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Interphase mass transfer effects have been observed in propylene disproportiona- 
tion with WO3-silica catalysts, although calculations based on the external catalyst 
area predict the mass transfer rate to be several orders of magnitude greater than 
the observed rate of product formation. These diffusional effects were noted at all 
levels of conversion obtained by changes in WOs promoter concentration and 
reactor temperature. A reduction in the WO, concentration from 5.0 to 0.2 wt “/o 
reduced catalyst activity by a factor of -120; however, the systematic dependence 
of conversion on linear velocity persisted. The reaction rate varied exponentially 
with temperature having an apparent activation energy of from 37-59 k&/mole. 
These unexpected mass transfer limitations are, of course, difficult to resolve in the 
light of existing theory which predicts a weak temperature dependency and a con- 
stant rate of reaction with changing promoter concentration (on catalyst particles 
of the same size). These observed mass transfer effects may be accounted for by 
assuming that reaction occurs on a small number of very acti\-e sites which are widel! 
separated on the cat.alyst surface. Hence, the reaction may be limited by sitr- 
localized diffusion effects which are a funrtion of Reynolds number, WO, concentra- 
tion, and temperature. 

INTRODUCTION in turn increases the rate of interphase 

Standard textbook, interphase mass masS transfer (I). 
transfer theory suggests that each catalyst Preliminary propylene disproportiona- 

particle is enclosed within a boundary layer tion studies on WO,-silica catalysts were 

across which both reactants and products reported to show increased catalyst effi- 

must diffuse. If the catalyst is so ac- ciency with increased flow rate (2) which 

tive that the reactant cannot diffuse to is indicative of interphase diffusional effects 

the surface fast enough to keep pace with in spite of calculations which predict that 

the reaction, then a concentration gradient no limitat,ion should exist (3). Calculations 
will develop across the boundary layer and of this type use the total external, catalyst 

limit the surface reaction rate. When reac- surface area in estimating interphase mass 

tions are thus limited, an increase in the transfer rates. Since, with few exceptions, 
linear gas velocity reduces the boundary only a very limited fraction of the catalyst 

layer thickness and causes an increase in surface is active, there is reason to question 

catalyst efficiency. Thus, when different a priori calculations which rule out inter- 

weights of catalyst in the same reaction are phase diffusional limitations on the basis of 
compared at equal space velocity the larger the total external surface area. Perhaps for 
catalyst bed will be the most efficient be- widely separated, but very active sites one 
cause of a higher linear gas velocity which should use an effective external surface 
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area which may be much smaller than the 
total 
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external surface area. 

NOMENCLATURE 

Reactor cross-sectional area (0.66 cm2) 
External surface area or effective site 
area 
Multicomponent diffusion coefficient 
Particle diameter 
Volumetric flow rate 
Mass flow rate/unit reactor area 
Phenomenological mass transport 
coefficient 
Reactant molecular weight 
Catalyst weight (g) 
Reynolds number 
Schmidt number 
Film pressure (atm) 
Total pressure (atm) 
Gas constant 
Absolute temperature (“K) 
Reactant mole fraction in gas phase 
Reactant mole fraction at the surface 
Reactant mole fraction at equilibrium 
Boundary layer thickness (cm) 
Void fraction 
Viscosity (poise) 
Gas density (g/cm”) 

METHODS 

Runs were made using a split-bed quartz 
reactor in which the propylene flow could 
be reversed, as shown in Fig. 1. Gas sam- 
ples were withdrawn after full or one-half 
bed contact with the catalyst. Hence, two 
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FIG. 1. Split bed reactor. 
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catalyst specimens were compared simul- 
taneously under identical activation and 
reaction conditions. Comparisons were 
made between two different weights of cat- 
alyst as well as between two different parti- 
cle sizes. In-line glc analyses were made 
using a Hewlett-Packard 5752B gas chro- 
matograph. The relative response glc data 
of Messner et al. (4) were used in the 
treatment of data. 

Phillips pure grade propylene was passed 
through activated mole sieve and mag- 
nesium oxide columns before use. The 
tungsten-silica catalysts used in this study 
(except for the 6.8% WO, catalyst) were 
prepared by impregnation of Davison grade 
59 silica gel wit’h ammonium meta tung- 
state. Each catalyst specimen was air 
activated for from 4 to 12 hr at 2600°C 
followed by a 2-3-hr helium purge at the 
same temperature. The activat’ed catalyst 
was cooled in a static helium atmosphere 
to +5OO”C where propylene was intro- 
duced and the temperature was then 
lowered to the desired temperature. The 
catalyst was conditioned with propylene 
for 12 to 24 hr to assure constant activity 
before data were collected. Catalyst activ- 
ity normally increased for the first 12 to 
20 hr, remaining reasonably constant for 
several days thereafter. Both air and 
helium used in cat’alyst activation were 
passed through mole sieve columns to re- 
move traces of water. 

RESULTS 

Two of the more common disproportiona- 
tion catalysts (cobalt molybdate on alu- 
mina and WO, on silica) were checked for 
interphase mass transfer effects. The dis- 
proportionation of propylene on the cobalt 
molybdate-alumina catalyst is shown in 
Fig. 2 where conversion is plotted against 
catalyst weight/flow rate (m/F) for two 
different weights of catalyst. Since the 
data for the two catalyst weights fall on 
the same curve, interphase diffusional 
effects are presumed to be absent (5). Two 
catalyst particle sizes 2&35 and 35-60 
mesh were found to have the same 
activity per gram. Hence, it was concluded 
that propylene disproportionation on 
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FIG. 2. Conversion vs m/F for the cobalt molyb- 
date-alumina catalyst at 150°C; 0, 0.600 g of 
catalyst, 0, 0.300 g of catalyst. 

cobalt molybdate-alumina is neither lim- 
ited by interphase nor pore diffusional 
effects. When similar studies were made 
using 6.8% WO+ilica catalyst at 375, 
400, and 425”C, the results shown in Fig. 
3 were obtained which are indicative of 
interphase mass transfer limitations at all 
three temperatures. 

Runs were made on catalysts with 5.0, 

40 c 

4 6 12 16 
m/F g/l/min 

Fro. 3. Percent convetsion vs m/F for 6.80/, WOs- 
silica catalyst at 375, 400, and 425°C; 0, 0.800 g of 
catalyst, c], 0.400 g of catalyst. 

1.0, and 0.2% WO, to see the effect of 
promoter concentration on both the level 
of conversion and the mass transfer 
problem. Conversion vs. m/F data are 
listed in Table 1 for various temperatures. 
Interphase mass transfer effects were noted 
at all temperatures (Figs. 4, 5, and 6) and 
at all the promoter concentrations which 
were examined (Fig. 7). Two 1.0% WO, 
particle sizes (2035 mesh and 35-60 mesh) 
were compared, and the 35-60-mesh 
catalyst was 1.5 times as active as the 
2035-mesh catalyst, which is indicat.ire 
of a mass transfer problem, 

A. Generalized Equations for Interphase 
Mass Transfer 

By the classical methods of Hougen and 
Watson (6), a material balance in a sec- 
tion of the catalyst bed under steady- 
state conditions equates the rate of dis- 
appearance of reacting gas to the rate of 
mass t.ransfer across the interface per unit 
time: 

KTkcam 

By the Chilton-Colburn correlation (7’), 
the term (kGPTMIY/G) is a unique function 
of the Reynolds number (c&G/p) and 
Schmidt number (P/&~,,) raised to 
experimentally determined exponents. Us- 
ing the Reynolds and Schmidt number 
correlations of Petrovic and Thodos for 
low Reynolds numbers (8), the integrated 
form of Eq. (1) becomes 

= cAdP,(lz’,,)‘~‘(,v,,)0-“691 CL’) 

which can be used to estimate when inter- 
phase mass transfer limitations should 
become important. For a reversible re- 
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TABLE 1 
EFFIGCTIVE SITE A~s.4 AS A FLLWTION OF TEMPER;ITURE AND PRoMowx CONCENTRATION 

6.S 400 200 3.26 15.0 0.X%6 
98 1.60 21.4 0.826 
50 0.815 23.8 0.826 

198 3.23 7.6 1.65 
98 1.60 9.6 1.65 
5B 0.864 12.7 1.65 

6.8 425 200 3.16 28.2 0.826 
99 1.56 37.8 0.826 
50 0.79 40.5 0.826 

199 3.14 17.5 1.65 
97 1.53 24.:i 1.65 
50 0.79 31.3 1.65 

5.0 350 240 4.15 3.5 0.66 
120 2.08 5.4 0.66 

60 1.04 7.3 0.66 
31 0.54 10.7 0.66 

238 4.12 1.4 1 .32 
123 2.13 2.0 I .x2 

60 1.04 2.7 1 32 
so 0.52 3.9 1 .:I” 

5.0 375 241 4.05 11.0 0.66 
120 2.02 17.3 0.66 

59 0.99 23.0 0.66 
30 0.50 29.9 0.66 

240 4.03 4.4 1.9% 
119 2.00 7.0 1.:32 
5x 0.97 10.1 1.32 
29 0.49 14.7 1.:12 

5.0 400 240 x91 24.2 
120 1.96 31.3 
61 0.99 35.3 
30 0.49 40.5 

238 3.88 12.0 
122 1.99 18.6 

59 0.96 24.8 
29 0.47 32.6 

1.0 375 240 4.03 0.70 
121 2.03 0.97 

60 1.01 1.28 
30 0.50 1.61 

238 4.00 0. 39 
123 2.07 0.52 

wo, 
(%) 

6.8 

Temperature Flow rate 
(“Cl (ml,/min) 

375 200 
100 

50 
199 

98 
49 

Conversiona &/rn aavg 
(%) (@/g) (cm”/g) 

3 36 6.2 O.S26 
1.68 s .3 0.826 
0.84 9.5 O.XZ6 
3.34 2.6 1.65 
1.65 3.5 1.65 
0.82 4.1 1.65 

0.66 
0.66 
0.66 
0.66 
1.:%2 
I .:!I2 
1 .x2 
1.3” I 

0.66 
0.66 
0.66 
0.66 
1 .82 
1 .x1 

0.155 
(1600)* 

0.123 
(2000) 

0.451 
(554) 

0.377 
(663) 

1.14 

(219) 

1.17 
(214) 

0.107 
(2300) 

0.0799 
(3100) 

0.418 
(605) 

0.299 
(XY6) 

0.908 
(275) 

0.911 
(27.5) 

0.0181 
(13 800) 
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TABLE 1 (Continued) 

WO1 Temperxf nre Flow rate Conversion* A ,i/m a2u.q 
(76) I(“C) (ml/mill) .\‘RC (72’) (cm?!g) (cma/g) 

0.2 400 240 :I 9 I 0. so 
121 1 .!)7 0 43 
60 0.9s 0.5s 
:30 0.49 0.90 

23s ::.tM 0. 14 
1’23 2.00 0 21 
60 0.9s 0.25 
x0 0.49 0 so 

0.2 400 240 :1 !) 1 0, :;2 0.66 
I20 I .96 0 3s 0.6G 
60 0 9x 0.51 0. G6 
S1 0 RI 0 SB 0.66 

23X :j xx 0. 16 1 .R2 
120 I .96 0. IU 1 ,:x2 
59 0 96 0. ‘)‘) -Y 1 3” 
::o 0 4!1 0.30 I .n2 

60 1 .()I 0.60 1.3” O.OlSI 
:jo 0.30 0.68 1 :?2 ( 1:: x00 ) 

1 00 400 a40 s 9 1 1 .95 

120 I 9G :j :L5 

60 O.!)S 4 !U 
3 1 0.61 7 55 

‘Xi :I 06 1 00 
123 2. 00 1.5% 

6:3 1 0:1 2.15 
:{I 0 51 :: 60 

0.66 
0.66 
0.66 
0.66 
1 x2 
1.3” 
1 .s2 
I .‘I” I- 

0.66 
0.66 
0.66 
0.66 
1 .:u 
I x2 
1 .52 
1 .x2 

0.0680 
(3700) 

0.06’24 
(4000) 

0.00829 
(30 000) 

0.00709 
(3.5 000) 

0.00787 
(32 000) 

0 ,0069’L 
(36 OOO), 

:: .70 5.15 0.66 
1.45 S. 16 0.66 
0.94 1 I .!J 0.66 
0.46 17 0 0.66 
ii.71 2 48 1 XL 
I .85 s 62 1 :?z 
0.92 4. SO 1 .x2 
0.46 6.61 1.3% 

0.17s 
(1445) 

0.140 
(1785) 

* The average uf duplicates. 
* (IXxternal surface area/a.,:.) = (2riO cmZ/g/a,,VK). 

action, such as propyl.2ne disproportion- 
ation, which is markedb; limited by inter- 
phase diffusion, the mole fraction of 
propylene at the catalyst surface (yR) 
should approach the propylene equilibrium 
mole fraction (y,,). Thus to simplify 
calculations, y pq z y8 was used. The void 
fraction (0 was assumed to be 0.40; the 
film pressure (I’,) was taken to be equal 
to (or proportiona,l to) the total pressure 
(PT), which is in accord with the fact that 
equal molar counter-current diffusion oc- 

curs; and the external surface arca (a) 
was estimated to be 250 cm2/g for 0.063 
cm particles. 

At 400°C using a viscosity of 1.67 X 
10e4 poise, a gas density of 7.6 X lo+ 
g/cm” and a diffusion coefficient of 0.291 
cm’/sec, the Schmidt number was esti- 
mated to be 

Nsc = L = 1.671X 1O-4 
P&,, 7.6 X 1O-4 x 0.291 = 0.755. 

Dlln was calculated as outlined by Satter- 
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TABLE 2 
A COMPAHISON OF CILCULATED AND I<~PEIIIMENT.ZL ln[(l/i,, - yes)/(yout - y,,)] VALUES AS A 

FUNCTION OF CATALYST WEIGHT AND WOs PROMOTER CONCENTKATION 

n1 

(9) Calculated 6.8 % wo, 

Experimental 

5.0% wet 1.0% woa 0.2 % WOI 

0.001 0.266 - - - - 

0.010 2.66 - - - - 

0.100 26.6 - - 
0.400 106.0 0.24 - - 

0.500 133.0 - 0.37 0.027 0.0037 
0.800 213.0 0.41 - - - 

1.000 266.0 - 0.86 0.053 0.0074 

field (9)) and Reynolds numbers were 
calculatetl from 

N _ d!!!? Re - 
P 

Thus at 400°C with a 200 ml/min flow, 
Eq. (2) becomes 

1 I 
10 

1 
20 30 

m/F g/L/G 
IO 20 30 

m/F p/X/w 

FIG. 4. Percent conversion vs m/F for 5% WO, FIG. 5. Percent conversion vs m/P for 1.0% WOa 
at 400, 375, and 350°C; 0, 1.000 g of catalyst, 0, on silica at 
0.500 g of catalyst. 

400 and 375°C; 0, 1.000 g of catalyst, 
0, 0.500 g of catalyst,. 

where m is the catalyst weight in grams. 
Comparisons can be made between calcu- 
lated and experimental ln[ (yin - y,,)/ 
(Y ,,Ut - y,,,) ] values as a function of both 
the promoter concentration and catalyst 
weight. The data in Table 2 show that 
t,he rate of mass transfer to the external 
catalyst surface should exceed the observed 
reaction rate by a factor of from H 275 
for 5.0% WO, to + 36 000 for 0.2% WO,,. 
Experimentally, however, there is abundant 
evidence, as shown in Figs. 3-7, for inter- 
phase mass transfer limitations. 
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II 
10 20 30 

m/F p/.l/min 

FIG. 6. Percent conversion vs m/F for 0.2% W:O$ 
on silica at 450 and 400°C; 0, 1.000 R of catalyst, 
0, 0.500 g of catalyst’. 

B. Temperature and Promoter 
Concentration Effects 

Classical consideration of interphase 
mass transfer limited processes would sug- 
gest a very small temperature dependency 
(zz 0 kcal) (1). If the temperature de- 
pendency is large, the linear velocity effect 
should rapidly disappear with decreasing 
temperature. Thus a large decrease in con- 
version with deercasing temperature should 
indicate a shift from interphase mass 
t’ransfcr limitation to surface reaction or 
pore diffusion limitation. The very marked 
dcpendrncy of conversion on temperature 
(37-59 kcali shown in Figs. 3-6 is difficult 
to explain on the basis of classical theory. 
In addition to this large temperature de- 
pendcncy, thcrc is no decline in the linear 
velocity effect with decreasing temperature 
Even at, the lowest levels of conversion 
and at all temperatures where a mcasurc- 
able level of conversion was obtained, these 
experimentally observable diffusion effects 
continued to persist. 

Similarly, on the basis of classical 
theory, a decrease in promoter conccntra- 
tion or a change in the number of active 
sites should have very little effect on t,he 

.2 

t 
11 I -J 

10 20 30 
m/F 

FIG. 7. Percent conversion vs m/F for 5, 1, and 
0.2 y0 WO, catalysts at, 400°C; 0, 1.000 g of catalyst, 
TJ, 0.500 g of catalyst. 

rate of a reaction which is already con- 
trolled by interphase diffusion unless the 
distance between sites approaches the 
boundary layer thickness. Figure 7 shows 
that a decrease in the WO, promoter con- 
centration results in a large drop in con- 
version. However, the linear velocity effect 
remains and may even be enhanced at 
lower promoter concentrations. 

C. Site-Localized Ihf7usional Effects 

A cat,alyxt having 6.8% WO, on silica 
with 345 m’/g of surface would have on 
the order of only 5% or 17.3 m’/g of the 
total surface area covered by a monolayer 
of WO,. For 2&40-mesh particles with 
uniform promoter distribution as a mono- 
layer only 12.5 cm*/g of the external sur- 
face of 250 cm’/g would be covered by 
promoter. Since perhaps only a very small 
percentage of the promoter is active, an 
even smaller fraction of the external sur- 
face is directly involved in the catalytic 
process. A decrease in promoter concen- 
trat.ion would not. be expected to have an 
effect on an interphase diffusion-limited 
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reaction unless the promoter concentration 
is lowered to the point where the distance 
between active sites approaches the 
boundary layer thickness. Then catalyst 
act,ivity should begin to be a function of 
the promoter concentration and should 
continue to show a Reynolds number de- 
pendency. For example, even though 
propylene may be transferred to the total, 
external catalyst surface 275 to 36000 
times faster than product’ is formed, widely 
separat’ed and very active sites could have 
their inherent activities limited by site- 
localized film diffusional effects which pro- 
vides a possible explanation for our 
experimental observations. 

An estimate of laminar film thickness, 
using the data above and 

D 
s=& 

= 0.037 cm, (4) 

predicts a film thickness (6) of 0.037 cm 
for catalyst particles 0.063 cm in diameter. 
This large film thickness is perhaps 
realistic for one particle suspended in a 
flowing media. However, in a fixed bed 
where the catalyst particles are packed 
closely together, a film thickness much 
smaller than 0.037 cm would obviously be 
necessary. The channels or space between 
catalyst particles will be small (0.01-0.02 
cm at most). Hence, the laminar layer 
around 0.063-cm particles in a packed bed 
would be smaller than the 0.01 to 0.02-cm 
channels through which the propylene is 
forced to flow. This suggests that one 
should not necessarily rule out site diffu- 
sional effects on the basis of boundary 
layer thickness calculations. 

Where only a small fraction of the 
available tungsten oxide sites are active, 
the classical prediction of a low-tempera- 
ture dependency (1) for interphase diffu- 
sional effects may also be in error. If the 
surface is heterogeneous, an increase in 
temperature could activate sites that are 
inactive or only moderately active at 
lower temperatures. The net result would 
be an increase in the total number of 
active sites and active site area for the 
diffusion-limited process with increasing 
t~emperature. The data plotted in Figs. 3 

to 6 show a temperature dependency (37- 
59 kcal) which is greater than expected 
via classical considerations, but not incon- 
sistent with the expected behavior of 
heterogeneous sites whose activities are 
limited by localized diffusional effects. 

D. Active Site Area 

The explanation offered above assumes 
that the number of widely separated and 
very active sites can be altered by chang- 
ing temperature and promoter concentra- 
tion. Assuming that Eq. (2) still applies, 
these changes should have little effect on 
the gross rate of mass transfer to the 
external surface, but should alter the 
effective external surface area. Hence a 
in Eq. (2) becomes an effective, active 
sit’e area which can be expressed as 

a = 4 d(Nfjr)2’3(NRe)o~35g 
0.357m ln (~~~t~~~). (5) 

Plots of all the data for 5.0, 1.0, and 0.2% 
WC, in Table 1 showed linear relationships 
between In ln(yi,, - Y~,)/(Y~,,~ - ye,1 and 
ln(N,,) with an average slope (exponent 
of iv,,) of approximately -l/l. Since the 
calculated values of ~(N~,)~/~/0.357 are 
near unity, the effective site arca can be 
approximated by 

a = ($) (iVn~)1/21n(y”“~o~~.52), 63) 

where ypQ z 0.52 for propylene in the 350- 
450°C range. The last column in Table 1 
lists average values for this calculated 
effective site area. A semilog plot, of a vs 
l/T”K in Fig. 8 shows that an Arrhenius- 
type relationship holds for the activation 
of sites in the 35&45O”C range of this 
study. A rather large variation in site 
activation energy with WO, promoter con- 
centration is observed (Table 3‘1. 

The 400°C data in both Tables I and 
3 show a disproportionate decline in cata- 
lyst activity with decreasing WO, concen- 
tration. Initially one is tempted to interpret 
these data as being indicative of a dual 
site mechanism. If, for example, two 
adjacent WO, molecules were required be- 
fore the 4-center intermediate could form, 
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TEMPERATURE 'C 

450 425 400 315 350 
2 ' 

.Ol- 
.008- 

1.4 1.5 1.6 

l/T-K w!O' 

FIG. 8. The effects of temperature and WOS pro- 
moter concentration 011 effective sibe area (1) 
-0.2%, (2) -l.O%, (3) -5.O%, and (4) -6.8% 
WOa. 

then catalyst activity should decline with 
the square of the promoter concentration 
(assuming uniform promoter distribution, 
et.c.). However, the large increase in site 
activation energy shown in Table 3 with 
decreasing WO, concentration is evidence 
for an increase in the WO,-silica interac- 
tions (on a percentage basis) with decreas- 
ing WO, concentrations. These enhanced 
interactions could explain the observed 
relative rates in Table 3 and perhaps 
rule out the dual site mechanism. For 
example, these relative rates are a 

TAHLK 3 
I:I~L\TIW: ACTIVITY .WD SITI,. A(:TIV.ITIOX 

ENI-:RGJ~:S .w .Y FUNCTION OF WO, 
CON(:ICNTR.\TION 

Site acti- 
WO, vation 

coIJc11 Relative Relative ac- errergy 
(wt. %I concn t.ivil y 400°C (kcal) 

0.2 1 .o 1 .o 59 
1 .o .5 0 8.6 44 
.5 0 2s. 0 121 .o 37 
6.G - - 35 

D The S.S% WO, cal.alyst is not irlcluded as part, 
of the series because of a differerlt method of prepa- 
ration 011 a different silica support. 

function of temperature and should de- 
crease with increasing temperature. In 
fact, the activities per gram of WO, should, 
at some temperature higher than 4OO”C, 
become equal if the linear Arrhenius rc- 
lationship continues to hold. 

An alternate explanation for the ob- 
served temperature dependency has been 
proposed by Aris (IO), who suggests that 
the observed rate of a reaction limited by 
interphase mass transfer may be a function 
of the surface diffusion coefficient, which 
can be more temperature dependent than 
bulk diffusion coefficients. Thus, the in- 
creased reaction rate, with temperature, 
could be caused by an increase in magni- 
tude of the surface diffusion coefficient 
rather than an increase in the number of 
very active sites. 

In either case and in spite of the surface 
reaction being masked by mass transfer 
effects, the large variation in apparent 
activation energy with WO, concentration 
is indicative of catalytic surface hctero- 
geneity. 

CONCLUSIONS 

Observed int’erphase mass transfer 
effects, although unexpected via classical 
considerations, are explanable by assuming 
that very active sites are widely separated 
and, hence, the reaction is limited by site- 
localized diffusional effects. Calculations 
made on the basis of generalized diffusion 
equations, which use the total external, 
particle surface arca instead of an effective 
site area, can be misleading. High apparent 
act,ivat.ion energies can exist. for reactions 
limited hy interphase diffusion in spite of 
classical considcrntions which suggest 
values near zero. It is concluded that per- 
haps the ouly sure way to determine the 
importance of interphase mass transfer 
effects is an experimental one. And even 
experimental methods may be open to 
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