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SUMMARY

The effective diffusivities of hydrocarbons (i--pentane, n-hexane, n-heptane, n-
octang, 2,2-dimethyibutane, 2,3-dimethylbutane, cyclopentane, methylcyclopentane,
cyciohexane, benzene, toluene and xylenes} in commercial platinum-alumina reform-
ing catalyst were measured using the chromatographic pulse-broadening unsteady-
state technigue in the temperature range 185-380°. The heats of adsorption of these
hydrocarbons were estimated from the chromatographic data. The activation energy
of pore diffusion and the heat of adsorption for the various hydrocarbons varied
from L.t to 3.4 and from 5.2 to 18.5 kcal/mole, respectively.

INTRODUCTION

Early studies of diffusion in porous catalysts were mostly based on the well-
known steady-state method, first developed by Wicke and Kallenbach' and later
modified by Weisz?. The use of this methad is limited to a2 single catalyst pellet having
a narrow pore size distribution and a continuous pore structure®. The other methods
used were based on traosient phenomena, such as measurement of the rate of sorp-
tion*® at constant volume, measurement of the rate of desorption of an adsorbed
gas in a closed system at constant volume’™® or at constant pressure®, release of ad-
sorbed gas in a flow of inert gas'®, and measurement of a transient flow of pure gas
through a porous plug (time lag method)'t- 2. These unsteady-state methods overcame
most of the limitations of the steady-state method, but their use was restricted mostly
to studying the diffusion of gases in moilecular sieve solids (e.g., carbon and crystalline
sfuminosilicates) owing to certain practical difficulties. Recently, a number of gas
chromatographic techniques, based on the puise-broadening and moment and Fourier
analysis of chromatographic peaks. have been applied to measuring the diffusivity of
gases in porous solids. The methods have been reviewed by Choudhary®. These
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methods have the inherent advaniage that measurements are made on a large and
representative sample of the solid catalyst at temperzatures that approach those used
in commercial processes. Further, as it is an unsteady-state technique, the effective
diffusivity would be expectéd to reflect the presence of small and “dead-end™ pores
as well as the continucus pore structure.

The use of gas chromatography in the measurement of the heats of adsorptzon
of gases and vapours of volatile compounds by the eluted pulse and frontal analysis
technigue is well established. A critical review is available®.

The present investigation concerned the determination of the effective dif-
fusivities and heats of adsorption of C—C; n-alkanes, isoalkanes (2,2-dimethylbutane
and 2 3-dimethvibutane), cycloparaffins (cyclopentane, methylcyclopentane and
cycloaexane) and Cg—Cy aromatic hydrocarbons on the Engethard RD-150 com-
mercial reforming catzlyst {platinum-alumina, containing 0.6%, (w/w) of platinum}
at 1835-380° using the gas chromatographic pulse technique.

EXPERIMENTAL

A chromatographic column with a bed length of 100 cm was prepared by
packing 16.8 g of Engelhard RD-130 catalyst (heated in air at 500° for 4 h before use}
in the form of extrudates of 0.149-cm diameter {diameter based on the average size
of extrudates calculated for spheres of equal voiume) into 1/4-in. copper tubing.

Tke pore volume of the catalyst, p,, was measured™® by the liguid penetration
method using various solvents such as benzene, n-hexane, cyclohexane and carbon
tetrachloride; the values of p, obtained agreed within 59(. The particle density, ¢,,
was determined by the mercury displacement method?®s. The porosity of the extrudate
and the void and solid fractions of the packed column were estimated from the
knowledge of p,, ¢, and the density of the catalyst bed. The dispersion of platinum on
the cztalyst was measured by the gas chromatographic pulse technigue' based on the
titration of chemisorbed oxygen with hydrogen. The data on the physical properties
of the catalyst and packed column are summarized in Table L

The areomatic hycrocarbons were obtained from BDH (Poole, Great Britain)
(AnaiaR grade), while the other hydrocarbons were Phillips (Bartiesville, Okla..

TARIET

PHYSICAL PROPERTIES OF CATALYST AND PACKED COLUMN

Property Vaiuze

Catalyst Engeihard RP-156 commercial reforming Pt-ALG;
0.6 3£ wiw, Ptl

Dispersion of Pt in the catalyst 43 L 257

Farticle diameter (4} 0,148 cm

Particle density (g,) £.36 = .01 g/fem®

Particle pore volume (5.} 0.360 — 6018 cmi¥/g

Particle porgssity (g} 0.4¢

Density of catalyst bed {gg) 8.771 glem®

Vcid fraction of packed colums (F) 0.434
Solid fraction of packed column (Fx g.566
Intecnal cross-sectional zrez of column 0,218 em®
Length of packed column (L) 0 em
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TABLE IT
RESULTS OF DIFFUSION OF HYDROCARBONS IN PLATINUM-ALUMINA
Hydracarborn Temperatuwre C X D, x I3
(°C) {sec) (cr®isec)
n-Pentane 185 Q.187 ¢.135 114
230 0.153 264 114
280 0.115  0.307 14.5
343 0.08¢ 0452 i5.6
n-Hexane i85 0.15¢ $.Q60 15.5
i%5 0.147 0.069 15.8
265 0.102 0.180 19.1
345 0.067 0430 21.5
n-Heptane 195 0.157 0.031 15.3
25 0.130 0.08C 17.3
295 0.092 0210 203
n-Octane 195 0.133 0.014 18.5
2,3-Dimethyibutane 200 a.141 0.078 16.0
350 0.11¢  0.157 18.2
300 0.08¢ 0.262 208
345 0.068 0.3535 229
2,3-Dimethylbutane 200 0.136 0.071 16.7
230 0.102  0.148 19.8
3 8077 3.253 229
345 0.061 0.336 26.2
Cyclopentane 200 G147 g.139° 14.0
256 G.1:3 0.246 5.8
280 0.09¢ 0313 8.6
345 0.066 3.438 21.4
Methylcyclopeatane 200 0.17¢ 0.074 13.3
250 0.142 G.156 1£.2
280 0.114 06217 16.3
34% 2078 0.398 i8.%
Cyclohexane 200 0.141 .07t 16.0
250 0.113 0.149 18.6
Benzene 250 0.132 0.038 ig.1
295 6.086 8.108 340
345 0.675 Q.169 26.3
313G 0.061 G.188 315
Toluene 250 0.13¢6 0.615 19.0
300 0.10C §.051 233
345 0.079 0.117 2068
380 G062 G144 32.5
o-Xylene 250 0.118 0005 2i.1
300 0.087 0.022 232
345 0.671 0.072 31.7
m-Xylene 250 0.117 0006 214
360 0.088 G027 275
345 0.071 808 315
p~-Xviene - 250 G.132 €.008 18.¢
30a 0.098 0031 245

345 0.071 0033 310
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U.S.A.} Rescarch Grade. Nitrogen was used as the carrier gas and was passed over
copper heated at 408° and molecular sieve in order to remove frace amounts of
oxygen and moisture.

The chromatographic dataz were obtained by using a Perkin—Eimer 9040 chro-
matograph by injecting 0.1-0.5 il of hydrocarbon and measuring the retention time
and the height equivalent to a theoretical plate (HETP} of the effiuent pulse as a
function of carrier gas velocity at different femperatures. The carrier gas velocity was
varied from 5 to 50 cm/sec and the temperature from 185 o 380°,

RESULTS AND DISCUSSION

The effective diffusion coefficients of the hydrocarbons in the catalyst are ob-
izined from the C term in the Var Deemter equation!’ using the relationshipi®-1¥

& F 1 :

v2mE F, eD. (¥ REJEF W

C=

where K is the distribution coefficient refated® to the chromatographic parameters as
follows:

K= 1/[e + (tn — 1) ¥ F/F5LY Q)

The values of C are evaluated from the slopes of the linear plots of HETP versus
interstitial velocity at high carrier gas flow-rates. The results of diffusion of the hydro-
carbons in the catalyst at different temperatures are given in Table II. The apparent
activation energies, AF, for diffusion are presented in Table IIL.

The heats of adsorption, 4H, were estimated from the slopes of the Hnear
plots of log V3i® versus 1/T. (slope = —AHj2.303 R) aund are included ia Table L.
The values of AH obtained are averaged over the temperature range as the heat of
adsorption may change with temperature. A correlation between A H and the carbon
number in the parafiinic and aromatic hydrocarbons is shown ia Fig. 1. The values of

TAELE Iif
APPARENT ENERGY OF ACTIVATION FOR DIFFUSION AND HEATS OF ADSORPTION
Hyd-ecarbor AE AH
(kealimolej  (kcallmole)
r-Pantane 114 5.2
r-Hexane 1.10 77
n-Heptane 1.50 10.8
2,2-Dimethylbutane 1.43 6.8
2,3-Dimethylbutane 1.80 6.8
vclopentane 1,72 5.4
Metayicyclopentane 1.56 7.7
Benzene 2.8% 1.2
Toliene 2.91 izs
o-X3lene 2.83 i8.5
mm-Xylene 2.68 i8.6¢
p-Xylene 343 7.5
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Fig. 1. Dependence of heat of adsorption on carbor number.

A H for the aromatic hydrocarbons are much higher than those of paraffinic hydro-
carbons.

It can be seen from Table II that the distribution coefficient, K, decreases with
the number of carbon atoms in the hvdroearbon and increases with temperature. The
K values for the aromatic hydrocarbons are much lower and show a stronger depen-
dence on temperature compared with those for the paraffinic hydrocarbons. This in-
creased adsorption of the aromatic hydrocarbons is accompanied by higher heats of
adsorption and activation energies for diffusion (Table HI}.

The diffusivity data could not be collected for some of the hydrocarbons at
temperatures higher than those indicated in Table II because of the difficulties in the
analysis of effiuent pulse, either due to the peak asymmetry or because of the inter-
ference of the reactant (i.e., the hydrocarbon under study) peak with that of product
of the catalytic reaction. With cyclohexane, two distinct peaks were observed at tem-
peratures above 280°, one for cyclohexane and the other for benzene, which is the
product of the dehydrogenation of cyclohexane on platinum-alumina.

CONCLUSION

In a catalytic process, the total mass fiux in the catalyst is due to the simulta-
negus occurrence of bulk and/or Kaudsen diffusion in the pores, adsorption on the
pore walls and surface diffusion. The relationship between the surface adsorption and
diffusion is very complex and not completely established. The surface diffusion of 2
particular compound may be affected by the presence of other species in the ad-
sorbed Iayer?t. Hence, it is not possible to obtain a reliable value of the effective dif-
fusivity of a catalyst for a particular compound by its prediction either from the
available pore models?* or from the diffusivity of inert or other gases in the catalyst.
In activated diffusion. even though the diffusion coefficient for the rare gases in well
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defined pore systems can be calculated?® theoretically, it is not possible to evaluate D,
for the species involved in the actual catalytic process. Hence, it is desirable to deter-
mise D, which is required in the design of catalytic reactors and for predicting the
effects of intraparticle mass transfer on the reaction rate, experimentally under actual
rezction conditions or even daring catalysis.

The gas chromatographic pulse-broadening technique appears to be superior
to the other unsteady-state techniques in that even a very small degree of adsorption,
wtich is difficult to measure by the other techniques, can be taken inte account®. It
can conveniently be used to determine the effective diffusivity of a catalyst under the
actual reaction conditions provided that the catalytic reaction is negligibly smali and
aiso the reactant or product under study emerges from the column as a reasonably
well defined peak. If reaction occurs, the product peak may interfere with that of
reaciant and the method fails to give reliable results, and so one must be very careful
while using this technique for studying diffusion under reaction conditions and should
coniirm the extent to which the reaction occurs during the passage of a reactant pulse
through the catalyst column for different ficw-rates and temperatures. The method
proposed by Kelly and Fuller®®, which is based on the passage of a pulse through a
stirred reactor containing catalyst and analysis of the effiuent pulse by using a more
specific detector, overcomes this difficulty and appears to be of particular use in
studying diffusion in catalysts under reaction conditions.
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LIST OF SYMEBOLS

4, average particie diameter {(cm}.

D, effective diffusivity of catalyst (cm?/sec).

AE  apparent activation energy for diffusion (kcal/mole).
void fraction in packing.

solid fraction in packing {{ — F,).

AH  heat of adserption {cal/mole).

RN

K distribution coefficient [ratio of concentration of adsorbate in the mobile phase
{mole/ml) to that in the stationary phase {mole/ml)L

L length of packed colum=n (cm).

P pore volume (mi/g).

R gas constant {cal/°K /mole}.

e retention time of adsorbate (sec).

A retention time of non-adsarbate (sa¢).

7. column temperature (°K).

¥ interstitial carrier gas velocity (cm/sec).

F2® corrected specific retention volume (mi/g).

= particle porosity,
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