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The solution to the general problem of determining the optimal catalyst activity distribution for 
maximization of global selectivity in flat, cylindrical, or spherical catalyst pellets for parallel, 
consecutive, or triangular reaction networks in presented. The analysis considers both isothermal 
and nonisothermal pellets with no external gradients and is applicable to any type of kinetics with 
arbitrary numbers of chemical species participating in each reaction step. It is shown that the 
optimal catalyst distribution is an appropriately chosen Dirac ~ function. Physically, this implies 
that the active catalyst must be deposited in a thin zone at a specific distance from the center of the 
pellet. Analytical expressions are derived for the optimal catalyst location in terms of the pertinent 
physicochemical and operating parameters. The analysis is applied to C2H 4 and C3H 6 epoxidation 
on Ag. It is shown that pellets with optimal catalyst distribution result in global selectivities that are 
substantially higher than those obtained with uniformly activated pellets. © 1990 Academic Press, Inc. 

INTRODUCTION 

The effect of nonuniform activity profiles 
on the performance of catalyst pellets was 
first discussed by Shadman-Yazdi and Pe- 
tersen in 1972 (1). The application of non- 
uniform activity profiles to the commer- 
cially important problem of automotive 
catalyst design has been discussed by Wei 
and Becker (2) and by Hegedus and co- 
workers (3-5). Activity per unit catalyst 
mass and poisoning resistance were im- 
proved by using reaction engineering tools 
to optimally deposit the catalytic metals 
within the automotive catalyst pellets. Such 
work has resulted in a dramatic increase in 
the service life of automotive catalysts. 

Recently, several theoretical studies on 
the problem of optimal catalyst activity dis- 
tribution have been published. Varma and 
co-workers first solved the problem of max- 
imization of global reaction rate, or equiva- 

r To whom correspondence should be addressed. 

lently effectiveness factor, in pellets with 
no external temperature gradients for bi- 
molecular Langmuir-Hinshelwood kinetics 
(6-8). More recently, the maximum effec- 
tiveness factor problem was solved analyti- 
cally for the general case of arbitrary kinet- 
ics without or with external temperature 
gradients (9, 10). It was shown that the opti- 
mal catalyst distribution is an appropriately 
chosen Dirac 3 function. Simple analytical 
expressions were obtained for the optimal 
catalyst zone location Zopt in terms of a sin- 
gle dimensionless number ~ (9). Similar 
conclusions were reached for the related 
optimization problem of active catalyst 
mass minimization to obtain a given global 
catalytic rate (9). Experimental and theo- 
retical work prior to 1987 has been re- 
viewed recently (11, 12). Recent experi- 
mental studies have shown good agreement 
between theory and experiment for C2H4 
hydrogenation on Pd/AI203 (13), CO meth- 
anation on Ni/A1203 (13), and CO oxidation 
on Pt (14). 

Several studies on the effect of nonuni- 
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form activity distribution on parallel and 
consecutive reaction selectivity have been 
conducted by exploring various monopara- 
metric activity distribution profiles (15-19).  
For the case of parallel reactions in pellets 
used for C 2 H 4  epoxidation, selectivity to 
ethylene oxide was found to increase as the 
catalyst concentration increased toward the 
external pellet surface (17). For the same 
system an attempt was made to establish 
the optimal catalyst profile by assuming the 
local catalyst selectivity to be constant 
throughout the pellet, thus rendering the 
optimization problem one dimensional (20). 
More recently, a numerical search utilizing 
orthogonal collocation to integrate the mass 
and energy balance equations was used to 
maximize product selectivity in nonisother- 
mal first-order consecutive and parallel re- 
action networks (2•). 

The problem of determining the optimal 
catalyst profile for selectivity maximization 
in parallel reactions was recently solved an- 
alytically for arbitrary catalytic reaction ki- 
netics in isothermal pellets (22). In the same 
paper the consecutive reaction selectivity 
maximization problem was solved for arbi- 
trary kinetics of the desirable reaction and 
positive-order kinetics of the undesirable 
one. More recently, analytical solutions for 
the optimal catalyst profile were obtained 
for selectivity maximization in the cases of 
parallel (23) and consecutive (24) reactions 
in nonisothermal pellets with arbitrary re- 
action kinetics. 

One important limitation of previous rig- 
orous optimization studies (6-10,  22-24)  is 
that they strictly refer to reaction systems 
where each reaction involves a single reac- 
tant. Consequently, the results of these 
studies are not directly applicable to many 
catalytic systems of technological impor- 
tance where two or more reactants are in- 
volved per reaction. This problem can be 
overcome only when there is a single limit- 
ing reactant per reaction and other reac- 
tants are well in excess of the stoichio- 
metric requirement. 

In the present work we analyze and solve 

the problem of determining the optimal cat- 
alyst activity profile in isothermal or non- 
isothermal flat, cyclindrical, or spherical 
pellets for triangular reaction networks 
with arbitrary kinetics. As shown in Fig. 1, 
there is no limitation whatsoever about the 
number of reactants involved in each reac- 
tion step; thus, the above-mentioned limita- 
tion of previous studies is eliminated. Ana- 
lytical expressions are derived for the 
optimal catalyst profile in terms of the perti- 
nent physicochemical parameters. The 
results are then applied to two cases of tri- 
angular networks of catalytic interest, i.e., 
epoxidation of C2H4 and of C 3 H 6  o n  Ag (25-  
33). In both cases it is shown that by appro- 
priate design of the catalyst pellets one can 
obtain global selectivities well in excess of 
those obtained with uniformly activated 
catalyst pellets. 

It is worth noting that the results of this 
study are also directly applicable to the lim- 
iting cases of parallel or consecutive reac- 
tion networks without any limitations on 
the number of reactants involved in each 
reaction step. These limiting optimal profile 
results are a generalization of results re- 
cently reported by Vayenas and Pavlou 
(22-24) for parallel and consecutive reac- 
tion networks involving a single reactant 
per catalytic reaction. 

T H E O R Y  

Problem Formula t ion  

We consider the triangular scheme of re- 
actions shown in Fig. 1, which takes place 
in a catalyst pellet. The rates of the reac- 
tions f l ,  f2, J~ are, in general, functions of 
the concentrations of all the species 
A~ . . . . .  Am and of temperature T. The 
equations for the steady-state mass balance 
of the species and the steady-state energy 
balance are 

Dei l d ( dci~ 
x---g-~x x ~ 

' d x /  

= [(a/ l  --  ai2)fl + (ai! -- ai3)f2 
+ (ai2 --  a i 3 ) f 3 ] g ( x )  i = 1 . . . . .  m (1) 
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FIG. 1. Triangular reaction network. 

, 
Kox,-  x°Tx 

--- - [ ( - A H I ) A  + (-AH2)3~ 

+ ( - A H 3 ) f 3 ] g ( x ) .  (2) 

Equation (1) is valid in three cases rele- 
vant to this analysis: (i) if the diffusion of  all 
species is in the Knudsen  regime; (ii) if the 
diffusing species can be treated as a 
pseudobinary system; or (iii) if all the diffu- 
sion components  are dilute relative to the 
concentrat ion of  a nonreact ive species. In 
Eqs. (1) and (2), g(x )  is the local active cat- 
alyst density such that 

fvp g ( x ) d V  goVp (3)  

where go is the volume-averaged catalyst 
density, and n = 0, 1, 2 for the infinite slab, 
infinite cylinder,  and sphere, respectively. 
The boundary conditions of  Eqs. (1) and (2) 
are 

dci d T  
- = 0 ;  x = 0 ,  

d x  d x  

i = 1 , . . .  , m  (4) 

ci = c°,  Z = To ; x = R ,  

i = 1 . . . . .  m. (5) 

Introducing the dimensionless quantities 

z = x / R ,  ui = ciDe,i/(c~D~,l), 0 = T/To, 

~j(/~l . . . . .  Hm, 0) = J~(C1 . . . . .  Cm, T)/ 

fj'( c7 . . . . .  c7, To), 

4Ji = {goR2])(c7 . . . . .  c7, To)l 

[(n + 1)De,lc?]} 1/2, 

~--  (-3~)c?De,l/(KeTo) 

and the dimensionless catalyst density a(z)  
= g ( zR) /go  one can write Eqs. (1) and (2) in 
the form 

1 d ( d u ~ )  
z" dz  z" = (n + 1)[(ail - a i 2 ) d / ) 7 ~ p l  dz  

+ (ai l  - -  a i 3 ) d P ~ 2  + (ai2 --  a i3 )d i )2~3]o t ( z )  

i = 1 . . . . .  m (6)  

1 d ( d O )  
z" dz  zn ~ = -(n + 1)(/3i~2¢j 

-F fl2(I)22~2 -t- f l3t~)~3)t~(Z) (7) 

with boundary conditions 

dui dO 
- 0 ;  z = 0 ,  

dz  dz  

i = I . . . . .  m (8) 

ul = l , u / =  u ° , 0  = I; z = 1, 

i = 2 . . . . .  m. (9) 

From Eq. (3) one has 

f l  o t ( z ) z n d  z _ I n + ~  (IO) 

It should be noted again that in the fol- 
lowing analysis, as well a s  in all previous 
catalyst profile optimization studies (6-10,  
22-24) ,  it has been assumed that the effec- 
tive diffusivities D~,i and the effective ther- 
mal conductivi ty Ke are not dependent  on 
temperature and gaseous composition. This 
is usually a good approximation,  particu- 
larly for dilute systems or when Knudsen- 
type diffusion prevails. 

Without loss of generality, one may de- 
fine Ai as the key reactant  and A2 as the key 
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desired product. We consider the case 
where a H >  a12 > a l3  and a22 > a2 t  > a 2 3 ,  

i.e., species A1 is consumed by all three re- 
actions and species A2 is produced by reac- 
tion 1 and consumed by reactions 2 and 3. 
Then, the global pellet selectivity is defined 
as the ratio of the dimensionless net rate of 
production of species A2 divided by the 
stoichiometrically equivalent dimension- 
less rate of consumption of species A~: 

--  f l  (--di)2~1 q- a21 - a23 
a22 - -  a21 

(i)2@2 + a22 - -  a23 dp2~p3)o t ( z ) znd  z 
a22 a21 5 =  

-- f l  (~2~pl + a t l -  a13 
a l l  - -  a12 

a12 -- a13 d~2~p3~ot(z)zndz] ~2~2  + 
a l l  a12 

(11) 

From Eqs. (6), (8), and (11)it follows that 

3 = a H -  al2 ( du2)  
a22 a21 - -~uJz=l" (12) 

The optimal catalyst distribution a ( z )  is 
the one which maximizes the objective 
function S, as it is defined in Eq. (11) or (12) 
under the constraint set by Eq. (10) where 
ui(z)  and O(z) can be computed for a given 
a ( z )  through Eqs. (6)-(9). 

C a t a l y s t  Pro f i l e  O p t i m i z a t i o n  

The optimization problem is substian- 
tially simplified by noting that all the con- 
centrations ui (i -> 3) can be expressed in 
terms of ul and uz.  Thus, by using Eqs. (6), 
(8), and (9), one obtains 

Ui = 1.1 ° 

(air -- ai3)(a21 -- a22)  

- (aa - ai2)(a21 -- a23) 
+ (1 - u 0  

(all  - alz)(azl  - a23) 

- (all - a13)(a21 - az2) 

(ail - ai2)(au - al3) 
- (ail - ai3)(all -- a12) 

+ (u~ - u2) 
(an - a12)(a21 - a23) 

--  ( a l l  - -  a13)(a21 - a22) 

i = 3  . . . .  , m .  (13) 

Also, from thermodynamic considerations, 

f13 = /~2 - -  i l l "  ( 1 4 )  

Because of Eq. (14), the dimensionless tem- 
perature 0 can also be expressed in terms of 
/1~ and u2: 

0 = 1  

i l l ( a 2 1  - -  a23) - -  f12(a21 - -  a22) 
+ (--~11 -- a'--12)-~21-22 @ (1 - u,) 

- (all -- a13)(a21 - -  a22) 

+ fl2(all - al2) - i l l ( a l l  - -  O13) (/1~ - -  U2). 

(all  - a12)(a21 - a23) 

- -  ( a l l  - -  a13)(a21 - -  a22) 

(15) 

Then, Eqs. (13) and (15) can be used to 
eliminate/1i and 0 from the rate expressions 
~o/and obtain the modified rate expressions 
~j, which are functions of Ul and/12 only. 
Thus, as in the cases of parallel reactions 
(23) and consecutive reactions (24), the sys- 
tem can be described by the two differential 
equations 

ld( d.q 
Z n d z  zn = (n + 1)[(all - alE) d z  / 

~ l ( U l , / 1 2 )  + (all -- a13)~2~2(Ul, u2) 
+ (a12 -- al3)dp2q~3(Ul, u2)]ot(z) (16) 

la( 
z ~ d z  z~ d z /  = ( n  + 1)[(azt-a22) 

(I)2q91(/11 , /12) + (a21 - -  a23)(I)2~2(/11,  lg2) 

+ (a22 - a23)dP~ba(Ul, u2)]a(z )  (17) 

with boundary conditions 

du l  duz  
d z  = d z  = 0 ;  z = 0 (18) 

ul = 1, u2 = u~; z = 1 (19) 

By defining the functions 

h l ( u l ,  u2)  = ~ l ( U l ,  /12) 

+ a l l  - -  a l 3  ~ 2  
a .  a~2 ~ ,h (Ul ,  u2) 

+ a12 - -  a13 (I)2 
a l l  a12 (I)2 ~ 3 ( U l ,  //2) 

(20) 
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h 2 ( U l , / / 2 )  

( a l l  - -  a13 
\ 

a l l  a12 

/ 
( a12  - -  a13 + 
\ a l l  a12 

+ 021 - -  0 2 3 )  

022 021 / 

u2) 

q_ a22 - -  a23)  

022 o21 / 

qb--~ ~b3(u~, u2) (21) 

Eqs .  (16) and  (17) can  be  wr i t t en  in the fo rm 

1 d (  dUl~ 
z" d z  zn d z  / = (n + 1)(all - a~2) 

• ~hl(U~, u2)a(z)  (22) 

du2) = (n + 1)(a22 - a2~) 1 d ( zn_ ._~Z 
Z n d z  

[ ~ h z ( u l ,  u2) - ~ h l ( U ~ ,  u2)]a(z).  (23) 

B e c a u s e  we  cons ide r  the case  whe re  al~ 
> a~2 > a~3 and a22 > a2~ > a 2 3 ,  the func-  
t ions def ined in Eqs .  (20) and (21) are al- 
w a y s  pos i t ive  and  they  can  be  cons ide red  
genera l i zed  kinet ic  exp res s ions .  Then ,  Eqs.  
(22) and  (23) h a v e  exac t l y  the s ame  fo rm as 
the equa t ions  desc r ib ing  s y s t e m s  o f  consec -  
u t ive  r eac t ions  (24). Thus ,  the s a m e  ma the -  

mat ica l  p r o o f  g iven  by  V a y e n a s  et  al. (24) 
can  be used  to show that  the op t imal  cata-  
lyst  d i s t r ibut ion  is a D i r a c - t y p e  dis t r ibut ion:  

a ( z )  - 8(z - Zopt) (24) 
(n + 1)z" " 

Tha t  is, all the ca t a lys t  mus t  be  depos i t ed  in 
a thin zone  at  a specific d i s tance  Zopt f rom 
the pel le t  center .  T h e  op t imal  ca ta lys t  loca-  
t ion Zopt is c o m p u t e d  f rom simple  expres -  
sions which  are  s u m m a r i z e d  in Tab le  1. 

As an e x a m p l e ,  cons ide r  the case  of  lin- 
ear  k inet ics  in i so the rma l  pel le ts  for  the net-  
w o r k  fA2,  

A1 2 ~ A3 

(25) 

It  is ~o1(ul, 0) = uj exp[yl(1 - 1/0)], ~2(Ul, 
0)  = u l  e x p [ ' y 2 ( 1  - 1 / 0 ) ] ,  ~ 3 ( u 2 ,  0 )  = ~:b/2 

exp[y3(1 - 1/0)], all  = 1,022 = 1, a33 = 1, 
and b e c a u s e  fll = /32 = /33 = 0, it fo l lows 
that  0 = 1 and ~l(Ul) = u l ,  ~2(uO = u l ,  
~o3(u2) = ( u 2 .  Accord ing  to Tab le  1, Hl,op t 
and U2,opt are  the Ul, u2 values  which  maxi-  
mize  

T A B L E  1 

Op t ima l  Ca ta lys t  Dis t r ibu t ion  

12 = 

1 
a(z) - (n + l)z" a(z - Zop0 

f l  z " d z  = 11, i .e . ,  
Zopt 

Zo0t = 1 - 11 n = 0, 
Zopt = e x p ( - f D  n = 1, 
Zopt= 1/(1 + 11) n = 2, 

l - -  Ill,op t 

slab 
cy l inder  
sphe re  

Ul.opt, U2,o~,t: u l ,  u2 va lu e s  s u c h  tha t  0 ~ Ul -< 1, ui > 0 (i = 2 . . . . .  m) ,  wh ich  sa t i s fy  

u~_ - u2 (a2, - a2_,)~,~(ut, u2) + (021 - 023)~,~2(u~, u2) + (a22 - a23)~'~,P~(ut, u2) 
I --  /A 1 ("11 --  a 1 2 ) ( D / ~ I ( / d l ,  l /2) ~t_ ( a l l  013)~)~92(111, /~2) + ((112 --  ( l l ~ ) ( 1 ) ~ 3 ( / / l ,  ll2) 

and  m a x i m i z e  (all  - ai2)(u2 u°)/[(a22 - a,t)(I  - u0]  

M a x i m u m  global  selectivity:-Smax = ( an  -- at2)(UE,op¢ -- u°)/[(a22 -- a20(I -- m,op0] 
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= (u2 - u~)/(1 - u0 (26) 

and satisfy 

(u2 - u~)/(1 - ul) 
= (qb~u~ - ~:u2) / [ (cI )  2 + ~)u~] .  (27) 

2 2 2 2 = qb3 /~ ,  solv- Defining K @z/~l and h = 
ing Eq. (27) for  u2, and substituting into Eq. 
(26) yield 

S = (ul - h~:u~)/[(1 + n)ul + h~(1 - u0]. 

(28) 

The parameter  S is maximized for u~ = 1 
when 

h[1 + u~(1 + K--  X ~ : ) ] > 0  (29a) 

and for u~ = 0 when 

X[1 + u~(1 + K - X s ~ ) ] < 0  (29b) 

Consequently,  when the kinetic parame- 
ters and ambient concentrat ions satisfy in- 
equality (29a), /Al,opt = 1 and, according to 
Table 1, l) = 0 and Zopt = 1; i.e., the egg 
shell distribution is optimal. However ,  
when inequality (29b) is satisfield, then 
Ul,opt = 0, II = 1, and Zopt = 0; i.e., the 
optimal distribution is of  the egg yolk type. 
Physically, this occurs  because when in- 
equality (29b) is satisfied, then h and u~ are 
large; i.e., the undesirable reaction Az ~ A3 
is fast and the ambient concentrat ion of  the 
desired product  A2 is high. Consequently,  
under such conditions, which could prevail 

near the exit of  a tubular reactor,  the opti- 
mal policy is to place the catalyst at the 
pellet center  to decelerate the fast undesir- 
able reaction. 

Conditions for Zopt < 1 

The optimal catalyst location Zopt de- 
pends on the catalytic reaction kinetics and 
on the heats of  reactions and is also af- 
fected by the ambient reactant  concentra-  
tions. In many cases, zopt = 1, i.e., the egg 
shell catalyst distribution is optimal, but 
also quite frequently Zopt = 0 or 0 < Zopt < 1, 
i.e., egg yolk- or egg white-type distribu- 
tions, respectively,  are optimal. 

Although Table 1 can readily be used to 
compute Zopt for any triangular reaction net- 
work, it is useful to examine under what 
conditions Zopt < 1. Rigorous criteria for Zopt 
< 1 can be derived by the same mathemati- 
cal procedure  described in Refs. (23) and 
(24) for the cases of  parallel and consecu- 
tive reactions.  The results are shown in Ta- 
ble 2 for kinetics of  the type 

~Ol(U 1 . . . . .  /Am, 0) 
= ~Of(U~) exp[71(1 -- 1/0)] (30a) 

~o2(Ul . . . . .  /Am, 0) 
= 9~'(U~) exp[y2(1 - 1/0)] (30b) 

~3(b/1 . . . . .  /Am, 0) 
= ~p~'(U2) exp[73(1 -- 1/0)] (30C) 

TABLE 2 

Criterion for Zopt < 1: A~p > 0 

Ac~ definition 

1. For kinetics of the type given by Eq. (30) 

Acp-= {K~o*(u~)[yi-(X+ l)'yz+ by3]+ X(3q- y3)}[fll+ f12 x + ~ u ~ ) ]  

\ du2 / , , 2= , , .  - - [K(p~'(u~)X) \ d u l / , , , = ~  - X[K(P~'(u°) - 1] \ d u l / . ] = , J  

2. For linear kinetics 

_ X + K~u~ 
A c p ~ { K ~ u ~ [ Y ~  - (X + l)y~ + h e 3 ]  + X(7] - r : ) }  /3~ + / ~ z ~ ]  + K~[U~(K~-- X - -  ! ) - -  1] 





FIG. 2. Cross sections of  3-mm-diameter y-A1203 cylindrical pellets with egg shell, egg white, and 
egg yolk Pt (a) and Ag (b) catalyst distribution. Total metal load: 0.3 wt% Pt and 3.0 wt% Ag. 
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35). The procedure usually involves partial 
impregnation and use of site-blocking 
agents in the impregnation solution. The Pt/ 
y-A1203 and Ag/y-A1203 pellets shown in 
Fig. 2 were prepared by using citric acid as 
the site-blocking agent in the impregnating 
H2PtC16 and AgNO3 solutions, respectively. 
By varying the citric acid concentration in 
the solution and the impregnating time, the 
location and the width of the active catalyst 
zone can be controlled. Experimental prep- 
aration details will appear elsewhere (36). 

A P P L I C A T I O N S  A N D  D I S C U S S I O N  

In this section, the results of the previous 
analysis are applied to determine the opti- 
mal catalyst activity profile for two triangu- 
lar reaction networks of significant catalys- 
tic interest, i.e., epoxidation of ethylene 
and epoxidation of propylene on Ag cata- 
lysts. The former system corresponds to a 
well-established industrial process, the cat- 
alytic mechanism of which is still under in- 
tensive study (30-33).  The latter system is 

not of industrial importance, because of the 
very low intrinsic selectivity of Ag for pro- 
pylene oxide formation, i.e., typically less 
than 4% (29), which is well below the selec- 
tivity obtained in the commercial Oxirane 
process (37). However, this system is pre- 
sented as an example of how an optimally 
impregnated pellet can lead to positive se- 
lectivity, i.e., desired product formation, 
whereas a uniformly impregnated pellet 
yields negative selectivity, i.e., net con- 
sumption of the desired product. 

Ethylene Epoxidation on Ag 

The kinetics of this triangular reaction 
network have been studied extensively be- 
cause of its industrial importance in the 
production of ethylene oxide. The effect of 
nonuniform catalyst distibution on global 
catalyst pellet selectivity has been explored 
in two previous studies (17, 20). To apply 
the analysis of the previous sections, the 
network can be written formally as 

T A B L E  3 

E t h y l e n e  E p o x i d a t i o n  o n  Ag :  D i m e n s i o n l e s s  R a t e  E x p r e s s i o n s  

a n d  P a r a m e t e r  V a l u e s  U s e d  in C o m p u t a t i o n s  

(1 + oq)u l  exp[y l (1  - 1/0)] e x p [ - y * ( 1  - 1/0)] 
91 (u l ,  O) = 

~2(ul, O) = 

1 + OqUl e x p [ - y ~ ' ( 1  - 1/0)] 

(1 + o"1)/21 exp[y2( l  - 1/0)] e x p [ - y * ( l  - 1/0)] 

~2(ul, 0) = 

1 + o'lul e x p [ - y * ( 1  - 1/0)] 

(1 + o'zZ)(~:u2) 2 exp[y3( l  - 1/0)] e x p [ - 2 y * ( 1  - 1/0)] 

1 -J- (T2(~/A2) 2 exp[-2y¢(l - 1 / 0 ) ]  

~1 = 8 .7  x 10 a e x p ( y ~ ) P ~  

~2 = 5 .7  x 10 3 e x p ( y ~ ) P ~  

Yl = 7300/T0 

Y2 = l l , 1 0 0 / T 0  

Y3 = 10,200/T0 

y~ = 5800/T0 

y~ = 5300/ / 'o  

( - A H 2 )  = 1324 k J / m o l  C2H4 

( - A H 3 )  = 1203 k J / m o l  C2H40 

= ee3/De,2 

D,,t  = 2 .9  x 10 7 m2/s 

Dc,z = 2.3 × 10 7 m2/s 

Ke = 8 .4  × 10 -2 W / ( m  K)  

C a t a l y s t  d i s p e r s i o n :  0.1 

go = 7.3 k g / m  3 

R =  3 m m  
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1 5 
C2H 4 + 3 0 2  ~ C 2 H 4 0  + ~ O  2 

\ /  
2 C O  2 + 2 H 2 0  

(3]) 

Consequen t ly ,  the s to ich iomet r ic  coeffi- 
cients  au take  the values  aj~ = 1, aj2 = 0, aj3 
= 0, a21 = 0, a22 = 1, a23 = 0 ,  a31 = 3, a32 = 
~, a33 = 0, where  i = 1, 2, 3 deno tes  C2H4, 
C 2 H 4 0 ,  and 02 ,  respect ive ly .  T w o  invari- 
ants  exist:  

= o _  _ - (~)(u2 - u2) (32) u3 u3 3(1 u0  .~ o 

0 = I + / 3 2 ( 1  - u 0  + (/32 - / 3 1 ) ( u ~  - uz) .  

(33) 

Table  3 lists the kinetic,  t h e r m o d y n a m i c ,  
and t ranspor t  pa r ame te r  values used in the 
computa t ions .  The  kinetic express ions  are 
those  given by  Stoukides  and V a y e n a s  (26- 
29) and are  applicable for  fuel-lean gaseous  
compos i t ions .  H o w e v e r ,  the exac t  fo rm of  
kinetic pa ramete r s  used  is expec ted  to have 
no significant effect  on  the opt imal  ca ta lys t  
locat ion Zopt o f  this react ion sys tem,  be- 
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T A B L E  4 

P r o p y l e n e  E p o x i d a t i o n  on  Ag:  D i m e n s i o n l e s s  R a t e  E x p r e s s i o n s  

and  P a r a m e t e r  V a l u e s  U s e d  in C o m p u t a t i o n s  

(1 + 0.1)Ul exp[yl(1 - 1/0)] exp[-y*(l - 1/0)] 
~ol(Ul, 0) = 

,p2(u~, O) = 

1 + o-lu, e x p [ - y * ( l  - 1/0)] 

(1 + 0.1)/A1 exp[y2(1 - 1/0)] e x p [ - y * ( l  - 1/0)] 

,p2(ul, O) = 

1 + 0.tul  e x p [ - y * ( l  - 1 /0 ) ]  

( l  -+- o-2)(~//2) exp[y3( l  - 1/0)] exp [ -y~ ' (1  - 1/0)] 

1 + o-2(~:u2) e x p [ - y f f ( 1  - 1/0)] 

o'1 = 1.2 × 10 4 exp(y*)P~  

o- 2 = 1 x 10 -2 exp(y*)P~  

Yn = 1 1 , 0 0 0 / T o  

Y2 = 9500/T0 

')t 3 = 9 5 0 0 / T  0 

y?  = 7500/T0 

y~' = 5250/T0 

( - A H 0  = 113.5 k J / m o l  C3H6 

( - A H 2 )  = 1929 k J / m o l  C3H60 

= DeA/Oe.2 

D¢.a = 2.6 × 10 7 m2/s 

De.,, = 2.3 × 10 7 m2/s 

Ke = 8.4 × 10 2 W / ( m  K) 

C a t a l y s t  d i spe r s ion :  0.1 

go = 7.3 k g / m  3 

R = 3 m m  

cause the activation energy E~ of the de- 
sired reaction of  this system is well known 
to be smaller than E2. Consequently,  intra- 
particle temperature  gradients can have 
only a detrimental  effect on global selectiv- 
ity. Since practically all previous kinetic 
studies of  this reaction system have re- 
ported positive- or zero-order  dependence 
of  the rates on the reactants,  it follows that 
intraparticle concentrat ion gradients will 
also have an adverse effect on global selec- 
tivity. It is not surprising then that applica- 
tion of  the results of  Table I gives Zopt = 1 
for practically all conditions for this reac- 
tion system; i.e., the egg shell distribution 
is optimal. Figure 3 shows the effect of  am- 
bient temperature  on the maximum global 
selectivity and on that obtained with uni- 
form catalyst distribution. The difference 
between Smax and Sun increases with in- 
creasing temperature.  The result that Zopt = 
1 is in agreement  with the numerical results 
of  Johnson and Verykios (17), who showed 
that global selectivity increases when the 

catalyst concentrat ion increases with dis- 
tance from the center  of  the pellet. 

Propylene Epoxidation on Ag 

The kinetics of  this network have been 
studied in detail (28, 29) and the resulting 
rate expressions,  which are valid for fuel- 
lean gaseous composit ions (29), are given in 
Table 4 in dimensionless form. The net- 
work can be written formally as follows: 

C_.3H 6 + 9 0 2  

\ /  
3(202 + 3H20 

1 CsH~O + 402 

(34) 

Consequently,  the stoichiometric coeffi- 
cients a~/have the values a l l  ---- l ,  a12 ---- 0 ,  

a13 = 0 ,  a21 = 0 ,  a22 = 1,  a23 = 0 ,  a31 = ~, a32 

= 4, a33 = 0, where i = 1, 2, 3 denotes 
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C3H6, C3H60, and 0 2 ,  respect ively.  The 
two invariants are 

u3 u ~ -  9 1 -  - - = (~)( ul) 4(u~ /g2) (35) 

0 = I q -  / ~ 2 ( 1  - -  / / 1 )  "+ ( / ~ 2  - -  / ~ 1 ) ( / 1 ~  - -  / / 2 ) "  

(36) 

The kinetic differences be tween this re- 
action ne twork  and ethylene epoxidat ion 
have been discussed (29). The main differ- 
ence is the much  higher turnover  rate of  
direct p ropylene  oxidation to CO2 in rela- 
tion to the turnover  rate of  epoxidation.  
Another  difference is that the act ivat ion en- 
ergy El of  the desired react ion is slightly 

higher than E2 and E3 (29) (Table 4). As a 
result, the intrinsic selectivity 3 ° as well as 
the selectivity Sun obtained in uniformly ac- 
t ivated pellets increase with increasing tem- 
perature  up to 500°C, as shown in Fig. 4. 
The same figure shows that at tempera tures  
above 430°C, Zopt = l ;  i.e., the egg shell 
distribution is optimal.  However ,  at lower 
tempera tures  the optimal  catalyst  location 
is inside the pellet and this can maintain 
posit ive global selectivities where,  as 
shown in the same figure, both 3 ° and Sun 
are negative.  Under  these conditions, a uni- 
formly or egg shell impregnated catalyst  
would lead to net consumpt ion  of propyl-  
ene oxide, whereas  an optimally impreg- 
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nated catalyst would lead to net production 
of propylene oxide. 

Figure 5 shows the effect of catalyst loca- 
tion on the selectivity Sd obtained with a 
Dirac-type distribution under the condi- 
tions of Fig. 4 and To = 200°C. The same 
figure compares Sd with Sun = -0.004 and 
~o = -0.142 and shows that a Dirac-type 
impregnated pellet leads to steady-state 
multiplicity with the ignited branch exhibit- 
ing positive selectivity, whereas both Su, 
and S ° are negative. 

The effect of ambient mole fraction of 

propylene oxide Yvro on Zopt and S °, Su,, and 
Smax is shown in Fig. 6. Increasing YPrO 
causes a very pronounced decrease in S ° 
and Sun and only a moderate one in Smax- It 
can be seen that the advantage of optimally 
impregnated pellets becomes more pro- 
nounced at higher values of YPrO, i.e., at 
higher ambient propylene conversion. 

SUMMARY 

Rigorous analytical expressions have 
been found for the optimal catalyst distribu- 
tion profile in porous pellets for maximiza- 
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tion of global selectivity. The expressions 
are applicable to cases of parallel, consecu- 
tive, or triangular reaction networks with 
arbitrary kinetics and arbitrary numbers of 
reactants and products. Flat, cylindrical, or 
spherical pellets can be isothermal or non- 
isothermal. The results are summarized in 
Table 1 and show that the optimal catalyst 
distribution corresponds to deposition of 
the active component in a thin layer located 
at a distance Zopt from the center of the pel- 
let. 

Application of these theoretical results to 
the epoxidation of C2H4 and of C3H6 shows 
that optimally impregnated pellets can give 
significantly higher global selectivity than 
uniformly impregnated pellets. 

The preparation of pellets with near-opti- 
mal catalyst profiles does not appear to 
pose difficult experimental problems. Ex- 
perimental verification of theoretical pre- 
dictions will be necessary before optimally 
impregnated catalyst pellets can be consid- 
ered for selectivity maximization in indus- 
trial applications. 

Ai 

a6 

Ci 

A P P E N D I X :  NOTATION 

ith chemical species 
Stoichiometric coefficient of the 

ith chemical species in the jth 
reaction network node 

Concentration of species Ai 
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De,i  Effective diffusion coefficient of  
species Ai 

Ej Activation energy o f j t h  reaction 
fj Reaction rate expression of j th  re- 

action 
g, go Local  and volume-averaged cata- 

lyst density 
hi ,  h2 Functions defined in Eqs. (20) 

and (21) 
(-AH~) Heat  o f j t h  reaction 
Ke Effect ive thermal conductivi ty 
n Integer characterist ic of  pellet ge- 

ometry:  n = 0 for infinite slab, 
n = 1 for infinite cylinder; n = 2 
for sphere 

P Pressure 
R Characterist ic pellet dimension; 

thickness or half-thickness of  
slab exposed to reactants on 
one or both sides, respectively 
(n -- 0); radius of  cylinder or 
sphere (n = 1, 2) 

Global selectivity 
Sd Global selectivity obtained with a 

Dirac-type catalyst distribution 
Smax Maximum global selectivity 
T Temperature  
To Temperature  at pellet surface 
u; Dimensionless concentrat ion of  

species i, CiOe,i/(c~De,l) 
Vp Pellet volume 
x Distance from center  of pellet 
y Mole fraction 
z Dimensionless distance from cen- 

ter of  pellet, x / R  

Greek Le t ters  

o~ Activity distribution function 
/3 i dimensionless heat of  reaction, 

(-AHj)c~De,1/(KeTo) 
yj- Dimensionless activation energy, 

Efl(RTo) 
Yf, Y~' Dimensionless heats of  adsorp- 

tion, Tables 3 and 4 
8 Dirac delta function 
0 Dimensionless temperature,  T/To 
,< <t>~/<I>~ 
x <I,7/@7 
Acp Parameter  defined in Table 2 

De,l/De,2 
Orl, 0" 2 Dimensionless adsorption equi- 

librium constants,  Tables 3 and 
4 

• i Thiele modulus,  {goR2fj(c~, 
. . . .  c~, To)/[(n + 1)De,lC~]} 1/2 

~j Dimensionless reaction rate ex- 
pressions, fj(cl . . . . .  Cm, T)/ 
£(c7 . . . . .  c7, To) 

~j Equivalent  reaction rate expres- 
sions resulting from elimination 
of ui (i = 3 . . . . .  m) and 0 
from ~pj by use of  Eqs. (13) and 
(15) 

~* Function in reaction rate expres- 
sions, Eq. (30) 

f~ Dimensionless parameter  defined 
in Table 1 

Subscripts  

Et Denotes quantity corresponding 
to ethylene 

EtO Denotes quantity corresponding 
to ethylene oxide 

Pr Denotes quantity corresponding 
to propylene 

PrO Denotes quantity corresponding 
to propylene oxide 

opt Denotes value corresponding to 
the optimal catalyst distribu- 
tion 

un Denotes value corresponding to 
the uniform distribution 

Superscripts  

o Denotes  conditions at the pellet 
surface 
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