Vv dX,
=—=C 14.86
T ‘“’0 ko exp(—y/(1 + BXa)) (1 — X) (14.86)

Integrating different ranges of X4, but keeping constant the energy parameters = 35.0
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 - ko) as a function of conversion in nonisothermal PFR reactors.

—m— (Adiabatic PFR, p = 0.5)
600 - _e— (Isothermal PFR) v Isothermal CSTR
—A— (Adiabatic CSTR, p = 0.5)
500 + —v— (Isothermal CSTR)
400
i v Isothermal PFR
~ /.
2 3001 / 4 Adiabatic CSTR
© /
200 v /'/
/ e / i .
v o A Adiabatic PFR
100 - v o
v x;’;‘/ﬁj'/
Y g—a—
0 .
T T T T T T T T T T T T T 1
01 02 03 04 05 06 07 08 09 10
Xa

Figure 14.18 (t - 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=2.61 x 1014 ¢-(14570/T) 1
Enthalpy of reaction: AHg =83 cal/g
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:

Xa

Ve (14.27)
o (—=74)
The rate is of first-order, irreversible, and at constant volume.
(—=7a) = ko exp(—=E/(RT)) Cao(1 — Xa)]
[ —
2.61 x 10'* e~ 1470/1)
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
=4 14.87
vo | R(1—Xa) (14.87)

V=2.03m’

Calculating the heat required to operate at 160°C, getting started at 20°C.
Using the nonisothermal energy balance equation:

Z Ficpi (T —To) + AH,F40X 4 = Oexternal (14.88)
j
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Or

where:

]

But:
Fg=PFpo(l — Xy)
Fr=Fa0Xa

Therefore:

> Fipj=Faol(1 = Xa)cpa + Xacprl(cal/(h -°C))

]

But EPA :EPR cp, then

Z Ficpi=Faol(1 — Xa) + Xalc, =Faoc,
j

But,

G 130,000

FAOZM_ 250 = 520(mol/h)

Fao-M-Z,/M=G x ¢, =130000 x 0.5=6.5 x 10* (cal/(h - K))

Equation 14.88 becomes:

(FaoM) - (¢, IM) (T — To) + (AH, IM) (FaoM)Xa = Oexternal

Qextemal =G- Cp(T - TO) + AHrG - Xa

Qexternal =1.88 x 104 kcal/h

(14.89)

(14.90)

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.9 = 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:

Xa=0.378

e Reactor volume:

X
VA (14.27)
(%) r
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where the resulting rate will be equal to the reaction rate at 80°C:
r=0.210 (1 — X4)* — 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 vy = 8 m?/min:
V=377m?

o Coil surface area:
By the energy balance in the nonisothermal CSTR:

Oexternal = G - ¢p(T — To) + AH,GXa = U*A(T — Ty)
Fap=Cag.v9o=1.415 x 8 =11.32 kmol/min
G=Fa0.M=11.32 x 88 =996.16 kg/min
¢p=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
outin 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 - AHg = —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:

Voo X4 (14.91)

Since the initial concentrations of A and B are respectively 10 and 40 mol/L, the
reactant A is the limiting one.

(=ra)= 33 x 107 exp(—20,000/(RT))C2 (1 — X4)(M — Xa)
where:

_G_4p

M= =280
Cao

Therefore:

Xa

5 (14.92)
33 x 10° exp(—20,000/(RT))C2, (1 — X4)(M — X,)

1=Cyo

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
— =1+ BXa (14.83)
To
where:
—AHrFAo —AH,CAQ 34, 000 x 10

= = = 14.93

p Y Ficy ey To 1070 x 2.70 x 290 ( )
j

B=0.407
Then:
T="Ty(1+0.407X,) (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).

X, = T koexp(=y/(1 + BX4))

= 14.95
1417 koexp(—y/(1+ BXa)) ( )

Case 1
B=0.407

ko=33 x 10°

E
- _348
V=TRT,

T=—=7.5 min
[40]

Substituting these values into Equation 14.95 and solving, we obtain three solutions:

X4 =0.0085 and T=18°C

X4 =0.337 and T=56.7°C

X4 =0.994 and T =134.3°C
Case 2-1f v9=0.02 L/min

V15
T o002 0me

By Equation 14.94, we obtain:
X4 =1.0 — total conversion
koMCao= 9.9 x 103

Case 3-1If v9=0.2L/min, Ty = 50°C and Ca9 = 3.78 mol/L, then:

B=0.138
y=312
X4 =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 4+ 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.

N_"“——h

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 —

¢ catis = 36.8 cal/(mol K)

¢y con4 = 20.2 cal/(mol K)

¢p cerio = 59.5 cal/(mol K)

Reaction heat — AHgr = —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:

1-X0> (TY
) =kC2 A7 <_> 14.96
(—ra) Ao(1 SAXA)Z To ( )

The volume of an isothermal reactor can be determined by substituting the rate
equation into the PFR molar balance, Equation 14.38:

Isothermal
v Fax
1=—="=Cyo =4
Vo r

0
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Insulation
Fao F
— L;
TO T
Adiabatic
XA XA
T
Tr
Distance

Figure EI4.5 Profile of temperature and conversion.

Obtaining as solution:

_ 1
~ kCyo

T [(1+ 8A>2L+gng+ng(1+gA>1n(1_xA)] (14.97)

(1 —Xa)

Calculating e4:

C4H6+ CyH, CéHlo Inert  Total

Initial 0.4 04 0 0.2 1.0
Final 0 0 0.4 02 06
EA= -0.4

P
Cao zyAOﬁ =8.43 x 1073 mol/L

k=0.1012L/(mol s)
Therefore:
1=124.8s

Verr =6.2L

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 A 14.47
) e X (14.47)

Substituting the rate expression 14.95, we obtain:

(14.48)

Xa
E—/ (1+e4Xa)*dX4
B J k Cao(1 + eaXa)(l — Xa)?

Integrating, we obtain:

_ 1 Xa(l+e€a) ]
t=— +ealn(l1 - X
kCA0|: (1—Xa) alnf 4)
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:

(1-X?> [T\
—r)=kC2 —~— A7 [
(=ra) A°<1+8AXA>2<T0>

We determine the temperature performing the energy balance in an adiabatic
system, according to the equation:

T
— =1+ BXa (14.83)
To

where:

—AH,Fao

> Ficy
j
where:

> Fiepj=Faol(1 = Xa)epa + (1 — Xa)pn + Xacyr]
i

> " Fipj=Fao(57 + 2.5Xa) (14.99)
j
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Therefore:

41.5

p= (57 +2.5X,)

T 41.5X,
Loy oA 14.100
Ty T 57425%0) ( )

The parameter y is defined as a function of the activation energy:

E
- 1828
V=TRT,

Substituting the expression 14.100 and 14.98 into Equation 14.38, we obtain:

X
[ X
h (1 —Xy)? ( 41.5X ) ( ( 41.5 Xy ))
107-5 1+ ——"=_)2 =188/ (1+ o5
0 100 Cog— e\ Grrasxy”) <o 188/ 1+ 57 2sx,)
(14.101)
where:

P
=Y40 - = =8.43 x 1073 mol/L
CA() YA0 RT() 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.

<«
e

B
=
.

Ag * Bliquia Ry

Figure 15. Scheme of semibatch reactor.
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Semibatch reactors
C, T
CSTR

PFR

Electric resistance

c
co L __. XB

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.

F4 represents the molar flow of reactant A, then:

dnA

FAO—FA+(_7A)'V(t):W

(15.1)

where (—r4) =reaction rate, F4 = molar flow of component A, and V = system volume
which varies over time.

Since Fap = Cpovo and the reagent A is completely consumed during the reaction,
there is no outlet flow of A. Therefore,

Fa=0

d(CaV dc dv
Caovo — 0+ (—r4) - V()= (d‘; )\ _vy th +Cagy (15.2)




Specific reactors 353

A = Mol variation
of component A

F, (mol/h)

Mol of reactant
B inside the tank

Mol of
reactant A V
that enters in V

C; mol/l

Different from other systems,
B is initially in the tank

A(Q) +Bje & 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)

T (15.3)

povg— 0+ 0=

Assuming that the system average density is constant, i.e.:
P = po = constant

We obtain:

dv

-~ (15.4)

Vo
With the boundary condition:

t=0—->V=V,
We obtain the volume variation over time, i.e.:

V=Vo+ vt (15.5)
Or dividing by vg,we obtain the following expression as a function space time:

T=19+1 (15.6)
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Substituting Equation 15.4 into Equation 15.2:

dc
Caovo — Cavo + (—ra) - V(t) =V d—tA (15.7)
But:
dCy dC, dr
dt ~ dr dt (15.8)
—
=1
eql5.6
Substituting Equation 15.8 into Equation 15.7, we obtain:
dc
(c:Ao—cA>vo+<—rA)-V<zr>=vd—rA (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:

(—7a)=kCsCp (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) =kCaCpo=k*Cy (15.11)
where:
k* =kCpo

Substituting the rate expression 15.11 into Equation 15.9, we obtain:

(CAo—CA)U()—/Q*CAV(t)ZVdd% (15.12)
Rearranging:
1 *
dCa Ak _Ca (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 — Cx = Cy;.
C,; is the initial concentration of A in the tank before the reaction.
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The solution will be:
Ca _ 1 B (( 1 ) B Ca;
Cao o (t+ 'L’())k* Tok* Cao

Example

) .

T *
—O.C_kt
(t + t0)

(15.14)

E15.1 Theirreversible reaction A 4+ 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— Cqo=3 x 10~* mol/L
— Cai=35 x 10> mol/L
— vop=2L/min

— (—74)=10.38 mol/(L min)

Calculate the time required to reach the stabilized conversion.

Solution
By Equation 15.14, we calculate:

9= — =5min
vo

With k* =0.38, we calculate:
‘L’ok* =1.9

Substituting into Equation 15.14:

Cao  038(t+5)

Ca 1 (1 Sx 10~

By the definition of conversion:

1.9 3x10°

3 038
(t+3)

Ca
Xp=1- 2
4 Cao
We have:
2.63 1.8
Xy=1- "4+ —0.38¢ 15.15
A t+5) " (t+5) ( )
t(min) O 05 1.0 1.5 3.0 5.0 10.0 20.0 25.0
X, 0474 0792 0766 0751 0743 0764 0827 0895 0912
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The results have been displayed in Figure E15.3.

1.0+

0.9 a—8

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 CAOI CA
v, V V, + V,
o PFR |—|°r—> o
CAOZ
Voa R = Recycle ratio v

<

For PFR tubular reactor, Equation 14.38 is valid:

Vv T dx
=Y A (15.16)
14 r
Xa1

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(l — Xa)
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) =kCa=kCyso (1 = Xa)
Substituting the rate expression into Equation 15.16 and integrating, we obtain:

1. (11— Xa)
T=——1In

= Ay 15.17
E = Xu) (15.17)

Conversion Xy is still unknown and maybe determined by the balance at the
intersection(1)by calculating the inlet concentration C4q or conversion Xa1. Thus, at
the intersection (1), we have:

Vo1 = Vo + Vo2
Fao1 = Fao + Fan2

Ca1 - vo1 = Caovo + Cavo (a)
Then, the concentration C4; will be:

_ Caovo + Cavn

Vo1

Ca1 (15.18)

Substituting Equation (a) into 15.18 and considering a recycle ratio R = %2, we
have:

R
Ca1=Cao (1 - mXA> (15.19)

or substituting C41 and Cyxg by the respective conversions, we obtain directly:

R

Xa =
M= R

Xa (15.20)

Substituting Equation 15.20 into Equation 15.17:

1 (1+R(I=X)
recycle = k' (1+R(1-Xa))

(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.

rpFRz—%ln(l—XA) (1522)

If the recycle is large (R — 00), 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:

Xa

oA 15.23
(1—-Xa) ( )

1
TCSTR = E

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/(m? h).
Calculate the PFR volume considering a recycle ratio of R =1.

Solution
Since we have a first-order reaction, the reaction rate is:

—TA = 8CA = SCA() (1 — XA)

In the CSTR:
1 X

TCSTR = k (1 _X:M)

Substituting the values, we have:

T= Z= % =0.0518ks=0.0144 h
(%) 1.6

Then:

X/, =0.103
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Cror Vo !

node 1 PFR

[ .
Vo Car Vord Ca |

v

CSTR 7% Recycle v

Balance at the intersection (1):

Ca1vor = Carvo + Cavom (a)

vo1 = Vo + Vo2

14R="22
vo
vo1 = v (1 +R) (b)
where:
R= Y02
Vo

Substituting (b) into (a):
Ca1(1+R)=Cx1 + C4sR

Or as function of conversions:

(1—X);)+R(1—Xy)
(1+R)

1-Xa=

Substituting X/;; =0.103 and X, =0.9:
X41=0.501

For the second reactor (PFR) with recycle, we utilize Equation 15.17:

o1, (A-Xy
ko (1—Xa1)

Tprr = 722 seg =0.722 ks
where:

vo1 =vo(1 + R)=3.2m3/ks
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We obtain:
V=1p -v01=0.722 x 3.2=2.3m>

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

R
53 = =

’ 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. 3¢
i=De
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:

ud
Re=—L
v
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):

pé ud, Convective transport rate
é= =

(15.25)

D.  Diffusive transport rate

where u = superficial gas velocity in the cross section, dj, = 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):

N2
Pé=1+ 19.4[(7"> } (15.26)

where d; =tube diameter.



362 Chemical reaction engineering

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/P¢) — 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.

c()

Response

Ideal PFR (1/P6) —» 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 IO_SPHZPT mOIToluene

—rr = 15.27
TT (I +126ps +1.01p7)  goes ( )
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, ————Pp] ———— F, =10 mols/min
40% N,
T =600°
P =10 atm
p=23g/lcm?
CH,
+H, — + CH,
T H B M

1 Calculating the superficial velocity:

dZ
A= NT = 5.06cm?

vo 4x10°
u= 2 _

— 4 0=
== 506 =79 x10"cm/min=13.1m/s

2 Calculating the Reynolds number:

ud, 13.1 x 2.54

— _ N
S To7ax 0 1

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:

_udy 7.9 x10*x 0.5

_ 3
D. ~  01xeo _o38x10

pé
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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:

Xt
W dXt
T= =Cao | —

=— 15.38
Frg ( )

The rate can be expressed as a function of toluene conversion assuming that:

pT = CTRTZ CT()(l — XT)RT
pu = CuRT = Cro(M — X1)RT
P = CgRT = C1oXTRT

where:

oo _ymP_02x10_ 2
W="RT = RT ~RT

Substituting the partial pressures into Equation 15.27, we obtain:

M=—=
Cro

2

or

5.6 x107%(1 — X1)(2 — Xp)
(=rr)= (1+42.52X1 +2.02(1 — X7) ) (15.28)

(—rr) = 3.36 x 107%(1 — X1)(2 — X7)
= (3.02 + 0.5X7 )

Substituting the rate expression 15.28 into Equation 14.38:

X
W[ (3.02+0.5Xr )dXr (15.29)
Fro J 3.36 x 107%(1 — X1)(2 — X7) '

Calculating Frg

0.2 x 10 x 400
Fro e B Corevg — 11.17 mol/mi
0 =YT00 = HT0M0 =082 (273 + 600) oy
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Calculating the final conversion:
Fg =FroXt
X1=0.89
Integrating Equation 15.29 and using the values above, we obtain:

W =22 x 10* kg,

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: CH;+H;0 & CO+3H, AHj95k= 206 kJ/mol
Dry reforming: CH4+CO,; 4 2CO+2H; AHj95k= 247 kJ/mol
Partial oxidation of methane: CHy4+ 1/20; < CO+2H; AH93x = —36k]J/mol
Water gas shift reaction: CO+H;0 <« CO, +H, AH,9g¢ = —41 kJ/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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© 0.0 0
0% o
o %o

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:

F,'—(Fj+dFj)+/1’/dV=% (15.30)

Considering the steady state, we obtain generically (Equation 14.34):

/dFiZ/deV

To the component A, we have (Equation 14.37):

Xa

1% dXy4
— = 15.31
Fao Of(_f’A) (13.31)

The molar balance with respect to the product R to be separated by the
membrane is:

Fg — (Fr +dFg) + rdV — RgdV =0 (15.32)
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Therefore:

dFg = (rr — Rr)dV (15.33)
The product formation rate is related to the reagent.

—TA=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 thel:e 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):

T:kCA — /Q/CR :kCAo[(l — XA) — %X,{|

At equilibrium, the rate is zero. Thus:

K
Xpe= —— =0.33
ATTTK

The resulting rate as a function of the equilibrium conversion will be:

Xa
r—kCAo(l — XAe> (15.35)

No separation

v Tax
e= Y gy [424 (15.36)
Vo r
0

Substituting the rate Equation 15.36, we have:

1 X4
T——Zln<l— X—Ae> (15.37)



368 Chemical reaction engineering

Calculating the initial concentration:

P 8.2

= RT = 0.082 x 500 — 02 molL

Cao

Calculating the volumetric flow:

Fao 2 .
Vo Cro =02 min

Calculating the space time:

\%
T=—=1.0min
Vo

Then, with k=0.05s~! and Equation 15.37, we obtain:

X
4 _0.95
Ae

X4=0.316

With separation
The rate changes by including the mass transfer term.

1’=/€CA — k/CR — RR =/€CA — k/CR — chR

or
1
r=kCap [(1 = Xa) — EXA:| —kcCaoXa
Rearranging:
X
= kCi (1_k*._A> (15.38)
Ae
where:

E=(1+k)=1.3s""

Substituting Equation 15.38 into Equation 15.36 and integrating, we obtain:

X k*Xa
T——wlﬂ(l - X—Ae) (15.39)

Data: k=0.05s"', =1min=60s, we calculate a new conversion:

X4=0.248
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Finally, we calculate the flow of R.
No separation
Fr = Crvog = CaovoXs =Fs0Xa=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=k.Cr=k.CspXs=0.0644 mol/(Ls)
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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

t:cAO/di (16.1)

(—ra)
0
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(1

A Xa
Figure 16.1 Inverse of reaction rate as a function of conversion.
Tank (CSTR):
\% X
—_—=T= CAO A (162)
Vo (=74)
Tubular (PFR):
14 T ax
,:_:cAO/ A (16.3)
4 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, X471, 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 =kCao(1 — X4)

Therefore, substituting the rate expression into PFR (16.3) and CSTR (16.2) equations
and integrating, we obtain respectively:

r:—%ln(l—XA) (16.4)
1 Xa
T_E(l—XA) (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= O,

Vestr

Verr
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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8 =
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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:

Y

M= B0
Cao

The ratio between the CSTR and PFR volumes will be:

X4
Vestr (1= Xa) (M —X4)
= 16.6
Ve 1 (M= X4 (166

(M—1)  M(1-Xa)

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 ¢4, 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 g4 > 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:

@: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 30L/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 = RC4 Cp, where A =Butanol and B = MBF (reactants).
Total volumetric flow in the reactor entrance:
Vo1 + vor =v9 =40 L/h
The concentrations in the reactor entrance:
Caot - vo1 + Caoz - vo2 = Cao - vo
With the previous data, we obtain:

Cao = 5 x 1072 mol/L
Cpo = 7.5 x 10~ mol/L
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Considering reaction stoichiometry 1A:1B, the reactant A is the limiting one.
Therefore, the rate will be:

(—7a) =kCio(1 — Xa)(M — Xy)

where:

Cpgo
M=—=1.5
Cao

In the CSTR: for X4 =0.70

Xa
Cao(1 = Xa)(M — Xa)

TCSTR = A

Therefore, the CSTR volume, with vg =40 L/h is:

Vestr = 520 L
In the PFR:
1 M—X
ThFR = In 2 4) (14.40)

RCao(M — 1) — M(1 — Xa)
prr =311min=5.2h
The PFR volume, with vy =40 L/h is:
Vprr =207 L
Then, the ratio between CSTR and PFR volumes will be:

@:25

VpER

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

T (L/(mols))

k=7 x10%.¢

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 CA() = CBO will be:

Clo(1 — Xp)?

— = 2:
ra=kC; (14 ¢eaXa)?

And the average residence time in the PFR is as follows:

Xa

~1
||

/ 1+8AXA r4)

0

Substituting (—74) into the above equation and integrating, we obtain:

_ 1 1+ eaXa
t=——|———+In(1-X
kCao [ 1—-Xy n{ 4)
Calculating &y4:
A B R Inert Total
0.4 0.4 0 0.2 1.0
0 0 0.4 0.2 0.6 ea = —0.4 (contraction)

Calculating Cpap:

yA()P . 04x1
RT  0.082 x 823

Cao= =592 x 1073

We obtain k by Arrhenius equation provided:
k=0.712L/(mols)

Substituting the values into equation:

Substituting (—74) and integrating;:

1

= kCao

[(1+8A) +8AXA+28A(1+8A)ln(1—XA)}

Xa
(1—Xa)
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Substituting X4 = 0.70, we obtain:
t=7.38 min

Therefore, the PFR volume will be:
Vprr =73.8L

In the CSTR, we obtain analogously:

Xa(1+4eaXn)?
kCao(1 — Xa)?

TCSTR =
TcsTr = 15.9 min

That leads to a reactor volume of:
VestR =159L

Thus, the ratio between the different reactors is:

Vestr 99

VpER

162 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):

Cao - Xa

- (16.7)

A
W=—=
t

However, the average residence time previously defined depends on the system used:
if at constant or at variable volume.

For the CSTR:

_ \% \% TCSTR
R 0 T (1 +eaXa)  (146aXa) (16.8)
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For the PFR:

XA

_ dXa
=G | e X e
0

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 ?CSTR =1cstR - and EPFR = TpFR
Ifea#0 testR #TestR - and  Zppr 7 ToER
In any case: tPFR = hatch

Therefore, productivity (W) in both cases is given by the following equations:

CSTR:
Cao - X
WCSTRZ"‘TAzM:uHAXA)(—rA) (16.10)
PFR:
ap Cao- Xy Xa
Wopp = — = _ = 16.11
PFR == = X ax. ( )

o (1+eaXa)(=ra)
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)Xy4

WpEr = X, (16.12)
(N + Xae) In (1 - XAe)
where:
Cro
N= =R
Cao
And
CA()'k(l + N)X 4e X4
W, = 1- 16.13
TR (N + Xze) Xae (1613

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
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A A
1.0 Reversible reaction 6.0
(First-order)
WCSTR
WPFR
0.5

XX oo

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 LN R (desired product)

A+ B N (undesired product)
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The definitions follow (Hill, 1977):

Yield:
number of mol of A transformed in desired product (R)
0A= (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=¢, (same definition of yield)
or
s, number of mol of A transformed in desired product (R) (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 oy and oy (for first and second reactions,
respectively). Then, by definition of yield g4 or selectivity S4, the mole number of A
transformed in R at the time (¢) will be oy (batch) or position (z) (continuous), and
therefore,

pa=Sp=—1 (16.17)
r(nao — na)

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:

aonq

Po=5,= (16.18)

r-ny

Similarly, the selectivity is defined considering «; as the molar flow of product S formed
through the second reaction:

S, = (16.19)
ap - oy

where a1, 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 a7 and (749—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
P)r=pp=—— 16.20
A=A " Cro—C) ( )

In the PFR, the concentration varies (dC4) in a volume dV, and thus, the local yield
in the differential form will be according to Equation 16.17:

a- doz1
dps =— 16.21
®A , dCa ( )
where a and 7 are the stoichiometric coefficients of the chemical reaction.
Therefore, the final concentration of the desired product will be:
Ca
o= —/ 2¢A dC, (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

dPpj=—— dC 16.23

. (CAO_CA)/W ) (16.23)
Cao

where ®4 is the overall yield.

16.4.1 Effect of reaction order

Let us consider the reactions in parallel:

A —> R, where R is the desired product

A —> S, Sis the undesired product
The kinetic equations for systems at constant volume have a generic order, i.e.:

TR =/€1~CZ1

rs = ky - C2 (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
= = 16.2
A= e ) (16.23)
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Substituting the rate expressions (Equation 16.24), we obtain:

k1CZl rp
] _ 16.26
YA i CT ke C2) ™ (—ra) (16.26)

Rearranging;:

1

pa=S8a= k, (16.27)
14 =2 . laa—a)
[ T }

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.:

Ca
1 1
®p=— / dCs (16.28)
Cao—C k —a
(Cao A)CAO |:1 n = clo 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 a; > 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 ay 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:

k2 —(Es—Ey)/RT (16.29)

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 koz1. If E; > Eq, then we have the difference (E; — E{) = AE > 0, and thus the
exponential term,

e~ AE/RT
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increases with increasing temperature and consequently k,/k; increases. On the other
hand, if E; > E;, the exponential term decreases with increasing temperature and
ka/kq also decreases, indicating that the constant k; diminishes with respect to kj.
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; > Eq. 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 = /€1 . 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

ky 1
e

We define x* = =z C as a parameter that relates the two kinetic constants.
The CSTR overall yield is equal to the local yield and thus:

DA =SA= (16.31)

1

CDCSTR:—CA()
[1 e Ca ]

The PFR overall yield is determined by substituting Equation 16.31 into Equation
16.23.

e
* x*
X Cao
Oprr =1 | 16.32
prr=1+ - TR e ( )
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* = k depends on the
initial concentration Cgag.
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Figure 16.5 PFR and CSTR overall yield when x* =0.5 and ratio between CSTR and PFR overall yields
DcsTrIPpFR-

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 _rR_lef‘_lCA
el = e T kaCa 1 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 1 R desired product

k .
B —> S — undesired product
Assuming generic order for the product reaction rates:

TR = /elc‘/‘; C]b;
rg = kzcgz (16.34)

Since reactant B participates in both reactions and R is the desired product, the yield

will be:

1

¢ = . ks ng_bl)
ko Cl

(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 N dimer (R)(desired product)

Butadiene N HC (S)(undesired product)

R = kip%
rs = kapp (16.36)
where:
25,000
Ink, = 57T + 8.063
30,000
| = 2 24
nk; 457T +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

PSR ==
P30:|

14 y*x. —

|: X pB

where:
.k
X
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At 650°C, ky =1.14 and k1 =8.47
pBo=0.275P=0.275 atm

Then,

~ kipgo

*

X =0.49~0.50

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 ®ppr =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 N (desired product)

2825 (undesired product)

TR = k1CACB

rs = sz%;

For 80% conversion of B, the CSTR yield is 85%. What is the PFR vyield for the same
conversion?

Solution

The consumption rate of B in both reactions is (—rg) =g + 2rs, therefore the local
yield will be:

1

Yp=—""7—"7+—
k; Cp
142208
TR Gy

By the stoichiometry: 1 mol of A — B/3 mol. Then,

1 1

PcsTR = =
ks Cpo Cgo
1+18 — 14—
kiCpo Cy X Cs
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where:

ky
k1Cpo

x*=18

For 80% conversion of B, the value Cg/Cpy=0.2 and ®cstr =0.85, then we obtain

x*=0.035.
The PFR yield is given by:

* CB
* X + =
Cao
In
14 Cs 14 x*
Cgo

$ppr =1+ X

Considering the PFR conversion as 80%, we obtain:

Pppr =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:

AL R g

For this particular case, we determine the concentration profiles C4, Cgr, and Cg

(deduced in Section 6.1), which are dimensionless:

pa=¢e
r=1 11)(¢A—<pi§)
s = ! oh— g
(x—1) x—1
where:
Ca Cr Cs k>

= — = — :—"[:k t: = —.
YA CAO’(pR CAO’(pS CAO’ 145 X kl

(16.37)

(16.38)

(16.39)

To determine the maximum vyield of R, we calculate its maximum dimension-
less concentration @gmax (according to Equation 6.13 or Equation 16.40) and the

corresponding time.

1—
PRy = X(x/ x)

(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 )
- - - 6.4
dprr T o0 [(X—l)(m %ﬂ} (16.41)

The maximum yield of R is determined by Equation 16.40. Thus,

— goRmax _ ]‘
$ppr = 1—ga) D =) (16.42)

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
- kch N kch - kZCR

(16.43)

We make it dimensionless and determine the concentration of R:

@a(l — a)

= _PA @Al 16.44
on + 21— on) (16.44)

YR

The overall yield in the CSTR will be:

Cr 1
) = = 16.45
STR™ Cao — Ca 14 x(1 — @a) ( )

PA

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
k1

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 yield or selectivity is obtained for the maximum concentration of
product R, by:

1

PCSTR pax =
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Figure 16.7 PFR and CSTR yields for reactions in series.

E16.6 The reaction in series A - R —2 § 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:

1
x(1 — @a)
PA

Cr .
Cao—Ca

DcsTR =
1+

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 ¥ =0.874.
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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 =0.635.

1
(X(X/Xfl) —_ X)

dprr = 0.822

Pppr =

To calculate the PFR volume, we should determine the constant k; which can be
obtained through CSTR data. Thus,

T:X_CAO_CA_l_QOA

vo  kiCs  kipa

Since Vstr =300 L, v = 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 1
TpEr = Cao ﬁ =—k—1 In (1 —Xj,)

Since X4 =0.35

Vprr =240L
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Chapter |7

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 X41 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 V{4+V =V pgz.

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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1(-r,)

Xa dX,

Terr = Cpg r
0

~ic

Xn2 XA
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.



Combination of reactors 397

z

3 1Z - 2l CSTR =

=
b) A —

9 :E o —EZZEZZ
—ZZE
&) —{[ 7 Al 7 The----- — = ]
T ol
0 =
[~ |
h) _-_‘Iﬁ_'_” = u_._f_csm ==

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 17.2¢ and
f or in Figure 17.3a. If initial concentration of A is C4¢ and volumetric flow is vy,
then the initial molar flow is given by F4g. At the exit of the first reactor, we have the
concentration C4; and subsequently decreasing concentrations, Cya,_, and Cy,_,, until
reaching the final concentration. In a system with constant or variable volume, one
calculates the corresponding molar flows F,,. 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 Xy, , to Xju,.

Constructing a molar balance with respect to the limiting reactant A in the ith
reactor (with volume V;), we obtain (Figure 17.3a):

Fa — (Fo +dF4) +74dV;=0 (17.1)
Then,

—dFA =TA dV,'

Since conversion is defined as:

Fao — Fai-1 Fag — Fy4 Fao — Fai
Xpiog = AT TAL .y JTAOT AL = AT A
Ai—1 FAO 5 A FAO 5 Ai FAO
We obtain:
—dF4=F40dXa

and
FA() dXA = —TA dV,‘

Integrating, it follows:

XAi

Vi dXa

Fao (=74)
XAi-1

(17.2)
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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 X,,,. Thus,

Viota 1
Sl (Vi Vot Vid 4 V) (17.3)
Fao  Fao
or
Xan X X Xai Xan
M dX, FCdX, [ dXa M dX, FdX,
= + + .+ —V,+.-+
(—74) (—=7a) (—=74) (—=74) (—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.

Fpic1 — Fai +74Vi=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 — Xai1)
e e e— 17.6
Fao (=74) ( )

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 _ (Caizi — Cai) (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.



400 Chemical reaction engineering

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 =#n7;.
The rate for an irreversible first-order reaction will be:

(=74) =kCa =RCso(1 — X4)
Then, for reactor i (Equation 17.6), we have the following expression:

Vi (Xai — Xai—1)  (Xai — Xai-1)
—=C = 17.8
vo A0 (—=7a) k(1 — Xai) { )

or on rearranging:
(Xai — Xai—1) = tikR(1 — Xa;)

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 —Xaiz1) = (1 + k) (1 — X))

The initial conversion is zero, i.e., X490 =0. Then,

(1_XA1):(1+1—1,-I¢) (17.9)
Substituting into Equation 17.9, one obtains subsequently:
1
(1—-Xa)= AT k2
and
(1= Xan)= ! (17.10)

(1+ k)"
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or
1

(1= Xan) =5
[T(1+ k)
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:

(—7a) =kC; =kC3y(1 — Xa)*
Substituting into Equation 17.10, we obtain:

Vi (Xai — Xai—1)  (Xai — Xai-1)
l_n=C - 17.11
R kCao(l — Xa)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+ 1ikCao)(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 0.835, respectively, calculate the number of reactors even
without the kinetic constants.

Solution

In the first reactor, we have conversion X4 = 0.40. Substituting into Equation 17.12
fori=1:

‘EikCAo =1.1

Considering similar reactor volumes, we have #; =t =constant. Starting from the last
reactor whose conversion X, =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, =0.241<0.40

Therefore, we need n =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
—=(

(=7ai) = Cai-1 — Caj) (17.13)

1
This expression represents a straight line that intersects the rate curve (-r4;), to give
the outlet concentration of the following reactor. The slope is:

(=)

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
. X
PFR—>L=/d—A (17.14)
Faoi (=7a)
0
(X
CSTR—>L= (Xa) (17.15)
Faoi  (—7a)

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 n reactors in series:
e CSTR in series

©1(Ca0 — Ca1) + 02(Ca1 — Ca2) + - - + ¢u(Can—1 — Can) = ®(Cap — Can)

e PFR in series

(17.16)

D1(Cap — Ca1) + P2(Ca1 — Caz) + -+ + D,(Can—1 — Can) = P(Cao — Can)

where:
@; =local yield in each reactor i
®,; = overall yield in the PFR i
® = for n reactors in series
Ca; =I1nlet and outlet concentration of each reactor i.

Dy=9a

(17.17)

(16.23)

The overall yield equation for 7 CSTR and PFR reactors in series or combined will be:

Ca
1

dbfj=—— dC
4 (Cao — Ca) /(pA 4

Cao
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> ®i(Cajim1 — Caj)
1

d, = 17.18
(Cao — Can) ( )

E17.3 From the kinetics of the reactions, one can calculate the yield of # reactors in
series. Consider the reactions:

A+BALp
A+B2 0

whose rates are:

rp = k1 CiCB
ro= k1CAC12;
Solution

We calculate the local yield:

rp 1
A= (—ra) (1 n kzcs) (17.19)
k1Cy

The yield for # CSTR reactors in series will be, according to Equation 17.18:

21: (/;TB)(CAi—l — Caj)

(17.20)

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 (Xf), 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 X4r. 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 HED) to a final conversion (Xf) at Cis
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:

(—74) =kCaCp=kC% (1 — X2)(M — X4) (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 750 =0.016 (mol/L)

50
Cpp=1.0 x =— =0.20 (mol/L
250 (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:

Cgo
M=—=12.5
Cao

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) = (14 1;kMCao)(1 — Xa;) (17.23)
But,

T,kMCpo = Z_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:

‘L’szCA()=3.52, XAl =0.486
Since the total flow fed to the first reactor is 250 L/min, we obtain the reactor volume:

‘L'1/€MCAQ=0.94; T =2.35; V] =588 L
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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 m?/h and initial concentration of 48 kmol/m?. 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 (Xy4,) for this forward and reverse second-order reaction
is also given by:

X3,/4

K=—1del *
(1 _)(Ae)2

(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' =1.14

The outlet conversion in the reactor is desired to be 85% of the equilibrium conversion.
Thus,

Xa=0.75

Substituting the rate equation into CSTR Equation 17.6, we obtain:

Xa_ X,
(r

TcsTrR = Cao %2 (17.27)
kCZ, [(1 —X4)? — ETA}

With the values K =16 and X4 =0.75, we obtain the value of . Then taking the flow
vo = 3.5 m3/h, we calculate the CSTR volume.

V=135m’
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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:

Xaim1\ _ (; _ Xai _ 4K -1 Xy
(1=52) = (=5 (e g [ (52 -1)
Xai
N

Substituting the values known:

K-1
4K

4
(1 + 17;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 vp =1m?/h and the
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initial concentration of the reactant C49 = 1 kmol/m?3, choose the best combination of
reactors and calculate their respective volume. The rate is given in mol/(Lh).

800 ~

700+

1/('rA)
N
o
(@]
L

Graphical solution
Calculating the areas:

Ao =0.4 x 200 =80

A1=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 x200+ 0.3 x (800 —200)/2=150
Combination 1: CSTR + CSTR = Ag + A3 =320

Combination 2: PFR +PFR = A, + A4 =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 m3

VPFR2 =150 m3
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E17.7 Two PFR 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= T

+10.6 (Lmol™'s71)

Solution

The specific reaction rate is calculated at 550°C or 823 K using the expression provided:
k=1.86 x 107> L/(mols)

The reaction is irreversible and of second order. Then, the corresponding rate as a
function of conversion is:

. _ 2 2 (1- XA)2
( rA)—kCA—kCAO—(1+8AXA)2 (1729)

But the average residence time in a PFR is known, i.e.:

X4
i=C 17.30
/ 1+ EAXA ra) ( )
0
Substituting Equation 17.29 into Equation 17.30 and integrating:
- [(1—eaXy)
t=| —"—"— In(1-X 17.31
[(1_XA) Tealn(1— Xy (17.31)

Determining Cgp:

Pav _ yaoP

Cap= =
A= RT ~— RT

=1.35 x 10~} (mol/L)

Calculating ey:

A R S I 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
r:CAo/ (_r‘*) (17.32)
0 A

Substituting the rate Equation (17.29) and integrating, we obtain (Equa-
tion 14.45):

X4
= 1 2 e X+ 2e4(1 In(1-X 17.33
"= %Cno [( +€4) 1 _x, FeaaXat ea(l+ea)ln( A)] ( )
Substituting the values known:
t=829s=13.7 min
But
1% V.
rlz—l 1:2=—2 11=17 and V=2V,
Vo1 V02
Thus,
v _,
V02

E17.8 The reaction A —> R was carried out in three PER 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/Tpjn—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
| . g Cooling |
Heating _,| [nsulation (adiabatic) | (isothermal)
X,=0.85
’ A Heat —
— I I
| —
Heat Water
Solution
1. First reactor-Heating from 25°C to 100°C
The energy balance in PFR yields:
Y FCp(T — To) + AHrFaoXa=Q=UA x AT (17.34)
But
Z F;Cpi=FaCpa + FrCpr = F0(1 — Xa)Cpa + F40XaCpr (17.35)

Since Cpy = Cpg = 180 ] /mol
Y FCpi=FxoCp=1.8 x 10*J/min

The second term:

AHgF40=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-Xy (17.36)
Ty
where:
—AHy -F 1.5 x 107
B R-TA0 _ x —2.12 (17.37)

Y F-CnT, 1.8x10%x393

Then,

T
—=14+2.12X
Ty + A

If the maximum temperature is 650°C =923 K, we obtain:

T
234
To

Therefore, the outlet conversion in the adiabatic reactor is:
X4 =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:

T ax
f=cAof (_r‘*) (17.38)
0 A

where:
(—ra)=k-Ca=k - Cuo(1l — Xa)

Substituting the rate expression into Equation 17.38 and integrating between conver-
sion limits in the third reactor:

_ 1 1-— XAfinal
13_—k [ln( X, )} (17.39)
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Since the third reactor operates isothermally at 923 K, we need to calculate k (specific
reaction rate):

k=4.10°.¢"8000/T
Thus,
k=0.688 min~"'
Therefore, with Equation 17.29, we calculate:
13=1.31min
Obtaining the initial concentration:
Fao=Cao -v0=100
and

P
Cao= T =4.09 x 1072

and
vo=2.44 x 10° L/min
Therefore, the volume of the third reactor will be:

Vy=32m?

E17.9 The reaction A %> R+ S 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~> h™!). The feed into CSTR reactor consists in 1.6 m3/ks
of reactant with concentration 1 kmol/m3. The CSTR volume is 0.086 m3 and the outlet
conversion in the PFR is 90%. If the ratio recycle R =1, calculate the PFR volume.

Solution

» 95%

v Q)
A

Y R - Recycle ratio
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In the first reactor (a CSTR), we have:
Xa1

5t :CAO (17.40)
(=74)
In which the rate is given by:
(=7a)=8-Ca=8Cao(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:

Cas ﬂ% Cas

> >
VD W VOl

VOZ
CA
Ch1v0 4+ Cavoa = Carvoy (17.42)
vo + vo2 =vo1 — vo1 =vo(1 + R) (17.43)
where
R="2_1 (17.44)
vo
Thus,
Xa1=0.501

Then, for the PFR, we have the following Equation (15.17):

_ L, 0=-X0
R = T = Xa)

Substituting the values X4 =0.90 and X 41 =0.501, we have:

(17.45)

prr = 0.722ks =722.7 s
The reactor volume will be:

V=1 v91=2.3m>
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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) ([ mo] ™! 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]/(molK)
AHg =—-80k]J/mol

Isothermal

Adiabatic

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:

(—r4) =kC3 =kc§\0—(1(1+_8f§;2 (17.46)
The average residence time in the isothermal reactor is:
X4
i=C 0/ 1+8AXA > (17.47)

Substituting Equation 17.46 into Equation 17.47 and integrating, we obtain:

F— 1 |:(1—8AXA)
~ kCpo L (1—Xa)

+ €A ln(l —XA)i| (17.48)
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Calculating e4:

A R S Total

Calculating Cap:
Cuo = r_ 5.15 x 107%(mol/L)
RT
Calculating the reaction rate constant, &, at 473 K:
k=8.19 x 10" . ¢3%222/RT) (L mol~! min~1)
k=1.106 L mol~! min~!

With the average residence time and above values, we determine the outlet conversion
in the isothermal reactor:

X4=0.203

The space time can be calculated as follows:

Xa
T=——[(14ea) ——— +&5Xa+26a(14+24)In(1 = X
kCAo[( A) T_x, aXa A(1+ 4)In( Al
Therefore,
7=15.44 min

From the provided molar flow fed into reactors Fyp = 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+pB-Xa
where:
—AHR - Fao
Yk G
where:

Z F;Cpi =FaCpa + FrCpr + F;Cps = Fao(1 — Xa)Cpa 4 FaoXaCpr + Fa0XaCbs
Then,
> FiCpi=Faol(1 — Xa)Cpa + [Cpr + Cps)Xa = FaoCpa =170. x Fag
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=0.6 42X, — 5X3

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:

de
— —0=2-10X,=0
dX, 4
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Therefore, X amax = 0.2, as viewed in the following figure.

0.8 _mo

0.4 :

0.2 4 Y

0.0 ; \ ; \ ; \ ; \ ; \ ; 4
0.00 0.1 0.20 0.3 0.40 0.5 0.6

Conversion X

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 X4 =0.2.

bcstr=P1=0.8
The overall yield in the PFR can be obtained by using Equation 16.23, i.e.:

Ca

1
op=-— [ gidc
4 (Cao — Ca) /(pA 4

Cao

where:

—dCy =CpodXa
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Then,
—dCp=CpodXa
And,
0.5
Dppr = XAf — XAl J
Thus,

D, =0.65=65%

(0,6 +2X4 — 5X5)dXa

Therefore, the overall yield will be calculated according to Equation 17.18:

Z(Dl CA: CAi)
1
®,=
(Cao — Can)
© — ®1(Cao — Ca1) + P2(Ca1 — Ca2) _ D1 X1 + P2(Xa2 — Xai)

Cao — Ca2
®,=0.71=71%

Xa2

E17.12 The following reactions take place in an isothermal CSTR (Adapted from

Fogler, 2000):
CH,
H2
+
H.C CH,
Mesitylene
CH,
+ H2

CH,

m-xylene

CH,

©\ '
CH,

m-xylene

 —
+ CH,

Toluene

CH,
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where m-xylene is the desired product while toluene the undesired one, some extra
data:

rim = k1 [M][H2]Y2, ki =55 (L/mol)’? (17.49)
o1 = ko [X][H2]'2, ks =30 (L/mol)*? (17.50)
For a space time of 30min, the maximum concentration of #-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+ CH,
X+H, > T+ CHy

From the molar balance of each component:

dFy

— =rHu+7r
dv 1H + 72H

dFx =7 r
qy X X

dFy

dv ™

dFr

av =

v t =ricu, + e,

For each reaction, we have:
—71H, = —"1M =¥1X =71CH,
=712, = —T2X =T12T =7T2CH,

By the definition of local yield, where X is the desired product and M reactant that
has reacted:

(pX:’_XZHM—”T (17.51)
™ "M
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But,
rx =ki[M] x [Ha]"* — ky[X] x [Ha]"*> =r1m — a1 (17.52)
rv=ki[M] x [Ha]"? =71p (17.53)
Then, substituting Equations 17.52 and 17.53 into Equation 17.51:

_rm—nr _ Ri[M] x [Ha]'? = ka[X] x [Ha]'?

T ka[M] x [Ha]'/2

Or

k2 [X]
ki[M]

px=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 = Tintrinsicl (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:

F, E dmrt — Fy| g - 4mr?| Ly +7 - A (4 P Ar)=0 (18.2)
where:

F,| area= F,| - 47’ (18.3)

Ff4|r+dr~area:F;1|r+d7- 4mfz|r+dr (18.4)
The generated reaction rate in the volume element is:

Ra=7"-A;- (4r *Ar) (18.5)

mol/h = (mol/m?/h)(m?/m?)(m?)

where:

A; =internal surface area per volume; (477> Ar) = volume element of the layer; » = pore
radius.

1’; =reaction rate with respect to component j'/area.

Taking the limit A7 — 0 and dividing everything by 477 Ar:

d(Fal,-7)

- — 7 A1 =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,5=A 18.7
al, " (18.7)
Substituting Equation 18.7 into Equation 18.6, we have:
dc
d (rZDed_’A) / 2
T+7A'Ai'7 =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;
Sg=—"" (cm®/gyiq) (18.9)

S
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The consumption reaction rate of component j, r; (mol/h/m?), depends on the reaction
order. Assuming an irreversible reaction and a generic n-order:

(=) =k'CE (18.10)
Substituting Equations 18.10 and 18.9 into Equation 18.8, we have:
d(rZD 484

d: &) R CISgps =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.

b mol
m?-h
Transforming the above equation, we obtain a general differential equation for
the concentration profile:

d*Cy  2dCy K CiSyps
28 _ - 18.12
dr? + r dr D. 0 (18.12)

This equation can be solved with the following boundary conditions:

r=0— Cu = finite

r=R — Cy = Cyqs — concentration — sup erficial (18.13)
Nondimensionalizing variables,
r Ca
)\, = — d =
g ande e
We obtain:
d’¢  2dp KRA2CIIS,p,
Wi~ o 90 18.14
o2 A D. 7 (18.14)
[ —
o2

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.:

ol — R'RC}Sgps  reaction rate (18.15)
" p (CAS—()> ~ diffusion rate .
e\ ™R

In the numerator, the most important parameter is the reaction rate constant so that
the reaction rate is represented by —r4 = 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 (cm3/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:

Gy Esinh(dﬁ -7/R)
T Cas 7 sinh &

4 (18.17)

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
)
\
\

(0] ' Low @,
Surface
reaction
controls

IS
\
.
~
~
Hi S
gh @, S
~

. . ~
Diffusion controls S
SS

~
S~ao
-

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= ot (18.18)

rint

The intrinsic rate 7, , provides the surface reaction velocity controlled by the kinetic

nt
control regime, i.e.,

47R>
7 =/e/cAssgpS”T (18.19)

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,| - 4mr*

Along with Equation 18.7, we have:
F)| area=F,| - 4mr?

Then,

, , dC d
Tops = (—7,) = —477° D, d_rA . =—47RCysD. d—f - (mol/s) (18.20)

where x =7/R.
Deriving Equation 18.17, we have:

- =q)1COthq)1—1 (1821)



430 Chemical reaction engineering

Substituting into Equation 18.20:
(—=7,) =4mRD.Cys(®1 coth @1 — 1) (mol/s) (18.22)
Then substituting Equations 18.22 and 18.19 into Equation 18.18, we obtain:

_ 1’:& _ 4nRD.Cys(®1 coth &y — 1)

/ 47R3
7 k/CAsSgpsnT

mnt

Along with Equation 18.16, we have:

3(®qcothd; — 1)

(18.23)
7t

)’]:

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 ®1 is low (order of magnitude 0.5), the
effectiveness factor n 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

first-order

0.8 4 Sphere

<

g

g 06-

(9]

[%]

Q

c

[}

Z 04

[S]

2

p
0.2
0.0

Thiele modulus @4

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
=g ( )

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:

k/Sgps
D.

;=R

Substituting into Equation 18.24, we obtain:

3 | D.
— - = 18.25
=z ¥ e, ( )

In this case, one can determine directly the observed rate substituting Equation
18.25 into rate equation:

Tobs = (=7, ) = %\/ Dek'Syps Cas(mol /em?/s) (18.26)

The observed rate (7/,5s) 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:

_ KR2CL'Syp

? (18.27)
D.
2\ 3
— - 18.28
! (7’1 + 1) D, ( )
In the sequence, substituting Equation 18.27 into Equation 18.28, we have:
2\ 3| D 4
- 2 cl1=m/2 18.29
7 (n+1> RV ESgps 4 (18.29)

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 _ ATm
B k. T, T

(18.30)

where:
(—AHR) =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:

Tm - Too _ (_AHR>De
o~ ki (Coo — Ch) (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—Tm:(_M:ﬂ(cm) (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 g8=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 8 > 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 B.
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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 n-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:

)
Tobs = Tint * 11

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
o =hCh =k (57 ) Ch

n+1 o,
3.2\ |D
;3 | De itz 18.33
robs R <7l+1) Sgps( 71) As ( )
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or

3/ 21\ |D
o2 . € (k)12 (e~E/(RT) 1/2C(1+n>/2 18.34
robs R (7’1+ 1) Sgps( O) (e ) As ( )

The observed rate is defined as:

Pobs =Koy Chs (18.35)

o

Therefore, we have a measured reaction order #’ (apparent order) which is obtained
by equating Equations 18.34 and 18.35:

, n+1
2

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.:

k/

e = ko e/ (RT) (7.7)

Comparing k/, in Equation 7.22 with the terms present in Equation 18.34, we obtain
that:

E
Epp ==
P2
And the apparent frequency factor (kj,,) is:
3(0 21\ |D. ,
Rap = 2 (m) . @(ko)l/z (cm3/ cm?/s) (18.37)

The apparent frequency factor contains several parameters and is proportional to:

D,
Sg0s

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.:

J / J
r r 7.
Wyyp = obs — obs/erved. int Zn'q)ﬁ (1838)
rd Vit T diffusion

7 'S, 0. R?
wwp=;’—dbs=% (18.39)

But with Equation 18.23, we obtain:

3((1)1 coth b — 1)

n= CD%
Then,
\pwp=3(®1 COthCD] — 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 (CH3),C=CH, +H,0 — (CH3);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/cm?3. 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 1073 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’”=/€CA — k/CR =/€|:CA — %CR] (18.41)



436 Chemical reaction engineering

At equilibrium, the resulting rate is zero, therefore:

_ CRe _ XAe —16.6
Cae 1 —Xae

K

The equilibrium conversion will be:
X4.=0.94

and
X4=0.75

Through Equation 18.41, one determines the rate as a function of conversion. The
observed rate will be:

r// — k// . CAO

obs K1 (Xae — Xa)n=k*Cao(Xae — Xa)n (18.42)

Calculation of Thiele modulus:

R’ ps 7 0s (mol/g/s)(g/cm?®)
®; =R, [ R obs (18.43)
! \/ D. \/(XAe — X4) CaoDen (mol/ cm?®)(cm?/s)

®1 — 0213 1.1 x 105 x 2
= 1.65 x 103 x (0.94 — 0.75) x 0.02 x 1

350.88
®; =0.213 (18.44)
n
But the effectiveness factor as a function of the Thiele modulus is equal to:
[} hd, —1 1 1
23( 1C0t2 1 ):i( __) (18.45)
q>1 (Dl tanh (Dl Cbl

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 18.43, 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 gc,). 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:

Wyyp =3(®1 coth o — 1) (1846)

/ /7 2
T obs — r 'OSR
rd DeCAs

Wygp = (18.47)

Equating the above two equations and relating them for two experiments, considering
D,, Cxs as given previously, we obtain:

RZT” v
i 2bs|1 _ Y (18.48)
R270b5|2 ‘1’12

Substituting radius and rates:

v
1 _10.57
2P
Then, ¥, = %
But,
7 7'SepsR
Wy == B2 =302
T T DeCa
Therefore,

LT
PH=——=0.2
12=10.6 28

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 Cug is known (it is the bulk concentration), but a
concentration gradient ranging from C4 to C4s may exist within the thin film around
the particle, Cu, 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:

Rp = kmam (Ca — Cas) (18.49)

where
"\ = 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:

7" =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.
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To determine the overall reaction rate in the PFR reactor, one starts with:

Xa
K_/' dX,
F ) (=7})

0

Consider a particular case of irreversible first-order reaction (reactant A as limiting).
Therefore, the rate will be:

(18.51)

(74) =k'SgCas =k'SzCu0 (1 — Xa) 1 (18.52)

At steady state, the mass transfer rate and reaction rate in the presence of diffusion
effects are equal. Then,

kmam (CA - CAS) zk/SgCAsn (1853)
As a function of the limiting reactant conversion:
kmam(XAs _XA):k/SgCAO(l _XAS) xXn (1854)

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—
kmam
Substituting into rate Equation (18.52), we have:
/! / n
) = 1-Xy)— 18.
(—=74) =k'SgCaol( A)1 . RS, Con (18.56)

Rmdm

Defining a new factor that comprises both external mass transfer and intraparticle
diffusion limitations (Fogler, 2000):

n

Q= —"7—-— 18.
s (18.57)
Rmdm
The rate equation can be expressed as:
(—74) =k'SgCao(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?)

Sy =300 (cm?/g)

Solution
The rate will be:

(—1’:&) Ik/SgCAo(l — XA)Q

For a first-order reaction: (—7;) =k'C4 (molg='s71)
The molar balance equation is given by Equation 18.51, i.e.:

XA
K_/‘ dX,
F )] (7))

0

Substituting the rate into Equation 18.51 and integrating, we obtain:

w 1
—=————1In(1-X
F k* x Cao n( A)
Considering k* = k'S,
We still need to calculate Q2 using Equation 18.57:

_n
k'S
14 28l

Q=

Rmdm

Initially, we need to determine the effectiveness factor n. From Thiele modulus, we
know that:

R'Sgps \/7.105 x 3.105 x 2
1 R\/ 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:

303
=2 =2 _0154
=%, 7194

From that we can determine the overall mass transfer limitation effect:

Q=— 1 - 0.154 =0.085
14 k'Sgn 14 7.107° x 3.10° x 0.154
Rmdm 4.0
Then,

k* = k'S =1.785(cm’/g/s)

P
Cao = T 2.12 x 1072 mol/L

Therefore,
w 1
— =————1In(1-X,)=42.1
F k * CA() n( A)

But

Fap=Cao -vp=21.2 (mol/ min)
Finally, we calculate the mass:
W =896g=0.89kg
In the absence of external mass transfer limitation:

R*=k'Sn=7.10" x 3.10° x 0.154=3.23(cm’/g/s)

Therefore,
W 1
—=————In(1-X,)=234
F k*CA() n( A) 3

W =479g=0.479kg
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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 (Tieling) expressed in Kelvin:

av=0-3Tmelting (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 COs.

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:
I | I |

leeeeeeel_bl e‘eggeﬂ

Carbon deposition—filaments:
[ |

[
I/\/\/\/\/\/\ l_’ % /\:F/\

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 geae), HoO/EtOH = 3, v = 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.:

a=w (19.2)
(_7A0)

where:

a represents activity over the course of reaction
(—7'4)obs is the observed reaction rate
(—74,) is the reaction rate of the fresh catalyst.

We take a simple case assuming an irreversible first-order reaction as:

A-KSR
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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:

(=7,)=k"-a-Sg- Ca (19.3)

where 7 is the effectiveness factor which takes into account the diffusion effects. The
reaction rate constant k’ 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:

(=77)p =K -a-Sg-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.



Catalyst deactivation 447

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:

_da_
dt

rq= kd-a” (19.5)

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.

ka=kq(To)eFa/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, Le.:

a=e ki (19.8)
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Figure 19.5 Modified effectiveness factor.

Finally substituting Equation 19.8 into Equation 19.4, we obtain:
(=7 )gpe =K'Sg - Ca e (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:

=2 18.24
n o ( )

Thiele modulus ®; must be corrected as it varies with the activity a.

kK a- S, ps

P1y=R
1d D.

(19.10)

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 n-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:

Tdax
rcho/ - (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///})obs:k/ -a- Sg . CAO(l - 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~/e’~Sg-re

(~kat/2) (19.11)
D

—ln(l—XA)z

An expression for CSTR reactor is also derived from Equation 14.27:

!
Xa =3.k ‘Sg’TCSTRe(—kdt/Z) (19.12)
1— X, @,
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 107* m?/s; S, =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
in (25 ) =l kS resm) —
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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
In (k/SgTCSTR) =1.096.

Then, we calculate the value of & using S; =30 m?*/g and t=4000 (g s/m?):

k' =2.493 x 107> m?/(m? s)

We calculate the Thiele modulus to verify if there are diffusion effects in the data above.

k" - Sqps
q>1=R/D—egp

2.493 x 10=5 x 30 x 1500
— -3 —
®;=2.4x10 \/ 0710 =18

We note strong diffusion effects.
Therefore, now we admit the rate with mass transfer limitations.
We start from Equation 19.12

Xa 3k -Sg-testR
1—X4 D4

e—tkat/2)
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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:

ln( X‘;{ >=ln(k*)—%t

1-X4

Using the experimental data of Table 19.1, we obtain the same graph. Thus,

kd20.52 h!
In k*=1.096
k*=3.0
But:
kx = _3 k- Sg - TesTR
D4
And:
k - S, 05
® =R /D—i”p
Consequently:
R? - p,
k= STPD =9 x 107* (m*/m?/s)
g . T . e

Therefore, the new value of the constant k' is:
k"' =2.7 x 1072 m®/(kg s)
k=9 x 107* (m?/m?/s)

Then we calculate again the Thiele modulus using the data above.

k- Sqps
<1>1=R/D—egp

9 x 104 x 30 x 1500
®;=2.4x1073 =1
1=24x10 \/ 20x10-% 08
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Thus, the correct value of the constant is:
k'=1.5 x 107 (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-Sgps

D. =108va

®4=R

And the effectiveness factor will be:

3 3
Dy N 108+/a

Finally, the conversion varies with time and activity will be:

In the absence of mass transfer limitations:

Xa
1-X4

—(0.2561) _ 2.99 e—(0.256t)

’
=k 'Sg’TCSTRe

In the presence of mass transfer limitations:

Xa _ 3.k Sg * TCSTR * 4 —05 /—6*0'5%
1-X4 oY)

Therefore,

Xa — 0.5+ e 052t
1-Xa

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  120°C  60°C

B/gasoline 5.2 94.3 51.7 77.1 87.1 60.8
B/synthetic load 345 65.2 428 90.9 98.5 -
Clgasoline 54 94.4 6.6 8.6 39 -
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
A/synthetic load 45.7 542 972 - 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

=2.99 ¢ (ki)
1-X, ¢

The estimated reaction time was ¢ =5 h. Therefore, we have calculated the constant
k4 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:
X4 =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 dissi-
pation 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
parameter 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, AHY, g = —406.4 kJ/mol
2C+ 0, —2CO AHYgg = —246.3 k] /mol
CO+1/20,— CO, AHYygc =—567.3 kJ/mol
C+2H, — CH4 AHYggc = —83.8 kJ/mol

C+H,0—-CO+H, AHS%K:HS.S kJ/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 v 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 (O;) 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 Rg
and interface radius 7., we obtain for each mol of O, (reactant A) the diffusion rate:

dCy 2

Ny =—-D.—— mol/(cm” s) (19.14)
dr

The molar balance on a surface element 4772 between  and 7 + dr, where no reaction
takes place will be:

Ny.4nr*| —Na -47r*| =0
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Figure 19.12 Uniform model of solid consumption (carbon consumption).
Then:

i(NA #)=0 (19.15)
dr

Substituting into Equation 19.14:

d dCa
d_r<_De"2W)_0 (19.16)

where D, is the diffusion coefficient (cm?/s).
With the boundary condition:

On the external surface: — r=R — Cy4=Cyo
At the interface: — r=R(t) — Cu=0

Solving Equation 19.13, we obtain (Equation 10.38):

1 1

Co, R r
—o= 10.38
Con % 10 ( )

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:

DC
- A0 (19.18)

R 1 1)\,
R R,

ac,

Ny=-D
A 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 (4/371R3 ps)

J! . 4 —

vy 4mr i

drR ¢

—_—== 19.19

dt  pe ( )
where

& =fraction of solid (carbon)
o =density of solid (carbon).

The reaction rate (carbon consumption) at the interface is equal to the reactant A
molar flow that reaches the interface:

—7{ = Nal,_r = (19.20)
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Substituting this rate expression into Equation 19.19:

dR  DCy 1
Cdr /[ R2\
Ro

Integrating for t =0 — r= Ry, we have (Equation 10.42) the time for solid consump-
tion (£):

pRZe R\? R}
= 1-3| — 2|1 — 19.22
g 6DCA0[ (Ro T\ R&, (1922)

Defining the solid S conversion (carbon conversion) as Xj:

oo Vso=Vs _ YRR (5)3
Vso Y/37R} Ro

(19.21)

where S 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 (z) is reached when R = 0. Substituting
this condition into Equation 19.22, we obtain:

pR%e
T=
6DCao

(19.23)

Then we can rearrange Equation 19.22 in order to obtain the following expression for
the reaction time (solid consumption):

; =[1-31-X9** +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.:

7/5/ = ks CA
Substituting in Equation 19.19, we have:

dR o

ahi _ ksCAO
dt ~ pe pe

Integrating in between the boundaries Ry and R:

_ oRoe R
"= kCao [1 (RO)}
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As a function of conversion:

f=[1—(1—x3)1/3] (19.25)
T
Graphically:
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Figure 19.14 Solid conversion as a function of time.
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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=—3$9+1zﬂmm”)

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.

|
_> > t
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)

“ra=kCa=CoT N,

(20.1)
Given the average residence time,

" dx
i=C A 20.2
’“’0/ (1 + £4Xa) (—7a) (202)
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Replacing the rate expression, we get:

Z:—%ln(l — Xa) (20.3)

The value of the rate constant can be calculated at 150°C (reaction temperature),
which is:

5400
Ink=———+12.5
n T +

where:
k=0.649 min—!
As =3 min

XA =0.857

To calculate the volume, one has the PFR equation:

XA

\% dX
T:_:CAO/ 4
0

Vo (—7a)
Substituting (—74), we obtain the following solution:
1
r=—[(1+e2)In (1= Xa) + 4 X, (20.4)

Calculating &4:

A B R Total
Initial | 3 0 4
Final 0 2 | 3

ea=-—0.25

Substituting these values into Equation 20.4, we get:
7=2.58 min

But

Fo =100 mol/min

However:

Fao + Fgo=100
Fao + 3F40=100

Fx0=25 mol/min
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Calculation of concentration:

P
Co= T 2.88 x 10 'mol/L
For vg:
Vo= E =346 L/min
Co

Therefore, the volume of PFR reactor is:
V=0.89m’

In the CSTR reactor, assuming the same conversion, we use the equation:

\% X
— =1=Cyp—2
Vo (—ra)

Replacing the rate and substituting these values for the same conversion, we obtain:
t=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 “%4” 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)
A= — A 20.
Substituting that rate in PFR equation, we get:
1
r:—E[(1+8A)ln(1 — Xa) + e4X4l (20.6)

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
Gi= <5 =4kgh

The molar flow would be:

Gy 4

— =—=0.05kmol /h= I/h
M, 80 0.05 kmol / 50 mol/

Fao=

Calculation of initial concentration:

PAO 0.7 x 50

e el ] -1
Cuo= RT = 0.082 <773 5.52 x 107" mol/L
Hence:
Fyo = Caovo

With the values of flow and concentration, we have:

vo= T4 _ 90 ST/h=1.51/ min
Cao

Calculating the volume of the tube:

2
v 126w’
4
Hence:
\% .
T=—=0.084 min=15.04s (20.7)
[40]

Calculating &4:

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):

= —1 ln(l - XA)

SE.3 The reaction A + B—*>R 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:

(—74) =kC3 =kC3o(1 — Xa)? (20.8)

For the CSTR:

1% X

—:‘L’:CAO A (209)
Vo (—=74)

Substituting Equation 20.8 into Equation 20.9, we get:

\%4 X

L —1=Cu A (20.10)

vy RC3,(1 — Xa)?
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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= koeE/RT)

0.07 = koe—(20,000/1.98x300)

ko=8.51 x 10

At 77°C:

k350 =13.8 (L/mol min)

At 0°C:

ky73=1.79 x 1073(L/mol min)

But the space-time will be:

V200
TZZZWZZOHIIH

Substituting these values into Equation 20.10:

Xa
kCo(1 — Xa)2

20=
At 77°C, we get:

k350 =13.8 (L/mol min )

The solution is:

2X2 —2X4+1=0

Therefore:

Xa > 1 is impossible.

At 0°C:

ky73=1.79 x 10~3(L/mol min)

We find:

Xa=0.1
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For the PFR:
Calculating;:

f:yxg:%:SOmin

With k=0.07 L/(mol min) at 27°C, we get:
=V (20.11)
v r

Rearranging Equation 20.8:

1 Xa

T (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 Cp9 = Cpo=1mol/L and k at 77°C and 0°C, we have:

T ax
t=CA0/ (_rA) (20.13)
0 A

Substituting Equation 20.8 into Equation 20.13, we have (Equation 20.12):

1 Xy
~ kCao (1 — Xa)

t
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 1073(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:

2ykoll>]
e (20.14)

where

k,=10"2s"1

k() =10"2%2s"1

k; =S5 x 107 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:

2yko[l
(—ry) =k [M] %[Zkk*[M]:k*[Mo](l —~ Xu) (20.15)
t
The CSTR equation is:
Y Gy M (20.16)
o (=r™m)

Substituting Equation 20.15 into Equation 20.13, we obtain:

\'% X
— =1=[M] -

M 20.1
% k[Mol(1 — Xag) (20.17)

But substituting these values in k*:

b — b 2vko[I] _10-2 2 x 1073 x 102 _ s~!mol L™!
T R, 5 x 107 mol L™'s~1

2x 1073 x 102
* __ -2 _ -2
k*=10 \/ S % 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
(MWihere = 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,

1—Xa)?
Cra=kC =k L XAS 20.18
T R TR X )2 (20.18)
Substituting Equation 20.18 into PFR equation gives:

v ax
1=—=Cuo A (20.19)

14 r

0
1 Xa
=—|(1 2 45X+ 2ea(l In(1-X

T kCAo[( + €a) 1_x, TeaaXat ea(1+¢a)In( A>i|

Calculation basis: 1.0 g

ma 0.5

=—=—=0.0125mol
AT ML T 40 o

mp 0.5
=—=—=0.02 |
ny M, 20 0.025 mo

Calculation of ey4:

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:

yA()P 0.33 x4.7

_ _ ) 3
= T = 0,082 x 333 =35.68 x 107“ mol/L(kmol/m”)

Substituting these values into Equation 20.19, we get:
71=0.041ks=41.15s=0.01143h
From R output stream, we determine the flow rate:

FR = CRUQ =2CAOVOXA
20 = ZCA()U()XA
vo = 503m3/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
\% dXx
1=—==Cyo A Cao - area (integral)
14 r
0
CSTR:
Vv Xa

=7= = Cyo - area (rectangle area)
o (=74)
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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=24  CSTR+CSTR=32

4.0 H

3.54

3.04

1(-r)

254

2.0 +

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: Vrorap =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:

O 11
! CH _C C,H
b 7 ~ 4% "9
HC/CEC/C\O C,H, HC  C (e
i | + CHOH —— ! I + H,0
HC. ~.C_ _O HC. =C< .20
~N 7 \C/ CH C
0
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 102 L/(mol h). Calculate the volume of
the reactor to a conversion of 70% of limiting reactant.
MBF

MBF

I

. g

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

A4

(—74) =kCaCp=kCo(1 — Xa)(M — X4) (20.20)
where:

A =MBP and B = Butanol

Calculation of inlet flow rates and concentrations of the reactor:
vo1 +v0p=v90=104+30=40L/h

Cao1v01 = Caovo
2x10=Csp-40—>Cao=35 x 10~ mol/L

Cpo1v01 = Cpovo
1 x30=Cpp-40—Cp9=7.5 x 10~  mol/L

Therefore, A is the limiting reactant, and:

M= B0 _
Cao

1.5

For the CSTR:

\% X
— =71=Cp—2
vo (—=74)

(20.21)
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Substituting Equation 20.20 into Equation 20.21:

% Xa
—=1=Ca07—=
Vo kC3o(1 — Xa)(M — X4)

And substituting calculated values for a conversion of 70%, we find:
1=19.7h

V=vy1=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) 001 0.005 0.002 0.001

Solution
To solve this problem, plot [1/(—74)] versusX, from the below figure.

2000 - - = m ,
Rectangle area = 600 E
800 - |
CSTR !
_ 600 E
< '
< :
5 :
400 E
200 Area = 250
0 T T T T T :

0.0 0.1 0.2 0.3 0.4 0.5 0.6

XA
Figure 20.2

0.7x1

_ _ )
= 0032 %573 1.49 x 107*(mol/L)

Cao
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For the PFR:
v ax
1=—="=Cyo —A=CA0~area(integral)=3.725
Vo r
0

For the CSTR:

\%
—=1=Cyo X4
Vo (—=74)

=Cy - area (retangle area) =89s

The volumes are:

Vprr =7.4L
VestR =17.8L

The relationship is:

Vestr —94

VpER

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 m3/(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

Tl XAl T2 =120 FR =28 mol/s
EEEEE—

A 4

Vi Va

Solution
For the rate constant unit, we have a second-order reaction. Thus, the rate expression is:

—r4=kC?=kC3y(1 — X4)* kmol/(m’ks) (20.22)

For the Arrhenius equation for any temperature, we calculate kg:

k= ke (34000/827x393) _ 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

Fao—Fa  Fg

= =X
Fao 2F a0 4

Then:

Xa2=0.7
Fay=6.0

For the CSTR equation:

(Fa1 — Faz2)/vo

F— (20.24)
(—7a)
But:
vy = ? =20m’/ks
The rate at second reactor can be calculated as:
—ra = kC>=kCio(1 — X4)* =15 x 1 x (1 -0.7)*
= 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:

Fai=13.4

The conversion at the output of the first reactor:

Fao — Fa1

=X41=0.33
Fro Al

Since ¥ =1, we have:

Vz =TV :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:

(—74)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:

b—2 46 x 1011 o—(84000/827.T) _ () 967

It takes the temperature in the first reactor:

T=367=94°C

Thus, the reactor volume of the first reactor can be calculated:

v X
L= Cao A —2.75
Vo (=74)

Thus

V=55m3

SE.10 Two reactors in parallel conduct a reaction in the gas phase, ALSR + 5. 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
3.33 min. The volume of one reactor is double that of the other one. Calculate the
ratio of inflow stream in the reactors, given:

12000
T

Ink=- + 10,6 L/(mol s)

Find the conversions on the outputs of the reactors.
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Solution
A+l
—_—
R
—
A+l V,= 2V,
To calculate the rate constant at 550°C
12,000
Ink=-— ’T +10.6 (20.26)
k=1.86 x 107%(L/mols)
With the unit of k, we have a second-order reaction:
—ra=kC*>=kC? (1= Xa) (20.27)
AT T s Xa)? '

The mean residence time:

X4
t= 20.28

/ 14 SAXA —r4) ( )

0
Substituting Equation 20.27 into Equation 20.28, we have:
- 1 (1 — SAXA)
I= In(1 -X 20.29

kcAoH (1= Xa) ]HA n A)} 20-29)
Initial concentration:
0.8.10
Cao=————=1.35 x 107! (mol/L
A0=10.082.723 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

8A=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 + aA)z(lX—f;{) + 2Xa+2ea(1+e4)In(1 — XA)]
— AA

1=829s=13.7 min

The volume ratio at the input is different in the two reactors, because Vi = V, and
the residence time in both must be the same.

But:
Vi Vs

n=—, Th=—, T1=T7,and Vi=2V,, we get:
Vo1 Vo2

Vo1

015

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) m3/(mol ks)

Solution
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
T=—=Cuo i (20.31)
4 —7rA
0

Substituting Equation 20.30 into Equation 20.31, we get:
14 T
A
ppr=—=C —_— 20.32
PER = AO/ FCZ (1= X,)? ( )
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:

> Figp(T — To) + AHFaoXa = Qext =0 (20.33)
j
T
— =1+ BXq4 (20.34)
To
where:
—AH,Fy
— oA 20.35
B S FeyTo ( )
]

Z F,'Zp/' = FAEpA + FRZpR
i

But:

Fao—Fa  Fr Xy

2F4  Fap 2
Substituting these values, we get:

_ _ _ X
> Figp=Fao(l — Xa)pa + FAOCpRTA

]

As

Cpa =Cpr =Cp =200 (J/mol K)
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Thus:
X Faoc
ZFcp,—FAocp[u — Xa) + 2‘*} ~5(2 = Xa) (20.36)
]
Substituting these values, we get:
> " Figp =100F4(2 — Xa) (20.37)

j
Substituting Equation 20.37 into Equation 20.35:

—AH,Fyo 42,000F 49 1.34
ZF CP,TQ FA0100(2 XA)312 (Z—XA)

(20.38)

Therefore, from Equation 20.34:

T 1.34X 4
— =1 Xp=14+ —"— 20.39
Ty + BXa + 2 =X, ( )

But, according to the Arrhenius equation:
k=2 x7 x 101 e 1218571 =2 » 7 x 1011 ¢ 3T /To)l (20.40)

Substituting Equation 20.40 into Equation 20.32:

T —K—C /—dXA
PFR = v A0 kC/Zm (1 —X.)2
0

Thus:

VPFR dXa
432 x 1012 ¢ BT ITlI(] — X, )2

TPFR = (20.41)

which are solved together with Equation 20.39:

T 1.
T 13,
Ty (2 —Xa)

For a conversion of 70%, the exit temperature will be equal to 538K, 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 4

40-

30 +

f(X,)

20+

10

area = 4.27

0.0 0.2 0.4 0.6 0.8

Figure 20.3

The PFR volume is:

Vprr = 1.3 x area=5.55m?

SE.12 The reaction below is conducted in an adiabatic process:

H:C—CH + cl-cl —=H,C=CH + HCI
CH, CH;CI

The input stream is 0.45 kmol/h, with 30% C3;Hg, 40% Cl; and 30% inert (N>).
Its pressure is 2 atm at 30°C. The rate constant is:

k=4.12 x 10% e~ ?7200/RT)(m3/kmol min)
Additional data:
AHI? =—2.67kJ/mol

Molar specific heat capacity in J/mol:

C3Hg =1.7;Cl, =0.5; C3H5Cl = 1.1; HCl = 4.0; N, = 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 — X4)(M — X,)

where:

Cgo
M=—=1.33
Cao

Using PFR equation:

Vv T ax
t=—=Ca | —2
%) —7A
0

Substituting Equation 20.42 into Equation 20.43, we get:

Xa
Vv dXa
T:_:CAO/ 5
vo 5 kCAo(l - XA)(M - XA)

This equation cannot be integrated, since k varies with temperature.

With the energy balance, we have:

T (—AH,) Fao

=1+ =X

To ZFfCPiTO 4
]

But

Z Ficpj =Facpa + Fpcppa + Frcpr + Focps + Ficpr
j

However:

Fy=Fao(l — X4)
Fp=Fao(M — X4)
Fr="Fp0Xa
Fg=Fx0X4

(20.42)

(20.43)

(20.44)

(20.45)

(20.46)



Exercises reactors and heterogeneous reactors 487

Substituting these values into Equation 20.46, we have:

_ _ _ _ _ Fr _
ZF,‘C;;,' = Fao |:(1 — Xa)cpa + (M — Xa)cppa + CprXa + CpsXa + F—AIOCpI:|

]

> Figp = Faol3.4 +2.9X4]
j

Substituting Equation 20.47 into Equation 20.45:

T =1+ (_AHr)FAO

To | Faol3.4+2.9X4To "
Thus:

T 8.8X4

T~ T B4129%
From Arrhenius equation:
b= 412 x 103 e—27:200/RT) _ 4 19 5 103 —(27-200/8.3x303(T/To)

k=412 x 103 ¢~ 108/(T/To)

Substituting Equation 20.50 into Equation 20.44, we have:

Xa
v / dX 4
B Vo B CA04.12 x 103 e=(108/(T/To)(1 — X4 )(M — X4)
0

T

The integral is solved with Equation 20.49.
Additional data:

0.3 x2

_ _ -2 3
= 0082 < 303 2.41 x 10~*(kmol/m?)

Cao

From the inflow, we have:
Fao=Caov0=vy40F9=0.3 x 0.45=0.175C4pv9
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)
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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* kJ/mol
Cp(propylene) = 45.0 J/(mol k)
Ep(water) = 23.0 J/(mol k)
Cp(glycol) = 59.0 J/(mol k)

Adiabatic Isothermal

Solution:
The reaction is a pseudo first order.

HO
CHa
HaC -HC
OH

CH3

H,C —CH HO ——

The energy balance

T (_AHr) Fao

— =14 =X 20.52
T() ZFiCP/TO A ( )
]

Z Ficyj = Facpa + Fpcppa + FrCpr
j

_ _ Fgo_ _
ZF;‘C;;,' = Fao |:(1 — Xa) pa + F_jopBA + CpRXAi|
j

Substituting the values we obtain:

> Figp=Faol277 + 14.3X4] (20.53)
j
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Substituting Equation 20.53 into Equation 20.52

T 156.6X 4
AR LA 20.54
Ty 2274 14.3X4] (20.54)

To a temperature of 300°C (573K), with the initial temperature at 300K,
we get:

573 156.6X 4
270 1 91=1 4 200
300 227 F 143X4]

Thus, we obtain a value of X4 > 1.0, which is impossible.
To a maximum temperature of 400K

X4 =0.607

This is the conversion at the outlet of adiabatic reactor.
If X4=045

Thus,

T=390K=117°C

Calculation of volumes:
For the isothermal reactor,

‘L'=Z=CA0/ dﬁ (20.55)

Being a pseudo-first-order reaction
(—=74) =kCa=kCpo(1 — Xa) (20.56)

Substituting Equation 20.56 into Equation 20.55 and integrating, we get

1
(1= Xa)

_ 0,9
== 0,6
Where

k=1.69 x 10°~(41800/8.3x400) _ ( 575

And integrating, we have

75 =2.41 min
VIsothermal =12.0L
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For the adiabatic reactor

X
. _X_/A dX,
T J 1,698 x 10%e-108/T/T(1 = X)

(20.57)

104 Area = 9.4187

0.0 0.1 0.2 0.3 0.4 0.5 0.6

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) Pcyy— (atm) P20 (atm)

7.1
7.11
7.62
7.82
7.11
5.36
5.08
6.20
0

0 7.0

wo—wwNNsm—
WwWowoo U —— — — —

— 0 O0ONOUT A WN —
wurmoooou — — —
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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

ALSR4S

Assuming a model of Langmuir-Hishelwood, we have a generic rate expression,
assuming that all components are adsorbed

— RKpa
14+ Kapa + Krpr + Ksps

(20.58)

Analyzing experiments 1, 2, and 3 where only the partial pressure of component
A changes.

| 7.10 | I I
2 7.11 5 I I
3 7.62 10 I I

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 |
5 7.11 2 10 |

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:

o _RKapa (20.59)
1+ Kapa
Rearranging its terms, we have
1 1 pa
4 p, =22 20.60
kK4 + kPA p ( )

Becoming Ca = £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
| 7.1 0.030488 4.29E4-01
2 7.11 0.152439 2.15E4-02
3 7.62 0.304878 4.00E+-02
8 6.20 0.030488 4.92E401
10 7.00 0.091463 1.31E+4-02

450

400 K ¢ B Linear Fit of Datal_B

400

350

300

C.Ir,

250 |

200 |

150 —

100 H

50 —

0 \ \ \ \ \ \

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
C,

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
kK4

and consequently,

K4=0.193

SE.15 The cumene cracking over a silica—alumina catalyst at 950 °C is described as

ALR + S, where A =cumene, R=benzene, and S=propylene.

CH_,—CH—CH
3 3

72 7
j B
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 10~ cm?, with so = 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
| 10.3
= 100
a
50
155
0 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,

e kKAPA
1+ Kapa + Krpr + Ksps

For low conversions and initial rate 7y, one can assume that the partial pressures
of R and S are small and insignificant. Therefore,

kKapa

ro—m —/78
" T 14 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

Rad
KR(benzene) = %

des



496 Chemical reaction engineering

But
so (8RT\'*
kads—z(m) 7d
1 31 %1223 x 1 x 107\"?
Rads = 7 (8 x 8.3 3X14 37; x 10 ) x1.7x107 =244 x 107!
. X

The desorption equilibrium constant:
kies = 10~ 18X10%T) — 4,05 % 1076
Therefore, the adsorption—desorption equilibrium constant will be

Rad _
KR(benzene) = f =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=-—""—>
1+ Kapa

As K4, we have Kgps > 1. One can simplify the rate constant as

_ kKapa _ kKapa _k
14+ Kapa  Kapa

7o A

In this case, a first-order reaction is assumed whose solution is

(1 —Xa)

“ra=kCa=Cor o,

Substituting into PFR equation (Equation 14.37) and integrating it, we get

w 1
— =——[(1+e4) In(1 = Xa) + €4 X4]
Fao k
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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](1 8)In(1 — X 8X
5 0.067[( +0.8) In( a) +0.8X4]

0.536=—[1.81n(1 — X4) + 0.8X4]

Therefore, the conversion or concentration output will be:

Xa=0.38
(1 —Xa)
=Cyo——~=0. 1
Ca=Cqo T enXa 0.064 (mol/L)
where
0.8 x 10 »
CAO—m =1.35x10 (mol/L)

From the diffusion rate (Equation 18.33):

2 3 | Dk
e (3 R e
n+1\r\ pxS,

For n=1 and r=1 and substituting the data we obtain the effective reaction rate
at 550°C:

e =7.4 x 10~* (mol/L min)

The intrinsic rate

r=kCy=4.28 x 107

The effectiveness factor can be determined from the ratio

n=-_2-017

Vint

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 ALSR 4 S s 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=28.19 x 1013e=C4222/RT) (L /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)
Cyr = 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,

, (1—Xa)?
(—ra) = kCAO—(1+sAXA) (20.61)

The average residence time in the first reactor

Xa

/ (20.62)
14 EAXA —74)
0

~|
|I

Substituting Equation 20.61 into Equation 20.62, we get

(1- 8A)XA:|
(1—-Xa)
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Calculating &:

A R S Total
Initial | 0 0 1.0
Final 0 | | 2.0
8A=1.0
=~ —515x 10"*(mol/L
Cao= 5082 a73 > 13 X 107 (mol/L)

Calculating k (200°C)
k=8.19 x 103e~(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,

Xa=0.203

Thus, the space-time to the isothermal reactor is

1 Xa
=——1|@1 28 42X+ 2e4(1 In(1-X
T 2Co [( +eéea) (1_XA)+5A A+ 2ea(1+e4)In( A>i|
t=5.5min

If the inlet stream is given, we can calculate vp; therefore,
Fapo=10=Cxovo

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 (_AHr)FAO
=14+ =——++—X
T() ZF/CPiTO A
]
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But

ZFiEPi = FAEpA + FREpR + Fszps
j

ZF/‘EM = Faol (1 — Xa)Spa + (Cpr + Cps) Xal
j

Thus,

> " Figp=170F40
i

and
80,000X 4
170

The outlet temperature must be the same, for the conversion does not change.
Therefore, inlet temperature is estimated as:

T=Ty+ =Ty + 470Xy

473 =Ty + 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.

XA=0.203 5
C (1+eaX4)"dXa
A0 =
7 x 8.19 x 1015 e=45-8/(T/To)(1 — X4)?
0
1,/6(X,)
——B
2.5
2.0 H
1.5 4
1.0
0.5
Area = 0.07894
0.0
T : ‘ ‘
0.00 0.05 0.10 0.15 0.20

Xa

Figure 20.9
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That is,
Ca0=0.07894
For the pressure, we have
P=CnoRT =0.07894 x 0.082 x 377 =2.43 atm
Vo=t v9=V;
and

Vo=V

SE.18 Two reactions are processed in an isothermal PFR differential isothermal at
700K:

CH,
CH,
+ H, _— + CH,
CH
H,C CH,
(M) m-xylene (x)
CH, CH,
+ H, — + CH,
CH,
Toluene (T
X) (M)

where m-xylene is the desired product and toluene is the undesired product, the
following rate constants are known:

rivm =ki[M] - [H2]"?  ky =3.42[(L/mol)*? - h] (20.63)
rr=ka[X]-[Ha]? ky,=1.87[(L/mol)®? - h] (20.64)

The indices 1 and 2 represent the reactions 1 and 2, respectively.
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When the space-time is 0.5 h, the maximum concentration of X is 0.313 x
1072 mol/L and the concentration of M is 7.6 x 1073 mol/L, with [My]=0.02 mol/L.
Calculate the overall yield of the PFR using the maximum production of X.

Solution
—71H = —"1M =7"1X =71Me (20.65)
—TH = —12X =712T =12Me (20.66)
The yield:
o= x (20.67)
™
But

rx =ki[M] - [Ha]"? — ko[ X] - [Ho]Y? = 1m0 — 127
=k [M] - [Ha]"* = rium

Thus:

px =M 2T (20.68)
"M

_rnm—nr _k[M]- [Ha2]'? — ko[ X] - [H,]"/

=T B [M] - [HL]72
or
ka[X]
=1- .
Px 7\ [M] (20.69)
Therefore:

1.67 x 3 x13 x 1073
:1 — — V.
x 342576100 07
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SE.19 The dehydrogenation of cyclohexane is conducted in a PFR, according to
reaction:

- +  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 A5 R + 38 occurs in the gas phase. The total flow inlet is
10 mol/s and the rate constant can be represented by:

Cao(1 — Xa)

“ra=kCa =k X

Calculating e:

r:—l[(l +ea)In(1 — X4) + eaXa]

k
A R S Total

Initial 8 0 2 10
Final 0 8 26 34

A= 2.4

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:
t=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: HX5D
In contact with other sick patients: H + pXoD
The patient is cured: DX H

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:

ra = ka[D] (20.70)
rp = ki[H] — ko[ D][H] + 2ky[D][H] — k3[D] — ks[D] =0 (20.71)
or
rp=ki[H] + ka[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] = 3R (20.73)
3]
Furthermore:
ru =k3[D] — k[ D][H] =0 (20.74)
Adding Equations 20.70 and 20.72, we get:
k1
[D]= 2LH] (20.75)
R4
Therefore, substituting Equations 20.73 and 20.75 into Equation 20.70:
=y K3 K (20.76)

k>
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Substituting the values of the rate constants, one obtains:

rm=25.10 x 10™*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
—THZk—l(kz — k3 + kq)[H]
4

Substituting the values obtained previously, the rate of people getting sick is:
—ru=rp=4.8 x 107*[H] (20.78)
Then, it is a first-order reaction, whose solution is:

—In(1 — Xs)=kt (20.79)
Calculating X4:

[Hol — [H]

X4 =
4 [Ho]
The half-time is:

, 0693 0693
Ve T T 48 x 104

=1444h =60 days

SE.21 The reaction 3A—*52R + § 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 =—-25,000 kcal/kmol

Ink =~ + 5 [(m? /kmol*/s)]

Solution
The reaction is irreversible and second order. However, during heating, the initial
concentrations were:

Ca1=Cao(l — X4)=10.2(1 — 0.10) = 9.18 kmol/L
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Cao—Ca1 Cro+Cr1i_ Cso+ Cs1
3 2 1

10.2 — 9.18 0+Crt 0+4+Cs
—_— = U. 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) =kC3 (1 — Xa)?
In the batch reactor, we have:

X

A
dX
t=Cuo [ 2
0 A

Substituting the rate expression:

X
A
0

In this case, k is not constant, but depends on temperature. For the energy balance
in adiabatic system, we get:

T —AH,Ca0X
2 ZAHCaRa

TO WZCPT()

T 25,000 x 9.18X,4

— = —140.608X 20.81
To T 950%x059%x673 A ( )
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

_ dX4
= 1.35 x 103 e=(73/(T/To) (1 — X4)?
0
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1.1

1.0

f(Xa)

Area = 0.0614
0.8 —

0.7 —

0.6 —

1 1 1 1 1 1 1
0.1 0.2 0.3 0.4 0.5 0.6 0.7

Xa
Figure 20.10

The time was 0.0614 h = 3.68 min.

ER.22 The rate expression of the reaction is represented by:

Ca

(1+—CA)2 (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:

\% X4 Cao — Ca
—_—=T= CAO =
vo (—=74) (—7a)

or in another way:

1 (=7a)

‘CZCA()—CA
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This is represented in the figure below.

400K —¢—A y=0.25,x=0.24
0.25 _|

0.20 4

(-ra) 0.15 4

0.10 +

Area = 0.020

0.05

0.00

T T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30

(Cac—Callt

Figure 20.11

From the figure, we obtain the maximum rate, (—74) =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=53.4sand V=10.7L

ER.23 A gas phase reaction A—%5R is carried out in an adiabatic fixed-bed reactor
and it is first-order reaction at the surface, 74s = k&’ Cys. 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'?, Re =2,
v
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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

k00 =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 01 x10
R :L:—:
=7 00z 0

Sherwood number:
Sh=100Re'/*> =707

Thus:

bm=5h'De=7o.7
dP

And the mass transfer coefficient
Ry = ba
Ry = 4242cm’lg,, s
The reaction rate constant is:
K = ke E/RD =0.01
Thus:
3
ky = 8.2cm’/g s
B — 8. e—(2013/T)
In the adiabatic reactor, we have:

T (—AH,) Fao

— =1+ =X 20.84
T() ZF/CP/TO A ( )
]

where:

Z Ficpi=Faol (1 — Xa) Cpa + (Cpr + Cps) Xal
j

> Figp =100Fa0
j
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Thus:
T=Ty+ 100Xy4

The simplified rate expression is:

o kak

T = cho(l — Xa)

By mass balance:

T ax
W=FA0/ A

7
Tas

(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
LA(X,)
0.130
0.125
0.120
0.115
0.110
0.105

0.100

0.095

—e—B
_ Area = 0.07355
—1®

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 vo =100 L/s, we get:

W=73g
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ER.24 Two parallel reactions are known, whose rates are given below:

A+2BELp
ALs
where:
rp=0.14C4Cp
rs = 0.07CA

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+rs=k1CaCp + k2Cy

Thus, the yield is:
7p k1CaCp 1
T = 20.87
Pa —74  k1CaCp +kyCy 14+ ky Ca ( )

E1CACp
Knowing the data:
Fp=15=Cpvy Fp=1.5=Cpry=Cp x 10
we get:

Cpr=0.15 mol/L

A B P
t=0 Cro Cro 0
t— o0 Ca Cs Cp
But
Cao—Ca _Cp—Cp_Cp
1 |
Thus:
Cpo—C
Cp= BO B
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or

Cpr=Cpo —2Cp=0.7

Therefore:

1
par=—Fc—= 0.58
L+ kleCAB
For the PFR (from Equation 16.23):
Bpm e f $4dC
A= Cao— Cor 4dCa
or
1 1
Oyp=— Ci_C / o dCyu
A0 Af 1+ o
where:
dC
dGi=-7
® 1 f 1 ( dCp
AT C-Cy ) 14 e 2

Cao — Car=0.15

with:

Cao — Cay =0.15

Integrating Equation 20.88, we have:

Substituting the values a =k, /k; and x =0.7 into Equation 20.89:

P4 =0.58

(20.88)

(20.89)
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. . . koo . . .
ER.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 550K?

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° e~ (10,000/RT)

HY(273 K) = —20 kcal/mol
E =10 (kcal/mol) HY(273K) = —15 kcal/mol
Ca0=0.1 (kmol/m®) HY(273K) = —41kcal/mol

Cpy = Cpp =15 cal/mol K
Cpr =30 cal/molK

UA
=

20

Solution
The rate

(—ra) =kCaCp=C7 (1 — Xa)? (20.90)

Because M =1
Calculation of AH?:

AH? =HY — (HS + HY)

But ACp=Cpg — (Cpa + Cpp) =0
Thus,

AH? = —6000 cal/mol

The energy balance is:

T _AH,)F
1+( ) Fao

I — X
T() Z F,'Cp/T() A
]
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Where,

>_Ficpi=Faol (1 = Xa) Gpa +Cpp (1 — Xa) +prXal =
j
Faol (1 — X4) (EpA + ZpB) + EstA] =30F 4

Thus:
6000
T =300+ =X, =300 + 200X,
and
T 6000
S Y 1 10.666X 20.91
Ty T30x300° A" T A (20.91)

Substituting Equations 20.90 and 20.91 into PFR equation, we get:

Xa
dX,

0

(20.92)

From the solution of the above equation, we obtain Figures 20.13 and 20.14.

ValVo=1
20 —B

18 1
16 4
14 -
12
10
g-
6
4-
5
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
350

300

vy 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 =0.835, the initial temperature will be:
To=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
v UA(T,—T) (20.93)

where:
T,=50°C=323K

But, by Equation 20.91, the temperature varies with Xj4.

T
— =14+ 0.666X
Ty + 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,

X
o_UuA /A (T, — T)dX4
o p ") 1.93x 105 (168/T/To)Cyo(1 — X4)2
0

The solution is shown in Figure 20.15.

Qalp

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

Figure 20.15 Solution from Equation 20.95.

Thus,

%: —429(m?> - J/Kg - 5)

(20.95)
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ER.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
—— — A
F

Calculate the conversion as a function of volume.

If the inlet temperature increases or decreases by 200°C, what will happen?
Calculate the outlet temperature of the adiabatic reactor to a conversion of 80%.
Calculate the heat required under nonisothermal conditions.

—~ .~ —

goze

Data:
Adiabatic reactor
Irreversible gas-phase reaction A— R + §
Fy =10 mol/min
P=2 atm
T, =1100K
k=exp(34.34 — 34,222/T) L/(mol min)
Cpr =200 J/(mol k)
CPA =170 J/(mol k)
CPR = 80]/(1’1101 k)
Cps =90 J/(mol k)
AHY = 80k]/mol
Solution
(a) Calculation of conversion
Kinetics: according to the unit of the rate constant, we consider it as a second-order
reaction:

_kCEo(1 — Xy)?

o 20.
"M T eaXa)? (20-96)
1% T ax
T=— = CAO/ 4 (20.97)
Vo ) (—=7a)

By the energy balance in a reactor adiabatic, k varies with temperature, then:

T — AH,)F
_:1+( )Fa0

———— x X
T() Z F/'CP/T() A
]

ZF/EP/ = FAo[(l - XA)E{;A +EpRXA +Ep5XA + F[Cp[]
j

=Y Fjgy=3700Fx
j
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Substituting these values, we have:

—80,000 x 10
= T X, =-0.196X
F=3700x 100 4 A
where:
Fao=0.5F,
Fr=0.5F,
Thus:
T
7 =1-0.19X, (20.98)
0

Replacing this variable into rate constant equation:

k:exp<34.34 _ 3l >

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

v 1+ eaXa) dX
=2 —Cu M (20.100)

Vo 0 kC}w (1 — XA)
Replacing equation 20.99 in 20.100 we obtain:

b (1 + eaXa)? dX
Vzé’_O/ T eaka)” dXa . (20.101)
A0J exp (34.34 — ki) (1= X)

Thus, we need to calculate the concentration and flow.

pAo

Cao =222 =022
A0 RT
o= £A0 _ 454

A0
with:

EA= 0.5
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Substituting the values into Equation 20.101:

XA

V=2.06 x 102/ (1+eaXa)* dXs

exp (34.34 — ) (1 - X)?

Plotting the conversion versus volume, we have:

<+— Adiabatic > Isothermal ——p
200G | 1 400°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, 7 x Cyo getting X4 =0.7. In case of decreasing
the inlet temperature 200°C, T = 900K, 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(14+0.19 x0.8)=1267K
T =994°C

(e) Calculation of heat
0=3700(1267 — 1100) + 80,000 x 10 x 0.8 =6.17 x 10° +6.40 x 1073

0 =1.25 x 10° J/min

ER.27 The reaction A + B — Cis 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)=2x 1073 s7!
ky (373K)=2x 107 s7!
AH (298 K)4 = —40.000 J/mol
E;{ =100 kJ/mol
E; =150 kJ/mol
CPA =25 ]/(mol K)
CPB =25 ]/(mol K)
Cpc =40]J/(mol K)

Solution

(a) Mass balance

input — output + generation = accumulation (20.102)
dX
nA0=d—;‘=—rA x V (20.103)

The rate of system:
r=kiCy°Cy’° — krCe
But:

Ca = Caoll — X4)
CB = CBO(l — XA)Z CA()(M — XA) Where M=1.25
Cc = Cco + Ca0Xa

Therefore:

r="k1Caov/(1 — Xa)(m — X4) — k2CaoXa
and knowing that:

dXA _—TA XV_—TA

dt ~ na0 Cao
we have:
dXy
7 R1Caoy/(1 — Xa)(M — X4) — k2Ca0Xa (20.104)

But k is a function of T, which is a function of ¢. Thus:
ki =2.02 x 10'1¢~(100,000/8.314T) (20.105)

ks =3.05 x 1016~ (150,000/8.314T) (20.106)
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Adiabatic energy balance

input — output + generation = accumulation

d_T _ (_AHrlnAO dXA -1 + 40, OOOXA dXA (20.107)
dt Y micy  dt 25(1 — Xa) +25(1.25 — X4)40 dt
j

Solving the integral of the above equation:

T 40 x X
4 XA

L X A4 20.108
To (1.25 — X4) ( )

Rearranging the equations and substituting them into Equation 20.104, we get:

dX
_th =2.02 x 10"1e 100000783141 o /(1 — X4) (1.25 — X )

—3.05 x 1016~ (150,000/8.314T) . ¢ | (20.109)

(a) Calculating the equilibrium conversion when df—t" =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

(b) From Equation 20.109, we obtain the profiles concentration and temperature
conversion:

X
dth = 2.02 x 1011¢(100.000/8314T) /T3 N5 — X,,)

—3.05 x 1016,(150,000/8.314T) o X,
Rearranging the above equation with 20.107:

Xa(0)=0
T(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 A
0.15 A
0.10 A
0.05 A
0.00 . T T T T T T T 1
0 ! 2 8 4 5 6 9 10
b1 — Conversion x Time t(s)
Xa (O
T(K) 550 A
500 A
450 A
400 A
0 ! 2 3 4 5 6 9 10
t(s)
b2 — Temperature x Time
0.15 4 T
C (mol/dm?)
1 Cs(t)
0.10
oo
0.05 1
0.00 . . ; : . , , . . .
0 1 2 3 4 5 6 7 ] o
Ca (D), Cg (1), Cc (1) t(s)

b3 — Concentration x Time
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ER.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.

To= 75°C W,
T1;50"C T,=50°C T,=50°C
u
p
S N > L~ =/\./'\_/—\_/-
VR CAl CAl VR CAZ CAZ VR CAS
O O ©@)

Cer

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

CA01 =1 kmol/m3
U=1500]/m? s°C

k=4 x 1073 s~ (first-order)

AHg (A)=1.5 x 10% J/kmol

Solution
— Calculating the volume of the reactors:
— 3° reactor:
1
1- X)) = ——
U= Xan) = T xmy
1
(1-0.95) =

(1+17xk)3
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TM=U=T1T3=T
71=428.61s

— Conversions from each reactor:
— 2° reactor:

Xa2=0.8643
— 1° reactor:
Xs1=0.6316

— Flow

Fr=FaoXa

0.95 x 1073 =Fy4o - x0.95
Fao= 1073 kmol/s

Since FAO = CAQUO

vo=10"3m3/s=10L/s
V=428.61 x103m?>=428L

— Area of heat exchange
Energy balance:

1° reactor:
FaoX AH —
0= A= 4 Fagy(T = To)M
O1=-104.74K]/s

2° reactor:

0, = —34.905k]/s

3° reactor:
Q3 =-12.855Kk]/s
O=UA(T - Ty)
A] =1.39 m2
Ay =0.47 m?
A3 =0.172 m?

ER.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?
Heat reaction: —250 J/g
MW 4: 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/smolK;
V=200dm3; ky =1.1min"! (313K); ky = 3.4min"! (323K); T, =273K; C, =

2]J/(gK).
Cao=2 (mol/g) x 90 (g/mol) =180 g/dm?>
7=V /vy =200 (dm?)/500 (dm>/min) = 0.4 min
From k=kg x exp(—E/RT), we have:
In(ky/ky) = (E/8.31) x (1/323) — (1/313) —
Thus:

E=94,829]/(mol K)
— ko =7.49 x 1015

For T=358K: k=107.5 min~"
(b)  For an irreversible reaction, the rate will be:

—rA= kCA
From the CSTR equation:

o Cao—Ca
(—=74)

and substituting Equation 20.110 into Equation 20.111:

Ca=Cao +kt

(20.110)

(20.111)

(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:

> Fiy (T = To) + AH; FaoXa = Qeyiernal (20.113)
j

Thus:

1 QO=UA(T.—T)=120 (J/smolK)) x 60 (s/min) xA (273 —358)=7200A
(273 —-358)=6.12 x 10°x A

2 FCyi (T —Tip)=90,000 x 2 x (358 —313)=8.1 x 106°.

3 (=AHg) (r4)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:
FpoXa=—-1r4V; but — TA Zko X exp( — E/RT) x Cya
Since C, is independent of temperature (for this case):
Thus, ( — 74)V(AHR) = FaoC, + UAT
Differentiating with respect to T, we have:

E x AH,(—7,)

= =UA (20.114)

Dividing Equation 20.114 by Equation 20.115, we get:

RT2 _ FA()CP
E  UA

+(T-T,) (20.115)

To an uncontrolled situation:
RT2 FA()Cp
—_— >

E UA
We obtain A < 0.34 m?
That is, the minimum heat exchange area is 0.34 m?.

+(T = Ty) (20.116)

ER.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 m?/kmol) at 200°C. The heat of the reaction at 200°C is =15 kJ/mol
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and the heat capacities of both compounds are equal to 42 J/(mol.K). The rate constant
is given by:

k=110 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 %Isothermalgp

‘ t 400°C limit
200°C | 400°c D=5em
l ¢ (80% conversion)
[
Solution:

P=202.6kPa=2.02 atm
Fao =600 mol/s

v, =0.056 m3/kmol
T=473K

AHR 500-c) = =15 k]J/mol = Cpy = Cpp =42 J(/mol K)
(—74) =kCao(1 — Xa) (20.117)
k=11040.8 (T —473) k=[ks']; T=I[K]
_ —AH,Fp Xa

T—Ty= A (20.118)
>_Ficy
i
Substituting Equation 20.118 into Equation 20.117:
Then,
T —Ty= —AH,FpoXa _
Faol(1 — Xa) + Xal x ¢,
Therefore,
15,000 X,
200= ——=
42
X4=0.56
T=To(1 + BX4) (20.119)

T=473(1+ 0.76X,)
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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,
TPER — — —
PER = 0o [110 + 0.8 (359.4 x X)](1 — X,)

0

Thus t=3.6s

1
T=——>V)= VFAO =0.056 x 600
Vo

vo=33.6 x 1073 mol/s
V=3.6x336x103

V =121 L — adiabatic volume

To find the volume in isothermal tubular reactor (400°C):

v dxa
TR0 :/ k(1 —X4)
0

where:
k=270ks™!
Thus:
7=209s
V =97.4L — isothermal volume
Total volume is:
Vi=Vai + Visor
V,=218.4L
L=1113m

Calculating the rate of heat transfer (isothermal): (T, = T; =673 K)
Substituting in Q:

0O =(—-15,000 x 600 x (0.8 —0.56))

0=2.16 x10°]/s
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ER.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
CA() =1 mol/L
Fao =5 mol/s
AHg=-231-0.012(T — 298) kJ/mol
EPA = EPR =0.122 k]/(molk)
k=1.48 x 10 exp(—19124/T) L/mol s
To=675K
T,=700K
U x A=5k]/sdm?/K

Solution
A— R

From PFR, we have:

dXA _ —7A

dv - Fao
The unit of k indicates a second-order reaction, so the rate will be:
—rA = kCi

where CA = CAo(l — XA)
Energy balance:

dT U xA(T =To) + (=ra) (—AH,)
dav 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.



530 Chemical reaction engineering
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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.

ER.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; K4g=0.011/h; C.o=1; M=0.031/h; Y.s=0.08;

Cs0 =250; tmax=0.331/h; Y, =0.45; n=0.52; K, =1.7g/L;

Batich reactor:
Rate equation:

B L Cp\" GG
T¢ = Mmax Cp* K.+ C.
ra=Kg - C,
7smc=M'Cc

1

—Is)— e MCc
(—rs)=71g ch+
p="Ypc Tg

Mass balance
Cells:

d
dt

Co=rg—r4
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Substrate:
% s = ;_g — Vsmc
[
Product:
d
i Cp="Ype - 7¢

Combining equations we get:

d _ Cp(t)\" Cc(t)- Cy(z)

%Cc(t)—ﬂmax . (1 - CP* ) : K. + Cs(t) - K- Cc(t)

d -1 Cp(t)\" Cc(t) - Cs(2)
ECS(”_%'“W‘<1_ Cp*) Kt Cs) MG

Cp(t))" Cc(t) - Cs(t)]

d
—CP(t) = YPC I:,umax : (1 - Cp* ) Ks + Cs(t)

dt

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 /

. e

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

C
Cs S

200

Figure 20.21 Cy(g/L) x t (h).
Concentration of the cells (g/L) with time (h)

20
Cc

Cc

15

10

Figure 20.22 C.(g/L) x t (h).
Rate of cell growth (g/L) with time (h)

Rxg

Figure 20.23 R.(g/L) x t (h).
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ER.33 The glycerol is made from grains using specific cells, substrate, and products.

M:MOM[ES][SJ <1 _ [P] ) % e_KPE[P] (20.120)
K [S] [P*]
s+ [S]+ ——
K

The rate equation for the substrate and cell are presented below.

/"l’ = /‘Lm 2
[S]

kS + [S] + K_SE

dcC

v u[C]

d[P

W @+ pic)

dis] 1 d[P]

dt Y. dt

[SI[C]

Caleera TRl

[P1\"
i=11-
k=1 iry)

where:

Ks=0.018 mg/mL
Ksg=11.84 mg/mL
Kpg =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 =50 mg/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.

—7’NO:]Q,CNO (20.121)
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where:
k' =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 1078 m?/s

Dap=2.0 x 10~ m?/s

v=1.53 x 1078 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 — Cap
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

I i (20.122)

We can make the above equation based on the mass of the solid w, as follows:

dCy Q.k.S,.Ca
= 20.12

dw U (20.123)

where:

Q=— 1T (20.124)
(1+ 2

Thus, we integrate Equation 20.123 to find the mass equation.

W=|-—2In(1-Xy) (20.125)

T QkS, 4 '
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Thiele modulus and effectiveness factor:
From the definition of Thiele modulus (¢1):

k'S
®, =R D—gp” (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 (pg), the following relationship can be used:

pg=pp(l —ep)
Thus, from Equation 20.126, we solve:
b1 =149

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, n:

3(®ycothd; — 1)

n= (20.127)
o
which is:
3
1=, 149 0
(b)  To find the mass, we need to calculate the coefficient of mass transfer:
1- D
Kk =d=Da o (20.128)
&p
Sherwood number:
Sh=Re'/*Sc!/3 (20.129)

where:
Re =Reynolds number
Sc¢ = Schmidt number.

We calculate the cross-sectional area of the fixed bed (d; =2"):

2
A = % —=2.03 x 10732

Thus:

"= % —4.93 x 10%m/s

S
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Reynolds number:

.d
Re=——% __386.7
(1 —¢&)
Schmidt number:
v
Sc=——=0.765
Dag

Therefore, we have the Sherwood number:
Sh=Re'/?Sc'? =18

Now, we are able to calculate the mass transfer coefficient (k.):

(1 —¢&p)Dap
&p

K.= x Sh=6.0 x 107°

Calculation of the external area per unit volume of reactor (a.):

1_
ao= =8 00,2 13

dp
Calculating the overall effectiveness factor (£2):
Q2=0.063m

Calculation of mass for 99.8% conversion:

W=421g

ER.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).
0O,(g) + CH3CH,OH — CH3COOH + H,0
The reaction rate is given by:
—rp=k'Cy, (20.130)

Determine the conversion of ethanol in this process.

Data:
k'=1.77 x 107> m3/(kg s)
Dp=10"*m,

Ps=1800kg/m?,
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D, =4.16 x 1071°m?%/s

Mass transfer:
to Oz

Kac=4x10"*m/s to O,
Reactor:

Volume = 5.0 m(height) - 0.1 7> (cross section)
Volume fraction: f, =0.05;,=0.75;f,=0.2

Feed:

v, =0.01 m?3/s; Hy = 86,000 Pa m?/mol (Henry constant)
v; =2 x 10~*m3/s; Cpp =400 mol/m3

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= 7= 11.77 mol jm?

Therefore, by comparing the concentrations of A and B, there is an excess of B
(Cg =400 mol/m?).
Calculating a. (spheres):

6
_Ofs =1.2 x 10*m?

3
ac= dp cat/m

3,3
KCaC=4.8mh.q/mmt

Thiele modulus:

1)k p,C' Y
<1>1=L><\/("Jr )ZDP” b _0.145

where (spheres)

d
L:szlﬁx 103
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Calculating the effectiveness factor (g):
3
=—=20.
n > 0.6

For the first-order reaction, # =1, we have:
—y =k, Ca (20.131)

where:

1 1
=— : : : (20.132)

1
— + + +
k;p kAga,- kaa;  kaca. K x nPpEY

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:

rz_#ln(l—XA) (20.133)
K,

where X, is the ethanol conversion. But we know that: 7= 3s
and substituting it into Equation 20.133:

1—Xa=etwt=¢01025=0.60
Therefore:

X4=0.40
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ER.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(mol/h cm3) 0.22 0.70 1.60 2.40

Data:
P =2g/cm3,Sg =20m?/g, D, =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 =k Cags

The observed rate is:

Tops =1 % (—=7Y) (20.134)
where
3
= — 20.1
=3 (20.139)

KCl S,

®; =R D, (20.136)
Substituting Equation 20.135 into Equation 20.136:
3 D,

i 20.137
=2\ % Ser ( )
Substituting Equation 20.137 into Equation 20.134:

3 12 | D,
== (K — (20.138)
b R ( ) Sgpp

The calculated values are shown in the table and Figure 20.24.
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187 y = 0.0187x + 0.1267
164 R® = 0.9906
1.4
1.24
1] l-
& 0.8
[ ]
0.6
0.4
0.2 A o
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1/R
Figure 20.24 Rate versus radius.
Diameter Radius IR i (mollh cm?)
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 24

From Figure 20.24, we found a slope of 0.0187. Thus:

D,

0.0187 =
Sepp

3 A2
z )

Cas =2 x 10™*mol /cm®

Substituting the values, we get:
k=0.11 (cm?/mol s)? (20.139)
For spherical particles and first-order reaction:

n=1

CAS
D, <09 ————
= (Rzrobspp )

— Assuming a second-order reaction and irreversible:

=1, =kC3 1 (20.140)

obs
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From Thiele modulus:

kCYYS, pp

®=R 20.141
D, (20.141)
And n =2, we obtain the following equation:
k'C,.S
d—R AsOgPp (20.142)
D,
Thus, effectiveness factor will be:
3
_3 20.143
=3 ( )
Rearranging the above equations, we find:
kD,
7 =3 (Ca)? |22 (20.144)
SePp

As the slope is equal to 0.0187, thus:

Sgp
=2203 ( =2
k 03( )

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 24
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Figure 20.25 Rate versus |/d,.

From Figure 20.25, v/, =2.4:

abs

1/d, r (mollh cm®) N

4 0.22 0.092
13.33 0.7 0.29
40 1.6 0.67
133.33 2.4 |

ER.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?) based on the mass of catalyst (g/dm?®) and the reaction rate
(mol/(dm?x min)).

Particle SI(—r.) (min) IIm (dm?/g)
A 4.2 0.01
A 7.5 0.02
B 1.5 0.01
B 25 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?, 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) =R, (solid) =

where:
R, (bubble): transfer rate from the bubble
R A (surface): transfer rate of catalyst
R, (solid): reaction rate in the catalyst

Thus:
s _(1 +1<1 +1>>
(—r))  \kpay m\kea, kn

=g : resistance to gas absorption
bab

: transport resistance to the surface of the particle

keac

7, = : Diffusion resistance and reaction

1
kn
We consider the H, concentration equal to solubility. Figure 20.26 shows S/~
versus 1/m for the particles A and B:

S 1
=rp+ —Te
(—=7i) m

where 7., =7, + 71,
Particle A:

rp, =0.9min

g

o =300———
£ dm? min

Particle B:

rp,=1.0min

g

—50-—8
Ter dm? min
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A
S/-r_ (min)

6 -
4

B
2
0 T T T 1
0.00 0.01 0.02 0.03 0.04

1/m (dm?3/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 (7.) negligible:

Particle A:
= =330
" kna =M =330 %k
Particle B:

1 1
== 50 =
s BT S0 %k

And by comparison:

% _66
NA

NA <1B
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For the concentration of catalyst 50 g/dm? (particle A):

1 3
1 _omdm
m g

From the above figure, we get:
S
(—7i)
Remembering that for the particle A, 7, =0.9 min, and the total resistance, r7 =
S/—?’L
% of rp, in the total resistance r=g5= 15
% diffusion resistance % =88

=75

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

=002 5

m g (=73

and 7, = 1.0 min

:rtz

Diffusion resistance:r — 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

(=7i) _ s _ PP
3 _50:>(_ri)_2xrb_2m1n
(=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—%5 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:

(—ra) mol/(L's) 0.010 0.005 0.002 0.001
X, 0 02 0.4 0.6

Calculate the volume of a PFR with a conversion of 30% A at an input stream at
2 m3/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:

Constant volume
Liquid phase
Vapor phase

Consider the following reaction AL 38, whose rate is (—74) = 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.

S
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]/mol
Ep propylene = 45(]/11101 x K)
Ep water — 23(J/m01 X K)
Ep glycol = 59(J/m01 x K)

Data:

Adiabatic

A 4

Isothermal

EPS5 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:
AL

k
A=

2R
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, =0.012s7!,

EP.7 An irreversible reaction A—*s 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 kJ/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 04 0.6 088 153 16 266 422 454
X 0.14 02 025 0286 0352 0./4 0196 0235 0271
P (atm) 3 3 3 3 3 4 4 4 4
WIF (kgh/kmol) 0.2 04 0.6 088 16 02 0.4 0.6 0.88
X 032 0112 0163 0194 02/4 0254 0. 0.148 0.175
P (atm) 4 7 7 7 7 7 10 10 10
WIF (kgh/kmol) 1.6 02 0.4 0.6 088 16 02 0.4 0.6

X 0.188 0229

P (atm) 10 10

WIF (kgh/kmol) 088 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 m3/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).

—
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—X5 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; = 3F,,
demonstrate how the conversion varies with the inlet temperature.

Data:
CA() =1 mol/L
Fap=35mol/s
UA =5 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 kJ/(mol K)
Reaction rate constant: k =1.48 x 10" exp(19,124/T) L/(mol s)
Inlet temperature: 675 K
Outlet temperature: 700K

EP.11 The reaction 24— R occurs in gas phase, where:

E 1 1
k= 10.33 CXP[—E <m — T>i|sl

The heat of the system obeys the following relationship:

U
~2 _0.8)/skgK
P

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\1
ks =0.01 exp[7000 (m - T):|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 + HO<«—CO + 3H,
2 Shift reaction:

CO +H,0+—CO;, +Hy
3 Reverse reaction:

CO; + 3H,«—CH4 + H,O

The rate expressions are known:

_ ke piy, - Pco )
r= PTHf (PCH4 - PH0 — K /(DEN)
k Py, P
"= —2<Pco  PH0 — HZ_COZ) /(DEN)?
Py, K
k Piy, - P
r=—% (PCH4 Do — H—“’) /(DEN)?
Pii, 3
with

DEN = (1 + Kcopco + Ku, pn, + Ken,pen, + KHZOPPHZO>
Hy

The rate and equilibrium constant can be obtained as a function of the reference
temperature (T,):

E (1 1
k,‘ Zki’Tr exp[—i (T — T>i|s_1

AH; (1 1
KjZKj,Tr eXp|:——RI (T - ?)i|
r

where:
i=reactions 1, 2, 3
i: CO’ HZ) CH4) HZO
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The data in the table below were obtained by Xu and Froment.® (FONTE)

Reaction ki (T, = 648K) E; (kJ/imol) AH; (kJ/mol) at 948 K AH; (kJ/mol) at 298 K

| 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 40.91 ~70.65 648
H, 0.0296 -82.90 648
CH, 0.1791 -38.28 823
H,O 0.4152 88.68 823

[Kctis] = [kco] = [km2] = bar ™! and [Kipno] = 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.
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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
i | | 4
00 \ ‘
., ] .
00
.. . . . []
00 o) . 0 ‘. Solid
. L] O . °
0 ‘. . .’ .
Fd- .o ‘e 0
- .: oo .. 0
soiid (@ -, e ' -
Gas Gas Gas‘ Gas/Liquid
Gas
Liquid

Figure 21.] 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 (C; — Cy) (21.2)

where:

C; = concentration of A in the gas—liquid interface (mol/cm?)

Cy, = 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:
Ra = 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

(—=74) = (=74) x 1 (21.4)

where:
n = effectiveness factor
(—7,;) = intrinsic rate on the surface.

The rate per unit volume is:

Ra=m-n(—7),) (21.5)
Considering an irreversible first-order reaction on the pores’ surface, one obtain:
(—7as) =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(quuid) = 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:

.
k—A =(Ci— Cy)
bab
Ra
klalm
Ry
mn -

<1 +1<1 n 1>>_Ci
kya, m \ka k'"n _RA

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 @). 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 Ry
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).

=G, -Gy ¢t

(21.7)
Cs

. e
4 —
C. . ~ do
_ Re C .

v . \

R o \

A 7 ’ -
/,/ ,/ L d b ‘

4 .,

Pore diffusion resistance

- i and reaction
ka Ky

Resistance to mass transfer in the liquid phase
up to surface

EETT TS RN

1 Fmmem e e e a
a 7 Resistance to mass transfer in the gas phase
b
1
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
Ry (kldl k”n) 218
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,

_ fudp

Sh 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

(e

Then,

Rl=<kfi/n>%d" (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

F'2r
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 = 10719 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

Ra :klaIS(Cb — CS) (mol/Ls)

To calculate the mass transfer coefficient, we compute the Sherwood number from
Re and Sc.

Sh=2+ 0.6Re’3Sc!/3 (21.10)
dwu 1x1072x0.1
Reg=—"-—_—""" 2" _2000
a=- 0.5 x 10-6
v 0.5 x 10~
= =" " 5000
= .= Tx10®

Sh=2+40.6Re’® - Sc'/3=2.0 + 0.6 - /2000 - 500033 = 460

_ (klal)dp _
Sh= D, ~ 460

Then,

D
(kjay) = 460d— =4.6 x 107°(L/Ls)
p

The rate of reaction is:

Ry =kjaj x Sg(Cp -Cs) =4.6 x 107 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

Rej= — = =1000
4= 0.5 x 10-6
(kia1) dy
Sh= =325
D.

(kja;)=6.5 x 107° (m/s)

Ri=5.85x 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(—rs) (min) (l/m) (Lig)

G 42 0.01
G 7.5 0.02
G 1.5 0.01
C4 2.5 0.03
Cs 3.0 0.04

where:
S is the solubility of H, in liquid (mol/L)
(—74) 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
— =4+ =)= (21.11)
(kbab m (klﬂl k”n)) (—7a)

And defining,

1

= —
*~ Rpap
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is the resistance to absorption in the gaseous phase;

is the specific resistance to diffusion in the pores of the particle.
Ne=n-+r

Tep =Te + 1, it is specific resistance combined from internal and external diffusion:
From Equation 21.11, we plot

S

(=74)

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 7 will be:

r,  Linear coeficient

P 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 (). 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 (C3, C4, 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 C;, 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 C;:

Ty 0.9 -3
22 2272%10
rep 330 x

(b)  For the group Cs, Cy4, and Cs:

71050107
Vep 50

It is concluded that the resistance to diffusion and reaction to both sets are much

greater than the resistance to absorption.
Since,

Thus, 7;, increases for decreasing a,.
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E21.3 The hydrogenation of a diol is performed in a slurry bed reactor by adding
0.500 g 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; =0.005 cm/s, D, = 10~ cm?/s, Sg=25 m?/g

Solution
Calculate the area of the particles

area 6 6
= = = =400 cm?
U= ass dppp  0,01.1.5 cm”/g

Then,
ki -a;.=0.005 x 400 =2.0(cm?/g - 5)

Using equation 18.24 we calculate the effectivess factor:

6 [ D. 6 10-5
=2 = —0.447
"= % T d,\ k'Seps 0,01\/4.8 x 1075 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:

(e (v ))-E
kbab m klal k”ﬂ B RA

And substituting the values into the above equation, we obtain:

L 1L 1T\ G
03 m\2.0  536/)) Ry

Thus,

(3.3 + l X 0.68) = &
m R
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For the mass of 0.5 g, we get:
a=3.3
b=0.68s

Therefore,

g =4.66
Ra

And

. C; 0.01
Ra= 766 = 766 =2.14. 1073(mol/cm3 - 8)

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?3/kmol)
Liquid concentration = 1000 kmol/m?3

H, + CH; — CO — CH3; — CH; — CHOH — CHj;
(A+B—R)
(=r))=rp= k”c&j (kmol/(kgs))

where:

. m3\ [ kmol\"?
v (5) (5)

Diffusion coefficients:

D,=8-10"19%2/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:

Pa 1 ;
=—=——=2.7(kmol
CA(HZ) HA 037 7 ( mol/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
1 1 1 1
(mw(mw—'n))

The continuous stirred-tank reactor (CSTR) reactor is used to calculate the volume of
the reactor. Thus,

D/
R} =

T= CAQ.—
A

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" pC 1 10 x 0.6 x (2.7)70S
®,=R S PSEA 10* —33.
,/ D, 5% o\/ T 1010 33.7
2 \'* 3 2 3
= == x ——=0.102
1 (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%3S8c1/3

Re =Reynolds number
Sc = Schmidt number.
But,

0.01
= = 1
o1 m/s

u =

SRS
2|

where:
u; = superficial velocity
g1 = flow of the liquid phase (m?/s).
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Thus,

du 5x107*x1.0
Rey=2-_—_—2-"" = " _10°
4= 0.5 x 109 0

v 0.5x1078

5= . = g x 10-10

=6.25

Sh=0.6Re’>Sc'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 @; = 1000 m?/kg:
Thus,
kiay=5.54 x 10 1(m’/kgm?s)
It is assumed that the mass transfer in the gas phase is negligible,

kpay, = large value

Thus, we calculate the overall reaction rate,

D/
R =

and,

1 1 1 1 1 1 1 2.77
——+—))=— =—(1.840.98)=——
(m </e1a1 + /e”n)) m (5.54 x 10-1 + 10 x 0.102) m (1.8 + ) m

For CSTR reactor,

X
T= CA().—A
Ry

The total flow is g =g; + gz =0.05m3/s
For the volume, V,=A.»=0.01.5=0.05 m? One obtain the space time as t=15s
with X4 = 0.5
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We get,
X4 2.7x0.5
‘ ARy T 2.77/m o
Therefore,

m=20.3kgm=2.0Kg




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)) =kCyu

The ratios of rates for different conditions and for the same reaction order (first
order) is:
rate/volume:

rV =(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 SN

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=+"W=¢S=r"Vg
kV = k"W =k'S=k" Vg
s =L/gs! =L/m?s!'=L/m} s

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.:

Pe= @ and Re= delt

&D

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

Radial
gas

Figure 22.2 Radial and axial dispersion in liquids and gases (Adapted from Levenspiel (2001)).
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where:

—_ dt
 3/2(dyya,)(1-6) + 1

d. (22.1)

ep = dispersion due to diffusion
& =bed porosity
d; and dj, = 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:

9 (10— 30) (22.2)
dp

By the correlation:

-1

2
Per=|19.4 <ﬁ> (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:

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:

5 > 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
W46 _ o dCa (22.5)
dz dz?

where 7 is reaction rate (mol 1! s7!) while &7 is axial dispersion.

For s > 50

one can neglect the axial dispersion. Therefore, considering an ideal PFR reactor:

LS . (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 / (mol mass™ h™') or 7 (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 fusng
- _2E (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—¢)'?
g3

f=6.8 Re™ 02 (22.8)

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

. kq .
resulting rate for A—=—R is:
k_q

T:kch - k,1CR (229)

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:

X
r=k1cA0[1 _ —A} (22.10)
Xae

X4, is the equilibrium conversion. As initial guess, we started with the pure reagent,
X, 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):

ki Xae
k.1 1—Xge

K= (22.11)
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From the mass balance for this system, we have:

ud& =r (22.12)
dz

We can also represent the previous equation in dimensionless form:

X4 _kL (1 _ ﬁ) (22.13)
8$ ux XAe

whose dimensionless variables are:
z u

E=— and wux=—

L u

# is the average superficial velocity.
With the following boundary conditions:

£=0 Xu=0
Using these boundary conditions and integrating Equation 22.13, one obtains:

Xa

T =/ ﬁ (22.14)
0

T Xae
Remembering that:

L v .
T=-—=—(min)
4u Vo
The rate constant forward (k) 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=koe ERT) —p, e~ W/(T/To)) (22.15)
where:
E
y= R_To (22.16)

is the Arrhenius’ parameter.
The energy balance for an adiabatic reactor is:

,()Cpﬁil—z = (—AHR) r (2217)

From the condition z =0, the inlet temperature is Tj.
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Equation 22.17 can be rearranged to dimensionless form, then integrating it
between Ty and T, we get (see Equation 14.83):

T _
~ =1+ BXq4 (22.18)
To
where:
—  (=AHR).Cao
S S LA 22.19
B > Cp-To ( )

is the energy’s parameter.

Thus, it is concluded that the solution depends on the parameters g 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 8 on the conversion as a function of temperature (Adapted
from Froment and Bischoff (1979)).

Xae 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  Tmaximum

T

Figure 22.3d Different solutions conversions and temperatures for the adiabatic reactor (Adapted
from Coulson and Richardson (1971)).
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-
TO Tl TlO T2 T20 2
B N C D N E »
xAl XA2 XA3
A /
POy D
X, fareers
Exothermic
XAl /
fs Am=cte  Fmaximum
Solutions
T

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 j (Figure 22.4). At the intersection
of straight line (Equation 22.18) and the curve ry, we can reach “B,” temperature T
and conversion X 41. At the exit of the first reactor, cooling the mixture to a temperature
smaller Typin C. Assuming the same rate 8 and with the intersection of the line and
the curve r;, 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.]J. Thomas, the production of
SO;3 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 (keallkg®C) MW
SO, 0.190 80
SO; 0.226 64
O, 0.246 32
N, 0.240 28

Solution
Average molecular weight:

M=0.07 x 64+0.11 x 32+ 0.01 x 80+ 0.81 x 28 =31.48

Average specific heat:

Cp =0.07 x 0.190 + 0.11 x 0.246 4+ 0.01 x 0.240 + 0.81 x 0.226
= 0.239 kecal/kg

Initial concentration:

yao P

RT = 0.00126 kmol/m?

Cao=

Density:

PM 3
P=RT 0.570kg/m

Parameter:

_ —AHRrCgap

= =0.537
P=—sct,
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Therefore, the temperature varies linearly with conversion:

T
T—Zl 4+ BXa=14+0.537X,
0

For X4 =0, we have Ty =400°C.
The rate is known and it obeys the Langmuir-Hinshelwood equation:

Pso,
k1P,Pso, (1 ~ Koo,
2

Y=
22 x 4 (1 + K3Pso, + K3P503)

where:
k1 —exp(12,160-5,473/T)
K, =exp(—9,953 + 86,191/T)
K; =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
W =ya0 F; —A=O.O7x0.170x60/ A
r r
0 0
0.78 ix
W =0.714 A
) f(Xa)

By calculating the rates, we present the results in the table below:

T¢Q) X r(kmol kg~ h~") D)
400 0 0.005 200
423 0.1 0.0075 133
435 0.16 0.0l 100
450 0.24 0015 66
465 03 0.02 50
500 0.45 0.03 33
545 0.65 0.03 33
560 0.73 0.02 50
565 0.76 0015 66
570 0.79 0.005 200

From this table, we obtain Figure 22.5.
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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 = Lnt(1 — eme)(ps — p) (22.20)

where:
Lt =bed height at minimum fluidization
emf =void fraction of the bed at minimum fluidization
0s =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, u, (7). There are other empirical correlations for these
velocities (Kunii and Levenspiel, 1991).

d1-82 (p,— )04

_ -13°p
= 1118 x 107 5 rr—

(22.21)

where:
d, =particle diameter (pm)
w =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 (ps — p)
Uy = 3,0—CD (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:
d
Re= 2P (22.23)
7

To obtain a proper fluidization, the actual fluid velocity, #g, 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,/uy 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.

e 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
fony d;“’ + ki (Cap — Cae) + 7' pfy =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
¥’ =reaction rate (mol/gs)

p =gas density (g/cm?).

Emulsion phase (gas + particles)

dCe dcz
feue? + kl(CAb_CAC)_fCDC d22

$ 47 pell — fi) =0 (22.25)

where:
¢, =gas fraction in the emulsion
f. =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:

1sCa = forty,Cap, + fetteCae (22.26)

This system of equations can be solved from the following boundary conditions.

For gas phase: z=0— Cy, = Cjyo (22.27)
dCe
For emulsion phase: — D, dA =u(Cao — Cae)
v

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,
0s, must be equal to density of the emulsion phase, p.. This volume was determined
empirically by Patridge and Rowe (1965) as follows:

Vi 117
o 22.28
V. 017+« ( )
and
b
= 22.29
P =T f) (22.29)
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:

172 41/4
U D. 'dt
hpo=4.5 x 2 4 585 (5—> (22.30)
C /4
dy, d,
b 12
ke =6.78 (M> (22.31)
d3
b

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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Xa
PFRideal
D,=0
k= O
CSTRideal D.=0O,k;?
k,O# ,D;=0

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:

Ug

>6to 1.1

Umf

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 CA},:CA
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Figure 22.9 Conversion along the reactor considering a first-order reaction.

where the constant k, is given by:

Ki=k| p+ T (22.33)
Foe T P E—

1
I S
(kce)b e (1;;1))

% =ratio between the volume of the bubble at the interface and the volume of

the cloud is determined empirically, according to the equation below:

Vi 1.17
= 22.34
Vo 0174« ( )
0
= 22.
Pe= 1 7 (22.35)
Solving Equation 22.33 for a first-order reaction, we obtain:
C K.L
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 1t 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 — ¢ =10.24

Average particle diameter — d, = 51 um

Solid density — p, =2500 kg/m?

Minimum fluidization velocity — u,,r =7.2m/h
Porosity at minimum fluidization — ¢, =0.6
Bubble diameter — d;, =0.1m

Outer diameter of reactor — d,,; =0.14m
Superficial velocity — u, = 1800 m/h

Gas density — p, = 1.0 kg /m?

Effective diffusion coefficient — D, = 0.14 m? /b
Gas dynamic viscosity — x g =0.144 kg/(m.h)
Void fraction of gas at minimum fluidization — g, =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:

Go 40,400 x 106

0= X, WM ~ 8000 x 0.78 x 53 20 Kmel/
Considering the gas void fraction — Fgo = &ZT% =500 kmol/h

But, under normal conditions, the volumetric flow is:

1kmol - 22.4 m3
500 > x — vy =11,200m3/h

The superficial velocity of the bubble can be calculated by determining the relative
velocity of a bubble from the following equation:

iy, =0.711/g - dy = 0.7115/1.27 x 10° x 0.1 =2534m/h
and

g=9.8m/s? x 36002 =1.27 x 108 m/h*
where:

Uy =ty — thyng + 1y, = 1800 — 7.2 + 2534 =4326 m/h
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Thus:
ot DL2 g1/ 2
kne = 4.5 x == + 585 | ——s7— (22.37)
b db
kp. =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):

Emf - De - uy,

1/2
=4.087 x 103
dy )

kee=16.78 (

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:
e =ps(1 — ) =2500(1 — 0.6) = 1000 kg/m’
Fraction of the bed occupied by bubbles:

us —uye 1800 —7.2
= = —0.414
fo uy 4326

Bubble density in the emulsion:

1 _
Phe = pe(f—’(b) =1420kg/m’
b

Interfacial volume emulsion/gas (Equation 22.28):

Vi, 117
Ve 017+«
where:
4326
a= g = 2222 =360
Emf 0.6

Therefore, we get:

\'A 1.17 3
e.— =1 ——=3.26k
0 Vi 000 360 3.26kg/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 — ei)(1 = :

yy = LR 015,017 (22.39)
fo "y

Py = ¥o0 = 0.01 x 2500 =25 kg/m} (22.40)

Now, calculate the coefficient K, from Equation 22.33:

Kr:k Py + % 1

Ve

k,=1.082 x 103

However, the desired conversion is 78 %. Thus:

Thus,

Ca_om
A0

Finally, for determining the length of the fluidized bed, we use Equation 22.37:

Cy ( K, - L)
—— —=eX —
Cao P uy,

But,

K L
exp (— i ) =0.22

Finally,
L=1.51x%x4326/1082=6.0m
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Chapter 23

Biomass—thermal and catalytic
processes

23.1 INTRODUCTION

Nowadays the conversion of biomass has great interest for the energy production
from renewable sources and formation of products with high added value. From the
perspective of power generation, the term biomass covers those derived from living
organisms used for fuel or also for their production. From the perspective of ecology,
the biomass is the total amount of living matter present in an ecosystem, in an animal
population or plant environment.

The biomass conversion processes are not new and they are basically composed
by pyrolysis processes and heat treatments, which depend on the type of organic load,
conditions of preparation, reaction, etc.

It can be stated that there are over 100 different types of biomass which were
tested in laboratories as well as pilot plant with capacity of 10-4000 kg/h throughout
the world (Orfao et al., 1999; Ralph et al., 2007). The origin of the biomass consists
mostly of agriculture wastes such as leaves, sugarcane, cashew nuts, and various types
of pine. These wastes can generate energy or bio-oil with high added value. However,
for each type of product desired, there is a particular process of biomass production
to be employed. The flowchart in Figure 23.1 shows the main processes of biomass,
according to Bridgwater (2011).

The basic question of processing biomass is what one wants to produce. In gasifica-
tion, for example, is obtained synthesis gas, particularly H, and CO, used in important
applications. For energy purposes, one can produce gasoline or diesel via Fischer—
Tropsch synthesis, or can produce H; for use in fuel cells through reforming process
or partial oxidation, or by shift reaction. Furthermore, hydrotreating processes are
recommended due to the presence of compounds with oxygen that can be processed
into chemical products with high added value through hydrodeoxygenation processes
and other catalytic processes.

Before defining a particular type of process, it is important to distinguish the dis-
tribution of the final products and their yield from the conversion of biomass. The
pyrolysis is a thermal decomposition process which occurs in the absence of oxygen
and, depending on the reaction conditions, it can produce 50-75 wt% of liquid prod-
ucts, 14-45% of vegetable carbon, and 14-45% of gas. On the other hand, the biomass
gasification produces a few liquid compounds and charcoal; however, it produces high
gas production, 85%, approximately. Therefore, the biomass pyrolysis is significant
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Figure 23.1 Thermal and biological processes for production of energy and chemicals (Adapted from
Bridgwater, 201 1).

i

for bio-oil production, whereas the gasification is important for the production of
combustible gases.

The fermentation processes have a particular interest for ethanol production, in
addition to microbiological processes; however, they are not discussed in this book.
In this chapter, we will discuss the thermal process and catalytic processes of second
generation applied to biomass.

23.2 CHEMICAL NATURE OF RAW MATERIAL FROM BIOMASS

Before detailing the pyrolysis processes and its reactors, it is necessary to specify the
origin, properties, and chemical compositions of the raw material, as well as products
from biomass. Several experimental studies have reported cases on the composition of
biomass. A review was quite extensive and recently studied by Vassilev et al. (2010).
Naturally, the composition of the vapors and gases produced depends on the character-
istics of the raw material, the pyrolysis process, and operating conditions. Therefore,
knowledge of the chemical nature is the first and essential step in this process.

Vegetative biomass is comprised primarily of cellulose, hemicellulose, and lignin
along with lesser amounts of extractives (e.g., tannins, fatty acids, oils, and resins),
moisture, and mineral matter (Orfao et al., 1999). Most of the results published in the
literature are based on lignin and cellulose (Naik et al., 2010).

The lignin biopolymer consists of a complex network of cross-linked aromatic
molecules, which serves to inhibit the absorption of water through cell walls. The
structure and chemical composition of lignin are determined by the type and age of
the plant from which the lignin is isolated (White et al., 2011).

The first step in converting biomass is very fast and its results indicate the presence
of unstable intermediates, which are difficult to quantify experimentally. The forma-
tion of these compounds occurs in a very short contact time and with a high rate of
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heat transfer in movement. This is possible to achieve in fast pyrolysis processes or
ablative pyrolysis. Antal et al. (1996) demonstrated that “pyrolysis of cellulose occurs
in a small temperature range and therefore is similar to the phenomenon of phase shift
and/or fusion.”

The conversion of biomass produces carbon, gases, and vapors in the first stage,
and then these products are transformed into other compounds, which depend on the
operating conditions. Some authors argue that intermediaries, called complex active,
are unstable and rapidly converted into vapors and gases. The lifetime of these inter-
mediate materials is less than 10 ms. Vapors intermediates are converted into gases
at elevated temperatures and, if rapidly quenched, form complex liquid (bio-oil). For
that, the contact time between the components must be less than 1.

The composition of the vapors is unknown and, usually, it is estimated by mass
spectrometry technique. There are different polymerized products which decompose
sequentially into trimers, dimers, and monomers in the liquid and gas phases. For
example, a study for determining the boiling point of monomers/dimers from pyrolysis
of lignin and cellulose based on empirical correlations of petroleum fractions was
conducted by Beckman et al. (1985).

The composition of complex liquids (bio-oil) contains oxygenates, nitrogen, and
sulfur compounds and when processed, that compounds can produce materials with
high added value. The hydrotreatment and, in particular, hydrodeoxygenation are used
in such cases; thus, it becomes necessary to identify the various products contained in
the liquid mixture from the pyrolysis. Usually, the bio-oil production via biomass fast
pyrolysis produces, approximately, 50% of oxygenated compounds, while the liquids
coming from liquefaction contain 25% of oxygenated compounds, approximately.

In pyrolysis of biomass, the majority of compounds present in the lignin and cellu-
lose are phenols and furans and lower amount of carboxylic acids, ketones, aldehydes,
and alcohols. Consequently, there are strong chemical bonds in the different com-
pounds to be broken during the process. For phenol, for instance, the bond strength
of the oxygen bonded to aromatic carbon is about 84 kJ/mol higher than that attached
to aliphatic carbon, resulting in increased difficulty of removing oxygen from phenol,
when compared to alcohol and aliphatic ethers.

23.3 BIOMASS PYROLYSIS

The decomposition of biomass can be classified in different ways and specific
conditions.

Fast pyrolysis: process of operation around 500°C, low residence times of gas/vapor
flow about 4 s. This favors the production of liquid (bio-oil) with high yield, about
75%. Furthermore, gases and vegetable carbon are formed, between 10-to 15%,
approximately.

Intermediate pyrolysis: no pretreatment of the feedstock is required, operation process
in the same temperature range of the fast pyrolysis, but with greater residence
times of flow of gas/vapor, about 10-40s, producing about 50 wt% liquid and
more gases and carbon.

Carbonization: operation at lower temperatures, about 400°C, but with much higher
residence times of gas/vapor flow, producing little amount of liquid and a lot of
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Figure 23.2 Pyrolysis process (Czermik and Bridgwater, 2004; Bridgwater, 201 1).

carbon and gases. Figure 23.2 shows the main characteristics of pyrolysis, and
reactors applied to each process.

In the fast pyrolysis processes, the temperature control and residence time are
important variables due to the formation of secondary reactions. High heating rates
and good heat transfer at the interface between the particles and gases/vapors are
necessary for the reaction to occur. The thermal conductivity of the materials is very
low, which requires very fine solid particles of about 4 mm. Besides, it is necessary to
remove quickly the carbon to avoid and/or minimize cracking, and cooling the vapor
to facilitate the formation of bio-oil.

Figure 23.3 shows a general scheme of the processes of biomass conversion. It
should be noted that the feed and separation processes are very specific and important
for separating the gases from very fine particulate materials, as well as the liquid. How-
ever, they will not be described here. The study of the reactors will be discussed later.

23.4 PYROLYSIS KINETICS

Pyrolysis of biomass is a typical gas—solid reaction in the absence of oxygen (anaero-
bic process) and with very low contact time of vapor. The solid material contained in
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Figure 23.3 Diagram of biomass conversion (Adapted of Czermik and Bridgwater, 2004).

the biomass contains hydrocarbons, oxygen, nitrogen, and sulfur compounds. These
materials at high temperatures and high rates of heat transfer are converted into gases
and vapors. The reaction is similar to model gas—solid reaction of the unreacted core in
layers “shrinking core,” as shown in Figure 23.4. It must grind the mass to sizes around
4 mm, and they must be dried before storage. The determination of the kinetics is usu-
ally conducted at a high precision thermobalance. About 50 mg is placed into a small
container of quartz. The gas or vapor is maintained at high flow rates (40°C/min),
increasing the temperature from 25°C to 800°C and measuring the weight loss with
increasing temperature.

Initially, the gas diffuses through the pores, the reaction occurs by decomposition
in gas—solid interface, and the products are spread by the ash or in unreacted solid to the
outer surface, as described in Chapter 10 (Figure 10.16), it is reproduced in Figure 23.4.

The following steps are observed from the figure:

(a) Diffusion of gas/vapor (g) through solid (pores).

(b) Decomposition of the bituminous material at the interface with the formation
of product gases and liquids.

(c) Diffusion of products.

Assuming the model of the unreacted core layer, as deduced in Chapter 10 (10.8),
we obtain:

dR _p Cou (23.1)

dt - (Mppe) (% - )
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Figure 23.4 Model gas—solid reaction.

where: o
R =radius interface

r= 0, R= R()
Cn2 = gas concentration
pp = density (g/cm*)
¢ =void fraction in bitumen
D = diffusion coefficient (cm*/s)
M = molecular weight of the bitumen (mol/g).
Integrating from ¢t =0 and R = Ry, we get:

(Mppe)R3 < R )2 ( R )3
t=——[1-3{— ) +2| = 23.2
6DC[N2]O Ry Ry ( )
The time required for decomposition is obtained for R = 0:

(Mpge)R§

total = ————— 23.3
total 6DC[N2]0 ( )

By defining, bitumen conversion is:

3
. (4/3aR} (R
X_l—m_l (Ro> (23.4)
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and replacing it into Equation 23.2, we get:

(Mpge)R3 )
=0 31 =X 4201 =X 23.5
6DCpuy, [ ( ) ( )] ( )

This is the general equation for the decomposition kinetics of biomass, which is
similar to the equation deduced in Chapter 10 (10.8 (2000).

Example

E23.1 Calculate the particle size necessary for the decomposition of cashew nuts by
observing the weight loss in function of the time at a constant temperature of 450°C.

Diffusion coefficient: D =0.1 cm?/s
Average molecular weight: M =100 g/gmol
Initial concentration of [N ]o = 0.4 mol/cm*
o =0.04 g/cm*

e=1.0

Data:

T (°C), 450t (ms) Weight Loss (mg)

0 50.0
4 49.74
6 4881
10 47.14
16 44.57
45 40.895
48 45.805
55 48.79
70 18.945
90 14.445
140 4.945

The conversion is defined by:

X=1-Y
Wo

Calculation of F(X) using Equation 23.4:
F(X)=[1-3(1 - X)*3+2(1-X)]

then:

t-6D ClNz]o

=FX 23.6
MpmeRr = FX) (23.6)
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Thus,
t(ms) X F(X)
0 0 |
4 0.0054 0.477
6 0.0448 0.04
10 0.0574 0.74
16 0.1086 4.698
45 0.1841 6.48
48 0.4849 14.14
55 0.4444 40.899
70 0.6415 44.17
90 0.7544 44.45
140 0.9411 55.55

Figure E23.1 shows the variation of F(X) versus time.

60

30 4 B=0451

F(X)

10+

T T T T T T T T T T T T T T
0 20 40 60 80 100 120 140

Time (ms)
Figure E23.1 F(X) x time (ms).
Therefore:

_ DCnyy

= ~=4.514 x 107" (23.7)
(Mpge)Rj

Therefore, from Equation 23.7, we get:

Rp=0.41cm=4.1mm



Biomass—thermal and catalytic processes 60l

In other words, this is the size of particles used in fluidized bed reactors in biomass
pyrolysis of cashew nuts.

23.5 BIOMASS REACTORS

The reactors used to convert biomass are simply the conventional reactors, and they
are very important in the biomass transformation process. Depending on the origin of
material and the desired product, one can obtain various geometrical configurations
of the reactor. The collection or separation is not less important and requires specific
equipments and special controls.

Despite the huge demand for biomass processes, its reactors do not present major
innovations and most of them are used in the oil and petrochemical processes. The
literature presents several systems, but most of them are fluidized beds, because they
satisfy some important requirements, such as, low residence times, high heat, and
mass transfer and, in particular, the large movement of solid particles in contact with
gases or vapors, which improves the decomposition reaction and fast evolution of
products (gases or vapors) in the reactor. This rapid evolution goes to phase separation
in cyclones and condensers. Cyclones and separation/cooling processes will not be
discussed here; they have been extensively reported in the literature (Lédé, 2000).

The main reactors used for pyrolysis and gasification are:

Fluidized bed;
Circulating fluid bed;
Sliding bed;

Spouted bed;

Rapid fixed-bed;
Microwave pyrolysis;
Hydropyrolysis.

A major problem in these systems is the fluid dynamics. The bubbling system
operates in two or more stages in countercurrent or concurrent movements. Usually,
it happens in both cases.

In the fluidized bed, there are two phases (gas/liquid and solid). The particles are
suspended by the gas bubbles and require a minimum speed of fluidization to keep
them in suspension. With increasing gas flow, there will be formation of large bubbles
and the solid particles are dragged, this affects the flow of gas and its contact with
the particles. The yield to liquid products is high, about 70-75%, depending on the
original material.

It is suggested to consult the other systems in the literature, as described in the
review of Bridgwater (2011).

23.5.1 Mass balance

Figure 23.6 shows a simplified system of fluid dynamics in bubble column bioreactors.
The equations for the fluidized bed have been presented in Chapter 22, assuming the
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Figure 23.6 Fluid dynamics of bubbles in bed reactors.

emulsion phase as determining in the two-phase system. The gas phase flows with high
speed and carrying small bubbles with particles in the suspension under a dense phase.
The decomposition reaction occurs at the interface solid/gas, in other words, in
the emulsion phase. Hence, we can neglect the mass transfer in the gas phase. Thus,
according to Equation 22.25:
Mass balance in the emulsion phase (gas + particles)

dChac dca
feued—zA + ki(Cab — Cae) — feDeﬁ +rape(1 = fp)=0 (23.8)
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where:

f, = bubbles fraction

fo = gas fraction in the emulsion

k; = coefficient interfacial (m?’/mf)e 4 h)

up, = superficial velocity of the bubble
Cap = gas concentration
Cae = reagent concentration in the emulsion

rA = reaction rate

ge = gas fraction in the emulsion

D. = effective diffusion coefficient

u. = superficial velocity in the emulsion.

Considering the mean concentration at the outlet and inlet concentration, we
obtain the following equation:

1;Cs = fette Cae (23.9)
Neglecting axial dispersion in this equation, we can simplify:

dCAe

fette—— + ki(Cap — Cae) = (—74) - pe(1 — fo) (23.10)

Assuming a first-order reaction:
(—ra)=k-C,

And assuming that the concentration in the bubble phase is negligible:
Cac=C,

we obtain the following equation:
feue = (k +k)C - pel1 — fi) (23.11)

And solving its integral, we conclude that:

fb) L
—In —k kipe — 23.12
CAo + ( 7 ( )

Ue

This equation is identical to Equation 22.36. All parameters are calculated by
Equations 22.29-22.31.
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23.5.2 Energy balance

The energy balance of a given system is defined as nonisothermal:

dT

Q=AU(T = Ty) =myCyg-

(23.13)

where:

U =overall coefficient of heat transfer
A =heat exchange area

T =reactor temperature

T, =temperature of the particles

my, = mass of the particles

C, = specific heat.

The heat transfer between gas and particles suspended in the fluidized bed is most
efficient. The heat of reaction is endothermic, so this requires heat to be provided
directly by the gas phase. The heat source can be obtained from the combustion of
carbon or a material not converted in a secondary system. The latter is very favorable,
but very complex from the point of view of fluid dynamics.

The required energy in the pyrolysis is essential to produce liquid products, to
control carbon formation, and eliminate hot spots which cause disturbances in the

fluid flow.

Example

E23.2 To design a fluidized bed reactor for pyrolysis and gasification of coke from
waste stream, biomass data were obtained from an experimental system consisting
of a glass reactor at 1atm and a steel reactor of pressures up to 10 atm at high tem-
peratures. The carbon conversion was obtained experimentally. In the glass reactor
of 43 mm diameter, the fluidization was tested with different air flow rates. The
mass of coal was 25 g and mixed with 400 mg of ash with particles between —35
+48 and —42 + 60 (Tyler Mesh), respectively. The sample was pretreated to remove
volatiles. The gasification was carried out in the steel reactor of the same diameter as
the glass reactor at high temperatures and pressures. The gas/vapor distributor is the
most important component of the process, as described. Temperatures were measured
inside the reactors by a thermocouple.

Solution
1. Minimum fluidization velocity—u¢

Initially, the variation in pressure drop was measured pressure differential as a
function of velocity in the classical form, as shown in Figure E23.2. The minimum
fluidization velocity was determined, 7.2 cm/s.
2. Segregation of particles

The segregation of particles during the fluidization was observed during the exper-
iments. Specific tests were conducted in glass reactor using coal and ash particles of
different sizes. After fluidization, samples were withdrawn at different times, mea-
suring the mass of ashes. At the top of the reactor was found approximately 41.5%,



Biomass—thermal and catalytic processes 605

U =72cm/s
mf

=
o
1

AP mmHQO

1 T
1 10
Velocity (cm/s)

Figure E23.2 Variation of the pressure drop as a function of gas velocity.

47.9% at the center, and in the bottom with 76% of ash. Therefore, there has been
segregation.

Then, various tests were conducted with different particle sizes, withdrawing sam-
ples, and quantifying the mass of ashes. Fluidization without segregation was obtained
with 20 g of coal, 140 g of ash and their particle sizes were (—35 +48) and (—42 + 60),
respectively. In these conditions, the samples showed a homogeneous distribution with
93.3%, 93.5%, and 93.6% of ashes at the top, center, and bottom of the reactor,
respectively.

3. Steam velocity and mass flow

The steam flow can be calculated using the Kozeny—Carman equation, which is

valid for laminar flow in the neighborhood of a particle:

(ps_pf)'g'dg "Ps'gfnf
150(1—¢ )1

Uy = (23.14)

where:

Up¢ = minimum fluidization velocity (cm/s)
ps = density of the solid particles
of = fluid density
d, =particle diameter
g =acceleration of gravity
¢s =sphericity parameter of the solid particles
emf =void fraction corresponding to minimum fluidization velocity
w = fluid viscosity.
From this equation, we calculate the minimum fluidization velocity for
gases/vapors under different conditions from the solid and fluid densities, assuming
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the same void fraction. Assuming also that fluid density is negligible when compared
with solid density, we find the following relationship:

!

Un
Zmf 2 (23.15)
Umf M

Therefore, the operating speed U,, depends on the relation:

!
Yop _ 10 (23.16)
UOp n
The minimum fluidization velocity was determined experimentally from the air
flow in the glass reactor, and then one can calculate the steam gasification velocity at
different temperatures and pressures. From Equation 23.16, the mass flow for different
pressures and temperatures is also calculated, as shown in Table E23.1.

Table E23.] Mass Flow (g/min)

T(°0 Pressure (atm)

I 5 10
850 1.99 9.96 19.92
900 1.85 9.26 18.52
950 1.67 8.35 16.71

However, during the fluidization, the temperature in the reactor was measured by
moving the thermocouple at different points within the reactor, there was a variation
in the temperature profile for different mass flows of steam. Table E23.2 shows results
to 1 atm and a temperature of 900°C.

Table E23.2 Temperature in the Fluidized Bed

Bed Height (cm) (°C)

Flow (g/min)  Vapor Velocity (cm/s) 0 5 10 15 Observations
0.0 0.0 897 893 882 865  Fixed bed
1.9 10.7 905 901 895 882  Fixed bed
3.6 20.2 903 902 900 895  Partial flow
22.46 25.8 902 902 900 898  Fluidized

Similar results were obtained for other conditions. As seen, the operating velocity is
approximately twice the calculated velocity. Therefore, we adopt the operating velocity
as a value three times higher than minimum. The minimum value found was 7.2 cm/s,
while the operating velocity was 22.4 cm/s.

4. Calculation of conversion and composition

The conversion was calculated from the products, assuming all of the carbon was
converted into CO and CO,. From the volumetric flow of CO and CO, over time,
it becomes possible to calculate the unreacted carbon. The flow varies according to
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formation of the products. When this flow is constant, it is concluded that the reaction
was finished, and then only the inert gas flow is measured. Therefore, the conversion
obtained was:

Vr — Vnot consumed
Vr

X =

where:
V1 =(Vco +co, )initial = 20(g) x 0.297(C%) x 22.4/12=11.09L
VT(ZSDC) =11.09 x298/273=12.1L
Vunreacted: Mmeasured
The results obtained at 900°C are shown in Figure E23.3.
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Figure E23.3 Conversion at 900°C and 5 atm.

The conversion is faster at high pressures and after 30 min it reached 100%.

The distribution of products (Figure E23.4) shows high performance in H; and
low formation of CO,. This composition is useful for Fischer—Tropsch synthesis, as
well as for the fuel cells.

23.6 BIO-OIL UPGRADING AND SECOND-GENERATION
PROCESSES

The liquid or bio-oil produced by pyrolysis is a complex mixture of products oxy-
genated and nitrogenous hydrocarbons with water and residual carbon. The pyrolysis
vapors are seasoned and intermediate products are frozen, producing bio-oil. The com-
position of these products varies with temperature as evidenced by Toft (1998), the
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Figure E23.4 Composition at 900°C and 5 atm.

maximum yield of organic compounds is 65% at 500°C and 60% at 450°C, for exam-
ple. This yield decreases at lower temperatures or higher temperatures. On the other
hand, the maximum yield of gases occurs at 500°C (10%) and increases with temper-
ature, obtaining 35% at 830°C. Toft showed that the yield depends on the initial raw
material.

Oasnaa and Peacocke (2010) demonstrated that the liquid obtained had a high
energy (17 m]/kg), however, it contains 25% water, which cannot be separated. The
composition of the complex mixture contains oxygenates, preferably. According to
the authors, the liquid derived from the pyrolysis of wood contains, approximately,
38% of oxygenates and 56 % of carbon. Due to changes in viscosity and density, there
are difficulties in separation of the mixture. The density of the liquid is approximately
1200 kg/t equivalent to about 42% of energy to the oil. The presence of water can vary
between 15% and 30%.

Thus, it can be seen the complexity for each mixture from biomass. Therefore, bio-
oil obtained may undergo further steps, called second generation processes. Thermal
and catalytic processes that allow the production of high value added compounds are
usually used. These processes are shown in Figure 23.7.

There are two main routes available for producing liquid biofuels from
biomass:one involves thermochemical processing and the other biochemical process-
ing. Thermochemical processing defines the conversion of biomass into a range of
products, by thermal decay and chemical reformation, and essentially involves heating
biomass in the presence of different concentrations of oxygen (Naik et al., 2010).

The second generation of physical processes occurs in homogeneous phase, but
they depend on the processing mode and reaction temperature. At the hot filtration,
one can reduce the presence of residual carbon. However, carbon can act as a catalyst,
allowing the breaking of the molecules with molecular weights smaller, increasing the
selectivity and quality of the final product. It also depends on the filtration mode and
the type of cyclone.
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Figure 23.7 Examples of second generation processes (Adapted from Bridgwater (201 1)).

The process reduces the viscosity by addition of solvents, especially methanol,
which stabilizes the bio-products. During the emulsion process, through the addition
of surfactants, it permits the formation of micro-emulsions and stabilizes the bio-
products, and facilitates its transport.

The catalytic processes are of great interest and can produce different com-
pounds. When used directly, the bio-oil is pretreated to remove carbon and ash
residuals, because both contain oxides or materials which can act as promoters or
inhibitors.

In catalytic processes, the reactors are generally fixed-bed or three-phase (trickle
bed), where the catalyst is used in the form of pellets (5 mm), being careful with the
effects of mass transfer and hot spots inside the reactor.

The biomass gasification conducted in the presence of hydrogen is a catalytic
process that allows the production of hydrocarbons. It requires high pressures, high
temperatures, and hydrogen, the conventional catalyst is the Co-Mo/Al, O3. There are
various other processes which will not be described in this chapter. See the literature
for these processes (Naik et al., 2010; Bridgwater, 2011).

23.6.1 Hydrodeoxygenation

The hydrodeoxygenation plays a minor role in the case of the conventional feeds,
whereas for the feeds derived from coal, oil shale, and, particularly from the biomass,
its role can be rather crucial. This process also occurs during the hydroprocess-
ing of petroleum fractions along with hydrodesulfurization, hydrodenitrogenation,
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Table 23.1 Composition of Different Raw Materials (According to Furminsky, 2000)

Oil Naphtha Crude Oil Liquefied Bio-Oil Oil Pyrolysed
Carbon 85.2 85.2 85.9 74.8 45.3
Hydrogen 12.8 9.6 I 8 7.5
Sulfur 1.8 0.1 0.5 <0.1 <0.1
Nitrogen 0.1 0.5 1.4 <0.1 <0.1
Oxygen 0.1 47 1.2 16.6 46.9
‘ ‘ COOH
O
Furan

Carboxylic acid
Phenol OH

Figure 23.8 Some oxygenated compounds contained in bio-oil.

hydrodemetallization, and the saturation of olefins/aromatics (Leliveld and Eijsbouts,
2008).

The bio-oil contains complex compounds of oxygen and when processed in cat-
alytic processes, they can produce important products of high added value. Table 23.1
shows the different compounds in compositions of bio-oil and oil (petroleum).

Note that in the conversion of biomass is obtained 50% (wt) oxygenates, as shown
in this example.

Initially, we must identify the different oxygenated compounds described in the list
of bio-oils. After pyrolysis of biomass, some oxygenated compounds found in bio-oil
are shown in Figure 23.8.

From these compounds, there is a predominance of phenols and furans, and in
a smaller proportion have been carboxylic acids, ketones, aldehydes, and alcohols.
Others works of the literature discussed the hydrodeoxygenation catalytic in other
raw materials (Choudhary and Phillips 2011; Mercader et al., 2011).

23.6.1.1 Phenol hydrodeoxygenation

Among the various compounds models, we will demonstrate the reaction mechanism
of phenol hydrodeoxygenation (HDO) published by various authors (Weigold et al.,
1982; Viljava et al., 2000; Senol et al., 2007). The activation procedure on the catalyst
is very significant. The phenol HDO follows mechanism in parallel, according to
Figure 23.9.

The main products of this process are benzene, cyclohexane, and cyclohexane. The
benzene was formed by direct hydrogenolysis from phenol, while the cyclic hydrocar-
bons were formed by hydrogenation of phenol via the intermediate cyclohexanol and
cyclohexanone.
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Figure 23.9 Reaction mechanism of phenol HDO (Senol et al., 2007).

The authors observed that the hydrogenation of benzene is negligible and con-
cluded that hydrogenated hydrocarbons are formed by the hydrogenation step and
then to hydrogenolysis, followed by oxygenated hydrogenated intermediates.

Example

E23.3 Anisole is an oxygenated compound contained in the bio-oil, may be used with
the process of HDO with Co/Mo or Ni/Mo catalyst supported on alumina. The anisole
can be transformed to phenol and then can be hydrodeoxygenated, as suggested by
Viljava et al. (2000). These authors used CoMo/Al, O3 sulfide catalyst.

OCH, OH
@ Demethylation @

Anisole Phenol

HDO
Indigestion and
hydrogenolysis

+

Cyclohexene and
cyclohexane

Figure E23.5 Mechanism of hydrodeoxygenation (Adapted from Souza and Schmal, 2005).
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In our laboratory, the reaction was carried out at 15 atm by Ni-Mo/Al, Oscatalyst.
An initial solution of 2% anisole/heptane was prepared. Catalysts were presulfided in
the stream of 5%H,S/H, gas at 400°C during 4 h before reaction. The mass was
0.250 g of catalyst and the feed flow of the liquid mixture was 14.8 mL/h with a
stream of Hyat 100 mL/min. The ratio Hy/L was 50. Calculate the conversion and
selectivity at 200°C and 300°C.

Solution
The conversion and selectivity of anisole HDO were defined as below:

Nin — Nou
Xanisole = HT“ x 100
SHDO — ZNnorzl\oI)‘(yproducts « 100

Diffusion and mass effects were eliminated for the condition W/F=8.33 x 1073
gL~1h~! after several tests with different ratios W/F. The results for temperatures at
200°C and 300°C are shown in Table E23.3.

Table E23.3 Conversion and Selectivity of HDO

Temperature ~ NiMo/AL,O3 NiMo/AL,03 CoMo/AL,0; (After Sulfiding)

Catalysts  (°C) (Not Sulfated)  (After Sulfiding)  (Viljava et al.)
Xanisol 250 20 41 10.4

Kanisol 300 62 69 485

SHpo 250 0 44

SHpo 300 0 32

The results show that activation of the catalyst by sulfidation is important because
it gave the double conversion at a lower temperature. Comparing the catalysts, NiMo
is more active and stable than the CoMo experiment with more than 50 h. According
to the above table, we note that the effect of sulfidation is significant for the selectivity
of HDO, and such selectivity was only when the HDO was sulfided. Table E23.4 shows
the product distribution of the NiMo catalyst to a conversion of 20%.

Table E23.4 Distribution of Products of HDO

Catalyst Benzene  Cyclohexane  Toluene  Phenol  O-cresol
NiMo/Al sulfided 12 22 0 63 3
NiMo/Al not sulfided 0 0 0 47 53

It is important to note that the phenol is the intermediate reaction mechanism and
O-cresol is the final product, which is reduced in the treated catalyst and insignificant
in the untreated catalyst. This result suggests that methyl transfer and hydrogenolysis
are unfavorable.
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According to Viljava et al. (2000), there are other possibilities of three routes
reaction. First, the direct hydrogenolysis, where phenol is the intermediate forming
benzene, is shown in Figure E23.6. This suggests an aliphatic cleavage of the C-O for
formation of the phenol, followed by bond breaking aromatic O-C for the formation
of benzene.

The second route is the hydrogenation in combination with hydrogenolysis. In
this case, it also has the phenol as an intermediary (Figure E23.7). Viljava et al. (2000)
identified the major products cyclohexane and cyclohexene with the catalyst CoMo
supported on alumina. However, in our study, the cyclohexene was not observed, but
only the cyclohexane. This observation is in agreement with the literature, where the
NiMo and Ni catalysts supported on alumina have higher capacity of hydrogenation
compared to Co catalysts (Senol et al., 2007).

The third route shows the methyl transfer and then to hydrogenolysis (Figure
E23.8). This mechanism shows the O-cresol as an intermediary and toluene as the

OCH,

Anisole Phenol Benzen

Figure E23.6 Reaction route, as described by Viljava et al.

OCH,
OH
—_—
Anisole Phenol Cyclohexene
Figure E23.7 Reaction route.
OCH,
CH,
Anisole O-cresol To luen

Figure E23.8 Reaction route.
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final product. In our case, we observed only O-cresol, suggesting the absence of
hydrogenolysis step.

According to Viljava et al. (2000) and Furminsky (2000), the preferred route
hydrogenation-hydrogenolysis occurs on bimetallic catalysts sulfated, while the route
HDO occurs on the acid sites. Therefore, the sulfidation is necessary for the activity
of the catalysts and to promote the reaction of HDO.

23.6.2 Fischer-Tropsch synthesis

The first study that utilized syngas (CO + H;) with Ni/kieselgur catalysts, producing
higher-chain hydrocarbons at atmospheric pressures was discovered by Franz Fischer in
1925. However, Fischer discovered that a mixture of cobalt and chromium oxides was
more active. From these discoveries, several developments were made, such as design
and construction of GTL plants, seeking the development of more efficient processes.
The success of the innovation process in GTL technology has a very important impact
potential for biomass.

Currently, there are three large industrial complexes: one factory Shell Company
in Malaysia; a series of plants operated by Sasol and one factory of PetroSA, both in
South. The first one, despite the small scale of 15,000 barrels per day, it is economically
viable because their production is destined for food-grade paraffin. In South Africa,
the PetroSA industrial plant has a capacity of 36,000 barrels per day, while the two
Sasol plants produce more than 100,000 barrels per day (bpd).

Technologies based in the “Fischer—Tropsch” are usually referred to as “Gas to
liquids”—GTL (Figure 23.10). The chemical conversion of natural gas into liquid
hydrocarbons that can be directly used as fuel via Fischer-Tropsch synthesis has become
of great interest source. The products of GTL technology present two types of economic
advantages:

1. The shipping cost is much lower than that of natural gas. It has calorific
(kcal N~! m~3) about one thousand times lower than oil, which not only cause
high costs for transportation, but also requires specific assets (pipelines or LNG
tankers) for their exploitation.

2. The products produced by GTL plants have important environmental benefits
compared to traditional products because they are produced from a relatively
cleaner fuel: natural gas.

23.6.2.1 The bases of the Fischer-Tropsch synthesis

The theoretical ratio of H,/CO used in the reaction is approximately 2:1. However,
in addition to the Fischer-Tropsch (Equation 23.17), we have the steam reforming
reaction in parallel (Equation 23.18).

(2n+ 1)Hy +nCO — C,Ha42 +nH,0 (23.17)

H,O+ CO— CO;, +H, (23.18)
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Figure 23.10 Synthesis Fischer—Tropsch from GTL process (with permission of Iglesia).

The secondary reaction decreases the ratio of H,/CO. In this case, it is preferred to
use iron catalysts, because they are more active for the reforming reaction. While for
high H,/CO ratios, the cobalt-based catalysts are used because they have low activity
for that process. This ratio also varies with the raw material (when coal is used), it is
low, while natural gas produces a high H,/CO ratio. Some other reactions are shown
below:

Synthesis of olefins: 2nH, + nCO — C,H,,, + nH,0 (23.19)
Synthesis of alcohols: 2nH; + nCO — C,H,,,,1OH + (n — 1)H,O (23.20)
Disproportionation: 2CO — C(s) + CO, (23.21)
Oxidation of catalyst: yH, O + xM — M, O, + yH, (23.22)
Formation of carbides: yC(s) + xM — M,.C, (23.23)

Note that the desired reactions in the system are those shown in Equations 23.17-
23.20.

23.6.2.2 The insertion mechanism of CO

In the insertion mechanism of CO, chain growth proceeds via an intermediate insertion
carbonyl adsorbed on metal-alkyl complexes. For the C-C coupling reaction occurs,
some groups are hydrogenated to an alkyl chain. This mechanism explains the forma-
tion of alcohols, aldehydes, and hydrocarbons (Figure 23.11) where the carbonyl is
the intermediate.
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The mechanism of insertion of CO was first proposed by Pichler and Schulz (1970).
It is based on organometallic complexes. Assuming that active surface during heteroge-
neous catalysis consists of individual active sites that have a specific coordination, that
organometallic complexes represent sites of chain growth during the Fischer—Tropsch
synthesis. Indeed, the insertion of CO into a complex metal-alkyl is frequently observed
with complexes of Fe- and Ru-complexes. However, the insertion of methylene accord-
ing to the carbon mechanism is also reported for systems organometallic. There is still
no experimental evidence for the insertion of CO is considered the key mechanism for
the formation of hydrocarbons during Fischer-Tropsch synthesis.

Reduction of CO adsorbed
CcO CH
| (H,)ads |
(CO)y-M —CO ————— (CO)x— M - CO
Hydrogenation

CH, o

(CO)x—M—CO ——  » (CO)x— M —-C—CH,
Desorption

CH, H

| (H,)ads ‘
(CO)y-M - CO ———— » CH, + (CO),— M-CO

CcO CcO
| (H,)ads ‘

(CO)x-M — COR ——— (CO),— M —H + RCH,

Figure 23.11 The insertion mechanism of CO.

Example

E23.6 Fixed-bed catalytic testing: The catalytic tests were performed in laboratory
benchtop experiments, mounted on the NUCAT lab (PEQ/COPPE/UFR]). This exper-
imental unit is equipped with mass flow controller, heating system, and coupled in line
to a chromatograph with flame ionization detector (FID) and Thermal Conductivity
(TCD) control software that allows for automated injections. The reaction mixture
used is provided by AGA Company, operating at a H,/CO of 2.0. The system is com-
posed of a steel reactor (for high pressures). Table 23.2 shows the conditions under
which the tests were performed.
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Table 23.5

Reduction 365° C/10 h, heating rate: 1 /C/min
Reaction pressure 10 bar

Reaction temperature 250°C

Flows Varied

Analysis of products and reagents Gas chromatography analysis in line, FID and TCD

Figures 23.12 and 23.13 show the results of catalytic performance obtained from
a sample with 20% Co/Al,Os.

From Figure 23.12, we can see that in spite of using a high space velocity and
catalyst bed diluted, the sample showed a very high conversion in the first hour and
drops considerably after some time of reaction, stabilizing it at around 10%. After
48 h of reaction, the flow was increased and the conversion decreased proportionally.
This suggests that the system operated in the kinetic regime, i.e., in the absence of
diffusion effects in a differential reactor.
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Figure 23.12 FT synthesis with 20% of Co/Al,O3: conversion.

The performance compared to the selectivity obtained for this sample is shown
in Figure 23.14. In the first 48 h and with a space velocity of 48,000 h—!, the catalyst
produced a significant formation of methane (about 35%) and a Cs,; formation of
37%, approximately. Varying the space velocity at 48 h and permitting the reaction to
reach 166 h, a decrease in formation of methane and an increase in the formation of
gasoline were observed. With a pressure of 20 atm, there was a significant increase of
hydrocarbons in the range of Cy3_15 and at 40 atm an increase in the range of Cs_15.
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Figure 23.14 FT synthesis with 20% of Co/Al,O3: selectivity.

It is concluded that the catalyst is stable over a long period and also selective for
heavier hydrocarbons (Cs..) for these experimental conditions, that is, very promising
for the production of linear hydrocarbons in the diesel range.




Chapter 24

Nonideal reactors

24.1 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 24.1. 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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Figure 24.1 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:—Eln(l—XA)

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
~

a) Flow closer to the ideal conditions and residence time equals;
(b) Lower pressure drop in the reactor;

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 24.2 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 24.2 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 24.3 Response to pulse tracer at the outlet of the reactor.

24.2 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 24.3a).
In a reactor tank the opposite occurs, the concentration of labeled molecules decreases
with time at the outlet of the reactor (Figure 24.3b). 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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Non reactive tracer — Tank reactor

C, Tracer
Vo

C
Vo

Vo Cp— Vo C = V (dC/dt)

Inflow Outflow tracer
{ (mol/h) —3 (mol/h) [ =4 accumulated
Figure 24.4 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 24.3c.

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 24.4, we have:

UoCo—U0C=V<(i1—S> (24-1)

From this, on integration between at t=0, C=0, and at ¢t #0, Co,=C, and
considering 7 as space time:

T= Z(h) (24.2)
Vo
We get:
C 3
c=1- exp<_;) (24.3)

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 # + d¢.
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(¢)). 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 4+ vo F(t)Co =1v¢C (24.4)

Thus, relating this equation to Equation 24.3:

0

F(t) = CE —1- exp(—%) (24.5)

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 24.5:

The average residence time will be when ¢ = t or when the area (1) is equal to area
(2), as shown in Figure 24.5. This figure indicates that a fraction of molecules in the

A
F ()
Co
[ TTTTTTTTTTTTTTTTTTTTT I ””” ;’7”"”’ ””””
r e Area 2
[
,’| CSTR ideal
Non ideal | I
reactor
|
|
/ I .
area 1 / I/ PFR ideal
vl .

Figure 24.5 Response to pulse tracer (Adapted from Hill, 979).
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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 Gy 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:

F(t)= ———+— (24.6)

E24.1 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 02 | 2 5 10 20 30
C@m®) 196 193 1642 1344 0736 0286 0034 0004

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
r=%=0—2=5m1n

Function F(t)

Git)—-Gy  C)-C Clt)—2 2-C)

T G-G, G-C =22 2

F(t)
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Figure E24.] Cumulative distribution function.

The average residence time can be determined from Figure E24.1, assuming equal
area for Ay 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. 02 | 2 5 10 20 30
F(t) 002 0035 0179 0328 0632 0866 0983 0998

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:

voAF()Co=v7C (24.7)
In the limit Az — 0, we get:

Et) dF _C

2 24.8
it Sy vl PN (24.8)
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C()
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PFRideal (1/ P§) — O
L~

CSTRideal Non ideal reactor

Figure 24.6 Response to pulse tracer.

The variation of the cumulative distribution function of residence times is
represented by a Gaussian distribution, according to Figure 24.6.
Integrating it:

But from the curve one may conclude that:

o0 C 1 t
0[ (C—0>dt:1 - 0/ Cle)dr (24.9)

The function E(¢) 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.

dF

& =E0
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— L =tE(t)=—2 (24.10)

Thus:

F 00
O/sz()/E(t)dt

Therefore, the mean residence time is:

~|

_ f tE(t)dt (24.11)
0

where = mean residence time and v = %(h) = space time.

The dimensionless time 6 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(6) =tE(t) (24.12)

24.2.1 Ideal 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 24.6).

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= / voC(t)dt (24.13)
0
Or assuming constant volumetric flow:

N= UO[ C(t)dt (24.14)
0
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E24.2 Determine the average residence time of the CSTR from the tracer using the
following data (Denbigh, 1965).

t (min) 0 5 10 I5 20 25 30 35
C(molim®) 0 849 1415 1415 1133 566 283 O

The concentration of the tracer was measured at the outlet of the reactor. The
volume is 2 m3 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 E24.2.1).

160

140 = = | B
Polynomial Fit of Datal_B

120
100
80

60 —

C (mol/m3)

40 4

20

0 5 10 15 20 25 30 35 40
t (min)

Figure E24.2.] Concentration versus time.

On integrating over the area from that figure, we obtain tCy:
7Cy=2,830
Therefore, by Equations 24.10 and

Ct) C()

B =26, = 2830

(24.15)
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Calculate the values of E(z) 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
20 113.2 0.02 0.8

25 56.6 0.01 0.5

30 283 0 0.3

35 0 0 0

The average residence time is determined by Equation 24.11:

t= | tE(t)dt
/

Figure E24.2.2 represents ¢ x E(t) versus ¢.

m D
—— Polynomial Fit of Datal_D
0.8 m
0.6
"
W 04-
"
0.2
00—
0 5 10 15 20 25 30 35

t (min)
Figure E24.2.2 t x E(t) versus t.

On integrating over the area from this figure using Equation 24.11, we obtain the
average residence time:

f=15min
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Finally, we can calculate the space time:

\% 2
v 7.2/60 o
T = 16.6 min

E24.3 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 | I.5 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 31 0

The data are presented in Figure E24.3.1.

30

SIVARN
3 \,

10 -\
| N\

C (mol/m3)

Time (min)

Figure E24.3.1 Concentration distribution versus ¢.

Integrating the curve in the above figure, we obtain a total area of

81.75 x 103 ¢/min.
Therefore, from Equation 24.10, we can calculate E (¢):

C(t) C(t)
= = 24.1
Cy 81.75 x 103 ( 6

E(1)
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In the table below, we have the results of the functions of RTD E(¢) and E(9) (by
Equation 24.12).

Cont/
t (min) | (min x 10%) | E(t) txE®) |0 E@©) 672 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
I 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
25 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
4.5 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
5.5 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 I 0.0122 | 0.0795 | 2.56917 | 0.030948 | 6.600634 | 0.204277
7 0 0 0 2.766798 | 0 7.655173 | 0

0.8

0.7 4

0.6 4

0.5+

T 04

0.3 4

0.2

0.1+

0.0 T T T T T T T T T T T T *» 1

0 1 2 3 4 5 6 7 8
t (min)

Figure E24.3.2 Distribution t x E(t).

Figure E24.3.2 shows ¢ x E(t)
From the area calculation (figure above), we find the average residence time:

t=2.35min

The space time is 3.25 min. Thus we get a standard deviation of 22%.
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24.2.2 Variance

The average residence time is the average time of contact between the molecules within
a fluid element. The RTD function, either by F(0) 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—1)*E(z) d(2) (24.17)
0

where:

0=

SIS

and
tE(t)=E(0)

Therefore:

o’ = / O?E0)d(0) — 1 (24.18)
0

For an ideal CSTR, one obtains a variance o —7. 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(z).

E24.4 From the previous example and by using Equation 24.18, calculate the
variance.

o’ = / (0*E(0)d(0) | —1=1.26416 — 1=0.264
0

0% =0.264
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Or:
Po? = / PE()dr — P
0
7.0 =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

ot =-—=0.264 (24.19)
Pe

Pé=7.6

When the Peclet number is large (Pé — 00), 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.

243 MIXING EFFECTS

The both ideal reactors CSTR and PFR predict a uniform distribution of concentration
and temperature, so that the concentrations at the outlet of the reactor are uniform.

However, this behavior is not true because the residence time of molecules in these
reactors is not uniform, with an RTD different of space time, t. The contact time of
the molecules in the reactor is proper for each set or element of fluid passing through
the reactor. So there are some molecules that leave the reactor quickly and others that
stay longer, and consequently affecting the kinetic and, especially, the concentration
or distribution of products at the outlet of the reactor.

Knowing the residence time distribution in the reactor and its kinetics, the
concentration can predict output material (Aris, 1969).

C= / C(t)E(t)dt = / C(t)dF (24.20)

This average concentration represents the sum of the concentrations of the fluid
elements or set of molecules in the effluent, where each one has its own residence time.

Thus, the segregated flow model is based on the fundamental assumption that
the fluid elements are independent or do not mix (macromixing model). Until now,
we considered a perfect mixture in the mass balance and concentration uniform, no
interaction between the fluid elements (micromixing), called unsegregated model.
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24.3.1 Irreversible reactions

Let us consider the effect of macromixing and micromixing on the conversion in CSTR
and PFR systems.

Analyzing the simplest case (irreversible and a first-order reaction) A — products,
in which the reaction rate is:

(—=7a) =kCy (24.21)

From a molar balance in an ideal CSTR (not segregated or micromixing) at
constant volume, one has the following equation:

\% X
L=y (24.21a)
vo (=7a)
Substituting the rate expression into Equation 24.21a:
Xa
= 24.22
" RT - Xa) (24.22)
Solving for conversion Xy4:
Tk
Xp=—— 24.23
A ( )

Now let us consider the macromixing model (segregated) for a system at constant
volume from the rate expression:

(_7’A):—d& =kCy (24.24)
dt
we obtain:
Ca=Cupe ™ (24.25)

For the segregated model, we use the Equation 24.20:

E:/C(t)E(t)dt:/C(t)dF

Using Equation 24.5 for a CSTR reactor, the cumulative distribution function of
residence times is given as:

F(t):C£0:1 —exp (—t/7) (24.26)
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And remembering that:

t
0=—
T
Therefore:
C= / C(t)dF = / e ™.e 0. do (24.27)
0
Integrating it:
1
Ca=0Cy-
A Ttk

We obtain the general equation of conversion for this case. Thus:

- _CA()—CA_ ‘L’k

X = 24.28
As CA() 1+ 1k ( )

Therefore, comparing the conversions of a first-order irreversible reaction of
unsegregated (Equation 24.23) and segregated models (Equation 24.28), we obtain
identical results. These results depend only on the parameter tk, independently of
average residence time. We conclude that only the time, not the degree of mixing, can
determine the conversion of a first-order irreversible reaction.

For a continuous PFR, the average residence time is the same for all molecules
and, similarly, we obtain from Equation 24.25 the following solution:

Xa=1—e"k (24.29)

In conclusion, we have the same result for both cases.
For a second-order irreversible reaction, the volume rate constant is:

(—ra) =kCi =kC3,(1 — Xa)? (24.30)

For the model unsegregated (micromixing) from the molar balance equation in a
CSTR:

Xa

(1—X,)? =1Caok (24.31)

For X4:

Xa= (g + 1) - g <§ + 2> (24.32)
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where B is a dimensionless variable:

1
= 24.33
p = ( )
For segregated model, the rate of reaction is:
dCy
(—ra)= _T = kc/za
which is:
Ca 1
_ 24.34
Cao 14+ ktCypg ( )

However, the average concentration (in segregated model) considers the cumu-
lative distribution function of residence, according to Equation 24.26. Substituting
Equation 24.34, one obtains:

- 1 ¢

Ci= [ Cho————e W .d( = 24.35

A / AOl—i—ktCAoe (‘L’) ( )
0

Using the variable g and 8 =t/7, we get:
Xas=1- BePEi(B) (24.36)
where E;(B) is the exponential integral.

The ratio between the conversions of the models segregated and not segregated in
function of the parameter 8 is shown in the Figure 24.7.

110 1

A(non-segregated)
=
o
>
1
'\

/X
[N
o
=
1

A(segregated)

X
L

18

Figure 24.7 The conversion ratio of segregated and nonsegregated models.



Nonideal reactors 639

The conversion of segregated model is greater than the nonsegregated one due
to interaction between the molecules during reaction, which depends on the average
residence time. When B is large, the conversions are close; this indicates that the reactor
approaches the ideal model (not segregated). We conclude that the smaller the space
time (or residence time) of the molecules in the reactor more we approach the perfect
mixture. For the opposite, the greater the residence time (space time), the greater
deviation from ideal behavior.

For a reaction of order n=1/2, we have:

J1+48 -1

X, = 2437

A Y ( )
where:

B1=BC (24.38)

While for the model segregated with the function of residence time distribution
and integrating Equation 24.20, we obtain:

— 1 1
X

- 24.39
1 2p3 ( !

The results of Figure 24.8 show the ratio between the conversions of segregated
and nonsegregated models in function of the parameter g and, unlike to what was

1,00 _

.
\.\.

0.96 N

0.92 |

0.88 |

XA (segregaled)/x A (non-segregated)

0.84 |

0.80

- T -
0.2 0.4 0.6 0.8 1.0

1B,

Figure 24.8 The conversion ratio of segregated and nonsegregated models.
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Figure 24.9 Conversion profiles for different models.

observed for a second-order irreversible reaction, the behavior is the opposite. The
ratio decreases with increasing B; this indicates that the conversion of nonsegregated
model is larger than the segregated model. This means that the lower the residence
time, the lower the conversion.

Figure 24.9 shows the conversions of the models discussed previously in function
of the parameter 1/8. It explains the behavior of ideal reactors (mixing perfect or
piston) and nonideal, taking into consideration the real residence time of the set of
molecules in the reactor.

From these models, it is concluded that only the case of a first-order irreversible
reaction does not depend on distribution (RTD), but only of space time. While for
higher order and fractional order reactions, they depend on the distribution (RTD),
therefore, of the interaction between molecules. The final conversion depends on the
parameter f, i.e., on the rate constant and space time, as well as on the distribution
(RTD).

E24.5 An irreversible reaction 2A — P is conducted within a reactor in the liquid
phase. 1 mol/L of A (neat) is introduced at a flow rate of 15 L/min. The rate constant
is given by:

k=5.41 x 10*e=2%¢/T(L /mol min)

Determine the volume of CSTR reactor operating at 25°C to a conversion of 55%.
Calculate the conversions using the RTD (CSTR) and for the distribution of example
E24.3.
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Table E24.5.1 Experimental Data.

ts) 0 05 | 1.5 2 25 3 35 4 45 5 55 6 65 7

C 0 5 22 27 26 22 19 15 10 7 4 3 3 1 0
Solution

Case 1:

At constant temperature of 25°C, the rate constant is:
k=3.255(L/mol min)

The reaction rate is:

dC
(=ra) ==~ =kCi(1 = Xa)?

For a nonsegregated system (perfect mixture), we have:

Xa

= ok

Substituting the values k=3.255 and X4 =0.55
7=0.834 min

Therefore, the reactor volume is:
V=125L

Case 2:
In the second case, it is assumed the segregated model for a CSTR with RTD. Thus,
we calculate:

Therefore, from Figure 24.7, we obtain:

Xa
—=1.05
Xa

which is:

X4=0.58
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We observed that the increase is not significant.

Case 3:
Considering an RTD, according to Table E24.5.1, one obtains the various
distribution functions, see table below.

Table E24.5.2 Data for distribution functions.

t (min) C/min x 103 E(t) C(t) x E(t)
0 0 0 0

0.5 5 0.0611 0.023278
| 22 0.269 0.063246
1.5 27 0.330 0.056145
2 26 0.318 0.042349
25 22 0.269 0.029452
3 19 0.232 0.02159
35 15 0.183 0.014806
4 10 0.122 0.008725
45 7 0.085 0.005472
5 4 0.049 0.002832
5.5 3 0.0366 0.001941
6 3 0.0366 0.001787
6.5 | 0.0122 0.000552
7 0 0 0

We use Equation 24.34 for this example.

Ci 1
Cao 14 ktCyao

And for the mean concentration, we use the Equation 24.27:

r 1
= ——F
Ca / Cao 1+ ktCyuo (t)dt
0

As Cy0k=3.255 and C4p=1mol/L

Thus:
C —/Oo L E(t)dt=0.136
AT ] 11325 -

0

Figure E24.5.1 shows the distribution of concentration.
We obtain the conversion from the integration of curve above:

X, =0.864

When comparing to the ideal segregated model, one obtains a deviation of 57%,
which is quite significant.
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Figure E24.5.] Distribution of concentration.

24.4 ANALYSIS OF NONIDEAL REACTORS

It is assumed that a global chemical reaction (homogeneous or heterogeneous) and
fluid flow take place within the tubular reactor with axial and radial dispersion of
momentum, heat, and mass. This analysis is valid for any case; however, we consider
the physical and chemical properties of mixtures as ideal behavior.

24.4.1 Momentum
ou 1 dP 1dt*

- 24.40
”az pdzr or ( )

where 7% is the stress tensor and u axial velocity. The angular and radial velocities are
neglected.

The stress tensor depends on the type of flow. In laminar flow, it is proportional
to the viscosity, which depends on the temperature, while in turbulent flow, it depends
on the momentum exchange coefficient ¢,. That is:

du

I (24.41)

1
T*:;(T—i—r’):—(v—i-ef)'
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Along the wall, the coefficient ¢, is negligible, laminar flow is predominant.
Whereas in the central region, predominates turbulent flow. In this turbulent flow,
&, is function of radial position. In particulate beds, this function depends on several
factors (Hill, 1979).

24.4.2 Mass balance

The mass balance equation expressed in terms of concentration changes along the
reactor and with radial position, it is given by:

D oAl 2
r(D + &p) o + P

aCy 190 aCy 0
ul=A
0z ror

aC
(D + SD)B_ZAi| +ra (24.42)

where ep is the radial and axial effective diffusivity radial, and D is the diffusion
coefficient.

24.4.3 Energy balance

The energy balance can also be defined by an axial and radial variation within the
pipe, for example. It is assumed that thermal properties are constant.

,onug = 12[r(/e + 8;,)£i| + i|:(/e + sh)ﬂ] + AHgr(—74)+ O (24.43)
0z ror or 0z 0z
where C, = specific heat (cal/g x °C);
k = thermal conductivity;
¢, = axial and radial thermal diffusivity;
AHpg = heat of reaction (kcal/mol);
(—r4) =reaction rate of conversion of reactant A (mol/Lh);
and Q = external heat (kcal/h).
We define &f and f; as axial or radial dispersions of heat and mass, respectively.

o = k+e) (24.44)
b =D +ep (24.45)

The dispersions are functions of the radial and axial positions. In particular cases,
there is a similarity between the dispersions due to the heat and mass. The correlations
for these functions depend on the flow, the fluid, and the particulates.

Putting the balance equations of mass and energy in terms of new variables (dimen-
sionless), we can identify the main parameters and analyze them for each case. Thus,
defining new variables:

J

T —
i T’:—andXA=CAO Ca

r.
d’ To Cao
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where 7% =mean velocity at the inlet of reactor;
L =length of reactor;
d =tube diameter;
Ty = inlet temperature;
X4 = conversion;
C40 = concentration in the reactor inlet.
For an irreversible first-order reaction (—74) = kCao(1 — X4), we obtain:

= ~ Va
07 Pé, v or

/BXA_ 11290 , 1+8D, 3XA+L)i 1 €D, 3XA
D, ) or Peé, 07 D, ) o7

+ 5 (1-Xa) (24.46)
Pe,

The Peclet number is a parameter which relates the convective velocity with
diffusion velocity.

Pé, = %%cj radial Peclet number (24.47)
., ud .
Pé, = Do axial Peclet number (24.48)

Similarly, for the energy balance, we have:

o 1107, ey, \ 0T 19 enq\ oT'
u =—=———|7(1 + L) — [+ = — 1 + = —_—
92’ Pe, v O k, ) or Pe, 3% k, ) 0z

Da,
Pe

+B

+ 0O (24.49)

z

where:

— d ud s
Pe, = RePr= aund. radial Péclet number for heat transfer.

Lk’
— ad L
Pe, = RePr= w0 axial Péclet number for heat transfer
T
k*L?

Da, = 5 axial Damkohler (Da) number
k4

k* is the specific rate constant.

_ —AHR)C
B = —( -C R%o AO; Reaction parameter (24.50)
p
L
o Q ; Heat dimensionless number
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The above equations are solved numerically from the boundary conditions. How-
ever, we will make an analysis for each term in dimensionless form. Thus, important
parameters will arise, the magnitude of the effects of radial and axial dispersion for
any type of reactor, particulate, or otherwise. The result of this analysis will allow us
to justify the simplifications adopted and support the hypotheses for the ideal reactors.
In addition, it will also allow us to predict the degree of influence of the dispersions
on reaction.

Analyzing the order of magnitude of each term or variable in the equations, we
conclude that:

u — O(1)

X4
a7’

O(1)

Thus,

X

W A 001)

0z’

However, observing the definition of Damkohler and Peclet numbers both have
the same order of magnitude. The Da number relates reaction and diffusion rates,
while Pé relates convective and diffusion rates.

As the above terms also indicate:

,0X 4

— 1
Mar — O(1)

thus

, D, BXA

|:7‘ ( D,) pw —>O(1)i|
We conclude that the deviation from behavior of the ideal reactor (PFR or CSTR)
is due only to the axial and radial Peclet numbers. When these numbers are large,
Pe, — 00 and Pe, — oo, the terms axial and radial dispersion are negligible and the
reactor behaves as ideal. Otherwise, it will have a nonideal behavior.

The analysis of the Pe number relates convective velocity # and diffusion coefficient
D and therefore the ratio §, where & varies with the position. In fact it must consider
the variation of the radial and axial parameters.

The ratios 2= and 2 depend on the radius and the type of flow. For particulate
systems, they depend on the diffusion and thermal conductivity of solid particulate.

In laminar and turbulent flows, the axial and radial dispersion coefficients are neg-
ligible. However, the diffusion varies with the Reynolds number, as shown in Figures
24.10 and 24.11.

The radial diffusivity is independent of the Reynolds number for liquids and gases,
and for liquids is negligible and of the order of 1 to gases (Figure 24.10) (Pe, — oc0).
For cases where there is similarity between heat and mass transfer, we can say that for
both mass and heat the radial dispersions are negligible. According to Figure 24.11,
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Liquids
~0.001

0.01<Re<1000

Figure 24.10 Radial diffusion.

0.001<D,<1000

Liquids

0.001<Re<1000

Figure 24.11 Axial diffusions.

we see that axial diffusion depends on the Reynolds number for gases and liquids.
Its variation is not negligible and is larger for liquids. Thus, for Re~ 100, the Peclet
number is approximately 10 to liquids and 1072 for gases. For values of Reynolds
>103, the Peclet is even small Pe, = 1. Therefore, the axial dispersion for liquids and
gases is not negligible.

For turbulent flow, there is a significant variation of the radial and axial coef-
ficients, mainly due to inhomogeneity of velocity profiles. It has both diffusion and
convection in the central region and near the wall. The dispersion coefficients (&)
depend on the velocity gradient and position, see Figure 24.12.

It is observed that ep is 3-20, thus 1.7 times higher. This affects the radial
concentration profile, as shown in Figure 24.12.

Near to the wall, the laminar flow prevails and the radial dispersion is negligible.
Near the center, the radial dispersion is of the order of 20-30.
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Re=100000
Radial

Re=10000

Re<1000

Figure 24.12 Radial and axial dispersions diffusions.

Analyzing the mass balance according to Equation 24.46, but considering the axial
and radial dispersions:

2
oX oX oX
wod < L LTy TN ) Dy
Oz Pe,. r' or or Pey| 5,12 Pe, A
N N (24.51)
0(1) s 0 finite 0(1)
where:
d ud
Pe, = — . ue radial Peclet (24.47)
L ¢
ul
Pe, = 22 axial Peclet (24.48)
&z

By analyzing the above terms, we observe that Pe, — oo is negligible and the
other terms are of the same order of magnitude 0 (1). The axial dispersion cannot
be neglected, since Pe, is finite. When the dispersion and diffusion coefficients are
small and of the same order of magnitude, they are similar to a piston flow because the
velocity profile is uniform in radial cross section. In this case, one obtains the equation
of an ideal reactor.

Case a—Nonideal reactor

0X 4 1 [aX3% Da
A [ Z2A ~“1-X 24.52
" a7’ Pe, [ 97> :| Pez( A) ( )
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Case b—Ideal reactor

X4 D
WA — 1 200 Xy (24.53)
0z’ Pe,

24.4.4 Analysis of boundary conditions

It is not unusual that the boundary conditions consider changes at the interface, in
the case of heterogeneous systems, where these conditions are different. Let us con-
sider only the boundary conditions for the mass balance where there is change phase,
neglecting the radial flow. Thus, we can say that the molar flows in the interface are
equals, i.e.:

At the interface z=0:

FZ:()— = Fz:0+
Or:
u-Cpo — Dzd& =|u-Cy— Dzdﬂ (24.54)
dz z=0" dz z=0+

It is known that the diffusion and dispersion coefficients are different in z =07
and z=0". Similarly z=L in another part of the reactor. If there is no difference,
the reactor behaves like a piston, i.e., ideal behavior. Therefore, the above equation is
simplified as:

At z=0— Cy=Cy (24.55)
But the flow heterophasic or even with nonuniform flow (laminar, turbulent, or

particulate) one can assume that in z=07. The dispersion coefficient is negligible, but
not in z=07. In that sense, boundary condition will be:

dC
u-Cpp= [u . Cp — DZ—A} (24.56)
dz 2=0+
In the adimensionalization process, one observes:
D, dXa 1 dXy

X =—=. = C— 24.57

Aot L-u d a0t Péz dz 20+ ( )
As,

ind

Pé, =,
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with D, — 0. Then, Pe, — co. Under these conditions, the reactor behaves like an
ideal reactor and for z =0 the initial conversion is null (X4 =0). On the other hand,

if D, #0, we have Pe, ~0 (1). Therefore:

dXa

— >
/
dZ 2=0+

Therefore, when z =07 the conversion X, is nonzero. There are mixing effects on

the input of the reactor.
The condition for z =L will be:

u- CAlz:L— =u- CA|z=L+

dC dC
D, =4 —D,. =4
dz =L~ dz =L+
Or:
1 dXy 1 dXy
Pé, dz' |- Pé& di |._;-
But
dﬁ -0
dz’ =L+

It can be concluded that for z=1L:
u- CAlz:L— =u- CA|z=L+

In summary, in a reactor with axial dispersion:

Xy 1 [axg} kel

9~ Pe.| 08 (1= Xa)

u
(a) In the ideal PFR, Pe — oo, therefore:

Xa kL
d  u

(1 —Xa)

where:

In addition, it has the following boundary conditions:
E=0 X,=0

E=1 Xa=1

(24.58)

(24.59)

(24.60)

(24.61)

(24.62)
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Pe — oo

PFR ideal

= PFR non-ideal

CSTRideal
Pe -0

Figure 24.13 Effects of dispersion on the conversion.

When Pe=0 (g, = 00), we get the ideal tank reactor (CSTR). Thus:

ox3?
o’
With the following boundary condition:
X
E=1— A0
0§
We get:
X4
— = constant

From the boundary condition, we observe that
X = constant

These cases are represented in Figure 24.13.

(24.63)
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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.

H3C
H3C%CN CH,

HiC N—=N — % 2 H304< +Np

oY on

CN
| ——» 2R*
R
R*+  HyC— - CHH
CeHs CgHs
R*+M —» RM¥
R CHCgH, R CH*CgHs
\ _/ )
(CH, CH);y + HC=\ — 3 (CH,CH)i
‘ CeH ‘
CgHs 675 CgHs

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 M h
_J U
] ==

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 4h (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:

AIM] | AXy
~ar Ml

(=rm) = (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
Tamp)- 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 (HCI/Cat = 3 and HCl/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 BF;/ethanol I:1

Volume of solution ethanol/dichloromethane (mL) 101

Total reaction volume (mL) 1.000

Reaction time (min) 45
— UV-10

— — -PIB24
POLBF3 (Isobutene)
POLBF3 (RAF1)

Intensity/u.a.

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 1640-1642 cm~! 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.
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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, CHy, 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 Hy. 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

CcoO 53 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:

o
Vo = A—E’ - YVEi (25.3)
Ei
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where yY, 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 (yp,0) can be determined
from the ratio of the corrected areas (Ap,0) and also the component (Ag;), as shown
below:

0
y() _ AHzO
H,O0 —
2 AH

Y (25.4)

20

25.2.1.3 Verification of the kinetic regime

To verify the kinetic regime, two tests are performed, in which the volumetric flow (vg)
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 #1.,./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 (#2¢,/vo =25 x 107 geoe 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:

Vo

GHSV =»y!, . (25.5)

cat

where y?. 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=Iatm
Hy/CeHip = 13.2)

Initial Rate at 543 K
Catalyst Hiptb (1073 mol/hlg ;) TOF (s=!) E, (kcal/mol)
0.9% Pt/Al,O; 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,/CsHip =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, O3 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 H,/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,/pCsHj; = 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 CHy
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, < Pcy, and Pco, > Pcu,. 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} CHs + (p) < CHx-(p) + H,
{B} CO1 + (2) <> CO1(2)
{C} Hz + 2(p) « 2H" (p)

{D} CO,(z) + 2H*(p) <> CO + H,0

{E} COa(2) + CH,- (p)—>2CO; + ’—ZCHZ +(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 CH4 (at constant pressure and
temperature, T =550°C).
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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;:

rem, = kew, - Py - (0) — kefy, - [CH- ()] - Py ™% =k - [CO2(2)] x [CH,-(p)]
(25.11)

Assuming step {B} in equilibrium, it has been:
Kco, - Pco, - [] =[CO2 — 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 . KCOZ . kCH4 . PCOZ . PCH4
k . KCOZ . PCOZ + (1 =+ KC02 . PCOz) (kCH4 . PCH4 + kall—h . sz—x)/Z)

YCHy = (25.15)

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:

roH, = % (25.16)
where a, b, and ¢ are as follows:

a=k-Kco, - kcn, - Pch, (25.17)

b=k -Kco, + Kco, - ke, - Pcny (25.18)

CZkCH4 'PCH4 (25.19)
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Table 25.4 Metric Parameters

Constant PtZr
K&, 0.030
KL, 0.0148
k' 1.138
Correlation 0.983

@Unit: mol/hgc,e Torr.

O Unit:Torr~".
©Unit: mol/hgcae.

This equation can be linearized as follows:

Pco,
TCH,

Where A= m

=A~PCO2+B

1 _ 1
+zand B= FRco,

(25.20)

Hence, by plotting Pcp, /7cu, versus Pcy,, 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:

YCH,; =

a - PCH4
b - PCH4 +c

where a’, b’ and ¢’ are as follows

a =k -Kco, - kcn, - Pco,

b'=kcn, (1 + Kco, - Pco,)

C/ = k . KCOZ . PCQ2

This equation can be linearized as follows:

Pch,
TYCH4

where A’ =

~ k-Kco, Pco,

1+KC02 ‘PCQZ

=A 'PCH4 + B

and B’ = L

 kchy

(25.21)

(25.22)
(25.23)

(25.24)

(25.25)

Hence, by plotting Pcy, /7ch, versus Pcy,, we obtain the constants A’ and B'.
> DYy p g 4 4 45

(c) From the constants A, B, A’, and B/, we can calculate kcy4, Kcoa, 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 > KCOZ : PCOZ
Therefore:

rcuy =ken, - 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:

e 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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\\\3\3\?‘ ANANNANY

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.
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Table 25.6 Operating Conditions of the Catalytic Tests

Nominal Ptl Pt2 Pt3
LHSV (h—") 35 349 3.30 3.13
H,/HC8 (mol/mol) 4 401 - -
Preactor (bar) 12 12 12 12/9
Vied (cm?) 26.9 28.4 26.9 284
Dpeqg (cm) 1.90 1.90 1.90 1.90
Lyeq (cm) 8.58 9.3 9.5 9.3
M (g) 18.32 18.29 16.69 15.57
Qcg (cm®/min) 1.57 1.69 1.5 1.48
Qp (cm?/min) 1.150 1.240 1.150 1.150

Simulated load

Real load

1%02/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, (1.2L/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 g.,, 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 H,. 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 3 h. 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

Xpp =
Ep 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 4473 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
20
£)
g 15-
g\o/
c
2 104
[0}
o
S
IS
S 51
o 4
Pt3 (OP) Ptl1 (Z 771 A) Pt2 (1-9K)

Catalysts

Selectivity (360°C)

I o-xylene (370°C)

I Repetition (360°C)

Figure 25.16 Effect of temperature on the selectivity of o-xylene.

25.3.3.6 Selectivity

o-xylene (360°C)
0-xylene (385°C)

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:

So-xylene =

Xylene — Xylene
> Xylene

product

product

x 100

(25.30)
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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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