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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 8 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 C;H, and C;H, 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.

INTRODUCTION

The effect of nonuniform activity profiles
on the performance of catalyst pellets was
first discussed by Shadman-Yazdi and Pe-
tersen in 1972 (/). 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-
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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 & function. Simple analytical
expressions were obtained for the optimal
catalyst zone location zop 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 (//, 12). Recent experi-
mental studies have shown good agreement
between theory and experiment for C,H,
hydrogenation on Pd/AlLO; (13), CO meth-
anation on Ni/ALQO; (13), and CO oxidation
on Pt (/4).

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,H, epoxidation, selectivity to
ethylene oxide was found to increase as the
catalyst concentration increased toward the
external pellet surface (/7). 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 (21).

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 (610, 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
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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 C,H, and of CsHg on 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.

THEORY
Problem Formulation

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,, f>, f3 are, in general, functions of
the concentrations of all the species
Ay, . .., A, and of temperature T. The
equations for the steady-state mass balance
of the species and the steady-state energy
balance are

1 d "dC,‘
Dei ez (x &)
= [(ay — ap)fi + (aa — ap)fz
+ (aiZ - ai3)ﬁ]g(x) i= 1’ PR 4 (1)
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FiG. 1. Triangular reaction network.

koL A ()

x"dx . dx
= —[(-AH)f\ + (-AH)f;
+ (AHy)f3]1g(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
concentration of a nonreactive species. In
Egs. (1) and (2), g(x) is the local active cat-
alyst density such that

| eav = av, ®

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

dc;
dx

dT

dx 0;

x =0,
omo (@)
c=c,T="T; x=

)

Introducing the dimensionless quantities

z2 = x/R, u; = ciDeil(cDe), 8 = T/Ty,
e, ot O =fler, o Cm T
i, . ..., Ty,
®; = {goR¥AcT, . . ., T/

[(n + DD T},
Bj = (_AFIj)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 du;
b <z" E) = (n + Dl(an — ap)®@le:

+ (ay — ap)Pip: + (an — ap)Plpslalz)
.,m (6)

i=1,..

L d/ do, 5
7" dz (Z dz> = —(n + DB 1DPi¢

+ Badigr + BiPigs)a(z) (7)
with boundary conditions

u;
i—zz%gz(); z=0,
i=1, ..m (8)
i =lLu=u,6=1, z=1,
i=2,...,m (9
From Eq. (3) one has
[, a@ardz = —— (10)

It should be noted again that in the fol-
lowing analysis, as well as in all previous
catalyst profile optimization studies (6-10,
22-24), it has been assumed that the effec-
tive diffusivities D, ; and the effective ther-
mal conductivity K. 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 A; as the key reactant and A; as the key
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desired product. We consider the case
where a;; > a2 > az and axn > ax > daxn,
i.e., species A, is consumed by all three re-
actions and species A, 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 A, divided by the
stoichiometrically equivalent dimension-
less rate of consumption of species A;:

[ (ot

(D%(pz + “1——23 ¢)3(p3)a(Z)anZ
= ay —
S =
a3

1] —
— CI)Z + an — 4,
IO ( e ai — an
ap — 4 4 ) n
—— 2)z"dz
d = ap 3 a(z)
(11)
From Egs. (6), (8), and (11) it follows that
5 = %

(-2
ar»n — an duy/z=1"

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(2) and 0(z) can be computed for a given
a(z) through Egs. (6)-(9).

— a3
— a4z

Doy +

(12)

Catalyst Profile Optimization

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

Uu; = u?
(an — aslazn — axn)

— (ay — ap)ax — ax) a - u)
(an — a)az — axn)
— (an — ap)ay — an)
(an — ap)an — ap3)
= (an — an)lay — ap) s = u)
(an; — an)(an — an) g 2
— (ay — ap)(an — axn)
i=3,...,m (13
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Also, from thermodynamic considerations,

B3 = B — Bi.

Because of Eq. (14), the dimensionless tem-
perature 6 can also be expressed in terms of
upand u:

(14)

6=1
Bilaz — ax) — Balan — an) (1 - up
(an — an)an — ax) !
= (an — ap)aa — an)
Balan — an) — Bilan — an) S = uy)
(a1 — ap)an — axn) :T
= (an — ap)ay — an)
(15)

Then, Eqgs. (13) and (15) can be used to
eliminate u; and 6 from the rate expressions
¢; and obtain the modified rate expressions
¢;, which are functions of u; and u; 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

l d d
7 dz ( Tuzl‘) =+ Dl(ay — ap)

Did 1y, w) + (an — ap)®3éx(uy, un)
+ (a2 — an)®ies(u, w)]a(z) (16)

1 d ndll2 _ _
22 (2 98) = 0+ Dl - a

DIy, up) + (ax ~ an)®3¢a(ur, up)
+ (an — an)®igs(ur, w)laz) (17)

with boundary conditions

Bo_dh_o; 20 a9
=L w=ul;, z=1 (19)
By defining the functions
hi(uy, ) = é1(u, up)
+ %‘%% ?;z &a(uy, up)
an 6113 @3

ay — <IJ2 &3 ur, u)  (20)



OPTIMAL CATALYST ACTIVITY FOR SELECTIVITY MAXIMIZATION

houy, up)
_ (an — i an — aza)
ay — an dy — az
2
—§- Galuy, u)
@3
ap — a an — a
+< 12 3, @ 23)
an — dap axn — dz

2

A
?5%"(’3(“1»“2) (21

Eqgs. (16) and (17) can be written in the form

1 d d

2 (z" d“z‘) = (n + D(an ~ an)
(b%hl(ul, wa(z) (22)

1 d n dle _ -

o dz (Z d_z> =(n + (an — axn)

[®Fhuy, u) — ®Ihi(ur, w)la(z). (23)

Because we consider the case where a,
> ap > an and an > a4 > an, the func-
tions defined in Eqgs. (20) and (21) are al-
ways positive and they can be considered
generalized kinetic expressions. Then, Eqgs.
(22) and (23) have exactly the same form as
the equations describing systems of consec-
utive reactions (24). Thus, the same mathe-
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matical proof given by Vayenas er al. (24)
can be used to show that the optimal cata-
lyst distribution is a Dirac-type distribution:

6(z — Zopt)

T o (24)

a(z) =
That is, all the catalyst must be deposited in
a thin zone at a specific distance z,, from
the pellet center. The optimal catalyst loca-
tion zon is computed from simple expres-
sions which are summarized in Table 1.
As an example, consider the case of lin-
ear kinetics in isothermal pellets for the net-
work

A2
(25)

Al 2 * A3

It is @1(u;, 6) = u; exply(1 — 1/0)], ¢a2(uy,
0) = uy exply(1 — 1/6)], ¢3(uz, 6) = £uy
explys(1 — 1/, an =1, an=1,a3 =1,
and because B; = B; = B; = 0, it follows
that @ = 1 and ¢(11) = uy, o2(uy) = uy,
¢3(uz) = Eup. According to Table 1, u oy
and u; o are the u, u, values which maxi-
mize

TABLE 1

Optimal Catalyst Distribution

1
a(z) = TR 8(z = Zopt)

1 .
f zndz =, i.e.,
Zopt

pm=1—-0
Zopt = €XP(—{1)
Zop = 111 + )

l —

Q=

n
n
n

=0, slab
=1, cylinder
=2, sphere
“l.npl

@y — a) PG (U opts Uzop) + (an — ) @301ty o, Urop) + (@2 — @) DIG U ot s Hr.0p)

U opts Uaopt: g, tix values suchthat 0 =y = 1,15 =2 0(G = 2, . .

us — u

., m), which satisfy

(ay — an)®igiuy, uz) + (a2 — (423)(1)%952(111 ) + (an — ap)®ipslu, ua)

1 —

and maximize (a

Maximum global selectivity: Sax = lay — ap) U opt —

(ay — alz)q’%‘ﬁl(ula ) + (ay — llu)¢‘%¢:(“1~ w) + (ap — (113)‘1’,%92’3(“[» i)

— ap)uy — W)/ (ay — a1 — )}

)/ |tz — a1 — “\.opl)]
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S = — )/~ u) (26)
and satisfy
(uz — ud)/(1 — uy)
= (®fuy — PIEw)/ (@] + PDuy]. 27)

Defining k = ®3/®}and A = ®3/d}, solv-
ing Eq. (27) for u,, and substituting into Eq.
(26) yield

S = (1 — MWD/ + uy + NEA — uy)).

(28)
The parameter S is maximized for u; = 1
when
ML+ 851 + k — AE)]1 >0 (29a)
and for u#; = 0 when
ML+ a5 + k — AE)] <0 (29b)

Consequently, when the kinetic parame-
ters and ambient concentrations satisfy in-
equality (29a), u; o = 1 and, according to
Table 1, Q& = 0 and z,, = 1; i.e., the egg
shell distribution is optimal. However,
when inequality (29b) is satisfield, then
Upope = 0, @ = 1, and zo = 0; i.e., the
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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 zop, < 1

The optimal catalyst location z, 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, z,x = 1, i.e., the egg
shell catalyst distribution is optimal, but
also quite frequently zope = 0 0r 0 < zop < 1,
i.e., egg yolk- or egg white-type distribu-
tions, respectively, are optimal.

Although Table 1 can readily be used to
compute zo, for any triangular reaction net-
work, it is useful to examine under what
conditions z,, << 1. Rigorous criteria for zop
< 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

optimal distribution is of the egg yolk type. ¢i(uy, . . ., Un, 0)

Physically, this occurs because when in- = of(uy) explyi(1 — 1/8)] (30a)

equality (29b) is satisfied, then A and u5 are

large; i.e., the undesirable reaction A, — A; eattrs -, U, )

. P . . = ¢¥(uy) exply(1 — 1/6)] (30b)

is fast and the ambient concentration of the 14

desired product A; is high. Consequently, ¢s3(ui, . . ., Uy, 6)

under such conditions, which could prevail = @f(uy) explys;(1 — 1/6)] (30c)
TABLE 2

Criterion for zg < 1: A, > 0

A, definition

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

A = {keF @)y — A+ Dy + Ays]l + My — 73)}[31 + B,

det

A+ Kso%‘(u‘z’)]
A+

det det

< {uteotwdy - 1 (52) - ety n (G5), - Mt - 1 (52) )

Us=1iy

2. For linear kinetics

A = {k€WTy1 — O+ Dys + Ayal + Ay = 7} (8 + 6o

N+ kéus

= ) + kelugeg — A~ 1)~ 1]
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and also for the more special case of linear
kinetics, i.e., ¢F(u;) = uy, o¥(u;) = u,, and
¢¥(up) = €u,. These criteria can readily be
used to determine whether zop < 1 OF Zop =
1, but can also be used to gain some physi-
cal insight into the effect of the various ki-
netic and thermodynamic parameters on
the optimal catalyst distribution.

As shown in Table 2, a sufficient condi-
tion for zo, < 1is Ag, > 0. The parameter
A¢p is a generalization of the parameters A,
and A. defined in previous publications for
parallel (23) and consecutive (24) reactions,
respectively. Although A, appears to be
complicated, it contains simple physical in-
formation. Both for the case of kinetics de-
scribed by Eq. (30) and for the more special
case of linear kinetics, A, consists of two
terms. The first term, which contains the
Prater parameters §3; and the Arrhenius pa-
rameters vy;, is a measure of the relative ef-
fect of intraparticle temperature gradients
on the reaction rates. When this term is
positive and large, the rate constant of the
desired reaction 1 is increased relative to
that of the undesirable reactions 2 and 3 by
depositing the catalyst deeper in the pellet.
For exothermic reactions (8; > 0), this
practically happens when the activation en-
ergy of the desired reaction is higher than
that of the others. As discussed in the next
section this happens to be the case for the
epoxidation of propylene and is why, for
this particular reaction system, usually zqp
< 1.

The remaining term in A, does not con-
tain the Prater and Arrhenius parameters. It
is a measure of the relative intrinsic rates of
the three reactions under surface condi-
tions. Consequently, it is also a measure of
the relative mass transfer resistance taxa-
tion of the three rates when catalyst is de-
posited inside the pellet. For positive-order
kinetics (e.g., linear kinetics) and small am-
bient concentration of the desired product
u5, this term is usually negative. This
means that for many cases of practical im-
portance (e.g., linear kinetics) mass trans-
fer resistance considerations dictate that
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Zopt = 1. In such cases to have A, > 0 and
Zopt < 1, there must be a beneficial thermal
effect (8, > 0, y; > 3, v3) to counterbalance
the adverse concentration effect caused by
depositing the catalyst deep inside the pel-
let.

PRACTICAL CONSIDERATIONS
Catalyst Zone Thickness

In the preceding analysis it was shown
that Eq. (24) and Table 1 provide the opti-
mal catalyst distribution for selectivity
maximization. According to these results,
global selectivity is maximized when the
active catalyst is deposited in a thin zone
located at a distance z,y from the pellet
center.

There are, of course, practical consider-
ations, which set a lower limit to the thick-
ness of the active catalyst zone. The main
consideration is that of maintaining the ac-
tive catalyst in a highly dispersed state.
This becomes progressively more difficult
as the active catalyst zone thickness de-
creases and as the total active catalyst load-
ing increases. Previous numerical studies
(6) have shown that when the active cata-
lyst zone thickness is of the order of 4% of
the pellet radius, then performance closely
approaches the theoretical optimal perfor-
mance that corresponds to a Dirac & func-
tion. Recent work for the case of single re-
actions has shown good agreement between
experiment and theoretical calculations
based on Dirac-type catalyst distributions,
even for experimental catalyst zone thick-
nesses of the order of 10% of the pellet ra-
dius (/3). It is therefore reasonable to ex-
pect that the theoretical results presented in
the previous section for multiple reaction
selectivity maximization can be approxi-
mately obtained experimentally.

Experimental Approximation of the
Optimal Distribution

Preparation of catalysts with the active
ingredient deposited in a thin zone has been
discussed by several workers (I-5, 13, 34,



F1G. 2. Cross sections of 3-mm-diameter y-ALO; 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.

396



FiG. 2—Continued

397



398

35). The procedure usually involves partial
impregnation and use of site-blocking
agents in the impregnation solution. The Pt/
v-Al;O; and Ag/y-Al,O; pellets shown in
Fig. 2 were prepared by using citric acid as
the site-blocking agent in the impregnating
H,PtCls and AgNO; 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).

APPLICATIONS AND DISCUSSION

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
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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 (/7, 20). To apply
the analysis of the previous sections, the
network can be written formally as

TABLE 3

Ethylene Epoxidation on Ag: Dimensionless Rate Expressions
and Parameter Values Used in Computations

(1 + o)u; explyi(1 — 1/6)] exp[—y§(1 — 1/8)]

‘P](ul ’ 0) =

1 + ow, expl—yi( — 1/8)]
(1 + a)ui exply(1 — 1/6)] expl—y{(l - 1/9))

oa(uy, 0) =

1 + oy exp[—yH(1 — 1/6)]
(1 + a)€un)? explys(1 = 1/0)] expl-2y5(1 — 1/8)]

exuy, 8) =

o = 8.7 x 104 exp(y¥) P}
oy = 5.7 x 1073 exp(y$) P}
v = 7300/ T,

v, = 11,100/ T,

s = 10,200/T,

v¥ = 5800/T,

vE = 5300/T,

1+ o¥éu)? exp[—2y(1 — 1/6)]

(=AH,) = 1324 kJ/mol C,H,
(-AH;) = 1203 kJ/mol C,H,O
£= De,l/De,z

D.i =29 x 1077 m¥s

D.>, =23 x 1077 m?s

K. = 8.4 x 1072 W/(m K)
Catalyst dispersion: 0.1

go = 7.3 kg/m?

R =3 mm
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FiG. 3. Effect of ambient temprature on Sy and S,, for ethylene epoxidation on Ag in excess O,: P

= | bar, yg, = 0.05, ypo = 0.05, 2o,y = L.

5
2%

CH, + 30, —L1—— CHO +

N /A

20, + 2H,0
31

Consequently, the stoichiometric coeffi-
cients a; take the values a;; = 1, a2 = 0, an
=0,an=0,an=1,a3=0,a3=3,an=
3. ay = 0, where i = 1, 2, 3 denotes C,Hy,
C,H,0, and O,, respectively. Two invari-
ants exist:

uy = u3 — 301 — u) — @3 — u) (32)

0=1+ 81 —u) + (B2 ~ B3 — ).
(33)

Table 3 lists the kinetic, thermodynamic,
and transport parameter values used in the
computations. The kinetic expressions are
those given by Stoukides and Vayenas (26—
29) and are applicable for fuel-lean gaseous
compositions. However, the exact form of
kinetic parameters used is expected to have
no significant effect on the optimal catalyst
location z.p of this reaction system, be-
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TABLE 4

Propylene Epoxidation on Ag: Dimensionless Rate Expressions
and Parameter Values Used in Computations

(1 + apu, exply,(1 — 1/6)] exp[—yF(l — 1/6)]

ei(uy, 0) =

1 + o, exp[—y¥(1 — 1/9)]
(1 + o)u; exply(1 — 1/0)] exp[—yH(1 — 1/6)]

ey, 6) =

1 + oy expl—yFQ — 1/6)]
(1 + a)(€uy) explys(1 — 1/6)] exp[—y3(1 — 1/9)]

‘aZ(ul s 0) =

oy = 1.2 X 1074 exp(y¥) P§

oy = 1 x 1072 exp(yH) P}
v = 11,000/,

v2 = 9500/7,

vi = 9500/T,

v = 7500/ T,

vF = 5250/T,

1 + oy(éuy) expl—yH(l — 1/6)]

(—AH)) = 113.5 kJ/mol C;H,
(—AH,) = 1929 kJ/mol C;HO
£= DcJ/De.z

D.; =26 x 107" ms

D.> =23 x 1077 m¥/s

K. = 8.4 x 1072 W/(m K)
Catalyst dispersion: 0.1

2o = 7.3 kg/m?

R =3 mm

cause the activation energy E; of the de-
sired reaction of this system is well known
to be smaller than E,. Consequently, intra-
particle temperature gradients can have
only a detrimental effect on global selectiv-
ity. Since practically all previous Kkinetic
studies of this reaction system have re-
ported positive- or zero-order dependence
of the rates on the reactants, it follows that
intraparticle concentration gradients will
also have an adverse effect on global selec-
tivity. It is not surprising then that applica-
tion of the results of Table 1 gives zon = 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 Spa, and S,, increases with in-
creasing temperature. The result that zoy =
1is in agreement with the numerical results
of Johnson and Verykios (17), who showed
that global selectivity increases when the

catalyst concentration 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 compositions (29), are given in
Table 4 in dimensionless form. The net-
work can be written formally as follows:

1

9
GHg + 50, GHO + 40,

3C0, + 3H,0
(34

Consequently, the stoichiometric coeffi-
cients a; have the values a;; = 1, app = 0,
a3 =0,ay=0,an=1,an=0,a3 =%, an
= 4, a3 = 0, where i = 1, 2, 3 denotes
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C3H¢, C3H(O, and O, respectively. The
two invariants are

wy = u§ — (1 — wy)) — 4u3 — up) (35)

=1+ B —up) + (B — Bus — uy).
(36)

The kinetic differences between this re-
action network and ethylene epoxidation
have been discussed (29). The main differ-
ence is the much higher turnover rate of
direct propylene oxidation to CO, in rela-
tion to the turnover rate of epoxidation.
Another difference is that the activation en-
ergy E; of the desired reaction is slightly

higher than E, and E; (29) (Table 4). As a
result, the intrinsic selectivity S° as well as
the selectivity S,, obtained in uniformly ac-
tivated pellets increase with increasing tem-
perature up to 500°C, as shown in Fig. 4.
The same figure shows that at temperatures
above 430°C, zo = 1; i.e., the egg shell
distribution is optimal. However, at lower
temperatures the optimal catalyst location
is inside the pellet and this can maintain
positive global selectivities where, as
shown in the same figure, both S° and S,
are negative. Under these conditions, a uni-
formly or egg shell impregnated catalyst
would lead to net consumption 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 Sq obtained with a
Dirac-type distribution under the condi-
tions of Fig. 4 and T, = 200°C. The same
figure compares Sy with S,, = —0.004 and
S° = —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 Sin
and S° are negative.

The effect of ambient mole fraction of

propylene oxide yp;o On Zop and S°, Sun, and
Smax i1 shown in Fig. 6. Increasing ypo
causes a very pronounced decrease in S°
and S,, 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 ypg, i.€., 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 z,, from the center of the pel-
let.

Application of these theoretical results to
the epoxidation of C,H, and of C3;Hg 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.

APPENDIX: NOTATION

A; ith chemical species

a; Stoichiometric coefficient of the
ith chemical species in the jth
reaction network node

Ci Concentration of species A;
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D, ; Effective diffusion coefficient of
species A;

E; Activation energy of jth reaction

5 Reaction rate expression of jth re-
action

g, 8o Local and volume-averaged cata-
lyst density

hi, h,  Functions defined in Egs. (20)
and (21)

(—AH;) Heat of jth reaction

K. Effective thermal conductivity

n Integer characteristic of pellet ge-
ometry: n = 0 for infinite slab,
n = 1 for infinite cylinder; n = 2
for sphere

P Pressure

R Characteristic 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)

S Global selectivity

Sq Global selectivity obtained with a

_ Dirac-type catalyst distribution

Smax Maximum global selectivity

T Temperature

To Temperature at pellet surface

u; Dimensionless concentration of
species i, ¢;D i/(c?De.1)

Vo Pellet volume

X Distance from center of pellet

y Mole fraction

b4 Dimensionless distance from cen-

ter of pellet, x/R

Greek Letters

a Activity distribution function

Bi dimensionless heat of reaction,
(_Aij)C?De,l/(Ke TO)

v; Dimensionless activation energy,
E;/(RTy)

v¥, y¥ Dimensionless heats of adsorp-

tion, Tables 3 and 4

é Dirac delta function

] Dimensionless temperature, 7/7,
K 3/ 3

A @3/ D?

A

cp Parameter defined in Table 2

PAVLOU AND VAYENAS

§ De,l/De,Z

oy, o  Dimensionless adsorption equi-
librium constants, Tables 3 and
4

P, Thiele modulus, {goR>fi(cf,

e, To)ll(n + 1D cf1}7?

@ Dimensionless reaction rate ex-
pressions, fi{c;, . . ., ¢m, 1)/
Sty . . Ll Ty

@ Equivalent reaction rate expres-
sions resulting from elimination
of u;, i =3,.. ., m)and 0
from ¢; by use of Eqs. (13) and
(15)

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

Q Dimensionless parameter defined
in Table 1

Subscripts

Et Denotes quantity corresponding

to ethylene
Denotes quantity corresponding
to ethylene oxide
Pr Denotes quantity corresponding
to propylene

EtO

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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