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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 catalyst
medium. Nonisothermal and interparticle mass transfer effects are considered in the analysis,
For exothermic concurrent reactions selectivity is enhanced by surface diffusion when the
preferred product is formed by the reaction with the greater activation energy. Convection
of heat away from the catalyst particle, on the other hand, reduces the selectivity. Although
the selectivity of exothermic consecutive reactions is also enhanced by surface diffusion for
low values of the Thiele modulus, when the reaction oceurs in a diffusion-limited region, surface
diffusion further exacerbates the already restricted selectivity. Increased heat transfer also
has a deleterious effect on the reaction selectivity. Diametrically opposed to the results ob-
tained for exothermic reaction are the trends observed for endothermic reactions, the selec-
tivities of which are explained in terms of the magnitude of the intra- and interparticle mass
and heat transport processes. The study concludes with a preliminary examination of the
manner in which selectivity is affected 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 solutions exist.

INTRODUCTION

Intraparticle transport effects often 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 (7) has asserted that
the transport of large molecules, with
dimensions comparable with the width of
micropores of which many catalysts are
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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 often utilized
for reforming and processing in the petro-
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 two-dimen-
sional translation. It is not surprising
therefore that surface diffusion has been
observed to contribute to the transport
mechanism in cases of the physical adsorp-
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tion of gases at low or moderate tempera-
tures (2, 3). A correlation of surface diffu-
sion coefficients with the strength 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-
ent. 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 ortho—para hydrogen conver-
sion (7) at about 2-bar pressure and 76 K,
and also for the dehydration of isopropanol
at 473 to 523 K 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.
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Butt and Foster (11, 12), in two im-
portant papers which lay the foundations
for considering quantitatively the manner
in which transport by surface diffusion can
enhance catalytic reaction, show that when
adsorption 1is 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 (73) 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 sclectivity 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 oceur through the void space of the
solid permeated by a honeycomb of fine
pores, but two-dimensional surface transla-
tion may also be a mode of transport for
reactants and produets. The flux per unit
concentration gradient of a component
through the void space is characterized by
an effective diffusivity D,,?

N=- De(dc/dx)y (1)

the concentration ¢ decreasing in the direc-
tion z 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,

Ne= — Ds(dcs/dx)l (2)

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

eNp = eN + ppSVs, (3)

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

D, = Do+ (p,8e/€) - [Ds(des/d) / (de/dx)].
(4)

To a first approximation, the ratio of the
gas-phase and local surface concentration
gradient in Eq. (4) may be 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 =D, + (PDSgK/E)'Dm (5)

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 FE,, we write
the temperature dependence of D, as

D, = Dyoxp(—E,/RT). (6)

Application of the Clausius—Clapeyron
cquation to the adsorption isotherm leads
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one to a relation
K = K, exp(¢/RT), ™

describing the temperature dependence of
the Henry’s law constant where ¢ is the
heat of adsorption of the component con-
sidered. The variation of the Maxwellian
or Knudsen effective diffusivity D. with
temperature is weak in comparison with
that of K and D, and is ignored in this
analysis. It is also assumed that both FE,
and ¢ are independent of surface coverage.
It would not be difficult to incorporate
such a variation in principle, although the
complexity of the computations would be
considerably increased because conserva-
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 {—D.; Grad ¢;} + (p,Se/¢)
X 20 anri(er) =0, (8)
=1

for cach of the ¢ components participating
in reaction. The summation of reaction
rates r;(cy) is taken over the n kinetic
pathways (each one designated j) in
which component 7 features. The as; 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 7 will have a
chemical rate

ijhCh, (9)

where the subseript h refers to a component
h (not necessarily the same as 7), the con-
centration of which is a function of the
kinetic equation describing the rate of
pathway . The surface concentration ¢y

r;y = k,-csh =
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will be directly related to the gas-phase
concentration ¢ beeause 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 dependence of
the rate constant k; is of Arrhenius form

ki = Ajexp(=[E;/RT].  (10)

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

—Div { =X Grad T} 4+ (ppSs/e€)

X ¥ an(—AH)r(e) = 0. (D)

J

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

We apply the conservation Eqgs. (8) and
(11) first to the concurrent reaction scheme,

/‘B
k1
A\
k2

C

)

and sccondly to the consecutive reactions,

ky ke
ASBS

occurring in a slab-shaped porous pellet.
For convenience of computation and scal-
ing, we define the dimensionless quantities

8i; = (E; — ¢.)/RT,
and

551' = (Esi - qi)/RT07 (12)

where T'y represents the temperature of the
gas phase bathing the pellet. It is also ex-
pedient to introduce a dimensionless vari-
able ¥, to describe the magnitude of the
surface effeet. Aceordingly we put

Qbi = (ppsg/5> ) [Dsﬂil\roi (‘XI)(—BSL’)/DN‘]

= (puSs/€)  (Ds*K*/De)  (13)

AKHTAR ET AL,

where Dg° and K are the values of Dy,
and K, respectively, at T = Ty The
Thiele nrodulus (16, 17) is also employed,
in a modified form, as a dimensionless
parameter. Because we consider the prob-
lem of catalyst selectivity for conditions
when pellet temperature is not constant,
we define a Thiele modulus? which is evalu-
ated at the temperature Ty and put

¢i; = al (ppSe/€) (Kok2/Dei) 1,

where k;° is the surface reaction vclocity
constant evaluated at 7% and a(= V,/8,)
is the nominal pellet size definable in terms
of pellet volume V, and external surface
area Sx. An additional parameter §;;* in-
troduced by Weisz and Hicks (78), serves
to correlate the results presented with the
degree of exothermicity or endothermicity
of reaction. This parameter is defined by

Bij = [(—AH;)Doicio/NTo],  (15)

where ¢;, is the concentration of component
17 in the bulk gas phase.

(14)

Concurrent Reaction

The pair of dimensionless material bal-
ance equations representing two first-order
concurrent reactions in a pellet thus become

{1+ ¢a cxp[8a(1 — 1/6) 1} (d*va/dp*)
+ { (3sa94/6%) exp[d.a(1 — 1/6) ]}
X (d8/dp)- (dya/dp) — bar?va
X exp[oa1(1 — 1/6)] — ¢adtya
X exp[da2(1 — 1/6)] =0 (16)
and

{1+ ¢ysexp[d.a(l — 1/6) ]} (*vs/dp®)
+ {(benyn/6%) exp[6s(1 — 1/6) 1}
X (d8/dp) - (dvs/dp) + Aapdar’va
X exp[6a:1{l —1/8)] =0, (17)

in which Asgp is the ratio (D.a/D.s). In

4 Although the double suffix notation for ¢ an g
is not essential for the reaction schemes considered
in this paper, its use nonetheless facilitates extension
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

(d260/dp*) + Barpar®ya exp[oa:i(1 — 1/6)]

+ Baspatya exp[ds:(1 —1/6)] =0

(18)

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

p =0, (dya/dp) = (dys/dp) = (d6/dp) = 0
(19)

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 concentration field, the boundary
conditions at p = 1 are
P = 11 YA T 1; ys=1, 8= 1, (20)

where T is the ratio cso/cao.
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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, the appropriate
boundary conditions are then

(dvy:/dp) = Sh:(1 — ~;) for 7 = A.
(dy:/dp) = Shi(T' — ~,) for ¢ = B,
(d8/dp) = Nu (1 — §) (21)

p=1

where the dimensionless modified Sherwood
and Nusselt numbers (Sh; and Nu, re-
spectively) refleet the extent of inter-
particle transport.

If the selectivity ¢ of reaction is defined
as the ratio of the rates of formation of
components B and C, then for the steady
state we may write

o = [DeB(dCB/dx)x=a/ﬁeC (dCC/dx)z=a:|
(22)

which, in view of the stoichiometric rela-
tionship between components and the form
of Eq. (5), becomes in dimensionless form

Agc

g = —

1 -I— \l/c CXp l:(ssc <1 —_

(23)

where Agc 1s the ratio (D.s/D.c). Thus
numerical solution of the coupled ordinary
differential Eqs. (16), (17), and (18), 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.

Consecutive Reaction
Application of the general mass and heat
balance Eqs. (8) and (11) to two first-order

10>:| {(dn/dp)p=1 +1}

(d'YB/dP)p=1

consecutive reactions in a porous pellet
produces the three dimensionless equations
{1+ ¥aexp[dsa(l — 1/6)1} (dPya/dp?)
4+ {(8sa¥a/6%) exp[8sa(l — 1/6)7]}
X (d6/dp)- (dya/dp) — dar’*va
X exp[éa:(1 —1/)] =0
{1+ ¢nexpl8ss(l — 1/6) 1} (d*ys/dp?)
+ {(Gonyn/0®) exp[osn(1 — 1/6)]}
X (d68/dp)- (dyn/dp) — $u2’vs
X oexplop(1 — 1/8)] 4+ Aspvdaida
X exp[os (1 —1/8)]=0 (25)

(24)
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and

(d%0/dp®) + Bardar’ya
X exp[6a:1(1—1/6)]
+ (Baz/Aan)PnlYB
X exp[ﬁm(l - 1/0)] = 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 Eqgs. (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, 12), 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 simultancous nonlinear
algebraic equations was solved by an itera-
tive method in which each cyele 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—
Merson (19) algorithm with an automatic
step adjustment, the step-by-step forward
integration routine is started at p = 0.

AKHTAR ET AL.

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 v4, vs, and 6
are thus treated as adjustable parameters
and are varied until the forward integra-
tion 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 for vj, v,
and 6. A few iterations (one, two, or three)
generated the functions v; and 8 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
diffcrence between the Maxwellian (or
Knudsen) diffusivities for eomponents and
put Asp = Apc = 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, T would be substan-
tially smaller. The ratio k,/k: was always
set at 2, whereas the parameters §;;, given
by Eq. (12), are set at values of 10 and 15.
For a reaction at about 300°C, such nu-
merical values of 8;; would mean a difference
of approximately 45 kJ mol—! between the
overall chemical activation cnergy asso-
ciated with a given kinetic path and the
heat of adsorption. On the other hand, all
d8s: are set at 2, representing a difference of
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only 8 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
¢ as a function of the Thiele modulus ¢4;
deseribing the formation of product B
(assumed to be the desired produet). The
cffect which surface diffusion has on selec-
tivity is portrayed by plotting families of
curves with ¥ (=yg) 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 reactions differ
in kinetic order, selectivity will be a mono-
tonic decreasing function of the Thiele
modulus. This has previously been demon-
strated either dircetly or implicitly in
various discussions (9, 17, 20-22), but the
effect of surface diffusion was excluded
from the analysis. As an illustration of the
cffect which surface diffusion has on iso-
thermal concurrent reactions of different
kinetic orders we 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 differ-
ential equations describing diffusion and
reaction in a slab shaped pellet may be
derived by application of Eq. (8). In di-
mensionless form they become

(1 + ¢Ya) ([@Pva/dp?) — dar®va = das®/Cao

27
and
(1 + ¢B) (d*ys/dp?) + Aspda’Tya = 0.
(28)

These equations now include the param-
cters ¥, accounting for the contribution
which surface translation makes to the
total diffusive flux of each component.
The solution may immediately be written
for boundary conditions which either in-
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Frc. 1. Selectivity o as a function of Thiele
modulus ¢a:: isothermal concurrent reaction A — B,
first order; A — C, zero order; kicao/k: = 10;
B =0; Nu = Sh = »;y, as parameter,

clude 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, (dvy:/dp) = 0;
p=1,vi=1for = A, B), (29

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

o= (14 kcao/k)[(1 + ¥a)t/da1]
X tanh[¢a1/(1 + ¢a)t] — 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 kicao/ks 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 enhanced by a
factor between 1.5 and 3 for Thiele moduli
in the range 1 to 5.

When the competing concurrent reac-
tions are nonisothermal, then the reaction
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Fia. 2. Selectivity ¢ as a function of Thiele
modulus ¢4;: exothermic first-order concurrent re-
action, Ba1 = Ba2=0.2; Nu==Sh= w; ¥ as
parameter. Upper family of curves, 8i1 = 15,
342 = 10;lower family of curves, 541 = 10, 842 = 15.

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 §;; (which is a
measure of the difference between the
activation energy E; and the heat of ad-
sorption ¢;) describing the desired reaction
exceeds that for the undesired reaction.
Such behavior has also been described by
Ostergaard (23). We further find that the
sclectivity 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
moderate values of the Thicle modulus,
therefore, where pore diffusion limits the
reaction rate, any increase in surface trans-
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lation is extremely cffective in improving
selectivity. At values of the Thiele modulus
greater than about 1.0, the selectivity is
approximately doubled for a tenfold in-
crecase in surface diffusion. Indeed, for
¢a1 > 1, the only mode by which selce-
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 8,1 < 842
reveals that the sclectivity 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
indicates that the smallest particle size
compatible with pressure drop restrictions
is to be preferred.

If we now turn our attention to endo-
thermie reactions it is apparent from Fig. 3
that, for the same parameters A and T' as
are considered for exothermic reactions,
when 841 > 842 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 64, < 842 the selec-
tivity increases with the Thiele modulus
and_is enhanced by_the surface translation

Al

Fia. 3. Selectivity ¢ as a function of Thiele
modulus ¢4;: endothermic first-order concurrent
reaction, Ba; = Ba: = — 0.2; Nu=S8h = o; y,
as parameter. Upper family of curves, 841 = 10,
842 = 15;lower family of curves, 841 = 15, 842 = 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 641 < 842 so that gaseous and surface
diffusion of reactant can favor the selec-
tive formation of B. One might expeet that
a 209, increase in selectivity would occur
when ¢41 18 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 selective
formation of B when 841 > 642 but again
the choice of particle size will be constrained
by reactor operation.

When we examine the cffect of inter-
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 Thiele modulus describing an

— v

0 10 20 30 40 50
NU - >

Fia. 4. Selectivity ¢ as a function of modified
Nusselt. group Nu: exothermic first-order con-
current, reactions, a1 = Baz = 0.2; ¢ar = 1.5; ¢a
as parameter. Upper family of curves, 84y = 15, 844
= 10; lower family of curves, 4, = 10, §a» = 15.
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Fie. 5. Selectivity o as a function of modified
Nusselt group Nu: endothermic first-order con-
current reactions, Bai = Baz = — 0.2; ¢a1 = 3.0;
¥4 as parameter. Upper family of curves, 541 = 10,
da2 = 15; lower family of curves, 841 = 15, 842 = 10.

exothermic reaction, sclectivity decreases
monotonically: with an increase in the
magnitude of the modified dimensionless
Nusselt group (depicting the relative
ability of the fluid phase to transport heat
by a convective mechanism) whenever
641 > 042 but increases monotonically when
6a1 < da2. Thus, for a reaction in which
the activation cnergy for the formation
of the desired product exceeds that for the
wasteful product, the sclectivity might
casily be halved by only a three or fourfold
increase in the interparticle heat transfer
coefficient. This somewhat surprising result
may be interpreted more easily when it is
recalled that if the activation energy F,
for the reaction responsible for formation
of the desired product is greater than the
activation energy F. ascribed to the reac-
tion producing the wasteful product, then
the reaction with the highest temperature
cocfficient will be favored whenever there
is a tendeney to accumulate heat within
the pellet. For a given Thicle modulus and
surface mobility, the selectivity for forma-
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F16. 6. Selectivity ¢ as a function of Thiele
modulus ¢4;: isothermal consecutive first-order re-
actions, 8§ = 0; Nu = Sh = «; ya 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 £, < E..
If the competing reactions within the pellet
are endothermic 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 841 > 842, surface diffuston
enhancing the effect. For 8.1 < 842, the
selectivity decreases with inecrease 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-
tude of the kinetic rate constants deter-
mined by the respeetive activation energies.
For competing reactions which are endo-
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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 Egs. (27), (28), 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, sclectivity is approxi-
mately doubled for a tenfold increase in
surface diffusion.

Fra. 7. Selectivity o as a function of Thiele
modulus ¢a1: exothermic consecutive first-order
reactions, Ba; = 0.2, Ba2=02; Nu=8Sh = «;
Y as parameter; 341 = du2 = 10.
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It transpires that the result is not quite
as straightforward for two consccutive first-
order exothermic reaetions as it is for
isothermal reactions. Thus Fig. 7 shows
that, although the selectivity decreases by
a factor of about 10 when the Thicle
modulus (based on the decomposition of
reactant A) increascs 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 wvalues of
éa1 > 0.75, although it is interesting to
note that, while surface diffusion clearly
enhances selectivity when ¢4, < 0.75, it
has the reverse effect when ¢a; > 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 endo-
thermic reactions, Fig. 8 shows that the
sclectivity decreases monotonically with in-
crease in Thiele modulus, surface diffusion
of the reactant favoring the 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 selec-
tivity hardly changes 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 with in-
creasing Thicle modulus.

We also consider the effect of inter-
particle mass and heat transfer on the
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Fig. 8. Selectivity o as a funetion of Thiele
modulus ¢a;: endothermic consecutive first-order
reaction, Ba1 = Baz = — 0.2; Nu=8h = «; ¢4
as parameter; 8a; = gz = 10.

selectivity of two first-order consceutive re-
actions. Figure 9 reveals that, for exother-
mic reactions, sclectivity 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 209,. 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 ¢;; = 0 depending on the relative
magnitudes of the 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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Fre. 9. Selectivity ¢ as a funection of modified
Nusselt group Nu: exothermic consecutive first-
order reactions, a1 = 0.2, Ba: = 0.2; 841 = B2
= 10; ¢ a1 = 1.5; ¢a as parameter.

as any temperature rise within the pellet
favors the formation of B rather than C
when E; > E,. 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
be 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 the
Nusselt group.

The effeet of interparticle mass transfer
was found to enhance selectivity, an in-
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crease in surface mobility tending  to
nullify such enhancement for exothermice
consecutive reactions but to further in-
crease selectivity for endothermic consccu-
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 Confined 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 difficultics 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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Fia. 10. The existence of multiplicity when re-
sistance to heat transfer confined to stagnant fluid
surrounding particle: exothermic concurrent first-
order reactions, Ba1 = 0.2, Bas = 0.2; &4 = 15,
842z = 10; Nu = 5.0; ¢ as parameter.
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state algebraic heat balance over the fluid
film exterior to the catalyst partiele. Thus
for the concurrent reaction scheme con-
sidered, the problem is defined by the mass
balance differential Eqs. (16) and (17)
(with the term df8/dp sct equal to zero)
together with the algebraic equation

Nu(l — 6,)
= — (tanh «/x) {¢a1?6a1
X exp[8a1(1 — 1/0)] + ¢as?Baz
X exp[ba2(1 — 1/6,)7}

in place of the differential Eq. (18). In the
above equation

GB1)

k= {pa 2 exp[da:i(l — 1/6,)]
+ ¢z’ exp[da2(1 — 1/6,)]}/

(I 4+ ¢aexp[oa(l —1/89)70), (32)

and 6, deseribes the dimensionless constant
pellet temperature now replacing 6 in the
mass balance equations. Thus the value of
8, must be sought iteratively. The boundary
conditions applicable are similar to (19)
and (21) except that the imposition of tem-
perature constraints is no longer necessary.

To conclude this paper we merely out-
line, in the briefest manner, some of the
interesting results gencrated. A fuller treat-
ment of the problem will be given else-
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where. Attention 1is espeeially drawn to
results obtained for concurrent and con-
sceutive exothermic reactions. For eertain
ranges of the parameters, multiple solutions
exist. This is illustrated in Fig. 10 which
shows, for a concurrent exothermic reaction
with £, > E,, how selectivity varies with
the Thicle modulus and the surface diffu-
sion parameter. For a modified Nusselt
number of 5 and an exothermicity 8 of 0.2,
multiple solutions are cvident between
Thicle moduli of 0.3 and 1.3 when there is
no surface diffusion. Beyond the upper
bound of ¢ a very high selectivity is possi-
ble, formation of the undesirable product
being almost entirely suppressed. This high
seleetivity 1s, however, at the cost of
severe diffusion limitation and consequently
throughput of desired product. When sur-
face diffusion is a mode of intraparticle
transport, the bounds on ¢ are displaced
to smaller valucs of ¢, and so a high selee-
tivity is more easily attainable when surface
diffusion intrudes. Conseccutive exothermic
reactions also display similar regions of
multiplicity.

Caleulations for concurrent endothermic
reactions with £; > E; revealed a mono-
tonic decline in selectivity with an increase
in Thiele modulus, surface diffusion magni-
fying the decline.

APPENDIX

NOMENCLATURE
Symbol Interpretation Dimensions
A Reactant
Aj Arrhenius constant for kinetic pathway j 71
a Particle dimension L
B Desired product
C Wasteful product
¢ Concentration of component ML3
D, Effective Knudsen or Maxwellian diffusivity LT
D, Effective diffusion coefficient 127
D, Surface diffusion coefficient 12T
Dy Temperature-independent surface diffusion coefficient 127
E Activation energy HM
E, Activation energy for surface translation HM-1
K Henry’s Law counstant L
K, Temperature-independent constant of Henry’s Law L
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k Chemical kinetic constant T (for first-order reaction)
N Molar flux MLT
N, Molar surface flux ML
Nr Total molar flux ML—2T
q Heat of adsorption- HM™

k Gas law constant HM™ g1
r Rate of reaction MLt
T Absolute temperature 0

To Absolute temperature of gas phase bathing the pellet 8

(—AH) Heat of reaction HM™

B Thermicity defined by Eq. (15)

r Ratio of gas phase concentrations cso/cao

¥i Dimensionless concentration of component defined as ¢;/cao

AaB Ratio of effective diffusivities Dea/Den

8, s Defined by Eq. (12)

€ Pellet voidage

A Effective thermal conductivity HL'\T-1p1
I Defined by Eq. (32)

6 Dimensionless temperature 7'/T

a Selectivity defined by Eq. (22)

p Dimensionless length variable 2/a

s Thiele modulus defined by Eq. (14)

¥ Surface diffusion parameter defined by Eq. (13)

Nu Modified Nusselt group based on particle diameter

Sh Modified Sherwood group based on particle diameter

Subscript

};} Chemical components

j Reaction path

0 Conditions in fluid phase

S Conditions at the pellet/fluid interface

Superscript

0 Parameter calculated at Ty
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