A STUDY OF DIFFUSION MODELS AND THEIR
APPLICATION TO POROUS CATALYSTS

F. Balfanz and D. Gelbin UDC 678.019.247

A new model of diffusion in porous catalysts is proposed, namely a macropore model. A
comparison between test results and calculations indicates a close agreement.

The performance parameters of a reaction with heterogencous catalysis are largely affected by the
processes of heat and mass transfer [1].

The mass transfer in porous materials used as catalysts, because of their large internal surface
which participates in the reaction, is determined not only by such parameters as the temperature and the
pressure in the liquid but also by the pore structure,

The structure of most porous materials is so complex and irregular, however, that its mathematical
description becomes very difficult. It would be of interest, therefore, to consider models which have been
proposed during the last decade for the calculation of the effective diffusivity in porous materials [2-5].

An analysis of the results of studies on the subject shows that the purpose of such studies was both to
broaden the applicability of these models by appropriate modifications [2-5] and, at the same time, to
reveal which model would be most suitable for any particular type of catalyst [6-11].

Latest developments in computer techniques have made it possible to solve problems of diffusion
in multicomponent gas mixtures [12-15],

Concerning the experimental studies of diffusion processes in porous materials, it is to be noted
that various transient methods of testing have been used more extensively. They have also been compared
with steady-state methods, while a few of them have been compared with one another [16-21].

In this study the authors deal essentially with the problem of diffusion models, masmuch as the
method of analyzing such models has been already described thoroughly in [21, 22] and illustrated on the
_Satterfield—-Cadley model with parallel pores {23], we will list here, without any further explanation,
all the equations needed for this analysis:
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Fig. 1. Schematic diagram of the apparatus for parahydrogen
conversion; 1) reductor; 2) hydrogen purification; 3) capillary; 4)
instrument for measuring the dynamic pressure head; 5) mer-
cury manometer; 6) converter No. 1; 7) instrument for measuring
the soap film; 8) chamber for heat conduction measurement; 9)
reactor; 10) converter No. 2; 11) mercury manometer; 12) capil-
lary; 138) cooler trap; 14) vacuum pump; NV) needle valve; H)
three~way tap; solid line follows the reaction flow path; dotted
line follows the reference path.

efficiency and Tiehle modulus [24]
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We will also use the Vakao—Smith equation [3] or the Cuningham — Geankoplis equation [9] for

the random~pores models. Only data on the porosity and the size distribution of pores in the catalyst are
needed for determining the effective diffusivity on the basis of these models, while exact diffusion and
permeability measurements are required for determining the sinuosity factor 7 in the Satterfieid -Cadley
parallel-pores model. In this study we have tried to develop a method which would dispense with such
measurements, This can be achieved on the premise that the diffusion process and the reaction occur
simultaneously, with the distribution of micropores and macropores assumedto be statistical. Such a
size distribution will be different in catalyst powder and catalyst pellets, however, and not the same in a
compact pellet as in a flimsy pellet,

In such a system, therefore, one must consider two opposing effects associated, during the diffusion
process and the reaction, with a changing ratio of macropores to micropores, inasmuch as the diffusion
in impeded more in pellets of a higher density, while, on the other hand, the reaction is impeded less in
a volume with a larger per unit internal surface.

With this in mind, we proceed as follows. The internal surface formed by micropores, in pellets
as well as in a powder bed, will be distributed over corresponding macropore volumes. On such a basis,
the equilibrium equation is now
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Fig. 2. Glass-type heat-conduction meter: 1) measuring chamber; 2)
tungsten feeder wire; 3) heater wire; 4} glass bead; 5) spacer; 6) cool~
ing coil; 7) evacuated glass tube; 8) gas inlet; 9) outlet,

Fig. 3. Reactor with stirrer: 1) cooling jacket; 2) basket of copper-
wire mesh; 3) iron rods.

The diffusivity Dpm here is calculated according to Eq. (1) for the parallel-pores model.

Contrary to earlier derivations which have led to Eq. (5), not the "diffusion” term is corrected here
by introducing the sinuosity factor and thus the effective diffusivity but, instead, the "source" term. As
a result, the reaction rate constant is referred to the free volume of macropores rather than to the cata-
lyst surface, The relation for kj is then

oy == by —20 . (8

In Eq. (7) V, denotes the volume of macropores in pellets, while vg in (8) denotes the volume of macro-
pores in powder, All this applies also to the respective internal surfaces Sy and S‘é.. The volume of
macropores in a powder mass v} is found in the course of conventional porosity measurements by the
mercury-porometer method.

According to (7), the Tiehle modulus can be defined as

b A ( pphoS, |\ (9)
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This expression, in turn, together with (1) and (5) yields for the sinuosity factor
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Fig. 4. Size distribution of pores: I} microporeorange; II) macro-
pore range; 1, 2, 3) pellets; r, A.

This expression indicates that any difference in internal surface between powder and pellets is compensated
by the corresponding ratio of macropore volumes.

Unlike in the earlier method based on the Satterfield —Cadley model, here the sinuosity factor can
be determined from the structural parameters of the catalyst.

Insofar as it is evident now that the lower efficiency of catalyst peliets produced imder higher mold-
ing pressure is essentially due to a reduced volume of macropores, we are calling the model based on
Egs. (9) and (10) the "macropores™ model,

As the control reaction for the study of the diffusion model we used the conversion of parahydrogen.
Such a reaction seemed particularly suitable for this purpose, because: 1) the reactant and the product
are chemically identical; 2) no side reactions occur; 3) the equation for the reaction rate is simple; 4) the
kinetics of this process are simple; and 5) the change in enthalpy at the accommodation temperature is
minimal.

Apparatus and Catalyst. For determining the reaction rate constant we used the following apparatus
schematically shown in Fig. 1. Normal hydrogen for the measurements was purified in a silver—palladium
diaphragm cell and converted to 50% parahydrogen in converter No. 1. The nickel oxide catalyst for the
conversion process was immersed in this converter and cooled down to —196°C with liquid nitrogen. The
parahydrogen was completely inverted to standard gas in converter No. 2, for the determination of the vol-
ume reaction in the reactor. Here we used platinum as the catalyst, The pressure was set to various
levels by means of a needle valve,

The hydrogen mixture was analyzed with a heat-conduction meter (Fig. 2) which had been specially
designed and installed for this purpose, because other available gas analyzers were not sensitive enough.

The heater wire was a spiral filament from an incandescent lamp, with a resistance of 35 2. This
filament and the leads were made of tungsten.

In order to reduce the fluctuations in pressure and drag which could occur during measurements
of the liquid level in the cooling tank, the top parts of the instrument were either evacuated or protected
with a glass "jacket" which had also been evacuated.

For the reactor we used a catalytic reactor with a stirrer (Fig. 3) similar in construction to the
reactor described in [25, 26]. Its capacity was 225 cm®. The catalyst was placed in a basket made of a
copper-wire mesh. For replacing the test specimens, the stirrer shaft could be taken out of the reactor
and its upper two blades could be removed. The reactor was placed in an air thermostat, the latter heated
with various incandescent lamps.

The temperature was measured with a copper —constantan thermocouple which, without a protective
sheath, had been mounted at the catalyst level. The maximum fluctuation did not exceed =0.2°C throughout
the test,

The catalyst for the conversion of parahydrogen was a mixture of aluminum—silicon oxide and nickel
oxide, as the active component, with an admixture of 2,5% graphite as binder. The structural character-
istics of the catalyst powder were: internal surface 225 = 10 m%*/g, volume of micropores 0.400 = 0.020
cm®/g, volume of macropores in the loose powder bed 0.710 = 0.020 cm®/g, true density 2.52 + 0.06 g/cm?,
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TABLE 1. Structural Characteristics of Catalyst Pellets

Grade of pellets

Characteristics . ! C, | s
Molding pressure, tons/cm’ i 1.72 245 1 318
Diameter, cm, P 0485 040 o044y
Density, g/cm 108 | Lig4 | 1255
Internalsurface, m*/g 25 | 225 - 2%
Volume of macropores, cnt // g 0,184 Oigg i 85%2
Volume of micropores, cm 0,400 © 0, | 0,
Macroporosity P & 0200 | 0162 ! 0131
Microporosity L0435 0478 1 0457
Most frequent radins of macropores, A 2800 I 1900 L 1300

i I

TABLE 2. Reaction Rate Constant Determined Experimentally, 10

cm/sec L
Pressure [Temper- | Powder _ Grade 1 Grade 2 Grade 3
torr  jatwre, TRy £% ko } £% L ko %
760 | 3932 1660 | 7,01 565 | 3,0 39 | 72| 276 10,3
3786 12,90 6,5 4,68 3,0 3.21 8,0 2.27 9.7
3645 940 | 83| 392 | 45| 258 | 92! 18 9.7
3486 645 | 8,1 302 | 5,51 1,99 10,6} 135 9.6
333,5 4,55 8,0 943 | 10,1 152 | 12,8 1,09 88
255 | 3786 1590 16,71 666 | 4,01 398 | 6,41 31 125
3645 | 1160 | 7.7 | 598 | 50 318 | 5,1 246 13.2
3486 825 | 8.9 401 | 6,51 263 | 6,2 191 119
3335 545 190 330 (10.0] Yo | 56! 145 121
120 | 3645 | 1635 [ 521 790 | 50| 445 | 8,5] 332 i3.3
3486 180 | 7.7 610 | 65 345 |10,4] 265 12,2
3335 |. 766 | 9.8 | 492 |10,2] 26 |10,3| 202 13,2

the most frequent radius of micropores 16.5 ./i, the most frequent radius of macropores 13,000 A; the
structural characteristics of catalyst pellets were as listed in Table 1.

The size distributions of pores have been plotted in Fig. 4 from measurements by the BET method,
and from porometric tests for macropores in the size range from 100 A up. In Fig. 4 is also shown the
size distribution of macropores in a loose powder bed of particles smaller than 80 . The curves here
indicate clearly how the peaks decrease as the molding pressure is raised, i.e., how the volume of macro-
pores and their effective radius decrease under higher molding pressure.

Kinetic Measurements. In the apparatus for the conversion of parahydrogen we determined the
conversion level, as a function of the temperature and the pressure as well as of the permeability and the
pellet density. The temperature was varied from 60 to 120°C and the consumption rate was varied from
3.7 to 18.5 liters /h. The measurements were made at three pressure levels: 760, 350, and 120 torr.

The density of the three grades of pellets was 1.086, 1.195, and 1,255 g/cm?, respectively. Powders were
measured with particles smaller than 100 ¢ and smaller than 80 .

The process rate constant was determined graphically from the initial reaction rate, by the method
of power series. For this purpose, the logarithm of the reaction rate was plotted versus the logarithm

of the unconverted remainder mass. The slope of the resulting straight line determined then the order
of the reaction, which in this case was equal to unity.

The experiment has revealed that the laminar boundary layer has no significant effect on the results

of kinetic measurements; owing to the high rate of hydrogen diffusion, a stirrer becomes practically un-
necessary here,

The test values of the reaction rate constant are shown in Table 2. The apparent activation energy
in the process was calculated from the kinetic measurements and found to be, on the average, 3.9 kcal
/mole for catalyst pellets and 5.8 keal/mole for catalyst powder.

The values of the sinuosity factor shown in Table 3 were calculated on the basis of the Satterfield
—Cadley parallel-pores model () and also on the basis of our proposed "macropores" model (Ty). For
the calculation of 7p according to Eq. (6) we performed appropriate permeability measurements on three
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TABLE 3. Sinuosity Factor Based on the Macropores Model and on
Permeability Measurements

o | I l ! Difference, -
Grade [ : o, ]I Sg [ Sg Ty i T %
Conversion of parahydrogen
- Powder [ 0709 | .25 1,00
1 i boogass I 995 1,96 1,87 16
2 | 1 0136 | 295 298 2,00 123
3 | booot02 l 205 250 | 203 18.8
Decomposition of cumene
Powder 0672 L2280 1,00
] ; o002 280 1,49
2 ! 0253 r280 163 1.80 10.4
3 ' } (I8 A S i 280 191 1 195 21
4,78 0,08t ;250 273 1 280 ) 28
3 0033 175 3,56 Jd0 1 129
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Fig. 5. Sinuosity factor 74, as a function of the molding pressure
p. 1) Conversion of parahydrogen; 2) decomposition of cumene,

Fig. 6. Diffusivity Dess (10° cm?/sec) as a function of the macro-
pores range (grade 1 pellets): 1) T = 60.3°C and p = 120 torr; 2)
60.3 and 120 [sic]; 3) 120.0 and 355,

grades of catalyst pellets. The resulting values of the sinuosity factor were 1.87, 2.00, and 2.03, re-
spectively — in complete agreement with the test results obtained by Grachev [20], Kirillov [21], and
Satterfield —Cadley [23].

For the calculations of 7., according to Eq. (10) we used data on the catalyst structure. The dis-
crepancy between Tp and T values was found to be within 4.6-18.8%.

In order to establish the feasibility of using the "macropores" model for evaluating other reactions
as well, we analyzed the results which Just had obtained in his study of cumene decomposition [27]. The
data shown in the lower part of Table 3 indicate a close agreement between o and 7y values for this pro-~
cess,

The sinuosity factor 7, in pellets, as a function of the molding pressure, is shown in Fig. 5 for
both reactions, The linearity of this relation makes it feasible to set up an equation for calculating the
sinuosity factor. In order to this, however, it is still necessary to study various other types of catalysts.

Knowing the sinuosity factor of pores, one can calculate the effective diffusivity according to the
Satterfield-Cadley model (Eq. (1)) and then, on the basis of the obtained values, evaluate the results of
measurements pertaining to the kinetic parameters of a reaction, According to the Vakao—-Smith model
or the Cuningham —Geankoplis model, the diffusivity depends on the number of size ranges into which the
macropores are subclassified.

In this study we also considered the effect which such a subdivision of the macropores size spectrum
will have on the resulting values of diffusivity. For this purpose, the macropores size spectrum was sub-
divided successively into two, three, five, and more ranges.
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Fig. 8. Efficiency n as a function of the temperature T (cumene decomposition): 1) test data; 2) Vakao
—Smith model; 3) "macropores™ model.

The results are shown in Fig. 6. Already a subdivision into fwo ranges makes a large difference, as
compared with the original value, but further subdivisions make only small further differences.

Comparison between Tested Values and Theoretical Values of Efficiency. The theoretical efficiency
was determined on the basis of the Vakao—-Smith model, the Cunningham — Geankoplis model, and the
Satterfield—-Cadley model.

The temperature characteristics of efficiency, both measured and calculated according to the three
diffusion models, are shown in Fig. 7. It is quite evident here that the Vakao—Smith model [3] yields a fair
agreement with test data,
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As to the Cunningham— Geankoplis model [19], it should be used only when the pores size spectrum
is wide; otherwise, the unwieldy calculations here lose their validity.

The efficiency of the cumene decomposition reaction, based on test as well as calculated according
to the "macropores" model and the Vakao—Smith model, is shown in Fig. 8. Both models yield a close
agreement with test values, The differences between test values and those based on the "macropores®
model are within 6.3-20.2%.

The comparison between values based on the Satterfield~Cadley model and on the "macropores”
model, respectively, indicates that the latter model developed by us yields a much closer agreement with
tests. It must be considered, moreover, that this model minimizes testing time and labor: it makes
permeability and diffusion measurements unnecessary.

NOTATION
a is the pore radius, cm;
A is the particle radius, cm;
c is the molar concentration, mole/cm?;
Deff is the effective diffusivity, cm%/sec;
Dindex is the diffusivity referred to the macropores range (a, n, j), to the micro-
pores range (i, ii), or to the transition range (ni), respectively, cm?¥/ sec;
DN is the normal diffusivity, cm?/ sec;
Dpm is the diffusivity according to the parallel-pores model, cm?/sec;
F is the cross-section area, cm?;
h is the Tiehle modulus, cm?;
k is the rate constant of a first-order reaction at catalyst pellets, cm/sec;
ky is the rate constant of a first-order reaction, the diffusion effect disregarded,
cm/sec;
kg is the reaction rate constant, cm3/g - sec;
kg is the reaction rate constant defined according to Eq. (8), cm®/g -sec;
Kp = 9.7-10° (T/M)'/?,
cm/sec;
L is the particle length, cm;
M is the molecular weight;
N is the transport rate, cm®/sec;
Ap is the pressure difference (p;, p,), torr;
P is the mean pressure, torr;
Pis Py are the penetration pressures, before and behind pellets, respectively, torr;
R is the gas constant, torr - cm3;
Sg is the internal surface of catalyst pellets, cm?/g;
SOg is the internal surface of catalyst powder, em?¥/ g;
T is the absolute temperature, °K;
Vg is the volume of macropores in catalyst pellets, cm®/g;
V3 is the volume of macropores in catalyst powder, cm?®/g;
Vg(a) is the volume of pores with any one radius ¢, cm?®/g;
£ is the porosity;
v is the dynamic viscosity, torr - sec;
np is the pellet density, g/cm?;
Tp is the sinuosity factor according to the parallel-pores model;
Tm ig the sinuosity factor according to the "macropores"” model.
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