
Review of Chemical
Equilibria

A.1 I Basic Criteria for Chemical Equilibrium
of Reacting Systems

The basic criterion for equilibrium with a single reaction is:

NCOMP

D..G = :L VilLi = °
i~l

(Al.l )

where D..G is the Gibbs function, NCOMP is the number of components in the sys­
tem, Vi is the stoichiometric coefficient of species i, and lLi is the chemical poten­
tial of species i. The chemical potential is:

(A.I.2)

where Rg is the universal gas constant, IL? is the standard chemical potential of
species i in a reference state such that ai = 1, and ai is the activity of species i. The
reference states are: (1) for gases (i.e., JO = 1) (ideal gas, P = 1 atm) where 1 is
the fugacity, (2) for liquids, the pure liquid at T and one atmosphere, and (3) for
solids, the pure solid at T and one atmosphere. If multiple reactions are occurring
in a network, then Equation (AI. 1) can be extended to give:

NCOMP

D..Gj :L Vi,jlLi = 0, j 1, "', NRXN
i~ I

(Al.3)

where NRXN is the number of independent reactions in the network.
In general it is not true that the change in the standard Gibbs function, D..Go, is

zero. Thus,

NCOMP

D..Go :L VilL;) *' °
i~ I

(A.I.4)
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Therefore,

NCOMP

I1C - I1Co 2: Vj(ILj IL?)
i~l

or by using Equation (A.I.2):

Now consider the general reaction:

CiA + bB + ... = wW + sS + ...

(Al.5)

(Al.6)

(A 1.7)

Application of Equation (Al.6) to Equation (Al.7) and recalling that I1C = 0 at
equilibrium gives:

Thus, the equilibrium constant Ka is defined as:

NCOMP

Ka II aY;
i=l

Differentiation of Equation (AI.8) with respect to T yields:

(AI.8)

(A.I.9)

(A 1.10)

Note that I1Co = I1Ho - TI1So, where I1Ho and I1So are the standard enthalpy
and entropy, respectively, and differentiation of this expression with respect to T
gives:

(A 1.1 I)

Equating Equations (A l. 10) and (A1.1!) provides the functional form for the tem­
perature dependence of the equilibrium constant:

I1Ho

RgT 2

or after integration (assume I1Ho is independent of T):

(A. 1.12)

(Al.13)

Notice that when the reaction is exothennic (I1Ho is negative), Ka increases with
decreasing T. For endothermic reactions the opposite is true. From Equation (Al.8):
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(A.1.l4)

and

(A. l.l 5)

Since LlCo is not a function of pressure, it is clear that pressure has no influence on Ka .

A.2 I Determination of Equilibrium
Compositions

Consider a gas-phase reaction. If the Lewis and Randall mixing rules are used
(simplest form of mixing rules-more sophisticated relatiol1ships could be applied
if deemed necessary) to give for the fugacity of species i, Ii:

where

- /-0//-0 0a -. i. i (A.2.1)

and 1Ji fugacity coefficient of pure i at T and P of system for any mole fraction
Xi' Substituting the above expression into Equation (A. 1.9) for the reaction given in
Equation (A.I.7) yields (let all .17 I):

(A.2.2)

or

where

n·X.= I

f J1inert + n.I

Equation (A.2.2) can be written in terms of moles as:

rn. ·.. lr P
= K, 1 tv _ 1.

1
-----Ka (/) I b 11 ,"""

L nB • .. J L f1inert + ~
J

(A.2.3)

Note that Ka is not a function of pressure and that KJ, is only weakly dependent on
pressure. Thus, if:

{ then Pt,KJ
- - b ... then Pt,K,+tV S a

0 then no effect
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and the effect of inert species are:

then add inert, K).
then add inert, Kx t
then no effect

Finally, just to state clearly once again, a catalyst has no effect on equilibrium yields.



_________------'A""""--J~ B

Regression Analysis

B.1 I Method of Least Squares
Below is illustrated the method of least squares to fit a straight line to a set of
data points (Yh x;). Extensions to nonlinear least squares fits are discussed in
Section BA.

Consider the problem of fitting a set of data (Y" x;) where y and x are the
dependent and independent variables, respectively, to an equation of the form:

(B.Ll)

by determining the coefficients O:'J and a2 so that the differences between y, and
y, = O:'t + 0:'2 x, are minimized. Given O:'J and 0:'2' the deviations ily, can be calcu­
lated as:

(B.1.2)

For any value of x = x" the probability PP, for making the observed measurement
y, with a Gaussian distribution and a standard deviation (J', for the observations about
the actual value y(x;) is (P. R. Bevington, Data Reduction and Error Analysis for
the Physical Sciences. McGraw-Hill, New York, 1969, p. 101):

(8.13)

The probability of making the observed data set of measurements of the N values
of y, is the product of the individual PP, or:

N

PP(a l , 0:'2) TI PP, n( 1 )' exp [ 1 2: _y,- --rII
! (J',y!2; 2 , (J', J ~

(8. 104)

The best estimates for aJ and 0:'2 are the values that maximize PP(al> 0:'2) (method
of maximum likelihood). Define:
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N

2: (B.l.5)

Note that in order to maximize PP(ajo (2), X2 is minimized. Thus, the method to
find the optimum fit to the data is to minimize the sum of the squares of the devi­
ations (i.e., least-squares fit).

As an example of how to calculate at and a2' consider here the case where
U i = U constant. To minimize X 2

, the partial derivatives of X2 with respect to
aI and a2 must be set equal to zero:

ax 2 a
-=0=
aal aal
ax 2 a
-=0=
aa2 aa2

:2 2: (Yi - al - (X2 XY]

17 2: (Yi - (XI - (X2 XY]
U-

These equations can be rearranged to give:

2:Yi = 2: a ]+ 2: (X2 Xj = (XIN + a22: Xi

2: XiYi 2: a IXi+ 2: (X2 X?=al2: Xi +a22:x?

The solutions to these equations yield a] and (X2 in the following manner:

I2:Yi 2:xj I
2:xf

0']

12:~ti 2:x j I
2:xf

(B.l.6)

12:~~ 2:Yi I
2:XjYi N2:XiYi - 2:xj 2:Yi

Ct'2 =

I2:
NX

i
2: x, I N2:xf ( 2:XJ2
2:xf

The calculation is straightforward. First compute 2:x" 2:y" 2:xl, and 2:x,y,. Second
use the summed values in Equation (B.l.6) to obtain (XI and a2'

B.2 I Linear Correlation Coefficient
Referring to Equations (B.l.l) and (B.1.6), if there is no correlation between x and
y, then there are no trends for Y to either increase or decrease with increasing x.
Therefore, the least-squares fit must yield a2 = O. Now, consider the question of
whether the data correspond to a straight line of the form:

The solution for (X; is:

N2:x,y, 2:Xi 2:Yi
N2:l - (2:yY

(B.2.! )

(B.2.2)
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Again, if there is no correlation between x and y, then a; = O. At the other extreme,
if there is complete correlation between x and y, then there is a relationship between
al> al> af, and a; that is:

Thus, a perfect correlation gives Cl'.za; = 1 and no correlation yields Cl'.zCl'.; = 0 since
both Cl'.z and a; are zero for this condition. The linear correlation coefficient is there­
fore defined as:

(B.2.3)

The values of Ree are -1 ::5 Ree ::5 1 with Rec = 1 and Rec = 0 defining perfect and
no correlations, respectively. Although the linear correlation coefficient is commonly
quoted as a measure of "goodness of fit," it is really not appropriate as a direct meas­
ure of the degree of correlation. If the data can be represented in a manner such that
the fit should result in a y-intercept equal to zero, then a simple method can be used
to determine the "goodness of fit."

B.3 I Correlation Probability
with a Zero Y.lntercept

Numerous kinetic expressions can be placed into a form that would yield a zero
y-intercept when using the linear least-squares method. A survey of a few of these mod­
els is provided in Table B.3.1. Given that the y-intercept is a known value (i.e., zero), if
a perfect correlation could be achieved, the hypothesis that the true value of the param­
eter, ai' is equal to the specified value, a~, could be tested by referring the quantity:

(B.3.l)

to the table of Student's [* values with N-2 degrees of freedom. The standard error,
SE, can be calculated as follows. The standard deviation U o of the determination of
a parameter 75 is via the chain rule:

(B.3.2)

where Ui is the standard deviation of each datum point i. If (J"i = (J" = constant, then
u; is approximately equal to the sample variance, which is (P. R. Bevington, Data
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Reduction and Error Analysis for the Physical Sciences, McGraw-Hill, New York,
1969, p. 114):

~2 == N _1 2 '" (y,. ~ ~ X)2v .:::;.; '-<] - '-<2 i (B.3.3)

for the linear equation (B.1.1). (The sample variance is the sum of squares of the
residuals divided by the number of data points minus the number of parameters
fitted.) Now Equation (B.3.2) written for the linear equation (B.1.1) gives:

(B.3.4)

Using Equation (B.1.6) to calculate the partial derivatives in Equation (B.3.4) yields:

(B.3.5)

(B.3.6)

where

Thus, SE(ii]) = (Tal and SE(ii2) = (Ta,' Now returning to Equation (B.3.1), t* is the
experimental deviation over the standard error and if this value is larger than the value
in a Student's t*-distribution table (see any text on statistics for this table) for a given
degree of confidence, for example, 95 percent Ci:xp = expected deviation/standard er­
ror), then the hypothesis is rejected, that is, the y-intercept is significantly different
than zero. If t* < t:xp then the hypothesis is accepted and 0'2 can be reported as:

(B.3.7)

B.4 I Nonlinear Regression
There are numerous methods for performing nonlinear regression. Here, a simple
analysis is presented in order to provide the reader the general concepts used in per­
forming a nonlinear regression analysis.

To begin a nonlinear regression analysis, the model function must be known. Let:

y = f(x, a) (B.4.1)

where the function f is nonlinear in the dependent variable x and unknown param­
eters designated by the set a = [a], a2, ... , all]. A least-squares fit of the observed
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measurements y; to the function shown in Equation (B.4.1) can be perfonned as fol­
lows. First, define X2 [for linear regression see Equation (B.l.5)] as:

(B.4.2)

As with linear least squares analysis, X2 is minimized as follows. The partial de­
rivatives of X2 with respect to the parameters of a are set equal to zero, for exam­
ple, with al:

ax2 a {I N } - 2N af (x;, a)
0=- = - 2 ~ [Yi - f(x;, a)]2 = 2 ~ [Yi - f(x;, a)] (B.4.3)

aa1 aa1 (J';= 1 (J' ;= 1 aal

Thus, there will be n equations containing the n parameters of a. These equations
involve the functionf(x;, a) and the partial derivatives of the function, that is,

for j = I, ... , n

The set of n equations of the type shown in Equation (B.4.3) needs to be solved.
This set of equations is nonlinear if f(x;, a) is nonlinear. Thus, the solution of this
set of equations requires a nonlinear algebraic equation solver. These are readily
available. For infonnation on the type of solution, consult any text on numerical
analysis. Since the solution involves a set nonlinear algebraic equation, it is per­
fonned by an iterative process. That is, initial guesses for the parameters a are re­
quired. Often, the solution will tenninate at local minimum rather than the global
minimum. Thus, numerous initial guesses should be used to assure that the final so­
lution is independent of the initial guess.

The issue of "goodness-of-fit" with nonlinear regression is not straightforward.
Numerous methods can be used to explore the "goodness-of-fit" of the model to the
data (e.g., residual analysis, variance analysis, and Chi-squared analysis). It is al­
ways a good idea to inspect the plot of the predicted [y(x;)] versus observed Y; val­
ues to watch for systematic deviations. Additionally, some analytical measure for
"goodness-of-fit" should also be employed.



Transport in Porous
Media

C.1 I Derivation of Flux Relationships
in One-Dimension

Consider a tube filled with an isobaric binary gas mixture of components A and B. When
component A moves it exerts a force on B. This frictional force, flAB, can be described as:

ffAB = (proportionality constant) (concentration of A) (concentration of B) (relative velocity of A to B)

or

number of collisions momentum exchange
per collision

(C.l.l)

where Vi is the molecular velocity of species i. The total frictional losses have to
equal the driving force. Thus, for the section dz,

<1:

(C.l.2)

Multiply Equation (C.l.2) by C (total concentration) and rearrange to give:

.3.:19
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If the proportionality factor is defined as:

then Equation (C.l.3) can be written as follows:

(C.l.3)

(C.IA)

(C.l.5)
-CD dX
_--"A=..B _A = C(V

A
- VB)

XAXB dz

Equation (C.1.5) is Fick's First Law. To see this, rearrange Equation (C.1.5) as shown
below:

dXA-CD ­AB dz

(C.l.6)

Recall that Fick's First Law is:

(C.l.7)

where fA is the flux of A with respect to a coordinate system that is moving at Vlolal

and:

Further arrangements of Equation (C.l.6) can be made as shown below:

dXA
CA(-XAVA - XBVB + XAVA + XBVA) = -CDAB ­

dz

dXA
Vlolal) = -CDAB dz

which is Equation (C.1.7).
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Now consider a multicomponent system. For a multicomponent mixture of
NCOMP species:

(Cl.8)

by analogy to the frictional force for a binary mixture [Equation (C.l.l) with Equa­
tion (CIA)]. Using Equation (C.l.8) gives a total force balance of:

-dX. NCOMP XX(V - V)
1 = 2: 1) 1 ) (Cl.9)

dz j=l Dij
i*j

that is the Stefan-Maxwell equations.
The Stefan-Maxwell equations are normally written in terms of fluxes, N i . Since

N i = CiVi, Equation (Cl.9) can be expressed in terms of fluxes as:

-dX. NCOMP [XN XN]
__1= 2: )1 1)

dz j=l CDij
i*j

(CUO)

C.2 I Flux Relationships in Porous Media
Consider the movement of a binary gas mixture in a pore:

dz

Pore wall

The loss of momentum in dz due to molecule-wall collisions is:

where

gc = gravitational constant

A~ = cross-sectional area of the pore

DKA = Knudsen diffusion coefficient of A

(dPA)K = change in pressure from molecule-wall collisions

(C2.I)
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Fick's First Law is (momentum losses due to molecule-molecule collisions):

(C.2.2)

(diffusive flux) + (bulk flow)

Let:

FR=I+NBI
INA

so that Equation (C.2.2) can be written as:

or

(C.2.3)

(C.2.3)

(C.2A)
p _ R~T[

-(dPA)mmgcAc - NA-- I
DAB

where (dPA)mm is the change in pressure from molecule-molecule collisions. Now
the total momentum loss due to molecule-wall and molecule-molecule collisions is
the sum of Equation (C.2.1) and Equation (C.2A) [(dPA) = (dPA)K + (dPA)mm]:

or after rearrangement:

-1 1 dPA--

[1- (FR)XA + _1_] RgT dz

DAB D KA

(C.2.S)

If there is equimolar counterdiffusion (NA = -NB ) and/or if XA is small, Equation
(C.2.S) reduces to:

where

I 1 dPA

+ _1_ R~T dz

DAB D KA

-DTA dPA---

RgT dz
(C.2.6)

(C.2.7)

Equation (C.2.7) is called the Bosanquet equation.
A momentum balance for multicomponent mixtures can be fonnulated in a man­

ner analogous to that used to derive Equation (C.2A) using molecule-wall and
molecule-molecule (Stefan-Maxwell) relationships to give:
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NR T NCOMP R T
(d) P- Ig d P '" g(- P; gcAc - -- z gcAc + £.; -- Xp;

D~ j=! Dij
i*j
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-1 dPi

RgT dz

NCOMP [XN - XN] N.
'" J I I J l
£.; +-
j=! Dij DKi
i*j

(C.2.8)
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Coupled catalytic cycles, 242-245
Cracking reactions

of alkanes, 164 (figure), 165-166, 169-170
of cumene, 206-207
fluidized-bed reactors for, 331-332

Creighton, J. R., 109
Cronstedt, A. E, 166
Cropley, J. B., 310, 311, 335
Crystal structures

metal catalysts, 134-136
zeolite catalysts, 166-169

Crystallites, size of, 138-139
CSTRs. See Continuous flow stirred tank reactors (CSTRs)
Cumene, cracking of, 206-207
CVD (chemical vapor deposition), 223-228
Cyclohexane

dehydrogenation of, 150-151,237
fonnation of, 18-19,210-212,230,238-239

Cyclohexene
fonnation of, 299-300
hydrogenation of, 18-19,230,238-239

Cyclopentadiene, 66-67
Cylindrical catalyst pellets

diffusion/reaction in, 203-206

Index

infinite, 196-197,201 (table)
thennal conductivity effect, 218-219

Cylindrical pores, diffusion through, 192-195

D
Damkohler number, 219
Danckwerts, P., 262, 278
Daniels, E, 96
Data analysis. See Experimentation; Statistical analysis
Datye, A. K., 137
Dautzenberg, EM., 235
Davis, M. E., 167, 168, 169,280,281,322,323
Davis, R. J., 49, 99, 159, 181,250
DEA (diethylamine), 51
DEBA (diethylbutylamine), 51
Debye-Htickel theory, 61
Decoloring, of effluent streams, 48-49
Decomposition

of acetaldehyde, 126
of dinitrogen pentoxide, 15-16,27-28,54-55, 126
of ethanol, 97
of ozone, 101, 103-105, 110-111
photocatalytic, 49
of 2-propanol, 59-60, 63
rate expressions for, 26 (table)

Degnan, T. E, 328
Degree of polymerization, 112
Dehydration, of alcohols, 169
Dehydrogenation

alkanes, 42
cyclohexane, 150-151,237
methylcyclohexane, 160-161
n-pentane, 171
propane, 45
2-propanol,231

Denbigh, K., 2, 75
Density of catalyst beds, 316-317
Desorption

associative, 145
as rate-detennining step, 155-156, 173

Detergents, 37
Deuterium-hydrogen exchange, 109
Dibromine

dihydrogen, reaction with, 131-132
hydrogenation of, 4

Dichlorine
carbon monoxide, reaction with, 176-177
dihydrogen, reaction with, 101

Diels-Alder reactions
DMB/acrolein reaction, 48, 63
in isothennal batch reactor, 66-67

Diethylamine (DEA), 51
Diethylbutylamine (DEBA), 51
Diffusion

catalyst boundary layer, 185-188
configurational, 191
Knudsen, 190-191
observed kinetics and, 202, 207-208
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Diffusivity
effective, 196
transition, 191
typical values, 186

Dihydrogen, See also Hydrogen
in ammonia synthesis, 1-3, 159-160,250-251
associative desorption of, 153
chemisorption, on platinum, 138-139
dibromine, reaction with, 131-132
dichlorine, reaction with, 101
as inhibitor, 171, 250-251
olefin hydrogenation, eflect on, 244-246, 252-253

Dimensionless material and energy balances
t1at plate catalysts, 221
nonisotherma1 PFRs, 302-303

Dimerization, of isobuty1ene, 154-155
2,3-Dimethyl-1 ,3-butadiene (DMB), 48, 63
Dimethyl-p-to1udine (PT), 34-35
Dinitrogen

in ammonia synthesis, 1-3,49-50, 141-143
chemisorption of, 150
dissociative adsorption of, 157-158,248-249,250
formation of, 181
oxidation of, 131

Dinitrogen pentoxide
decomposition of, 15-16,27-28,54-55, 126
as nitrating agent, 303-304

DIPAMP, 241-245, 257-258
Dirac delta function, 265
Direct vs. catalyzed reactions, 101, 103, 104 (figure), 116

(figure), 134 (figure)
Dispersion models

axial-dispersion model, 272-277
radial-dispersion model, 282
reactor conversion prediction and, 277-280, 282-283

Dispersion of supported metal catalysts, 136-138
Dissociative chemisorption

defined, 143
rate expressions for, 145-147

Distillation, reactive, 68
Distribution of residence times, See Residence time distribution

function
Djega-Mariadassou, G., 145, 153, 157, 161,245
I-DodecanoL 37
Domain closures, in enzyme catalysis, 114-116
L-Dopa synthesis, 119-121, 122-124,285
Dopamine, 123
Douglas, W. J, M" 235
Drug metabolism, tracer experiments for, 265
Dumesic, J. A" 139,140,150,240,246,247,248,249,253
Dupont, 333
Dyes, in effluent streams, 48-49

E
E. 119
Effective diffusivitv, 196
Effectiveness facto~rs, See also Overall effectiveness factors

"equivalent" sphere characteristie length and, 205-206
nat plate catalyst pellets, 212

interphase, 220
nonisothermal reactions, 212-217
spherical catalyst pellets, 199-202

Effluent streams, dyes in, 48-49
Elementary steps

adsorption, in heterogeneous catalysis, 140-147
Arrhenius' Law and, 54-56
defined, 4
desorption, in heterogeneous catalysis, 155-156
microkinetic analysis and, 240, 248
notation for, xvi (table), 4 (table)
rate expressions for, 23-24, 25 (table)
Rideal-Eley vs. Langmuir-Hinshelwood, 153-154
vs, stoichiometric reactions, 8, 53-54
surface reactions, in heterogeneous catalysis, 147-155
transition state theory for,S, 56-62
two-step assumption for, 157-162

Elimination of beer, modeling of, 97
Emmet, Paul, 141, 142
Enantioselectivity, in olefin hydrogenation, 240-246
Endothermic reactions

effectiveness factors and, 213-214
potential energy profile, 57 (figure)
temperature dependence, 56

Energy balance expressions
batch reactors, 291
coolant, in fixed-bed reactor, 335
CSTRs, 303, 304
dimensionless, 221
fixed-bed reactors, 317, 320, 321, 325, 335
t1at plate catalyst pellets, 214, 220
general form, nonisothermal reactors, 286-288
PFRs,297-298,299,300-301

Energy diagrams
carbon monoxide oxidation, 134 (figure)
enzyme catalysis, 116 (figure)
hydrochloric acid formation, 103 (figure)
ozone decomposition, 104 (figure)

Engelhard Corporation, 331
Ensembles, in active sites, 150
Enthalpy, in nonisothermal operation, 288-290, 290 (figure)
Enthalpy of adsorption 162-166
Enthalpy of reactions. See Heat of reactions
Entropy, of activation, 59-60
Environmental cleanup, with fixed-bed reactors, 330-331
Enzyme catalysis

kinetics of. 117-119
Koshland induced fit theory, 114-116
Lineweaver-Burk analysis, 119-121
nonlinear regression analysis, 121-122

Epoxidation, of olefins, 43-45
Equilibrium

criteria for, 339-341
notation for, xvi (table), 4 (table)

Equilibrium composition
ammonia synthesis example, 2-3
determination of. 341-342

Equilibrium constants
from experimentation, 174-175
in nonideal systems, 60
rate constant and, 24



temperature dependence of, 340-341
for transition states, 58

Equilibrium extent of reactions. See Extent of reactions
"Equivalent" sphere characteristic lengths, 205-206
Ercan, C., 235
Ergun equation, 317-318
Ertl, G., 133, 134,250,251
Ester formation

isoamyl propionate, 129-130
product removal in, 68

Ethane, hydrogenolysis of, 125-126, ISO-lSI
Ethanol

acetaldehyde from, 178-179
decomposition of, 97
oxidation of, 38

Ether, production of, 69-70
Ethyl acetate, reaction with hydroxyl ions, 75-76
Ethyl species, formation of, 254-256
Ethylbenzene, alkylation of, 235-236
Ethylene

butadiene, reaction with, 299-300
hydrogenation of, 99, 139-140,252-257
oxidation of, 92-94

Ethylidyne, 109
Exhaust streams, cleanup of, 331
Exothermic reactions

effectiveness factors and, 213-214
heat release for, 87
Madon-Boudart criterion and, 230
potential energy profile, 57 (figure)
temperature dependence, 56
temperature profile, in PFR, 287 (figure)

Experimentation. See also Microkinetic analysis; Statistical
analysis

criteria for kinetic analysis, 228-230
and kinetic sequences, postulation of, 171-177
minimizing transport effects, 230-232

Exponential residence times
in CSTRs, 74
defined, 65

Exposed metal atoms, in catalysts, 138-139
Extent of reactions

defined, 9-10
equilibrium composition, 10-11
fractional conversion, 13-14
molar expansion factor, 14-15
vs. rate function, 20 (figure)
steady-state approximation and, 108

External recycle reactors, 89
External transport effects

defined, 184-185
heat transfer effects, 189-190
mass transfer coefficients and, 187-189
molecular diffusion, 185-188

F
Face-centered cubic crystal structure, 135 (figure)
Falch, E. A., 284
Fast food restaurants, exhausting of, 331
Faujasite frameworks, 167

Index

Femtochemistry, 5, 57-58
Fermentation reactors

residence time distribution data for, 284-285
semibatch reactors as, 67

Fertilizers, 2
Fick's First Law

axial dispersion model and, 273
cylindrical pores, ideal, 193
derivation of, 350, 352
external transport effects and, 186

Finlayson, B. A., 323
First order reactions

rate expressions for, 24, 26 (table), 26-29
residence time distributions, 270-272
vs. second order, 31-33, 32 (figure)
in series, 105-108

Fishel, C. T., 49
Fixed-bed reactors

described, 315-317, 328 (figure)
environmental cleanup with, 330-331
one-dimensional model, 317-325
Peclet number for, 274-275, 276 (figure), 282
two-dimensional model, 325-327

Flagan, R., 98, 131
Flat plate catalyst pellets

combined internal/external transport in, 219-223
diffusion/reaction in, 208-212
nonisothermal effectiveness factors, 213-215

Flow reactors. See also specific types, e.g., Continuous flow
stirred tank reactors (CSTRs)

defined, 64
energy balances for, 286-288
laboratory scale, 87-95
relaxation times and, 124-126
variables for, 74 (table)

Fluidized-bed reactors, 329 (figure), 331-333
Flux expressions. See Heat flux expressions; Molar flux

expressions
Fogler, H. S., 70, 96
Fractional conversion, 13, 14
Fractional surface coverage

in ammonia synthesis, 248-249
defined, 144
for dissociative adsorption, 147

Franckaerts, J., 179
Free energy change. See Gibbs free energy change
Free radical chain reactions

acetaldehyde decomposition, 126-127
hydrochloric acid formation, 131-132

Frequency, in transition state theory, 59
Friction factors, for fixed-bed reactors, 318
Frictional forces, in gas mixtures, 349
Friend, C. M., 134
Froment, G. F., 179,270,310,326,327
Fructose, 116-117
Fugacity, 3, 339

G
Gaden, E. L., Jr., 284
Gainer, J. L., 49, 129
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Garces, J, M., 49, 159
Gases

diffusivity of, 186
ideal gas law, 15
Lewis and Randall mixing rules for, 3, 341
mole changes and, 78-79
quality of mixing, 88-89

Gibbs free energy change
equilibrium criteria and, 339-340
rate determining steps and, 148-149

Glucose, 116-117
Glucose isomerase, 117
Goddard, S. A., 139, 140,253
Gonzo, E., 18
Goodness of fit

linear regression, 32-33, 345-347
nonlinear regression, 348

Goodwin, J. G., 125
Growth rate profiles, in chemical vapor deposition, 224-227
Guldberg-Waage rate expressions

bimolecular reactions, 29
generalized form, 22-23
parallel reaction networks, 42
series reaction networks, 38
trimolecular reactions, 35

Gupta, V. E, 235

H
Haag, W 0., 154, 170
Haber ammonia synthesis process, 2
Half-life, 27
Halpern, J., 240, 241, 242, 244, 257, 258
Hansen, E. W, 256
Hawley, M. c., 317
Heat flux expressions, 214
Heat of adsorption, 162-166
Heat of reactions

for ammonia synthesis, 1
defined, 57
in nonisothermal operation, 289-290

Heat transfer effects
criteria for kinetic analysis, 228-229
external transport, 189-190
internal transport, 212-217
vessel size and, 295-297

n-Heptanal, production of, 85
Heterogeneous catalysis, 133-177. See also Fixed-bed reactors;

Fluidized-bed reactors; Multiphase reactors
adsorption step, 140-147
bifunctional catalysts, 170-171
defined, 133-134
desorption step, 155-156
enthalpy of adsorption and, 162-166
kinetic sequences, evaluation of, 171-177
single crystal surfaces, 134-136
supported metal catalysts, 136-140
surface reactions, 147-155
two-step assumption for overall reactions, 157-162
zeolite catalysts, 165-170

Heterogeneous reactions
vs. homogeneous, 133,315-317
reaction rates for, 17-18

Hexagonal crystal structure, 135 (figure)
Hexane, cracking of, 169-170
2-Hexanol, formation of, 292-293
I-Hexene

hydration of, 292-293
hydroformylation of, 85
isomerization of, 202-203

Hicks, J. S., 216
Hill, C. G., Jr., 54, 66, 78, 235, 299, 334
Hinrichsen, 0., 250, 251
Holies, J. H., 181
Homogeneous vs. heterogeneous catalysis, 133,

315-317
Horiuti, J., 252, 253, 256
Hot spots, 303, 309-310
Hudson, J. L, 96, 233
Hurwitz, H., 160
Hydration

I-hexene, 292-293
isobutylene, 235

Hydrobromic acid, formation of, 131-132
Hydrocarbon fuels. See also Petrochemical industry

combustion of, 131
reforming of, 170-171

Hydrocarbons, selective oxidation of, 183,332-333
Hydrochloric acid

acetylene, reaction with, 47
formation of, 101

Hydroformylation
commercial scale, 36-37
I-hexene, 85
mechanism, 36 (figure)
propene, 23 (table), 68, 69 (figure)

Hydrogen. See also Dihydrogen
chemisorption, on nickel, 143
deuterium, exchange with, 109

Hydrogen peroxide, as decontaminator, 300
Hydrogenation

benzene,210-212,236-237,318-319
cyclohexene, 18-19,230,238-239
dibromine, 4
ethylene, 99, 139-140,252-257
isopentene, 171
prochiral olefins, 240-246
propene, 23 (table)

Hydrogenolysis
of ethane, 125-126, 150-151
side products from, 42

Hydroxyl ions, reaction with ethyl acetate, 75-76

Ideal catalyst pellet geometries, 196-197, 201 (table)
Ideal gas law, 15
Ideal limits of mixing, 76
Ideal reactors. See also Laboratory reactors; specific types, e.g.,

Plug flow reactors (PFRs)
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defi ned, 64---65
equations for, 83 (table)

Induced fit theory, 114-116
Induction period. See Relaxation time
Industrial scale reactions. See Large scale reactions
Inert species, effect on equilibrium, 342
Infinite cylinder catalyst pellets. See Cylindrical catalyst pellets
Infinite slab catalyst pelIets, 196-197,201 (table)
Inhibition

by dihydrogen, 171, 250-251
in enzyme catalysis, 127-128
by product in feed, 173-174

Initial rate behavior. 173-174
Initiation steps

defined, ]() 1
styrene polymerization, 111

Instantaneous selectivity, 40
Integration factor method, 38, 106
Intermediates

reactive, 5, 100-105, 102 (table), 242-245
transition state, 5, 6, 7 (figure)
types of, 5, 6

Internal recycle reactors. See Berty reactors
Internal transport effects, 190-218

adiabatic temperature rise, 217-218
cylindrical catalyst pellets, 203-206
cylindrical pores, ideal, 192-195
defined, 185
effectiveness factors, 199-202
flat plate catalyst pellets, 208-212
heat transfer effects, 212-217
ideal pellet geometries, 196-197,201 (table)
pellet size, calculation of, 202-203
pore diffusion, influence on rate, 206-207
pore size and, 190-192
severe diffusional resistance, 202, 207-208
spherical catalyst pellets, 197-201
zig-zag pores, 195-196

Interphase effectiveness factors, 220
Interphase transport effects, See External transport effects
Intraphase transport effects. See Internal transport effects
Ionic strength, and rate constants, 61
Iron catalysts

BET method and, 141-143
Haber process, 2
microkinetic analysis of, 246-250
partie Ie size effect, 150

Irreversible elementary steps, notation for, xvi (table), 4 (table)
In-eversible stoichiometric reactions

defined, 14
notation for, xvi (table), 4 (table)
rate expressions for, 21

Isoamyl alcohoL esterification of, 129-130
IsobutanoL dehydration of. 169
Isobutene, from I-butene, 28-29
Isobutylene

dimerization of. 154-155
hydration of. 235

Isomerization
I-butene, 28-29. 46

hexene. 202-203
and kinetie sequences, postulation of. 172-175
n-pentane, 170-171
rate expressions for, 26 (table)

Isopentane, from n-pentane, 170-171
Isopropanol, oxidation of, 179
Isothermal batch reactors

energy balance for, 291
procedure for solving, 66-67

Isothermal operation, 64
Isothennal plug flow reactors

energy balance for, 298
temperature profile, exothermic reaction, 287 (figure)

Isotopic transient kinetic analysis, 124-126

J
.r factors, 189
Johnston, E. H., 96

K
Kargi, E, 127
Kehoe,J.~G,,218,219, 236, 318
Kinetic coupling, 245
Kinetic sequences. See also Microkinetic analysis; Rates

of reactions
evaluation of, 171-177
types of, 100-101, 102 (table)
zero intercepts for, 346 (table)

Kladko. M" 295, 296, 297
Knudsen diffusion, 190-191
Komiyama, H.. 224, 225, 226, 227
Koshland, D. E., Jr.• 115
Koshland induced fit theory, 114-116

L
Laboratory reactors. 82-95. See also Ideal reactors; specific

types, e,g" Continuous flow stirred tank reactors (CSTRs)
axial dispersion neglect of, 323
batch reactors. 84-87
ethylene oxidation kinetics, 92-94
limitations of, 95
purpose of. 82-83
stirred flow reactors. 88-92
tubular reactors, 87-88

Ladas, S" 149
Lago, R. M., 170
Laminar flow

axial-dispersion coefficient for. 273
vs. turbulent flow. in tubular reactors, 260-262

Landis. C. R" 241, 242. 244. 257. 258
Langmuir adsorption isotherms. 144, 145 (figure)
Langmuir-Hinshelwood steps

defined. 152
rate and equilihrium constant calculation and, 174-175
vs. Rideal-Eley steps. 153-154, 176-177

Large scale reactions
anl1110nia synthesis. 2-3
axial dispersion, neglect of, 323
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Large scale reactions--COl1t.

commercial reactor, 328 (photograph)
ethylene oxide production, 93-94
fructose, from enzyme catalysis, 117
hydroformylations, 36-37, 68, 69 (figure)
maleic anhydride production, 333
transport phenomena and rates of, 184-185

Lauryl alcohol, 37
Law of Definitive Proportions

defined, 9-10
fractional conversion and, 14

Law of Mass Action, 22
Least squares methods. See Linear regression; Nonlinear

regression
Lee, J. D., 48
Leininger, N., 51
Levodopa synthesis. See L-Dopa synthesis
Lewis and Randall mixing rules, 3, 341
Limiting components, 13-14
Limiting conditions for reactors, 65 (table)
Linear regression

defined, 343-345
kinetic parameter evaluation and, 175

Lineweaver-Burk analysis, 119-121, 122
Lipase, 129-130
Liquids, diffusivity of, 186
Lock, c., 250
Long chain approximation, 112
Lotka-Volterra model, 51
Low-index surface planes, 135 (figure)

M
MAC, hydrogenation of, 241-246, 257-258
McClaine, B. c., 250
McKenzie, A. L., 59-60, 63
Macrocavities, in silicon wafers, 224-227
Macromixing, 272
Macropores, in catalyst pellets, 192
Madon, R. J., 229, 230
Madon-Boudart criterion, 229-230
Madsen, N. K., 327
Maleic anhydride, production of, 333
Mari (most abundant reaction intermediates), 158, 161-162
Mars-van Krevelen mechanism, 183,332-333
Masel, R., 135, 152, 153
Mass transfer coefficients, 187-189
Material balance expressions

axial-dispersion model, 272-274
batch reactors, 65, 294
blood flow, 282-283
comonomers,72-73
CSTRs, 71, 73
cylindrical catalyst pellets, 204
first order reactions in series, 106
fixed-bed reactors, 317, 320, 321, 325, 335
flat plate catalyst pellets, 209, 212, 214, 222
ideal reactors, isothermal, 83 (table)
isothermal batch reactors, 67
laminar flow reactors, 261

macrocavities, in silicon wafers, 225
nonisothermal operation, 286, 294, 299
PFRs, 76-77,286,299, 301
polymers, 72-73
radial dispersion model, 282
recycle reactors, 89-92
semibatch reactors, 68
spherical catalyst pellets, 197

Mean residence times, in CSTRs, 74
Mears criterion, 229
Mears, D. E., 20, 22, 228, 229, 231
Mechanisms

ammonia synthesis, 247 (table), 250 (table)
defined, 5
ethylene hydrogenation, 252, 253
hydroformylation, 36 (figure)
induced fit, 115 (figure)
Mars-van Krevelen, 183, 332-333
"ping pong bi bi," 129, 130

Mehta, D., 317
Mensah, P., 129
Metal catalysts. See also specific types, e.g., Platinum catalysts

crystal structures of, 134-136
supports for, 18-19, 136-140

Metal oxide supports, in catalysis, 18-19, 136-140
Methane, oxidation of, 5-6
Methanol, 69-70
Methyl acrylate, formation of, 78-79
Methyl iodide, 34-35
Methyl tertiary butyl ether (MTBE), 28
Methyl-(Z)-a-acetamidocinnamate (MAC), 241-246, 257-258
Methylacetoxypropionate, 78-79
Methylcylohexane, dehydrogenation of, 160-161
2-Methylhexanal, production of, 85
MFRs (mixed flow reactors). See Continuous flow stirred

tank reactors (CSTRs)
Michaelis constant, 118
Michaelis-Menten form, 117-119
Michelsen, M. L., 301
Microcavities, in silicon wafers, 224-227
Microkinetic analysis

ammonia synthesis, 246-252
defined, 240
ethylene hydrogenation, 246-252
olefin hydrogenation, 240-246

Micromixing, 272
Micropores, in catalyst pellets, 192
Mixed flow reactors (MFRs). See Continuous flow stirred

tank reactors (CSTRs)
Mixed parallel-series reaction networks, 43-45
Mixing limits, ideal, 76
Mobil Corporation, 331
Molar concentrations. See Concentrations
Molar expansion factors, 14-16
Molar flux expressions

cylindrical catalyst pellets, 204
derivation of, 349-353
dimensionless, 221, 302-303
flat plate catalyst pellets, 212, 220
spherical catalyst pellets, 197
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stagnant film diffusion, 187
zig-zag pores, 195-196

Mole balance. See Law of Definitive Proportions
Molecular bromine. See Dibromine
Molecular chlorine. See Dichlorine
Molecular diffusion. See Diffusion
Molecular hydrogen. See Dihydrogen
Molecular nitrogen. See Dinitrogen
Molecular sieves, zeolites as, 169
Molecularity

defined,24
for elementary steps, 25 (table)

Molybdenum, oxides of, 183
Momentum balance expressions

derivation of, in porous media, 351-353
fixed-bed reactors, 317-318, 321, 335

Monsanto, 123
Monte Carlo algorithm, 256
Most abundant reaction intermediates (Mari), 158, 161-162
MTBE (methyl tertiary butyl ether), 28
Muhler, M., 250, 251
Multilayer adsorption, 140-143
Multiphase reactors, 329-330
Multiple reactions. See Reaction networks

N
Naphthalene, 333-334
Negative activation energies, 163-164
Networks. See Reaction networks
Neurock, M., 254, 256
Nickel catalysts

in benzene hydrogenation, 218-219, 236-237, 318-319
copper alloyed with, 150-151
hydrogen chemisorbed on, 143
thermal conductivity effect, 218-219

Nitration, of aromatic compounds, 303-305
Nitric oxide, as combustion byproduct, 131
Nitrogen. See Dinitrogen
Nitrogen oxides, formation of, 12
Nitrous oxide, 181
Nomenclature list, xii-xvi
Noncompetitive inhibitors, 128
Nonflow reactors. See Batch reactors
Nonideal flow in reactors, 260-283

axial dispersion model, 272-277
Berty reactors, 268-269
conversion prediction, axial dispersion model, 277-280
conversion prediction, residence distribution times, 269-272
penicillin bioreactor, 280-281
perfectly mixed reactors, 264-265
radial dispersion model, 282
residence time distributions, 262-267, 263 (figure),

267 (figure)
turbulent vs. laminar flow, 260-262

Nonisothermal effectiveness factors, 212-217
Nonisothermal reactors, 286-311

batch reactors. 288-294
CSTRs.303-305
energy balances for, 286-288

PFRs, 297-303
ratio of heat transfer area to reactor volume, 295-297
sensitivity of reactors, 309-311
small vs. large vessels, 295-297
stability of reactor steady-state, 305-309

Nonlinear regression
described, 347-348
kinetic parameter evaluation and, 175
Lineweaver-Burk analysis and, 121-122

L-Norepinephrine, 123
Norskov, J. K., 246, 247
Numerical methods, use of, 321-322, 326-327

o
Observed reaction kinetics

criteria for kinetic analysis, 228-230
diffusional limitations and, 202, 207-208

Ogle, K. M., 109
Oil industry. See Hydrocarbon fuels; Petrochemical industry
Olefins

epoxidation of, 43-45
in ethylbenzene alkylation, 235-236
hydrogenation of, asymmetrical, 240-246

O'Neal, G., 49
One-dimensional fixed-bed reactor model, 317-325
One-point BET method, 142-143
One-way stoichiometric reactions. See Irreversible

stoichiometric reactions
Open reaction sequences, 101, 102 (table)
Order of reaction, 21
Overall effectiveness factors

fixed-bed reactors and, 316-317, 320-322
flat plate catalyst pellets, 221-223

Overall selectivity, 40
Oxidation. See also Partial oxidation

of carbon monoxide, 10-11, 133-134, 149-150, 162-163
of dinitrogen, 131
of ethylene, 92-94
of hydrocarbons, 183,332-333
of isopropanol, 179
of methane, 5-6, 9
as series reaction network, 37-38
of sulfur dioxide, 234
of titanium tetrachloride, 98

Oxides of nitrogen, formation of, 12
Oxydehydrogenation, of propane, 46
Ozone

decomposition of, 101, 103-105, 110-111
formation of, 12
loss of, 105

p

Packed-bed reactors. See Fixed-bed reactors
Palladium catalysts

carbon monoxide oxidation, 149-150, 162-163
cyclohexene hydrogenation, 18-19
ethylene hydrogenation, 254-257

Para, G., 119



364 m~~~-----loLLdll:e",x _

Parallel reaetion networks, 42-43
Park, Y., 280, 281, 322, 323
Parkinson's disease, 122m l24
Partial oxidation

Mars~van Krevelen mechanism, 183,332-333
of naphthalene, 333-335
series reaction networks and, 37-40

Particle size, rates and, 316-317
Pauling, Linus, 116
PDECOL software, 327
Peclet number

axial dispersion model and, 274-276
radial dispersion model, 282

Pellet size
calculation of, 202-203
reaction rate, elfect on, 231 m 232

Peloso, A., 178
Penicillin bioreactors, 280, 281 (figure)
n~Pentane, isomerization of, 170-171
Perfectly mixed reactors. See Continuous flow stirred tank

reactors (CSTRs)
PET (Positron emission tomography), 277
Petrochemical industry. See also Hydrocarbon fuels

Iluidized~bed reactors in, 331-332
laboratory scale reactors for, 87-89

PFRs. See Plug flow reactors
Pharmacokinetics, tracer experiments for, 265
Photocatalytic decomposition, 49
Phthalic anhydride, formation of, 333-334
Physisorption, 140-143
"Ping pong bi bi" mechanism, 129, 130
Plate catalyst pellets. See Flat plate catalyst pellets; Infinite slab

catalyst pellets
Platinum catalysts

bifunctionalityof, 170-171
in carbon monoxide oxidation, 133-134
chemisorption of, 138-139
in ethylene hydrogenation, 139-140
in methylcyclohexane dehydrogenation, 160-161
in sulfur dioxide oxidation, 234

Plug flow reactors (PFRs)
axial dispersion model and, 272-277, 278-279, 280 (figure)
vs. CSTRs in series, 81-82, 322-323
defined. 76-78
flow rate limitations, 95
gas-phase reactions in, 78-79
homogeneous vs. heterogeneous reactions in, 315-317
nonisothermal operation, 297-303
as recycle reactor limit, 91
residence time distributions, 262, 263 (figure), 267 (figure),

270-272
space-time yield, vs. CSTRs, 79-80
temperature protlle, exothermic reaction, 287 (figure)
vs. tubular reactor laminar flow, 260-262

Polanyi, M., 252, 253, 256
Pollution

from hydrocarbon fuels, 131
ozone loss and, 105

standard index, 11-13
Polyn1erizatiOll, of styrene, II 1-112

Polymers, material balance for, 72-73
Polystyrene, production of, 111-112
Poly(styrene-sulfonic acid), as catalyst, 154-155
Poppa, H" 149
Pore size

diffusion effects and, 190-192
rate, influence on, 206-207
in zeolite catalysts, 167-169

Porosity, 195
Porous media, derivation of flux in, 351-353
Positron emission tomography (PET), 277
Potential energy profiles

elementary reactions, 57 (figure)
hydrogen chemisorption on nickel, 143 (figure)

Power law rate expressions
defined,22-23
examples, 23 (table)
Weisz-Prater criterion, 228

Prater, C. D., 228
Prater number, 215
Prater relation, 217
Predator-prey interactions, modeling of, 51
Prediction of reactor conversion

axial-dispersion model, 277-280
residence time distribution function, 269-272

Pre-exponential factors
in Arrhenius' Law, 21
calculating, 55
transition state theory vs. experiment, 152-153
unimolecular reactions, 62

Price, T. H., 318
Primary structure, of enzymes, 114
Prochiral olefins, hydrogenation of, 240-246
Product removal, 68
Propagation steps

defined, 10I
styrene polymerization, 111-112

Propane
dehydrogenation of, 45
oxydehydrogenation of, 46

2-Propanol
acetone from, 47-48
decomposition of, 59-60, 63
dehydrogenation of, 231

Propene
hydroformylation of, 23, 68, 69 (figure)
production of, 63

Propionic acid, esterification of, 129-130
n-Propylbromine, 31-33
Propylene, formation of, 45, 46
Protons, in zeolite catalysts, 169-170
Pseudo-equilibrium. See Quasi-equilibrium
Pseudo mass action rate expressions. See Power law rate

expressions
PT (dimethyl-p-toludine), 34-35

Q

Quantum chemical methods, 254-256
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Quasi-equilibrium
vs. rate determining steps, 148-149
two-step assumption and, 157-158

R
Radial dispersion, 282
Radial temperature gradient, effect of, 327
Radioactive decay, rate expressions for, 26-27
Rate constants, 53-62. See also Rates of reactions

Arrhenius' Law and, 54-56
in CSTRs, 75-76
defined,21
equilibrium constant and, 24
from experimentation, 174-175
external transport effects and, 188
ionic strength and, 61
in nonideal systems, 60-61
transition state theory, 56-62
unimolecular reactions, 62

Rate-determining steps
kinetic sequences and, 172-173
microkinetic analysis and, 248
notation for, xvi (table), 4 (table)
surface reactions as, 148-149

Rate expressions. See also Rates of reactions
ammonia synthesis, 158-160
bimolecular surface reactions, 152
carbon monoxide oxidation, 163
desorption, 156
dissociative adsorption, 145-147
enzyme catalysis, 117-119, 127-128
methylcyclohexane dehydrogenation, 161
two-step assumption, general form, 157
unimolecular reactions, 24, 25 (table), 26, 147

Rate of turnover. See Turnover frequency
Rates of reactions. See also Rate constants; Rate expressions

catalyzed vs. direct reactions, 101, 103, 104 (figure),
116 (figure), 134 (figure)

defined, 16
diffusional limitations and, 207-208
external transport effects and, 188, 189
first order reactions, 24, 26 (table), 26-29
for heterogeneous reactions, 17-18
measurement of, by ideal reactors, 82-92, 83 (table)
in polymerization, 111-112
pore diffusion, influence on, 206-207
rules for rate functions, 19-24
second order reactions, 29-35
steady-state approximation and, 110-111
trimolecular reactions, 35-37
vs. turnoverfrequency, 18, 19
volumic rates, 16-17

Reaction intermediates. See Intermediates
Reaction networks

defined,4
intermediates in,S
mixed parallel-series, 43-45
parallel, 42-43
series, 37-40, 310-311

Reaction rates. See Rates of reactions
Reaction sequences. See Kinetic sequences
Reactive distillation, 68
Reactive intermediates. See also Steady-state approximation

in coupled catalytic cycles, 242-245
defined,S
in single reactions, 100-105, 102 (table)

Reactors See also specific types, e.g, Batch reactors
flow vs. nonflow, variables, for, 74 (table)
ideal, 64-65, 83 (table)
laboratory scale, for rate measurement, 82-95
limiting conditions, 65 (table)

Recycle reactors, 88-92
Redox reactions, 183,333
Regeneration, in fluidized-bed reactors, 331-332
Regression analysis

linear least squares method, 175,343-345
nonlinear least squares method, 121-122, 175,347-348
zero intercepts, correlation probability, 345-347,

346 (table)
Rekoske,J.E., 139, 140,240,246,253
Relaxation time

defined, 112-113
methods for determining, 124-126

Renouprez, A. J., 139
Residence time distribution function

axial-dispersion model, 274
Berty reactors, 268-269
defined,262,264
impulse input, 263 (figure), 266
perfectly mixed reactors, 264-265
reactor conversion prediction and, 269-272
step input, 266, 267 (figure)

Residence times
in CSTRs, 73-74
limiting conditions, 65
PFR space-time analogy, 77-78

Reversible elementary steps, notation for, xvi (table), 4 (table)
Reversible stoichiometric reactions

defined, 13-14
notation for, xvi (table), 4 (table)
rate expressions for, 24

Reynolds number
axial-dispersion model and, 274-276
mass transfer coefficients and, 188-189

Rhodium catalysts
in hexene isomerization, 202-203
in hydroformylation, 36-37
in nitrous oxide/carbon monoxide reaction, 181
in olefin hydrogenation, 240-246
propene and, 23 (table)
supports for, 137 (figure)

Rideal-Eley steps
defined, 153-154
vs. Langmuir-Hinshelwood steps, 176-177

Rode, E., 23
Rosowski, E, 250, 251
Rowland, M., 265
R,R-l ,2-bis[(phenyl-o-anisol)phosphino]ethane (DIPAMP),

241-245
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Rudd D. E, 240, 246
Rules I-V for reaction rate expressions, 19-24
Runaway reactor condition, 310
Ruthenium catalysts

constant volume system, 49-50
microkinetic analysis of, 250-252
two-step assumption and, 159-160

s
Schmidt number, 188-189
Second order reactions

rate expressions for, 29-31
residence time distributions, 271-272
statistical analysis of, 31-35, 32 (figure), 33 (figure)

Seinfeld, J. H., 25 (table)
Selective oxidation. See Partial oxidation
Selectivity. See also Stereoselectivity

defined,40
in ethylene oxidation, 94
mixed parallel-series networks, 43-44
parallel networks, 43

Semibatch reactors
exothermic heat of reaction removal and, 295-297
ideal, 66 (figure), 67-70

Sensible heat effects, 289-290
Sensitivity of reactors, 309-311
Separable reaction rates, 21
Sequences. See Kinetic sequences
Series reaction networks

reaction rates for, 37-40
reaction sensitivity and, 310-311

Severe diffusion limitations, 202, 207-208
Sharma, S. B., 253
Sherwood number, 188-189
Shuler, M. L., 127
Shulman, R. A, 160
Silicon wafers, in chemical vapor deposition, 224-227
Simple reactions, 4. See also Elementary steps; Single reactions
Simulation, of ethylene hydrogenation, 256-257
Sincovec, R. E, 327
Sinfelt, J. H., ISO, lSI, 160
Single crystal surfaces

microkinetic analysis and, 246
structure sensitive reactions and, lSI
for transition metals, 134-136

Single tile diffusion, 191
Single reactions

rate function rules I-V, 19-24
reactive intermediates in, 100-105, 102 (table)

Site balance
general form, 144
two competing species, 145

Slab catalyst pellets. See Flat plate catalyst pellets; Infinite slab
catalyst pellets

Slurry reactors, 329 (figure), 330
Smith, J. M., 234
Soaps, 37
Sodalite cage structures, 167

Sodium lauryl sulfate, production of, 37
Software for numerical solutions, 327
Solid acid catalysts, 154-155, 169
Space time

as average exit time, 266
defined,73
in PFRs, 77

Space-time yield
CSTR vs. PFR, 79-80
defined,72

Space-velocity, 73
Specific rate of reaction, 17
Spherical catalyst pellets

characteristic length parameter, 201 (table)
for cumene, cracking of, 206-207
diffusion/reaction in, 197-201
nonisothermal effectiveness factors, 216-217
reactor balance expressions for, 321-322
schematic of, 196 (figure)

Stability of reactors, in steady-state, 305-309
Standard error, 345, 347
Statistical analysis. See also Experimentation

L-dopa synthesis, 119-121
linear regression, 175, 343-345
nonlinear regression, 121-122, 175,347-348
second order reactions, 31-35, 32 (figure), 33(figure)

Steady-state approximation, 105-113
coupled catalytic cycles and, 243
derivation of, 105-108
hydrogen-deuterium exchange and, 109
ozone decomposition rate and, 110-111
polymerization rate and, 111-112
relaxation time, 112-113, 124-126
surface reactions and, 148
two-step assumption and, 162

Steady-state operation, stability of, 305-309
Stefan-Maxwell equations

cylindrical pores, ideal, 193
derivation of, 351
molecular diffusion, 185
multicomponent gas mixture, 211

Steps, elementary. See Elementary steps
Stereoselectivity

L-dopa synthesis, 123-124
olefin hydrogenation, 240-246

Stirred-flow reactors. See also Continuous flow stirred tank
reactors (CSTRs)

laboratory scale, 88-92
material balance for, 83 (table)

Stirring speed, effect of, 231
Stoichiometric coefficients. 8
Stoichiometric numbers, 157
Stoichiometric reactions

defined, 4, 8
vs. elementary steps, 8, 53-54
generalized equation, 9
notation for, xvi (table), 4 (table)
reactive intermediates in, 100-102

Stolze, P., 246, 247
Structure sensitive/insensitive reactions, 149-151



Student Hest
described, 345, 347
in reaction order example, 32-33

Stutzman, C F., 180
Styrene, polymerization of, 111-112
Substrates

binding of, 114-116
as inhibitor, 128, 130

Sucrose, 116-1 i7
Sugar, I 16-1 i7
Sulfur dioxide, oxidation of, 234
Supported metal catalysts, 18-19, 136-140
Surface area of catalysts, 141-143
Surface concentrations

Damkohler number and, 219
external transport effects and, 188
notation for, 144

Surface reactions, 147-155
bimolecular reactions, 151-152
kinetics of IE dimerization, 154-155
pre-exponential factors, 152-153
as rate-determining step, 172-173
Rideal-Eley steps, 153-154
structure sensitivity/insensitivity, 149-151
unimolecular reactions, 147-149

Surfactants, 37
Switzer, M. A., 181
Symbols list, xii-xvi

T
Tarmy, B. L., 328, 329, 332
Taylor, K. C, 13
Teller, Edward, 141, 142
Temperature gradients

across mm, 190
criteria for importance of, 228-229
internal vs, external transport effects, 223
thermal conductivity effect, 218-219

Temperature profiles, in PFRs, 287 (figure)
Termination steps

defined, iO I
styrene polymerization, 11 1-112

Tertiary structure, of enzymes, 114
Thermal conductivity, effect of, 218-219
Thermodynamic constraints

importance of, 1-2
kinetic sequence postulation and, 177

Thiele modulus
cylindrical catalyst pellets, 204
dellned. 194-195
effectiveness factors and, 200 (llgure), 20 I-202
fiat plate catalyst peiJets, 210
general fonn, 207
silicon wafer chemical vapor deposition, 226
spherical catalyst peiJets, ]98, 199 (figure)

Thodor, G.. 180
Titanium tetrachloride, oxidation of. 98
Titration, 18-19

Toluene
benzene from, 47
formation of, 160-16 I

Topsoe, H., 150
Topsoe, N., 150
Tortuosity, 195-196
Total order of reaction, 21-22
Tozer, T. N., 265
Tracer experiments

impulse input, 262-265, 263 (figure)
step input, 266, 267 (figure)

Transient material balance expressions
axial-dispersion model, 272-274
radial-dispersion model, 282

Transition diffusivity, 191
Transition state intermediates

defined, 5, 6, 7 (figure)
ethyicne hydrogenation, 254 (figure)

Transition state theory, 56-62
vs. Arrhenius form, 60
genera] equation of, 58-59
potential energy and, 56-57
pre-exponential factors, experiment vs., 152-153

Transmission eleetron microscopy, 138, 139
Transport limitations in solid-catalyzed reactions, 184-230

adiabatic temperature rise, 2i7-218
chemical vapor deposition, 223-228
eombined internal/external transport, 220-223
commercial rates, adjustment of, ]84- I85
cylindrical catalyst peiJets, 203-206
cylindrical pores, ideal, 192- I95
Damkohler number, 219-220
effectiveness factors, internal transport, 199-202
effectiveness factors, overall, 221-223
fixed-bed reactors and, 3] 7
flat plate catalyst pellets, 208-212, 213-215, 219-223
heat transfer effects, external, 189-190
ideal peiJet geometries, 196-197, 20i (table)
kinetic analysis criteria, 228-230
mass transfer effects, extemal, 187-189
moiccu1ar diffusion, calculation of 185-] 88
nonisothermal reactions, 212-2 i7
pellet size, calculation of, 202-203
pore diffusion, iufluence on rate, 206-207
pore size, and intemal diffusion, ]90-192
rate data analysis, 228-232
severe diffusional resistance, 202, 207-208
spherical catalyst peiJets, 197-201
thermal conductivitiy effect, 2 I8-2 I9
zig-zag pores, 195- I96

Trevino, A. A., 240, 246, 247, 248, 249
Trickle-bed reactors, 329 (figure), 330
Trimethylamine, 31-33
Trimolecular reactions, 25 (table), 35-37
Triphenylmethylchloride, 69-70
Tubular flow reactors. See also Fixed-bed reactors:

Plug flow reactors (PFRs)
laboratory seale, 87-88
material balance for, 83 (table)
Peelet number for, 275-276, 282
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Tubular flow reactors-eO/u.
sensitivity of, 309-311
turbulent vs. laminar flow, 260--262

Turbulent flow
axial-dispersion coefficient for, 273
axial-dispersion effects and, 276
vs. laminar flow, in tubular reactors, 260-262

Turnover frequency
defined, 18
normalization of rates and, 139, 140
vs. reaction rate, 19
vs. relaxation time, 113
structure sensitivity/insensitivity and, 149-151
in surface reactions, 149

Two-dimensional fixed-bed reactor model, 325-327
Two-step assumption for overall reactions, 157-162
Two-way stoichiometric reactions. See Reversible

stoichiometric reactions

U
Uncompetitive inhibitors, 127-128
l-Undecene, hydroformylation of, 37
Unimolecular reactions

pre-exponential factors for, 152
rate constants for, 62
rate expressions for, 24, 25 (table), 26, 147
surface-catalyzed, 147-149

Uranium, radioactive decay of, 26-27

v
Vaccines, bioreactors for, 300
van de Runstraat, A., 258
van der Waals forces, 140
van Grondelle, J., 258
van Krevelen-Mars mechanism, 183,332-333
van Santen, R. A., 254, 258
Vanadium catalysts, 183,333-334
Vessel size, effects of, 295-297
Villadsen, J., 301
Vinyl chloride, production of, 47
Voids, in catalyst pellets, 192
Volume of reactor, and heat transfer area, 295-297
Volumic rate. 16-17
VPO (vanadium phosphorus oxide) catalysts, 333

W
Wallis, D. A., 280, 281, 322, 323
Wastewater, dyes in, 48-49
Watanabe, K., 224, 225, 226, 227
Water gas shift reaction (WGS), 182
Water, in enzyme catalysis, 114
Weekman, V. W., Jr., 83
Wei, J., 164, 165, 166
Weisz, P. B., 2,170,184,191,216,228
Weisz-Prater criterion, 228
White, J. M., 109
Wilhelm, R. H., 274, 276
Wood stoves, exhausting of, 331
Wu, L-W., 49

x
X-ray diffraction, 138, 139
Xylene, production of, 47

y

Yates, D. J. C., 150, 151
Yeh, C. Y, 235
Yield

mixed parallel-series networks, 44-45
parallel networks, 43
series reaction networks, 41

Young, L. C., 323

z
Zeolite catalysts

axial-dispersion coefficients, 277
for catalytic cracking, 331-332
described, 164 (figure), 165 (figure), 166-170
in ethylbenzene alkylation, 235-236

Zero intercept, in linear regression, 32, 345-347,
346 (table)

Zewail, A, 5, 57, 58
Zig-zag pore networks, 195-196
Zirconium tetrabenzyl, 111-112




