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Effects of pore diffusion in the catalytic oxidation of ethylene on copper oxide-alumina have
been studied by varying the catalyst size and maintaining constant the ratio of the tube to the
pellet diameter. Hydrocarbon analysis was determined with a flame ionization detector; infra-
red analyzers were used to determine carbon monoxide and carbon dioxide concentrations.
Other reaction products were analyzed with a gas chromatograph. Curvature of the Arrhenius
plots and increase in reaction order with temperature indicated a transition region between
kinetic control at lower temperatures and pore diffusion control at higher temperatures. A
calculation procedure which was developed to predict the conversion considering pore diffusion
effects provided satisfactorily agreement between calculated and experimental results.

The problems of pore diffusion in solid-catalyzed gas-
eous reactions have received much attention in recent
years, The basic ideas are well treated in several texts
(5, 15, 18). The usual approach is the calculation of an
effectiveness factor, defined as the actual reaction rate
divided by the rate which would be obtained if the entire
catalyst surface had the same temperature and reactant
concentration as the external surface. By calculating or
estimating the effectiveness factor, one can judge whether
or not pore diffusion effects are important. Unfortunately,
a closed form solution for the effectiveness factor can be
obtained in only a few cases, and except for isothermal
first-order reactions, the effectiveness factor is dependent
on the conditions at the external surface of an individual
catalyst pellet. For most cases, then, the effectiveness
factor varies between the entrance and exit of the
catalyst bed.

Analyses of the pore diffusion problem readily show
that the effectiveness factor is dependent on a character-
istic dimension of the catalyst pellet. The experimental
approach to determine pore diffusion effects, then, is to
carry out the reaction under identical conditions with
different sized catalyst pellets. If no difference in reaction
rate is found, pore diffusion effects are not important.

We have previously published a calculation scheme for
calculating the extent of a reaction when pore diffusion
effects are important (10). In that paper some data for
oxidation of cyclic Cs hydrocarbons on copper oxide-
alumina catalysts were used to test the calculation pro-
cedure, but all those data were obtained with a single
pellet size. In addition, good agreement between experi-
mental and calculated results was obtained only by postu-
lating an unusually large effective diffusivity; it was
pointed out that these effective diffusivities could be ex-
plained by possible surface diffusion.

It was desired to test this calculation procedure with
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data for a single reaction obtained from different pellet
sizes. The reaction chosen was the catalytic oxidation of
ethylene over copper oxide-alumina catalyst. This reac-
tion was chosen because of previous work (I, 13) with
ethylene oxidation on copper oxide catalysts and because
if surface diffusion of hydrocarbons on the copper oxide-
alumina were important, it should be less noticeable with
ethylene, than with the Cgs compounds.

EXPERIMENTAL PROCEDURE

The experimental apparatus is shown in Figure 1. Air and
ethylene were metered, introduced into a mixing chamber,
passed through the catalyst bed, and exhausted to the atmos-
phere. Exit samples were continuously withdrawn from the
reactor for analysis.

The laboratory air was first passed through a trap to remove
traces of compressor oils and then through a bed of molecular
sieve to remove water vapor and carbon dioxide. The molecular
sieve was replaced every 6 to 10 hrs., depending on the flow
rate. It was regenerated by passing a stream of air at 315°C.
through the bed. The air flow rate was controlled with a pres-
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Fig. 1. Apparatus. 1 Main air flowmeter, 2 Ethylene flowmeter,
3 Mixing discs, 4 Scap bubble buret, 5 Catalyst bed, 6 Ther-
mocouple wells, 7 Preheater, 8 Asbestos insulation, 9 Heating
tapes, 10 Molecular sieve, 11 Sampling tube for chromatograph.
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sure regulator and-a Nupro precision needle valve and measured
with a Fisher and Porter flowrator which had been previously
calibrated with a wet test meter.

The ethylene (99.5% minimum purity) was used as received
from the manufacturer. Its flow was also controlled with a pres-
sure regulator and a precision needle valve. The ethylene nor-
mally passed through a small flowrator which was used for
rough indicating purposes. Periodically, the ethylene flow was
determined accurately by passing it through a soap bubble
flowrator.

The mixing chamber and reactor tubes were constructed of
pyrex. The reactor tubes were filled to a depth of approximately
50 cm. with pyrex distillation helices serving as an inert pack-
ing for the preheater section and as a base for the catalyst bed.
No oxidation was observed for a reactor packed only with these
helices at a temperature of 425°C., which was above tempera-
tures attained in the experiments. Thus, the total amount of
oxidation observed was due to the catalyst. Four different size
reactor tubes were used in this study. Their inside diameters
were 3.0, 2.2, 1.9, and 1.4 cm. The height of the catalyst bed
was about two to two and one half times the diameter of the
reactor tube. Each reactor tube had 1.5 mm. O. D. thermo-
couple wells mounted in the sides of the tube about 1.0 to 1.25
cm. apart. The wells were mounted at different angular posi-
tions in the tube to avoid setting up a preferential flow pattern.

The heat input was supplied by heating tapes wrapped
around the reactor tube. The heating tapes were covered with
asbestos. A 288 w. heating tape was used for the preheat sec-
tion. The area surrounding the catalyst bed was wrapped with
two to four (7/16 X 8 in.) 35 w. heating tapes. Each heating
tape was controlled by a separate rheostat to minimize tempera-
ture gradients. The temperature profile was measured with
iron-constantan thermocouples whose output was recorded on
a Brown multipoint recorder.

The catalyst pellets were prepared in the manner previously
described by Accomazzo (I). A batch of catalyst precipitate
was prepared by mixing 120 g. wet Filtrol grade 90 alumina
gel with a solution 91.2 g. of copper nitrate in 500 ml. of dis-
tilled water. After heating this mixture to 80°C. and stirring
continuously, a solution of 42.4 g. of potassium hydroxide in
500 ml. of water was added as quickly as possible. The resulting
mixture was heated and continuously stirred for 30 min. At the
end of 30 min., a solution of 20 g. of potassium hydroxide in
500 ml. of distilled water was quickly added. The mixture was
then left to cool at room temperature and the precipitate set-
tled. The precipitate was washed several times until the wash
solution was neutral. Four batches of wet precipitate prepared
in this manner were thoroughly mixed together, pressed into
molds, and heated in an oven at 150°C. for 8 hrs.

Four different pellet sizes were prepared. A summary of the
physical properties of these pellets is given in Table 1. The
B. E. T. surface area was determined by measuring the nitro-
gen adsorption isotherm. The pore volumes were determined
by measuring the amount of water necessary to saturate a
known weight of catalyst pellets. Although these measurements
(pore volume and B. E. T. surface area) were made on the
used catalysts, recent studies (19) have indicated that these
properties remained essentially constant with use. In those
studies, ethylene oxidation on the copper oxide-alumina pellets
was continued for over 300 hr., with catalyst samples periodi-
cally withdrawn for pore volume and surface area determina-

TasLE 1. PuysicaL DiMENsIONs OF CATALYSTS AND BEDS

Sample No. 1 2 3 4
diameter (cm.) 0.39 0.31 0.25 0.19
height 0.42 0.26 0.33 0.20
weight (g./pellet) 0.060  0.020 0016  0.005

B.E.T. surface area

(sq.m./g.) 93.7 89.6 90.6 96.3
pore volume (ml/gm.) 063 061 063 069
mean pore radius (A.) 135.1 136.1 138.0 143.0
reactor tube diameter

(cm.) 3.0 2.2 19 15
weight of catalyst

bed (g.) 204 125 8.4 35
bed volume (ml.) 43.8 18.2 10.7 6.2
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tions. The pore volume and surface area of the catalysts did
not vary appreciably during the 300 hr. run.

The catalyst was activated by passing air over the catalyst at
a temperature of 480°C. for 48 hr. The air flow rate for ac-
tivation was set to give a flow rate/catalyst weight of 80 liters/
hr./g. of catalyst. The activation was followed by a 24 hr.
breakin period, where conditions were set to give 90% oxi-
dation (1,000 ppm., initial ethylene concentration) at the ac-
tivation flow rate. A given catalyst bed was usually used for
about 60 hr. The activity was periodically checked by repeat-
ing the initial run to ensure that the activity of the catalyst
remained constant. The catalyst was analyzed for copper by an
electroplating procedure. The percent of copper oxide in the
catalyst was determined to be 48% by weight.

The standard hydrocarbon analyzer was a Beckman model
108 flame ionization detector. The analyzer was zeroed with
air that had been passed over the catalyst at a temperature
greater than 370°C. The initial concentrations of hydrocarbon
were measured as the ratio of the volume flow rate of ethylene
to the volume flow rate of air and were used to calibrate the
analyzer. The flame jonization detector measured only hydro-
carbons; it is not affected by carbon monoxide, carbon dioxide,
or water.

Three different analyzers were used to check for the other
reaction products. An infrared analyzer was used to check for
carbon monoxide. It was calibrated by the manufacturer for
0 to 2,000 ppm. carbon monoxide and had a standard span
gas which could be used to periodically standardize the an-
alyzer. This analyzer was used only for spot checks, particu-
larly, at the Jow conversion runs where the carbon monoxide
would be likely to appear (if at all). The analyzer could mea-
sure a concentration of carbon monoxide as low as 5 ppm.
Another infrared analyzer was used to measure the carbon
dioxide concentration. This was calibrated in the laboratory
for a 0 to 3,000 ppm. range. The calibration curve was checked
periodically; little change was found, and the gain setting on
the analyzer could be adjusted to keep one standard calibra-
tion curve. Again, this analyzer was used only for spot checks.
The output from the hydrocarbon, carbon monoxide, and car-
bon dioxide analyzers were monitored on recorders.

The lines in the sampling system were fabricated from nylon
or teflon. The sampling system was such that changes in’ the
reactor could be detected by the flame ionizer in less than 10
sec. When changing from outlet to inlet readings, less than
15 sec. were required for the instrument to reach 95% of the
inlet reading. The delay time for the infrared analyzers was
about 30 sec.

A final check on other oxidation products was provided by
a gas chromatograph with a thermal conductivity cell detector.
The column was prepared by depositing 2-methyl-propene
trimer on Johns-Manville C-22 firebrick. The column  was
packed in a 25 ft. length of copper tubing with an inside di-
ameter of 0.19 in. The column was operated at room tempera-
ture with a helium carrier gas flow rate of 25 ml./min. Two
milliliter samples which were taken from the reactor sampling
manifold were injected into the column by means of hypoder-
mic syringe. The column was able to separate air, car{mn di-
oxide, ethylene, and ethylene oxide. It could not separate car-
bon monoxide from air. Under the given operating conditions
the chromatograph was able to detect ethylene concentrations
as low as 30 ppm.

In a given run the air flow rate was set, and the ethylene
flow was adjusted to give the desired initial concentration. The
sample system was then set to measure the outlet concentration,
and no inlet readings were taken until steady state was
achieved. After steady state conditions were achieved the out-
let concentration was recorded and the sample system was set
to measure the inlet concentration. After the inlet and outlet
concentrations were recorded, the ethylene flow rate was mea-
sured accurately. The initial concentration was measured as
the ratio of flow rates (ethylene/air). To make sure that the
bypassed flow rate was the same as the flow rate for the nor-
mal flow path, the analyzer reading for the bypassed flow was
compared to that of the normal flow. If they were different, the
recorded initial concentration was corrected accordingly. The
catalyst was always preheated to a high temperature
(> 370°C.) before any measurements were taken. Although it
was established that data taken by decreasing temperature were
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the same as those taken by increasing temperature, a series of
runs was usually started at the highest temperature and data
were taken by decreasing the temperature. Usually 6 to 10
points were taken for a complete conversion-temperature curve.

The characteristics of the four different catalyst beds are
given in Table 1. For each bed, four or five conversion-tem-
perature curves were obtained. Care was taken to ensure that
the bed remained a fixed bed under all conditions. In cases
of imminent fluidization there were sharp fluctuations in the
exit concentrations. Consistent data could not be obtained under
these conditions.

RESULTS

The experimental variables ranged from 120 to 1,000
liters/hr. (NTP) in flow rate, 200 to 1,500 ppm in initial
concentration of ethylene and 190 to 400°C. in tempera-
ture, Measured conversions ranged from 4 to 999%. The
conversion decreased as initial concentration was in-
creased, at constant flow rate and temperature. This in-
dicates that the reaction order was less than one. The
control of the temperature gradients in the bed repre-
sented a compromise between control of the axial and
radial gradients. Since the axial gradients could be ac-
counted for in the final calculations, it was considered
more important to minimize the radial gradients. The
largest observed differences from center line to wall were
about 5°C. Typically, for axial temperature profiles, there
was a sharp temperature rise just after the entrance to
the bed, a maximum temperature and subsequent de-
crease towards the end of the bed, and in some cases, a
small temperature rise near the end of the bed. The dif-
ferences in center line temperatures (that is, Tmax — Tmin)
increased as conversion increased. At conversions above
80% temperature, differences of 20°C. were typical. At
intermediate conversions (30 to 609 ) the maximum
temperature difference was about 10°C.

Periodic checks on the reproducibility of the kinetic
data showed no change in catalyst activity. This was ex-
pected since Accomazzo (I) had previously found that
these catalysts showed no significant change in activity
over a 1,000 hr. operating period. (His work involved
oxidation of various hydrocarbons over a 140 to 540°C.
temperature range.)

Measurements showed that there was no carbon mon-
oxide present in the reactor products at any time. The
carbon monoxide analyzer could detect as little as 5 ppm.
carbon monoxide. Although it was only used for spot
checks, it was always used on the low temperature runs.
The carbon dioxide analyzer was able to detect within
+ 40 ppm. Measurements of degree of oxidation by a
carbon dioxide mass balance with the assumption of
complete combustion provides a check on the ethylene
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Fig. 3. Ethylene oxidation on sample 2 and 3. w/F = 7.0 X 100 g.

catalyst — sec./mole. Initial concentration of ethylene — 200 ppm.
A Sample 2, [] Sample 3.

disappearance to within 20 ppm. The ethylene disap-
pearance calculated from the flame ionization detector
always agreed with that calculated from a carbon dioxide
balance within this limit. Chromatographic analyses indi-
cated no reaction products other than carbon dixoide.

Within the limits of the analyzers, the reaction was
found to go to complete combustion, that is, to carbon
dioxide and water. Therefore, for calculation purposes, it
was assumed that the reaction was complete.

Some typical experimental data are plotted as con-
version-temperature curves in Figures 2 to 5. Figures 3 to
5 each represent data taken at a common value of W/F
and initial concentration. The differences in the curves
represent data taken with different pellet sizes. In all
these cases conversion at a given temperature is greater
as the pellet size is decreased, indicating that pore diffu-
sion is important in this reaction.

Rate Equation

Since the experimental data indicated that pore diffu-
sion effects were important, only data at low tempera-
tures, where the diffusion effects could be assumed neg-
ligible, were used to obtain a rate equation. Two simple
Langmuir-Hinshelwood (Hougen-Watson) rate models
were tried but rejected since they gave a poor correlation
of the data and the coeflicients obtained were physically
meaningless. Tt was found, however, that the data were
well correlated by the simple power law rate expression

o= k‘,P" where kp = Ae—E/RT (1)

Although there has been much discussion in the recent
literature about the efficacy (12) of various rate equa-
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Fig. 4. Effect of pellet size on ethylene oxidation. w/F = 2.8 X 106
500

g. catalyst — sec./mole. Initial concentration of ethylene —
ppm. A Sample 2, (] Sample 3, & Sample 4.
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tions, it is generally considered that the simple rate equa-
tion is adequate if it provides good representation of the
data. The actual reaction path is undoubtedly very com-
plicated in this reaction and any sophisticated rate equa-
tion used would be no more than an empirical representa-
tion of the data obtained.

The observed reaction order with the low temperature
data was 1/5. The applicability of this rate equation and
reaction order over the complete range of experimental
conditions was then verified in two ways. First, the simple
analysis was applied to the high temperature data to
obtain an apparent reaction order. It was found that the
apparent reaction order increased with temperature
reaching a value of 0.6 at higher temperatures. This ob-
servation confirmed the validity of the 1/5 reaction order
since it is wellknown (18) that nth-order reactions exhibit
an apparent reaction order of (n + 1)/2 in regions of
pore diffusion control. To further verify the rate model
chosen, the apparent kinetic rate constants at high tem-
peratures were calculated and plotted in the usual Ar-
rhenius plot (Figure 6). It was found that the apparent
activation energy decreased as temperature increased.
This provides further evidence (18) that the data were
taken in a transition region between kinetic control and
pore diffusion control. Based on all this evidence the
power law rate equation with'n = 1/5 was used for
turther calculations.
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Fig. 6. Arrhenius plot of catalytic ethylene oxidation. (O Sample 1,
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PORE DIFFUSION CALCULATIONS

The differential equations governing pore diffusion are
readily derived by taking an energy balance and a mass
balance on the reaction component and writing the trans-
port processes as pure conduction and pure diffusion.
Fhis defines an effective diffusivity and an effective
thermal conductivity. The important considerations as-
sociated with solution of these equations are pellet geom-
etry, reaction rate expression, evaluation of eftective
transport properties and coupling between temperature
rise due to heat of reaction and reaction rate.

Exact solutions are available for isothermal first-order
reactions in various pellet shapes (3). Aris has shown
that for finite cylinders the eflectiveness factor for the
isothermal first-order case is

i 1

A2q?

‘ A2 + ju2 + (2n + 1)%m%a%/12

where Ag is the diffusion modulus a\/ky/De.. ‘
Aris (4) and Bischoff (6) showed that the usual dif-
tusion modulus for flat plates could be normalized so
that the curves of effectiveness factor of the normalized
modulus were the same for all rate expressions in the
strong diffusion region. This normalized modulus was

given by

L 7, C,
Lo +(Ca)

{ o f” De(C)rv(C)dC}”

Bischoff showed further that the curves of effectiveness
factor vs. the normalized modulus also matched in the
low diffusion region and that the differences which oc-
curred in the intermediate region were small. (For a
given value of the normalized modulus, exact values of
effectiveness factor calculated for different reaction orders
between 0 and 3 differed by no more than about 30%.)
Thus, if one uses the normalized modulus, one can obtain
a good approximation of the effectiveness factor for an
nth-order reaction over the entire region (exact for weak
and strong diffusion regions) by using the effectiveness
factor vs. normalized modulus relation for any reaction
order.

Numerical solutions of effectiveness factor for a 1/5
order rate equation have been obtained (9). These values
can be used to obtain the relation between effectiveness
factor and normalized modulus for the 1/5 order. When
this is done, it can be shown that the maximum error due
to using the effectiveness factor equation for first-order
rate equations to calculate the effectiveness factor for 1/5
order is less than 13%. Although the normalized modulus
concept was derived for the flat plate, the characteristic
length can be divided out of both sides of Equation (3)
and one can obtain an expression for the modulus, Ay,
which depends only on the concentration and not on phys-
ical dimensions. In particular, for D, constant and r, =

; (3)

2

ky,C", Equation (3) becomes

k,Co" Gzt 1 n4 1
An = fcax vz D, 9
n
2 Dk, I, C dC . (4)
If this A, is used in place of A, Equation (2) may then
be used to calculate the effectiveness factor for n't order
reactions.
The effective diffusivity represents the diffusion coeffi-
cient for the reactant in the catalyst pellet at reaction
conditions. Since it is usually not possible to measure a
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pure diffusion process under these conditions, the evalua-
tion of the effective diffusivity is usually split into two
problems. The first is the evaluation of the homogeneous
gas phase diffusion coefficient for the reactant in a cylin-
drical channel with a radius equal to the mean pore radius
of the pellet. The second is the establishment of the dif-
fusivity ratio. The former question often involves diffusion
conditions which are intermediate between those of ordi-
nary bulk gas phase diffusion and Knudsen diffusion. In
this region the average diffusion coefficient is well repre-
sented by the Bonsanquet interpolation formula (7, 16).

1 1 1

D Dy, Dgy,

(5)

The diffusivity ratio can be determined experimentally for
a pair of test gases or estimated by various empirical
formulae. The Weisz-Schwartz (20) formula

D, €2

D \/§
has been shown to give good agreement between calcu-
lated and measured values of the diffusivity ratio and is
used here. It should be noted that the diffusivity ratio is
thus calculated a priori from porosity data and is not an
adjustable factor. From Equations (5) and (6), the ef-
fective diffusivity is given by

V3
&2

(6)

D, 1=

(De™ + Dap™) (7)

Although this is actually a multicomponent diffusion prob-
lem, the ethylene concentrations (and consequently prod-
uct concentrations) were so low that the ordinary diffusion
coefficient could be taken as the binary ethylene-air diffu-
sion coefficient.

A general analytical expression for the effectiveness fac-
tor cannot be obtained if it is necessary to take heat effects
into account. If the assumption of an isothermal pellet is
valid, the above development can be used to evaluate the
effectiveness factor. The relation between temperature and
concentration is given by the formula of Damkéhler (11)
which has been shown to apply to all pellet shapes by
Prater (17).

(i) a(1-L)
T = C. (8)
where
(— AHR)D.C,
B=——" (9)
xKe
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Fig. 7. Calculated and experimental data of ethylene oxidation on
sample 1. Initial concentration of ethylene in ppm. A 200 ot 1,000
liters/hr., ® 500 at 1,000 liters/hr. Lines: calculated data. Points:
experimental data.
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Fig. 8. Calculated and experimental data of ethylene oxidation on
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Temperature effects in pore diffusion are described by two
parameters, B, defined above, and v, where

E
RT,

In cases where the temperature gradients are small com-
pared to the external surface temperature, a single parame-
ter equal to the product By is sufficient to calculate ther-
mal effects (8). For small temperature gradients in spheri-
cal pellets, Anderson (2) has derived an equation for the
discrepancy between the observed rate constant and the
rate constant evaluated at the temperature of the external
surface, in terms of observable quantities.

7v - kv (T:c)
ko (T5)

y= (10)

_ — AHgrop’E
"~ 15 RT.%.

(11)
Using Equations (4), (9), and (10) and writing r, =
k,(T,)C," one obtains

7‘-7-1;" k(1) o Bynin2p*
ko(Ty) 15(1&-{2-1 )

(12)

If the heat effects parameter, By, is small, the following
equation for the effectiveness factor of an n'™ order reac-
tion in the strong diffusion region can be obtained (see

Appendix).
3 ( By )1/2
= 1 13
= +- ) (13)

Substituting this into Equation (12) gives

k. ;vlz;w(jx) _ 5(/17)_\:!)1) ( - n,(i,z )1/2
2

(14)

In the worst case the discrepancy in the rate constant
caused by assuming an isothermal pellet was less than
49%. Details of this calculation are given in (9). In the
following calculations, then, an isothermal pellet will be
assumed.®

In calculating the exit conversions, plug flow is assumed
and radial temperature gradients are neglected. The usual
design equation for catalytic flow reactors is written in
finite difference form

#* The maximum temperature difference, as calculated from Equation
(8) by assuming C = 0, was less than 0.3°C. However, even this
small difference in temperature can cause the 4% discrepancy in rate
constant.
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and the conversion across each increment of catalyst
weight is calculated. In order to account for the noniso-
thermal bed, the temperature at the end of each incre-
ment must be known. In these calculations the measured
temperature profile was plotted and temperatures at the
end of the increments were determined from the graphs.
An outline of the calculation procedure for a given incre-
ment follows:

1. Estimate a value of the rate at the end of the incre-
ment,

2. From this the average rate and then the conversion
across the increment are determined. From the conversion
the bulk concentration of the reactant is determined.

3. The heat and mass transfer correlations of Yoshida,
Ramaswami, and Hougen (21) are used to calculate the
temperature and partial pressure difference between the
bulk stream and the external surface of the catalyst.

4. The rate is calculated as (T, C;) ks (1) Cym

5. A trial and error calculation is made until the reac-
tion rate and heat and mass transfer rates are satisfactorily
consistent.

6. The value of the rate calculated is compared to the
guessed value and another trial and error calculation is
made until two subsequent calculations of the rate agree
within a prespecified tolerance.

The detailed equations {except for the use of the normal-
ized modulus and accounting for heat transfer between the
bulk gas stream and external catalyst surface) have been
given previously (10).

The values of A and E initially used in the rate expres-
sion were estimated by assuming negligible diffusion effects
in the low temperature data on the smallest pellet sizes.
These values did not give satisfactory agreement between
experimental and calculated conversions and were ad-
justed until such agreement was obtained. The final rate
expression used was

r = 125.5 ¢—19.500/RT p1/5 (16)

Comparison of experimental and calculated results is
shown in Figures 7 to 10. Here the lines are calculated
results while the plotted points represents experimental
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Fig. 9. Calculated and experimental data of ethylene oxidation on
sample 3. Initial concentration of ethylene in ppm. o 500 at 220
liters/hr. Line: calculated data. Points: experimental data.
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data. A complete tabulation of experimental and calculated
values of conversion is given in (9).

Calculated effectiveness factors were as low as 0.02
at high temperatures and low concentrations (that is,
near the exit of the bed). Thus both experimental and
calculated results show that pore diffusion plays an im-
portant role in the catalytic oxidation of hydrocarbons
over copper oxide-alumina catalysts.

The effects of resistances to the transfer of heat and
mass from the bulk gas stream to the external surface of
the catalyst were evaluated by the calculation procedure.
The maximum effects that were noted were a temperature
rise of 5°K. (654°K. in the bulk stream; 659°K. at the
external surface of the catalyst) and a drop in partial
pressure amounting to 12% of the reactant partial pressure
in the bulk gas phase. The net effect of these interphase
resistances is to raise the reaction rate since the enhance-
ment of the reaction rate due to the temperature rise more
than compensates for the decrease in rate caused by the
lower reactant partial pressure. It is interesting to note
that although pore diffusion resistance plays a significant
role in determining the overall rate, the interphase re-
sistances are not so important. This is readily explained
by the fact that pore diffusion depends on the specific
rate constant while bulk transport effects depend on the
value of the reaction rate. Thus, one would expect this
situation in any system where the rate constant is high
but the reactant concentration (and consequently the re-
action rate) is low.

CONCLUSIONS

Pore diffusion effects were shown to be important in
copper oxide-alumina catalysts used for the complete oxi-
dation of hydrocarbons present in low concentrations. Pre-
sumably this would be important in any other reaction on
these catalysts with a comparable reaction rate. A method
has been developed to calculate the extent of reaction rate
for reactions on these catalysts over a range of pellet sizes
and temperatures. Satisfactory agreement between experi-
mental and calculated results were obtained.
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NOTATION

A = prefactor in Arrhenjus equation, moles/g. cata-
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lyst-sec.-atm.®
= radius of cylindrical pellets, cm.
== concentration, moles/ml.
= gas phase diffusion coefficient, sq.cm./sec.
= effective diffusivity in catalyst pellet, sq.cm./sec.
= Knudsen diffusion coefficient, sq.cm./sec.
= ordinary diffusion coefficient, sq.cm./sec.
= Arrhenius activation energy, cal./mole
= feed rate of reactant, moles/sec.
AHg = heat of reaction, cal.

gpuas

vl
&

Io = zeroth-order Bessel function of first kind

fm = roots of equation J,(jm) = 0

ky, = rate constant, moles/sec.-ml. catalyst-(moles/ml.)"
k, =rate constant averaged over temperature profile

in catalyst pellet

k, = rate constant, moles/sec.-g. catalyst-atm.”
l = height of cylindrical pellets, cm.

L = characteristic length of flat plate, cm.

m, n = dummy indices

n = reaction order

P = partial pressure of reactant, atm.

r = reaction rate, moles/sec.-g. catalyst

ravg = average r over increment of catalyst bed
T, = reaction rate, moles/sec.-ml. catalyst

T, = average r, for a catalyst pellet

R = gas constant

T = temperature, °K.

w = weight of catalyst, g.

x = conversion

z = variable length in direction of diffusion

Greek Letters

B = defined in Equation (9)

y = defined in Equation (10)

A = finite difference

€ = pellet porosity

) = effectiveness factor

xe = effective thermal conductivity of catalyt
»  =vVk/D.

An = defined in Equation (3)

p = radius of spherical pellet

Subscript

x = value of quantity at external surface of catalyst

pellet
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APPENDIX

EFFECTIVENESS FACTOR IN THE STRONG DIFFUSION
REGION FOR AN nth ORDER REACTION WITH SMALL
HEAT EFFECTS

In the strong diffusion region the results for all geometries
reduce to the %at plate solution if the characteristic length is
taken as the ratio of pellet volume to geometric surface (3).
The differential equation for the flat plate case is

d2C
dz2

In the strong diffusion region the boundary conditions are

D, = k,Cn (Al)

dc
C=0atd—=0 C=Czatz=0L (A2)

2

The effectiveness factor is given by

(%)
De | —
dz 2=L

N TR(T.Cr L (43)

For small heat effects the rate constant can be expanded in
Taylor series about the external surface temperature keeping
only first-order terms

ko = ko(Tz) [1+ (T—Tz) +..... ]

Rsz
Equations (8), (9), and (10) can be used to express the
temperature difference T — T in terms of the concentration
difference C — C:. The resulting expression for ky can then be
substituted into Equation (Al) to give

d2C  ky(Ty)

- ]
= l4—(Cz—C Cr
dz? D, [ te (G —C)

This can be solved by defining v = dC/dz. Then d2C/dz?
becomes w dw/dC, and the equation can be readily integrated
to give the concentration gradient (assuming gy and D, con-
stant)

dc 2[ ko(Tg) ]1/’[ 14 87) L
dz D, n+1 T Crnt2

When this is evaluated at z = L (C = Cx) and substituted
into Equation (A3) the desired result for the effectiveness
factor is obtained [using Equation (7) for An]

1 Ya
=z [+ 55s]
AaL nt2
For a sphere of radius p the ratio of volume to surface area
is p/3. When this is substituted for L in the above equation,
Equation (13) is obtained.

Petersen (15) has obtained expressions for the strong dif-
fusion effectiveness factor for first and second-order reactions
for any value of gvy. For small 8y it can be shown that the
results obtained from Equation (A4) are equivalent to Peter-
sen’s to first-order in 8y.

By Cn+2 :\1/2

(A4)
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