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The effect which surface diffusion has on the selectivity of certain concurrent and consecutive 
catalytic reactions is investigated numerically by analysis of a simple mathematical model 
of the parallel chemical kinetic and physical transport processes occurring in the porous cat,alyst 
medium. Nonisothermal and interparticle mass transfer effects are considered in the analysis. 
For exothermic concurrent reactions select,ivity is enhanced by surface diffusion when the 
preferred product is formed by the reaction with the great.er activation energy. Convection 
of heat away from the catalyst particle, on the other hand, reduces the select)ivity. Ahhough 
the selectivity of exothermic consecutive react,ions is also enhanced by surface diffusion for 
low values of the Thiele modulus, when the reaction occurs in a diffusion-limited region, surface 
diffusion further exacerbates the already restricted select.ivity. Increased heat transfer also 
has a deleterious effect on t,he reaction selectivity. Diametrically opposed to the results ob- 
tained for exothermic react-ion are the trends observed for endothermic reactions, the selec- 
t’ivities of which are explained in terms of the magnitude of the intra- and interparticle mass 
and heat transport processes. The st,udy concludes with a preliminary examinatzion of the 
manner in which selectivity is affectsed when resistance to heat transfer is confined to a rela- 
tively stagnant boundary layer of fluid bathing the catalyst pellet. It is shown that,, for certain 
ranges of parameters, multiple soluiions exist. 

INTRODUCTION 

IntraparGcle transport effects oft.cn have 
an important and sometimes limiting in- 
fluence on overall chemical reaction rates 
in porous heterogeneous catalysts. The 
particular circumstances which ameliorate 
transport of reactants and products by 
surface translation rather than molecular 
or Knudsen diffusion through the pore 
volume have been the subject of recent 
discussion. DeBoer (f) has asserted that 
the transport of large molecules, with 
dimensions comparable with the width of 
micropores of which many catalysts are 

1 S. M. M. Akhtar made an initial and significant 
contribution to this work but died before it was 
completed. 

2 To whom reprint requests should be addressed. 

composed, is almost entirely due to surface 
diffusion rather than diffusion in the vapor 
phase contained by the porous catalyst 
structure. The significance of such an ob- 
servation is that surface diffusion may play 
an important role in determining the 
catalytic selectivity of reactions of organic 
vapors in microporous solids oft.en ut,ilized 
for reforming and processing in the pctro- 
leum and petrochemicals industry. 

Surface diffusion cannot be important 
unless adsorption occurs to an appreciable 
extent. On the other hand, strong chemi- 
sorption will exacerbate free tn-o-dimen- 
sional translation. It is not surprising 
therefore that surface diffusion has been 
observed to contribute to the transport 
mechanism in cnscs of the physical adsorp- 
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tion of gasrs at) low or modrratcl t~cmpcm- 
t,urc~ (a, 3). A corrcllation of surfaccl diffu- 
sion coc%cirnt,s wit#h t.hc strchngt,h of ad- 
sorption has been suggested by Sladek et al. 
(4) and also reported by Satterfield (5). A 
high value for the surface diffusion coeffi- 
cient, for example, reflects a low value of 
the heat of adsorption and a less polar 
interaction between adsorbate and adsorb- 
cnt. Although the magnitude of the surface 
diffusion coefficient for chemisorbed com- 
ponents is likely to be smaller than that 
for physically adsorbed gases or vapors, 
surface diffusion has been cited as a con- 
tributory factor in effecting the catalytic 
dehydration of ethanol (6) where the 
partial pressure of the reactant is usually 
an appreciable fraction of the vapor pres- 
sure. It has also been invoked to explain 
why experimental effectiveness factors ob- 
served for the orthepara hydrogen conver- 
sion (7) at about 2-bar pressure and 76 K, 
and also for the dehydration of isopropanol 
at 473 to 523 Ii on y-alumina (8), are sub- 
stantially larger than calculated. Some 
consequences of the occurrence of surface 
transport during concurrent catalytic reac- 
tions have briefly been alluded to by 
England and Thomas (9) in a paper which 
suggest that selectivity is affected by sur- 
face diffusion. In a more extensive analysis 
(10) of concurrent and consecutive reac- 
tions involving one zero-order step, it was 
demonstrated that selectivity is a mono- 
tonic increasing function of effective dif- 
fusivity. The functional relationship be- 
tween selectivity and effective diffusivity 
is determined not only by the kinetic model 
and its associated boundary conditions but 
also by the transport processes that occur. 
Therefore, when surface diffusion is an 
integral part of the transport processes 
within a porous medium in which chemi- 
cal reactions are concomitantly occurring, 
it is important to investigate the ex- 
tent to which surface diffusion influences 
selectivity. 

Butt and Foster (11, I,@, in two im- 
portsant papc’rs which lay th(l foundations 
for consid(lring quantit,ativc~ly t,h(b mann(‘r 
in which transport by surface diffusion can 
enhance catalytic reaction, show that when 
adsorption is sufficiently extensive and 
two-dimensional transport has a significant 
activation energy, the rate of chemical 
reaction is increased. They restrict their 
treatment to a simple first-order reaction 
in a porous pellet and include nonisothermal 
effects but do not consider the influence of 
interparticle heat and mass transfer. Wicke 
and Voigt (IS) have also shown how the 
difference between calculated and observed 
rates of catalytic reactions can be accounted 
for by surface diffusion enhancement. The 
purpose of the present paper is to extend 
the work of Butt and Foster (11, 12) to in- 
clude concurrent and consecutive reactions 
and to consider how catalytic selectivity is 
affected by surface diffusion effects within 
the porous catalyst pellet. We include non- 
isothermal conditions in our model and 
choose boundary conditions which reflect 
the possibility of interparticle transport. 

THEORY 

For the purpose of analyzing the effects 
of surface diffusion on catalytic selectivity, 
we choose a wafer-shaped porous pellet, 
the properties within which are isotropic. 
Either Maxwellian or Knudsen diffusion 
may occur through the void space of the 
solid permeated by a honeycomb of tine 
pores, but two-dimensional surface transla- 
tion may also be a mode of transport for 
reactants and products. The flux per unit 
concentration gradient of a component 
through the void space is characterized by 
an effective diffusivity D,,3 

N = - D,(dc/dx), (1) 

the concentration c decreasing in the dircc- 
tion x of diffusion. We do not need to 
specify in advance whether Maxwellian or 

3 See Appendix for explanation of symbols. 
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Knudsen diffusion is prominent but may 
assess the relative contributions, if de- 
sired, by the simple formula of Bosanquet 
(14) or alternatively apply some other 
appropriate form (15). The surface flux, 
on the other hand, is described in terms of 
a decreasing surface concentration c, 

s, = - D,(dc,/dz), (2) 

so that the total flux due to the combined 
effects of gas phase and surface transport is 

&VT = EX + prJSsNs, (3) 

where e is the pellet voidage, pP its density, 
and 8, the specific surface area over which 
two-dimensional translation occurs. The 
summation of fluxes in Eq. (3) implies 
that an effective diffusion coefficient fi, 
can be defined for any component as the 
total flux per unit concentration gradient: 

f’, = De + (ppXgl4 . [Ds (dc,/‘dz)/ (dc/‘dx)l. 

(4) 

To a first approximation, the ratio of the 
gas-phase and local surface concentration 
gradient in Eq. (4) may bc regarded as the 
gradient of the adsorption isotherm. Be- 
cause, in catalysis, surface concentrations 
are usually low’, the isotherm gradient 
should be computed for the initial portion 
of the curve. If it is linear and the Henry’s 
law constant is K, Eq. (4) may then be 
rewritten 

de = De + (P$~$/E) SD,, (3 

the form we adopt for the purpose of this 
discussion. As chemisorption is activated 
and the strength of the adsorbate-adsorbent 
interaction is sufficiently high to consider 
that two-dimensional surface translation 
requires an activation energy E’,, we write 
the temperature dependence of D, as 

n, = Ds” cxp(-RJR?‘). w 

.Jpplication of t,htr Cl:~usius~Cl:tpc~~vroa 
equation to the adsorption isot,hcrm leads 

one to a relation 

K = KO exp(qlRT), (7) 

describing the temperature dependence of 
the Henry’s law constant where p is the 
heat of adsorption of the component con- 
sidcrcd. The variation of the Maxwcllian 
or Knudsen effective diffusivity D, rvith 
temperature is weak in comparison with 
that of K and D, and is ignored in this 
analysis. It is also assumed that both E, 
and Q are independent of surface coverage. 
It would not bc difficult to incorporate 
such a variation in principle, although the 
complexity of the computations would be 
considerably increased because conscrva- 
tion equations for both the gas phase and 
the adsorbed phase would then have to be 
written and solved. 

The general steady state conservation 
equation describing the intraparticle trans- 
port of mass with chemical reaction in a 
porous medium is 

-Div { -Bei Grad c%f + (pBSg/e) 

for catch of the i components participating 
in reaction. The summation of reaction 
rates rj(ch) is taken over the 1~ kinetic 
pathways (each one designated j) in 
which component i features. The (~hj are 
stoichiometric coefficients. It is not un- 
common for the rate of the surface reaction 
to be the rate-controlling step in the 
sequence chemisorption, surface reaction, 
and desorption. If we adopt such an as- 
sumption then, for a first-order surface 
reaction, each pathway j will have a 
chemical rate 

rj = kjcsh = kjKh~h, (9) 

where the subscript h refers to a component 
h (not necrssarily the same as i), the con- 
wntration of lvhich is a function of the 
kin& cqu:&on dwcribing t’ho rate of 
pathway j. The surface conccntrut,ion cS 
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will be directly related to the gas-phase 
concentration c because adsorption equilib- 
rium is tacitly assumed. Provided the 
surface concentration is low, as is usually 
the case in catalysis, the linear form of the 
adsorption isotherm is justified in writing 
Eq. (9). The temperature dependcncc of 
the rate constant Ici is of Arrhenius form 

iii = Aj exp(- [Ej/RT]). (10) 

Analogously, the equation representing 
the steady state conservation of heat 
within the porous medium is 

-Div ( -A Grad T] + (p,X,/S 

X 2 (Y&-AH+?(Q) = 0. (11) 
j=I 

Because the heat of reaction is usually only 
a weak function of temperature compared 
with the reaction rate, (-AH?) is con- 
sidered to be constant. 

where Dsp and Kp are the values of D,i 
and Kip rcspectivcly, at T = To. The 
Thiele nmdulus (16, 17) is also employed, 
in a modified form, as a dimensionless 
paramct,cr. Because we consider the prob- 
lem of catalyst selectivity for conditions 
when pellet temperature is not constant, 
we define a Thiele modulus4 which is evalu- 
ated at the temperature To and put 

hi = a[(ppSyle) (Ki”kjoIDei)li, (14) 

where k,~ is the surface reaction velocity 
constant evaluated at TO and a(= TIP/S,) 
is the nominal pellet size definable in terms 
of pellet volume V, and external surface 
area X,. An additional parameter Pzjr4 in- 
troduced by Weisz and Hicks (18), serves 
to correlate the results presented with the 
degree of exothermicity or endothermicity 
of reaction. This parameter is defined by 

We apply the conservation Eqs. (S) and where ciO is the concentration of component 
(11) first to the concurrent reaction scheme, i in the bulk gas phase. 

B 
x-,/l Cowurrent Reaction 
A 
kz\ The pair of dimensionless material bal- 

C, unce equations representing two first-order 

and secondly to the consecutive reactions, 
concurrent reactions in a pellet thus become 

kl x.9 (1 + '/A cxp[&A(l - l/e>]) (@-fA/&'2) 

A+B+C, + {(&A~A/~~) exp[&A(l - l/f911 
occurring in a slab-shaped porous pellet. X (de/dp).(&a/dp) - $JA?YA 

For convenience of computation and scal- x exp[8A1(1 - l/e)]- 4AhA 

ing, we define the dimensionless quantities x exp[6A2(i - l/e)] = 0 (16) 

6ij = (Ej - qi)/RTo and 

and (1 + #B exp[&B(l - l/m (d2ra/'&2) 

6,; = (Es< - qi)lRTo, w> + {(&BtiB/@ exp[&B(l - l/m 

where To represents the temperature of the x (de/&) .(dre/dp) + AAB'$A?YA 

gas phase bathing the pellet. It is also ex- x exp[aAI(l - i/e)] = 0, (17) 
pedient to introduce a dimensionless vari- 
able #i to describe the magnitude of the in which AAB is the ratio (Deh/De~). In 

surface (+f(lct. Accordingly wc put 4 Although t,he double al~ffix noWion for 6 :tn fi 

1,5; = (p,,&,‘~) [&,;K,i c’xl)( -S,,)/D,.i] 
is not esseni ial for the read ion schemes considcrcd 
ill thi22 paper, it,s use none1 heless f:toilit~~~t,es exlcnsion 

= (p,S,le) . Uk’Ki”lW (13) of this work to more complex schemes. 
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the above equations the subscript 1 refers 
to the kinetic path A -+ B, while subscript 2 
describes the route A -+ C. The corre- 
sponding dimensionless heat balance equa- 
tion is 

(d’e/dP’) + P,4i4,412Y~ CXP[~AI(~ - l/e)] 
+ PA2'#'A22YAC~p[8A2(1 - l/e)] = 0 

(1s) 

Due to the symmetry of the problem the 
boundary conditions at the particle center 
(p = 0) are common and are 

(1% 

On the other hand, at the particle periphery 
(p = 1) the boundary conditions will de- 
pend on whether or not interparticle trans- 
port effects are considered important. When 
interparticle mass and heat transfer effects 
arc neglected and the whole of the catalyst 
pellet is bathed in a uniform temperature 
and concent’ration field, the boundary 
conditions at p = 1 are 

P = 1, YA = 1, -,B = r, 0 = 1, (20) 

where I’ is the ratio c~o/cAo. 

Should, however, mass and heat transfer 
between the catalyst pellet and the sur- 
rounding fluid be considered an influence 
on the temperature and concentration 
profiles within the pellet and hence modify 
the catalytic selectivity, t,he appropriut,c 
boundary conditions are then 

(cl~z/‘&) = Shi(1 - ri) for i = A. 

P = 1, (&Jdp) = Sh,(I’ - rJ for i = B, 

1 (de/dp) = NU (1 - e) (21) 

where the dimensionless modified Sherwood 
and Kusselt numbers (Shi and Nu, rc- 
spectively) reflect the extent of intcr- 
particle transport. 

If the selectivity u of reaction is defined 
as the ratio of the rates of formation of 
components B and C, t’hen for the steady 
state we may write 

u = [Des (dculdx)zdkc (dcc/dx),=,] 
(22) 

which, in view of the stoichiometric rcla- 
tionship bctwecn components and the form 
of Eq. (5), becomes in dimensionlrss form 

(23) 

where Ano is the ratio (De~/Deo). Thus 
numerical solution of the coupled ordinary 
differential Eqs. (16), (17), and (IS), sub- 
ject to the boundary constraints (19) and 
(20) when there are no interparticle effects, 
or to the conditions (19) and (21) when 
interphase transport is significant, enables 
the selectivity, formulated by Eq. (23), to 
be computed. 

Llpplication of the gcncral nniss and heat 
balance Eqs. (S) and (11) to two first-order 

consecutive reactions in a porous pellet 
produces the three dimensionless equations 

{ 1 + #A eXp[&A(l - l/e)]) (d2rA/dp2) 

+ {(&A$A/e2) '~kA(l - l/e)]) 

X (de/dp).(&A/dp) - 4~1~7~ 

x exp[6A1(l - i/e)] = 0 (34) 

(1 + tiB expC&B(l - LWII (d2-ddp2) 
+ { (ss13h/e2> c~~[bdl - w9il 

x (deldp) s (h/d~) - hh 

X (q)[6,1z(l - l/e)] + A,I,~#J.\&#J, 
x exp[6Al(i - i/e)] = o (‘z) 
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and 

X expCGAl(l- l/e>1 
+ (~AZ/AAB)~B~~YB 

X exp[6B2(1 - l/e)] = 0. (26) 

These will be subject to the same alter- 
native boundary conditions as described 
for the concurrent reaction scheme. The 
catalytic selectivity may be computed 
from Eq. (23) once the coupled ordinary 
differential Eqs. (24), (25), and (26), 
together with the appropriate boundary 
conditions, have been solved numerically. 

RESULTS AND DISCUSSION 

Computations 

Computation of the catalytic selectivity 
from Eq. (23) demands solution of the 
three coupled nonlinear second-order simul- 
taneous ordinary differential Eqs. (16), 
(17), and (18) for a concurrent reaction 
path, or the Eq. (24), (25), and (26) for a 
consecutive reaction path. Butt and Foster 
(11) I,%‘), when solving their equations asso- 
ciated with a single reaction, applied a 
boundary value technique approximating 
the ordinary differential equations by 
means of a finite difference formulation. 
The resulting set of simultaneous nonlinear 
algebraic equations was solved by an itera- 
tive method in which each cycle of com- 
putation required the solution of three 
sets of linear simultaneous equations, each 
with a tridiagonal matrix of coefficients. 
Butt and Foster did, however, encounter 
convergence difficulties when dealing with 
some particular cases. In an attempt to 
avoid convergence problems we employ 
the shooting method with Newton correc- 
tion of boundary conditions (19). Ac- 
cordingly, we first reduce the three second- 
order differential equations to a set of six 
first-order differential equations subject to 
the boundary conditions already specified 
at p = 0 and p = 1. Using a Runge-Kutta- 
Mcrson (19) algorithm with an automatic 
step adjustment, tho step-by-&p forward 
integration routine is started at p = 0. 

Now we know derivative values at this 
boundary but not the initial values of the 
three functions which must therefore be 
guessed. The initial values of YA, YB, and 0 
are thus treated as adjustable parameters 
and are varied until the forward integra- 
t,ion process yields terminal values which 
match the specified conditions at p = 1. 
A Newton-Raphson method (19) of pa- 
rameter adjustment was employed which 
yielded improved initial values fOI' yA, YEI, 

and 0. A few iterations (one, two, or three) 
generated the functions yi and 0 satisfying 
the boundary conditions. 

The partial derivatives required in the 
Newton-Raphson process were approxi- 
mated by difference quotients, calculated 
by performing forward integration using 
small perturbations of the initial values of 
the parameters. As a check, the derivatives 
were also obtained (but with more com- 
puting effort) by differentiating the original 
equations with respect to the parameters 
and solving the enlarged set of differential 
equations by the initial value technique. 

For convenience of display, presentation 
of the results of computations is restricted 
to a few typical values of some of the 
system parameters. Thus we assume no 
difference between the Maxwcllian (or 
Knudsen) diffusivities for components and 
put AAB = ABC = 1. Similarly we select 
I’ = + to represent the ratio of component 
concentrations exterior to the particle. Such 
a value might be typical of a particle 
situated not far from the entrance to a 
packed tubular reactor. Further along the 
reactor after significant conversion of the 
reactant has occurred, I’ would be substan- 
tially smaller. The ratio lcl/Lz was always 
set at 2, whereas the parameters 6ij, given 
by Eq. (la), are set at values of 10 and 15. 
For a reaction at about 3OO”C, such nu- 
merical values of &j would mean a difference 
of approximat’rly 45 kJ mol-1 bctwcxrn the 
overall chemical activation canergy asso- 
ciated wit,h a givrn kincltic path a,nd t*h(: 
heat of adsorption. On the other hand, all 
6,i are set at 2, representing a difference of 



EFFECT OF SURFACE DIFFUSION ON SELECTIVITY 211 

only S to 12 kJ mol-’ between the activa- 
tion energy associated with the surface 
reaction and the heat of adsorption. 

Results are presented in the form of con- 
tinuous curves representing the selectivity 
u as a function of the Thielc modulus $A1 
describing the formation of product B 
(assumed to be the desired product). The 
cff ect which surface diffusion has on selec- 
tivity is portrayed by plotting families of 
curves with $A (= #B) as a parameter. 

Concurrent Reaction 

For isothermal conditions, if the kinetic 
orders of the two competing reactions are 
equal, it is obvious that the selectivity 
will be unaffected by any type of intra- 
particle diffusion. When the react’ions differ 
in kinetic order, selectivity will be a mono- 
tonic decreasing function of the Thiele 
modulus. This has previously been demon- 
strated either directly or implicitly in 
various discussions (9, 17, ZO-22), but the 
effect of surface diffusion was excluded 
from the analysis. As an illustration of the 
cffcct which surface diffusion has on iso- 
thermal concurrent reactions of different 
kinetic orders w consider briefly a situa- 
tion where the desired product (say B) is 
formed by a first-order isothermal reaction 
and the wasteful product C by a zero-order 
isothermal reaction. The appropriate diffcr- 
ential equations describing diffusion and 
reaction in a slab shaped pellet may be 
derived by application of Eq. (S). In di- 
mensionless form they become 

(1 + h)(&.4lW) - +A?YA = @A?/CAO 

and 
(27) 

(1 + #B>@2?'B/&2) + AAB+A?~YA = 0. 

@S> 

These equations now include the param- 
eters $i accounting for the contribut,ion 
which surface translation makes to t,he 
tot,al diffusive flux of each componwt. 
The solution may immediately bc writton 
for boundary conditions which either in- 

1 

FIG. 1. Selectivity Q as a function of Thiele 
modulus 4.41: isothermal concurrent reaction A -+ B, 
first order; A 4 C, zero order; k$AO/kz = 10; 
/? = 0; Nu = Sh = 00 ; $A as parameter. 

elude or exclude interparticle mass transfer. 
Because resistance to interparticle mass 
transfer is so often negligible in comparison 
with resistance to intraparticle diffusion, 
we confine our attention to the boundary 
conditions 

P = 0, (bil&) = 0 ; 
p = 1, yi = 1 for (i = A, B), (29) 

in which the isothermal pcllct is bathed in 
the uniform concentration c;o. The selcc- 
tivity, as previously defined by Eq. (22), 
is easily shown to bc 

u = (1 + ~ICAO/~Z)[(~ + #A)~/~AI] 

x tanh[d'Al/(l + #A>'] - 1. (30) 

Figure 1 shows clearly that the reaction 
selectivity is enhanced by the surface trans- 
port of reactant A over the whole range of 
Thiele moduli for a given value of the 
kinetic parameter klcAO/k2 and is therefore 
in accord with the conclusion of Butt and 
Foster (11, 12) that surface diffusion en- 
hances the rate of chemical reaction. For a 
50-fold increase in surface diffusion, for 
example, selectivity is cnhanccd by a 
factor bet,wecn 1.5 and 3 for Thiele moduli 
in tho range 1 to 5. 

When the competing concurrent rwc- 
tions arc nonisothermal, then the reaction 
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FIG. 2. Selectivity c as a function of Thiele 
modulus $A1 : exothermic first-order concurrent re- 
action, BAl = @A2 = 0.2; Nu = Sh = 00 ; ,‘A as 
parameter. upper family of curves, 6~1 = 15, 
6A2 = 10; lower family of curves, 8A1 = lo, 6~2 = 1% 

selectivity is not necessarily a monotonic 
decreasing function of the Thiele modulus. 
If we first consider two competing first- 
order exothermic reactions, we find (Fig. 2) 
that the selectivity increases with an in- 
crease in Thiele modulus provided the 
dimensionless parameter 6;j (which is a 
measure of the difference between the 
activation energy Ej and the heat of ad- 
sorption pi) describing the desired reaction 
exceeds that for the undesired reaction. 
Such behavior has also been described by 
gstergaard (23). We further find that the 
selectivity is enhanced when surface diffu- 
sion of the reactant occurs, a greater 
selectivity for formation of the desired 
product B being attainable the more ex- 
tensive is the amount of surface diffusion. 
Particularly noticeable is the very sharp in- 
crease in selectivity with increase in Thiele 
modulus for the whole range of surface 
diffusion considered and the abrupt transi- 
tion to an asymptotic limit at a Thiele 
modulus between 0.5 and 1.0. Even at 
modcrato values of the Thitk modulus, 
thorcforc, whcrc port diffusion limits the 
reaction rat,e, any increase in surface trans- 

lation is extremely effective in improving 
selectivity. At values of the Thiele modulus 
greater than about 1.0, the selectivity is 
approximately doubled for a tenfold in- 
crease in surface diffusion. Indeed, for 
$A1 > 1, the only mode by which selcc- 
tivity may be further enhanced is by 
surface translation rather than diffusion 
through the now very fine pores. In dia- 
metric contrast, the case when 6~~ < 6A2 
reveals that the selectivity decreases with 
an increase in Thiele modulus, surface 
diffusion now exacerbating the formation 
of desired product B and ameliorating the 
production of C. In such an instance, Fig. 2 
indicat’es that the smallest particle size 
compatible with pressure drop restrictions 
is to be preferred. 

If we now turn our attention to endo- 
thermic reactions it is apparent from Fig. 3 
that, for the same parameters A and I’ as 
are considered for exothermic reactions, 
when &A1 > 6A2 the selectivity is a mono- 
tonic decreasing function of the Thiele 
modulus and is suppressed by an increase 
in surface diffusion of the reactant. On 
the other hand, when 8A1 < 8A2 the selec- 
tivit,y increases with the Thielc modulus 
and-is enhanced by- the surface translation 

4 

3 

T 
cr 

2 

1 

0 123156789 

Q&i 4 

FIG. 3. Selectivity c as a function of Thiele 
modulus c$& : endot,hermic first-order concurrent 
react,ion, pAI = 0~~ = - 0.2; Nu = Sh = m ; $A 
as parameter. Upper family Of curves, 8~1 = 10, 
8A2 = 15; lower family of curves, 8A1 = 16, 8.&2 = 10. 
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of A. Thus when B is the desired product 
and yield is an important consideration, 
moderate size pellets should be chosen 
when 6~1 < 8~2 so that gaseous and surface 
diffusion of reactant can favor the sclcc- 
tive formation of B. One might expect that 
a 20% increase in selectivit’y would occur 
when @Al is increased from 1.0 to 2.0. 
Pellets which are too large would, of 
course, tend to be a disadvantage since the 
reaction would then be severely diffusion- 
limited for large Thiele moduli and much 
of the internal surface of the pellet would 
not be utilized. Small pellets, however, 
would be advantageous for the select,ive 
formation of B when 6A1 > 8A2 but again 
the choice of particle size will be constrained 
by reactor operation. 

When we examine the effect of int’cr- 
particle mass and heat transfer on the above 
results it is clear that the transfer of either 
heat or mass from the fluid phase to the 
porous material can have a marked in- 
fluence on the selectivity. Figure 4 thus 
demonstrates that when interparticle heat 
transfer is an important consideration, then, 
for a given Thiclc modulus describing an 

UJ,= 

0.5 

e----- - 

-- 
?.C 

F*. ( iii 

/----- - -- 

10 20 3c LO 50 

NU- + 

FIG. 4. Selectivity CJ as a function of modified 
Nllsselt, gro~~p NII : exot hermio first-o&r con- 
crirrent wact,io~ls, PA, = on2 = 0.2; 4*, = 1.5; I)* 
as pwnmet~er. Upper family of ~~wves, Sal = 1.5, aAl 
= 10; lower family of curves, 8~~ = 10, 8~~ = 15. 
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FIG. 5. Selectivit,y (r as a function of modified 
Nusselt group Nu: endothermic first-order con- 
current reactions, PAI = PA2 = - 0.2; +A1 = 3.0; 
$A as parameter. upper family of curves, 6A1 = 10, 
8.~2 = 15; lower family of curves, 6~1 = Ifi, 6A2 = 10. 

exothermic reaction, selectivity dccrcascs 
monotonically with an increase in the 
magnitude of the modified dimensionless 
Nussclt group (depicting the relative 
ability of the fluid phase to transport heat 
by a convcctivc mechanism) whcnevcr 
6A1 > 6A2 but incrcascs monotonically when 
6~1 < 6~2. Thus, for a reaction in which 
the activat,ion cncrgy for the formation 
of the desired product exceeds that for the 
wasteful product, the sclect’ivity might 
easily be halved by only a three or fourfold 
increase in the intcrparticle heat transfer 
coefficient. This somewhat surprising result 
may be interpreted more easily when it is 
recalled that if the activation energy E, 
for the reaction responsible for formation 
of the desired product is greater than the 
activabion energy Ez ascribed to the reac- 
t’ion producing the wastoful product, then 
the reaction with the highest temperature 
cocfficicnt will br favored whcncvcr there 
is a tcwlcncy to accnmulatc hwt \vithin 
the pcllct. FI)~ a givcw Tliichlc modulus and 
surface mobility, the sclccbivity for forma- 
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FIG. 6. Selectivity c as a function of Thiele 
modulus @JAI: isothermal consbcutive first-order re- 
actions, /3 = 0; Nu = Sh = m ; $A as parameter. 

tion of B by an exothermic reaction would 
therefore be decreased by more effective 
particle to fluid heat transfer because any 
retention of heat by the particle would 
otherwise favor its formation. Precisely the 
opposite situation will apply when El < ES 
If the competing reactions within the pellet 
are endobhermic then, as Fig. 5 shows, the 
complete argument is reversed. 

Similar computations were completed to 
investigate the effect of fluid to pellet mass 
transport, and the results indicate that for 
competing reactions which are exothermic 
the selectivity increases with increase in 
Sherwood number (a measure of the effec- 
tiveness of transport between fluid and 
particle) when 6 Al > BA2, surface diffusion 
enhancing the effect. For 8A1 < 8A2, the 
selectivity decreases with increase in Sher- 
wood number, and this decrease is more 
exaggerated the greater the extent of sur- 
face diffusion of reactant. These results are 
not displayed because resistance to mass 
transfer from pellet, to fluid is usually un- 
important in comparison with diffusion 
within the pellet and also less significant 
than interparticle resistance to heat, trans- 
fer. Nevertheless the effects noted are ex- 
plicable simply in terms of the relative ease 
with which the competing reactions can 
proceed and as influenced by the magni- 
tud(! of the kinetic rate constants dctcr- 
nGnc>d by the rctsp&ivct activation ctnorgics. 
For compcting reactions which arc cndo- 

thermic, diametrically opposite results were 
obtained as would be expected. 

Consecutive Reaction 

For consecutive reactions which are iso- 
thermal the selectivity for the formation 
of the intermediate component B (which 
will be regarded as the desired product) is 
a monotonic decreasing function of the 
Thiele modulus (20, 21). The effect which 
surface diffusion has on the selectivity may 
be determined, once again, by application 
of Eq. (8). The appropriate differential 
equations will not be written here but may 
be derived by analogy with the derivation 
of Eqs. (27), (as), and (29) describing 
isothermal concurrent reactions in a pellet. 
Figure 6 traces the form of the function 
describing how the selectivity of two con- 
secutive and isothermal first-order kinetic 
reactions varies with Thiele modulus and 
includes the effect of surface diffusion. The 
result for # = 0 has already been discussed 
elsewhere (20, 21). It is clear from the 
family of curves that, at Thiele moduli 
between 0.5 and 2.0, selectivity is approxi- 
mately doubled for a tenfold increase in 
surface diffusion. 
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FIG. 7. Selectivit,y c as a function of Thiele 
modulus QAI : exotzhermic consecutive first-order 
reaCtiOnS, pAI = 0.2, PA2 = 0.2; NU = Sh = m ; 

$A as parameter; 6AI = 6~2 = lo. 
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It transpires t,hat# t(hn rcwlt is not-quite 
as st,raightforn-ard for t,wo consccut~ivc first,- 
order exothcrmic reactions as it is for 
isothermal reactions. Thus Fig. 7 shows 
that, although the selectivity decreases by 
a factor of about 10 when the Thiele 
modulus (based on the decomposition of 
reactant A) increases from 0.1 to about 0.7, 
there is an asymptotic limit to the decline 
in selectivity at a Thiele modulus just ex- 
ceeding 0.75, albeit the selectivity is re- 
duced to values as low as 0.5. It is thus 
somewhat academic to consider further the 
effect of surface diffusion at values of 
4Al > 0.75, although it is interesting to 
note that, while surface diffusion clearly 
enhances selectivity when +a1 < 0.75, it 
has the reverse effect when 4Al > 0.75. In 
practice then, it is an advantage to operate 
with relatively small particle size and with 
a catalyst which adsorbs the reactant to an 
extent sufficient to promote surface trans- 
port. Such transport can be further en- 
couraged, of course, by fine pores but’ if 
the pore structure is too fine the selectivity 
will suffer a marked decrease on account 
of severe Knudsen diffusion limitation. 

Turning to consecutive first-order cndo- 
thcrmic reactions, Fig. 8 shows bhat the 
selectivity decreases monotonically with in- 
crease in Thicle modulus, surface diffusion 
of the reactant favoring Dhe preferential 
formation of the desired intermediate 
product B. If, therefore, surface transport 
predominates it is evident that it becomes 
immaterial whether large or small particles 
are selected for operation since the sclec- 
tivity hardly changras with increase in 
Thiele modulus at large values of $. When 
there is a relatively small amount of trans- 
port by surface translation, on the other 
hand, the choice of particle size would be 
dictated by other considerations including 
the rapid fall off in selectivity wit,h in- 
creasing Thicle modulus. 

We also consider the effect of inter- 
particle mass and heat transfer on the 
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FIG. 8. Select,ivit,y D as a function of Thiele 
modulus +A, : endothermic consecutive first-order 
reaction, ,6Al = PA2 = - 0.2; Nn = Sh = m ; #A 
as paramet,er; 6~ = 6s~ = 10. 

selectivity of two first-order consecutive re- 
actions. Figure 9 reveals that, for exother- 
mic reactions, selectivity falls off sharply 
with an increase in the modified Nusselt 
group, surface diffusion exacerbating the 
decrease in selectivity. For a twofold in- 
crease in the interparticle heat transfer 
coefficient,, for example, the selectivity is 
reduced by about 20y0. This behavior is 
in contrast to that found for concurrent 
reactions for which the selectivity can be 
either greater or less than the limiting 
value at 4ij = 0 depending on the relative 
magnitudes of t’he activation energies of 
the competing reactions. For consecutive 
reactions, the relative magnitude of the 
activation energies of each reaction merely 
increases or diminishes the effect noted. 
Better selectivities can be attained at 
moderate Thiele values (diffusion-limited 
reaction) when the modified Nusselt group 
is low so that poor heat transfer from 
particle to fluid causes the temperature 
within the pellet to rise. If the activation 
energy of the reaction producing the de- 
sired product is greater than that for its 
subsequent reaction, then the selectivity 
will be better than it would have been if 
heat were easily transferred to the fluid, 
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FIG. 9. Selectivity c as a function of modified 
Nusselt group Nu : exothermic consecutive first- 
order reactions, PA1 = 0.2, DA2 = 0.2; bA1 = 6Bz 
= 10; @Al = 1.5; $A m parameter. 

as any temperature rise within the pellet 
favors the formation of B rather than C 
when El > Ez. This is the case illustrated 
in Fig. 9. An increase in surface diffusion 
tends to be detrimental to such a situation. 
It is possible that a previously localized 
temperature rise will now be dispersed over 
a larger number of active catalyst sites and 
the favorable effect thus diluted. At lower 
Thiele moduli, where only mild diffusion 
limitation occurs, selectivity is improved 
at high Nusselt values, for now there is 
relatively less impedance to diffusion of 
reactants and products within the particle, 
and it is an advantage to the formation of 
B when not only is the desired product able 
to move outward freely through the porous 
structure, but any temperature rise likely 
to cause its further decomposition to C can 
bc quickly dissipated. The behavior of con- 
secutive first-order endothermic reactions is 
less complicated. Figure 8 shows that the 
selectivity falls off with an increase in 
Thiele modulus, surface diffusion retarding 
the decrease. This effect is found at both 
low and moderately high values of t.he 
Nusselt group. 

The effect of interparticle mass transfer 
was found to enhance selectivity, an in- 

crtasc: in surface mobilit’y tending to 
nullify su(:h t~iihancemen t for csothcrmic 
conscbcut,ivc r(tact,ions but to furt’htr in- 
crease selectivity for endothermic consecu- 
tive reactions. Because interparticle mass 
transport is usually unimportant in com- 
parison with intraparticle diffusion, this 
point is not developed further here. 

Resistance to Heat Transfer Con.ned to 
Pellet Exterior 

An important class of problems arises if 
it is considered that resistance to heat 
transfer is confined to regions exterior to 
the pellet. For a wide range of parameters 
resistance to mass transfer is primarily due 
to difficulties associated with diffusive 
transport within the porous pellet, while 
resistance to heat transfer is caused 
principally by the relatively stagnant 
boundary layer of fluid bathing the particle 
(24, 25). Under such circumstances, al- 
though the general mass conservation 
equations such as (8) have to be included 
in the model, the differential heat con- 
servation Eq. (11) is replaced by a steady- 
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FIG. 10. The existence of multiplicity when re- 
sistance to heat transfer confined to stagnant fluid 
surrounding particle : exothermic concurrent first- 
order reactions, flAI = 0.2, ,8.&Z = 0.2; 681 = 15, 
6A2 = 10; Nu = 5.0; + as parameter. 
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sf’ntmc) algcbrnic hcnt bdnncc owr t,hc fluid 
film chstwior t,o t,h(l catalyst p:wticl(~. Thus 
for the concurrcwt reaction schwlc con- 
sidered, the problem is defined by the mass 
balance differential Eqs. (16) and (17) 
(with the term d0/dp set equal to zero) 
together with the algebraic equation 

Xu(1 - e,) 

= - (tanh K/K) {@A?PAI 

x exp[sAl(l - l/es>]+ 4A2?A2 

x cxp[aA2(1 - l/b)]) (31) 

in place of the differential Eq. (IS). In the 
above equation 

+ '#~A2'exp[6A2(1 - lies)])/ 

(1 + #A fd~Al(1 - b%)1)1 (32) 

and 8, describes the dimensionless constant 
pellet temperature now replacing tJ in the 
mass balance equations. Thus the value of 
es must bc sought iteratively. The boundary 
conditions applicable arc similar to (19) 
and (21) except that the imposition of tem- 
perature constraints is no longer necessary. 

To conclude this paper w-e merely out- 
line, in the briefest manner, some of the 
interesting results gencratcd. A fuller trcat- 
mcnt of the problem will be given else- 

whcrc. Att8cntion is c~slwcially dr:~wn to 
results obtained for (*on(wrrwf, :LII~ VOW 
wcutiw cxothcrmic rwctions. For wrt.ain 
rangw of the param&w, multiple solutions 
exist. This is illust’rated in Fig. 10 which 
sholvs, for a concurrent cxothermic rclact8ion 
with E, > Ez, how sclcctivity varies with 
the Thicle modulus and the surface diffu- 
sion parameter. For a modified Nusselt 
number of 5 and an exothermicity p of 0.2, 
multiple solutions are evident bet,ween 
Thick moduli of 0.3 and 1.3 when Ohwe is 
no surface diffusion. Beyond the uppc’r 
bound of 4 a very high selectivity is possi- 
ble, formation of the undesirable product 
being almost entirely suppressed. This high 
soloctivity is, however, at t#he cost of 
scvcre diffusion limit8ation and consequently 
throughput of desired product. When sur- 
face diffusion is a mode of intraparticlc 
transport, the bounds on rj arc displaced 
to smaller values of 4, and so a high selcc- 
tivity is more easily attainable whrn surface 
diffusion intrudes. Consecutive exothcrmic 
react,ions also display similar regions of 
multiplicity. 

Calculations for concurrent endothermic 
reactions with E’1 > E’2 rcvcaled a mono- 
tonic decline in select,ivity with an increase 
in Thielc modulus, surface diffusion magni- 
fying the decline. 

Symbol 

A 
Aj 
a 
B 
C 
c 

i 
il”, 
DSO 
E 
E. 
K 
h’0 

APPENDIX 

NOXIENCLATUHE 

Interpretation 

Reactant 
Arrhenius constant for kinetic pathway j 
Particle dimension 
Desired product 
Wasteful product 
Concentration of component 
Effective Knudsen or Maxwellian diffusivity 
Effective diffusion coefficient 
Surface diffusion coefficient 
Temperature-independent surface diffusion coeflicient 
Activation energy 
Activation energy for surface translation 
Henry’s Law constant 
Temperature-independent constant of Henry’s Law 

Dimensions 

T-1 
L 

ML-3 
L2T-’ 
L22’-’ 

L2T-’ 
L22’-1 

HM-’ 
HM-’ 
L 
L 
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hi 
A’s 
NT 

pn 
r 
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To 
(-AH) 
B 
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Yi 
AAB 

6, 6. 

; 

K 

e 

CT 

z 

ti 

NU 
Sh 

Subscript 

h 

1 i 

j 
0 
s 

Superscript 

0 

AKHTAR E1’ AL. 

Chemical kinetir const.ant 
Molar flux 
Molar surface flux 
Total molar flux 
Heat of adsorption 
Gas law constant 
Rate of reaction 
Absolute temperature 
Absolute temperature of gas phase bathing the pellet 
Heat of reaction 
Thermicity defined by Eq. (15) 
Ratio of gas phase concentrations CBO/CAO 

Dimensionless concentration of component defined as CI/CA~ 
Ratio of effective diffusivities D,A/D,B 
Defmed by Eq. (12) 
Pellet voidage 
Effective thermal conductivity 
Defined by Eq. (32) 
Dimensionless temperature T/To 
Selectivity defined by Eq. (22) 
Dimensionless length variable x/a 
Thiele modulus defined by Eq. (14) 
Surface diffusion parameter defined by Eq. (13) 
Modified Nusselt group based on particle diameter 
Modified Sherwood group based on particle diameter 

Chemical components 

Reaction path 
Conditions in fluid phase 
Conditions at the pellet/fluid interface 

Parameter calculated at To 
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