
A Method for the Study of Performance of a Single Spherical 
Particle with Nonuniform Catalytic Activity 

In recent years, there has been increasing interest in 
porous catalysts which contain nonuniform activity. For 
example, Kasaoka and Sakata ( 1968), Villadsen ( 1976), 
Corbett and Luss (1974), Shadman-Yazdi and Petersen 
(1972), and Becker and Wei (1977u, b) have recently 
developed theoretical models to describe the performance 
of catalysts with nonuniform activity. Some catalysts con- 
tain nonuniform activity as a result of preparation meth- 
ods employed, while others develop this feature because 
of poisoning. The deliberate inclusion of nonuniform ac- 
tivity in porous catalysts provides a means of tailoring a 
catalyst to a specific process to improve activity or selec- 
tivity, or to reduce the rate of poisoning. 

This note develops the theoretical basis for an experi- 
mental study of the effect of catalyst activity distribution 
on selectivity. The reaction examined is the deuterium 
exchange with neopentane on supported platinum, It is a 
series reaction with many steps and resembles industrially 
important reactions such as the isomerization of certain 
olefins (see Haag and Pines, 1960) and the hydrogenoly- 
sis of polynuclear aromatics (see Sullivan et al., 1964; 
Germain, 1969). It was used as a test reaction in previous 
experimental studies of laboratory flow reactors (Zahner, 
1970) and diffusion effects in porous catalysts (Dwyer 
et al., 1968; Ernst and Wei, 1975) because of several de- 
sirable features: negligible heat of reaction, single step 
surface exchange mechanism, and first order in neo- 
pentane , 

THEORY 
In a mass spectrometer, neopentane undergoes fragmen- 

tation such that the major peak corresponds to a t-butyl 
fragment, and the parent neopentane peak is negligible. 
Kemball (1954) has provided a means of following the 
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course of the deuterium-neopentane exchange reaction via 
the deuterium exchanged t-butyl fragments. Thus, there 
are nine deuterated products that must be monitored dur- 
ing the course of the reaction. 

For brevity, the model will be developed for the single- 
step exchange of methane: 

4 4 4 9 
CH4 * CH3D * CH& * CHD3 S CD4 

r r 7 r 
(1) 

The model can be readily extended to the reaction of neo- 
pentane. The following assumptions will be made: a large 
excess of Dz is used so that q is approximately equal 
to 1, and all reverse reactions are insignificant; the reac- 
tion occurs within a spherical catalyst particle containing 
the activity distribution 

k ( x )  = kSxa (2) 

where k, is the catalytic activity at the particle surface 
( Shadman-Yazdi and Petersen, 1972) ; diffusion coefficients 
D for all species are equal and independent of concentra- 
tion; desorption (or p )  effects are negligible (Zahner, 
1970); and steady state conditions exist, The following 
diff ereniial equations in matrix form represent diffusion 
and reaction within the particle: 

V2a (x) = ( R2k, /D)  x" B a (x) (3)  

In our example ( l) ,  n = 4 and i = 0, 1, 2, 3, 4; B is the 
stoichiometric matrix: 

4 0 0 0 0  
3 0 0  

B =  I-; -I -; ,: i ]  
0 -1 

(4) 

Following the uncoupling procedure developed by Wei 
and Prater (1962) and Wei (1962a, b ) ,  the equations can 
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be written in terms of characteristic species. The matrix B 
is diagonalized: 

B = X R X - l  ( 5 )  
where X is the eigenvector matrix of B and A is the 
matrix of eigenvalues of the form 

)ir = i (6) 

b = X - l a  (7)  

A characteristic species vector b is defined as 

where bi represents the concentration of the ith character- 
istic species. Equation (3)  can be written as 

v2b(x)  = (R2k, /D)xa  R b ( x )  ( 8 )  

Equations (8) are uncoupled; hence the equation for the 
ith species can be written 

where 
V2bi(x) = (Pi2 X" bi(x) (9) 

( 10) 

- 
(Pi = a Thiele modulus = R d% 

The boundary conditions are 

dbi - = O  at x = O  
dx 

and 
b i z  bi(1) at x = 1 (12) 

Solution to Equation (9) involves modified Bessel func- 
-tions of the first kind 

where 

This equation which expresses the concentration of charac- 
teristic species for the deuterium exchange reaction is 
identical to the result of Shadman-Yazdi and Petersen 
for the concentration of species for the series reaction 
A - + B + C .  

Following the method of Wei (1962a), the observed 
rate of change of the real species ai in the gas can be 
expressed in matrix form as 

d 
- a  = - k, X At X-l a (15) dt 

where A+ (= & q) is a diagonal matrix which has ele- 
ments, &+ ( = i qi). The following expression for effective- 
ness factor % can be derived by proceeding trom Equa- 
tion (13) : 

The ratio of eigenvalues i l f  and in+ is proportional to 
the average number of deuterium atoms in the initial 
hydrocarbon product, hence a measure of selectivity. The 
selectivity parameter M was originally presented by Kem- 
ball ( 1954). It has the form 

M = initial 1 5 iai $ ai ] (17) 
i= 1 i=l  

Figure 1 shows the selectivity-Thiele parameter profile as 
a function of catalyst activity distribution for the deuterium 
exchange with neopentane ( n  = 9). The value of M 
can vary from 1 to 3. The Thiele parameter 4 refers to 
412. This figure shows that there is a region approximately 
between (P = 1 and 4 = 100 where selectivity is greatly 
influenced by activity distribution. 

This note has considered, for illustrative purposes, cat- 
alyst activity distributions with increasing activity toward 
the particle surface. It must be pointed out that for some 
commercial reactions, especially those in which catalyst 
poisoning starts at the pore mouth, activity distributions 
with increasing activity toward the particle center may be 
preferred (Villadsen, 1976). The theoretical discussion 
of the deuterium exchange reaction could be readily ex- 
tended to such activity distributions. 

NOTATION 

ai = 
a(x) = 
bi = 
b(x) = 
B =  
D =  
I p  = 
k =  
k ( x )  = 
M =  
4 =  

R =  

x =  

r =  

x =  

mole fraction of species CDi Hn-t 
real species vector 
concentration of characteristic species i 
characteristic species vector 
stoichiometric matrix, see Equation (4) 
diffusion coefficient 
modified Bessel function of the first kind 
catalytic activity 
activity distribution function, see Equation (2 )  
selectivity parameter 
atomic fraction of D in HB, HD, and D2 
atomic fraction of H in H2, HD, and Dz 
particle radius 
dimensionless distance from particle center 
eigenvector matrix of B 

Greek Letters 
CY = activity distribution 
p = desorption parameter 
A 
At = ( L I T )  
qi = effectiveness factor 
3 
4i = Thiele modulus 

Subscripts 

i 
n 

carbon 
p 
s = particle surface 

= eigenvalue matrix of B 

= matrix of effectiveness factors 

= species CDi H,-i and ith characteristic species 
= number of exchangeable hydrogens in the hydro- 

= order of Bessel function 
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Effect of Concentration on Partitioning of Polystyrene 
within Finely Porous Glass 

CHARLES N. SATTERFIELD, CLARK K. COLTON, 
BERNARD DE TURCKHEIM, and TERRY M. COPELAND 

Department of Chemical Engineering 
Massachusetts Institute of Technology 

Cambridge, Massachurett 02139 

We recently published a study (Colton et al., 1975) of 
diffusion and partitioning of solutions of nearly monodis- 
perse polystyrene ( M  = 600 to 670 000) in  leached boro- 
silicate glass cubes having a narrow pore size distribution 
and pore radii of from 2.5 to 47.6 nm. In that work, bulk 
solute concentrations were equal to  or less than 0.1% 
(w/v) . Here w e  report an extension of that study in which 
the effect of solute concentration on the equilibrium parti- 
tion coefficient is investigated, thereby making possible the 
extrapolation of the partition coefficient to  infinite dilution 
for comparison with theory. The  effect of solute concen- 
tration, which w e  have found to  be surprisingly large, is in 
qualitative agreement with theory and may be of im- 
portance itself in connection with understanding various 
liquid phase reactions catalyzed by porous solids in which 
the size of the reacting molecules is comparable to that of 
the pores. 

EXPERIMENTAL METHODS 

The porous glass cubes employed were from our previous 
study. Physical properties of the cubes, denoted henceforth as 
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types A, B, and C, were, respectively, as follows: volumetric 
mean pore radii ( r p 1 )  from mercury porosimetry data, 18.5, 
23.4, and 47.6 nm; specific pore volumes ( V p ) ,  1.07, 0.62, 
and 0.68 crn”g; specific surface areas ( S p )  from BET data 
(Quantachrome Co., Glenvale, N.Y.), 66.2, 31.5, and 14.9 
mZ/g; equivalent cylindrical pore radiii ( rp2 = 2 V p / S p  ), 32.3, 
39.4, and 91.3 nm. The ratio r p 2 / f p 1  was 1.75, 1.68, and 1.92 
for cube types A, B, and C, respectively. Before use, the glass 
cubes were reacted under vacuum at 120°C with hexaincthyl 
d d a z a n e  ( HMDS ) to prevent adsorption of polystyrene. 
After each run, the cubes were regenelated by rinsing with 
methylene chloride for 2 days in a soxhlet extractor, then 
dried in a vacuum oven and stored in sealed containers. 
Molecular weights and root mean square radii of gyration 
(calculated as described in our previous study) of the mono- 
disperse polystyrene ( Pressure Chemical Co., Pittsburgh, Pa. ) 
were 37 000 (6.75 nm), 110 000 (12.7 nm),  200 000 ( 18.0 nm),  
498 000 (30.6 nm) ,  and 670 000 (36.3 nm) .  The solvent was 
reagent grade chloroform, a good solvent for polystyrene. Con- 
centrated solutions of polystyrene in chloroform were prepared 
in advance and allowed to stand for a few days in darkness to 
permit complete solution in the solvent. The maximum concen- 
tration that could be studied was limited to about 20 to 25 
mg/cm3 because of the difficulty in working with the highly 
viscous liquids which formed in more concentrated solutions. 

To measure the partition coefficient, polystyrene solution of 
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