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A dynamic sorption/desorption technique using a gas chromatograph for obtaining precise de- 
sorption kinetic data on zeolites in the short initial period of desorption (even in the first few 
seconds of desorption) at temperatures at which catalytic reactions occur has been described. The 
application of this method for studying desorptive diffusion of benzene (in presence of helium) in 
H-ZSM-5 (SiIAl = 22.0) zeolite at the temperatures at which catalytic processes occur has made it 
possible to estimate the diffusion coefficients from the desorption data using the simple V? - law. 
This is not possible by any known gravimetric or volumetric method. The diffusion of benzene in 
the zeolite at 523-673 K is highly concentration dependent; it increases almost exponentially with 
the initial sorbate loading, even at lower intracrystalline sorbate concentrations. It is also highly 
temperature dependent; the activation energy for the diffusion was determined to be 64.4 kJ . 
ItlOl-‘. 0 1986 Academic Press, Inc. 

INTRODUCTION 

ZSM-5 type zeolites have shown high 
promise as potential catalysts in a number 
of commerical processes, such as conver- 
sion of hydrocarbons, production of ole- 
fins, aromatics, and gasoline from metha- 
nol, and also in syngas conversion to 
petrochemical feed stock and gasoline (I). 
Intracrystalline diffusion plays (2) a very 
vital role in these highly shape-selective ze- 
olites in deciding the product distribution 
(or selectivity) in the catalytic processes. 
The understanding of the diffusion phenom- 
enon in these zeolites is therefore of great 
importance. 

Haag et al. (3) have determined the diffu- 
sivities of straight and branched chain hy- 
drocarbons in ZSM-5 under reaction condi- 
tions at 811 K by studying catalytic 
cracking of Cs-C9 hydrocarbons on the zeo- 
lite crystallites of different sizes. The ditfu- 
sivity values were estimated from the 
knowledge of the effectiveness factors, the 
intrinsic reaction rate constant, and the 

r To whom all the correspondence should be ad- 
dressed. 

crystallite size. A few more studies on the 
diffusion in ZSMJ type zeolite at lower 
temperatures have been reported. Heering 
et al. (4) and Doelle et al. (5) measured 
diffusivities of dimethyl ether (at 293 and 
333 K) and benzene (at 293 and 313 K) in H- 
ZSM-5 from sorption kinetics by gravimet- 
ric method in a closed system. Wu et al. (6) 
studied diffusion of n-hexane, cyclohexane, 
benzene, and xylenes in silicalite at 293- 
473 K using gravimetric method. Le Van 
Ma0 et al. (7) have determined diffusivity 
of xylene isomers in H-ZSM-5 at 333 K by 
measuring sorption at constant pressure 
gravimetrically. Recently, Nayak and 
Riekert (8) have studied sorption and diffu- 
sion of n-hexane, benzene, toluene, and p- 
xylene in pentasil zeolites (viz. H-ZSM-5) 
at 298 K. The diffusion in pentasil zeolites 
has been reviewed by Ruthven (9). 

The diffusion in ZSM-5 zeolite is ex- 
pected to be highly temperature and con- 
centration dependent. Hence, in order to 
understand the diffusion/reaction interac- 
tion, which decides the product selectivity 
(2), it is highly desirable to investigate the 
diffusion in the shape selective zeolite un- 
der catalytic conditions (in other words, at 
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the temperatures at which catalytic pro- 
cesses occur). 

Diffusion in zeolite is most commonly 
studied by measuring sorption/desorption 
kinetics using gravimetric and volumetric 
methods. The major limitation of these ex- 
perimental methods is that it is not possible 
to obtain reliable measurements in the first 
few seconds (10). This limits the applicabil- 
ity of the simple fi - law (II) for the sys- 
tem involving rapid sorption/desorption 
process and it becomes essential to con- 
sider the shape and size distribution of the 
zeolite crystals for obtaining reliable values 
of diffusion coefficient (10, 12). Also, the 
interparticle mass transfer and heat transfer 
effects (13, 14) are large since the sorbate 
does not flow through the zeolite particles. 
Hence, there is a need for developing an 
experimental method for obtaining sorp- 
tion/desorption kinetic data, uncontami- 
nated by the heat and mass transfer effects, 
in the short initial period (<I5 set). 

In the present paper, a dynamic sorption/ 
desorption technique for measuring pre- 
cisely desorption kinetics on zeolites in the 
short initial period of the desorption under 
catalytic conditions has been described. 
Desorptive diffusion of benzene in H-ZSM- 
5 at 523-673 K and at different initial con- 
centrations of sorbed benzene has been in- 
vestigated. 

EXPERIMENTAL 

Materials. High-purity helium (~99.99%) 
was obtained from Air Products. Benzene 
(AnalaR, BDH) was further purified by 
fractional distillation and stored over acti- 
vated molecular sieves. 

H-ZSM5 zeolite (Si/Al = 22.0 and H+ - 
exchange = 99%) was obtained from its 
NHd-from by deammoniating it at 773 K 
for 12 hr in air. The zeolite was pressed 
without binder and crushed to particles of 
about 0.2 mm in size. The detailed proce- 
dures for the preparation and characteriza- 
tion of the zeolite is given in an earlier ref- 
erence (15). 

The size and morphology of the zeolite 

crystals were determined using a Cam- 
bridge Stereoscan Model 150 Scanning 
electron microscrope. The shape of the 
crystals was nearly spherical and their av- 
erage size was 1.46 pm. 

The zeolite contained 1.6 strong acid 
sites per unit cell as measured in terms of 
the amount of pyridine irreversibly sorbed 
at 673 K. Detailed information on the acid 
strength distribution on the zeolite is given 
in an earlier reference (16). 

The intracrystalline sorption capacity of 
the zeolite for n-hexane and benzene at 303 
K was found to be 0.18 and 0.13 cm3 * g-l, 
respectively. The intercrystalline (macro) 
pore volume of the zeolite particle mea- 
sured by the liquid isooctane penetration 
method using a specific gravity bottle (17) 
was found to be 0.27 cm3 . g-i. (Liquid iso- 
octane penetrates only the macropores and 
not the zeolite crystals.) 

Experimental arrangement. The experi- 
mental setup for measuring kinetics of de- 
sorption of benzene from the zeolite in the 
flow of helium consisted mainly of a 
Perkin-Elmer Sigma 3B gas chromato- 
graph fitted with a flame ionization detec- 
tor, a zeolite column, and a benzene vapor 
saturator. 

The zeolite column (made of stainless 
steel, i.d. = 4 mm, o.d. = 6 mm, and length 
= 30 mm) was packed with 50 mg of the 
zeolite particles (0.2 mm size) between 
quartz wool plugs. The dimensions of the 
zeolite bed were 4 mm (diam.) x 3 mm 
(length). One end of the column was con- 
nected to the detector through a lo-cm-long 
stainless-steel capillary tube (i.d. = 0.75 
mm and o.d. = 1.5 mm) and the other end 
through a 50-cm-long stainless-steel capil- 
lary, which acted as a preheater. 

The saturator consisted of a packed bed 
of alumina pellets with their pores filled 
with liquid benzene. When helium (pre- 
cooled to the temperature of the saturator) 
was passed through the saturator, an efflu- 
ent helium saturated with benzene vapor at 
the temperature of the saturator could be 
obtained. 
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To measure the sorption and desorption 
of benzene, use of two helium streams was 
made. The first stream was passed directly 
into the zeolite column, while the second 
was passed through the precooler, the satu- 
rator, and the condenser, all three having 
been maintained at the same temperature. 
The two streams, the pure helium stream 
and the benzene-saturated helium stream, 
met in the injector. The flow rates of the 
two streams could be varied as desired and 
measured with capillary flow meters. The 
benzene-saturated helium stream could be 
passed continuously through the zeolite 
bed or bypass with the help of a three-way 
valve. The bypass was connected to a pres- 
sure head (a glass tube dipped in a column 
of water whose height could be varied) so 
that the inlet pressure at the three-way 
valve could be equalized to the pressure in 
the injector. With this arrangement, when 
the second stream was introduced into the 
injector by turning the three-way valve, 
a continuous undisturbed stream flow 
through the bed was assured. 

The partial pressure of benzene in the he- 
lium stream could be varied by varying the 
temperature of the saturator (258-293 K) 
and also by adjusting the flow rates of the 
two streams. 

The detector response was found to be 
linear with respect to the partial pressure of 
benzene. 

Experimental procedure. The zeolite was 
pretreated in situ by heating it in a flow of 
helium (50 cm3 - min-t) at 673 K (heating 
rate = 10 K 7 min-‘) for 4 hr. The flow rate 
of pure helium (first stream) was increased 
to 200 cm3 - min-’ and the desired zeolite 
column temperature attained. The second 
helium stream containing benzene at a 
known concentration was then introduced 
in the zeolite column and the saturation of 
the zeolite at that benzene concentration 
was continued for 30 min. This duration 
was found to be more than sufficient for 
sorption equilibrium to be attained. After 
the saturation, the helium stream contain- 
ing benzene was bypassed and the benzene 

sorbed in the zeolite was allowed to desorb 
in the flow of pure helium. The initial part 
of the desorption (during the first IO-15 
mm) was carried out isothermally and this 
was followed by the temperature-pro- 
grammed desorption (TPD) of the sorbate 
still remaining in the zeolite. The final tem- 
perature and the heating rate for the TPD 
were 673 K and 20 K * min-l, respectively. 
After the final temperature was reached, 
the desorption was allowed to continue at 
673 K until the recorder pen reached the 
baseline at the maximum sensitivity of the 
detector. During the initial period of de- 
sorption, (3-4 min), the chromatogram was 
recorded at a very high chart speed (30 cm . 
mint), which was reduced to 30 cm . hr-’ 
during the rest of the desorption. The de- 
tector sensitivity was also increased from 
time to time to increase the measuring ac- 
curacy of the desorption data. The proce- 
dure for obtaining sorption/desorption 
chromatogram is illustrated in Fig. 1. 

The amount of benzene sorbed irrevers- 
ibly in the zeolite and on the walls of the 
column and the connecting capillary was 
found to be negligibly small at 523-673 K. 

Evaluation of desorption kinetic data. 
The evaluation of desorption kinetic data 
from the desorption chromatogram is illus- 
trated in Fig. 1. The values of Q1/Qm (where 
Qt and Qm are the amount of benzene de- 
sorbed at time t and a, respectively) at dif- 
ferent desorption periods (covering the iso- 
thermal desorption range) was obtained 
from the relation 

Qt/Qw = At/A, (1) 

where, A, is the area (normalized) under the 
desorption curve from time t = 0 to t = f; 
A,, the total area (normalized) under the 
desorption curve. The area under the de- 
sorption curve was determined by the cut- 
and-weigh method. 

The amount of the sorbate in the zeolite 
crystals before the start of desorption 
[(qa)i] was obtained from the total area un- 
der the desorption curve, 



DESORPTIVE DIFFUSION OF BENZENE IN H-ZSM-5 319 

Ct. 3Ocm. min-1 

$= %hm.hrl 
A,> AZ>&, A, 

L:$ t 
FIG. 1. Evaluation of desorption kinetics from desorption chromatogram. A, attenuation; C, chart 

speed. 

(qa)i = AJsm (2) 

where, s is the detector response and m is 
the mass of zeolite. By adjusting the experi- 
mental conditions accordingly, the desorp- 
tion at near zero concentration of the sor- 
bate in the mobile phase could be ensured. 
This was achieved in the present case by 
using a very small (50 mg) zeolite sample 
kept in a shallow bed reactor (diam. = 4.0 
mm and length = 3.0 mm) and by keeping 
the flow rate of helium high (200 cm3 
min-I). 

RESULTS AND DISCUSSION 

Desorptive Intracrystalline Diffusion 

In the overall sorption process in the zeo- 
lite particles, the following mass transfer 
processes are involved: (1) external (film 
diffusional) mass transfer from bulk gas 
phase to the external surface of the zeolite 
particles through the gas film surrounding 
them; (ii) diffusion in macro (intercrystal- 
line) pores of the zeolite particles; (iii) diffu- 
sion and sorption in micro (intracrystalline) 
pores of the zeolite particles. 

In the case of desorption, the above steps 
occur in the reverse order. Since one or 
more of the above processes may control 
the rate of sorption/desorption under a par- 
ticular set of experimental conditions, it is 

essential to ensure that the sorption/de- 
sorption is controlled only by the intracrys- 
talline mass transfer for obtaining intracrys- 
talline diffusivity from sorption/desorption 
kinetics. To achieve this, the effect of gas 
flow rate and particle size of the zeolite on 
the desorption kinetics was studied. Figure 
2 shows that changing the flow rate of he- 
lium from 100 to 200 cm3 . min-‘, and the 
zeolite particle size from 0.2 to 0.1 mm did 
not result in any significant change in the 
desorption kinetics at 673 K, the maximum 
temperature. This indicates that the desorp- 
tion is not controlled either by the external 
mass transfer or by the intercrystalline 
(macropore) mass transfer. Since the diffu- 
sion of benzene (kinetic molecular diam. = 
0.585 nm) in H-ZSM-5 (channel diam. = 
0.52-0.56 nm) is expected to be activated, 
the desorption kinetic data obtained at the 
lower temperatures (less than 673 K) are 
expected to fall in the intracrysalline diffu- 
sion control regime only. 

The QJQm (fraction desorbed) vs t’” 
curves for the desorption of benzene from 
the zeolite at different intracrystalline con- 
centrations of benzene at 523,573,623, and 
673 K are presented in Figs. 3, 4, 5, and 6, 
respectively. The benzene sorption iso- 
therms are given in Fig. 7. 

The values of desorption diffusion coeffi- 
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cient for benzene in the zeolite have been 
obtained from the slopes of the initial linear 
portion of Qr/Qm vs t1j2 curves using the 
simple V7 - law (II): 

Q,/Qm = ~[D/(w~)]~‘~ . r 1/2 (3) 

where, D is the desorptive diffusion coeffi- 
cient; and r, the radius of zeolite crystal. 
The values of D at the different initial intra- 
crystalline sorbate loadings are given in Ta- 
ble 1. The concentration dependence of the 
diffusion in the zeolite is shown in Fig. 8. 

The results reveal a very strong depen- 
dence of the diffusivity of benzene on the 
initial intracrystalline sorbate concentra- 
tion. Even at very low sorbate loadings, 
there is a very marked increase in the diffu- 
sion coefficient with the increase in the sor- 
bate loading. 

The data in Table 1 also reveal a strong 
influence of temperature on the diffusion. 
The temperature dependence of the diffu- 
sion coefficient corresponding to the same 
(q& value (10.0 pmol * g-l) according to the 
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Arrhenius-type expression 

D = A exp(-EIRT) (4) 

is shown in Fig. 9. The plot of In D vs l/T is 
linear. The values of activation energy (E) 
and preexponential factor (A) were esti- 
mated to be 64.4 kJ * mol-l and 14.3 x 1O-6 
cm2 - sect, respectively. These results in- 
dicate that the diffusion of benzene in H- 
ZSM-5 is a highly activated one. 

The concentration dependence of diffu- 
sivity is frequently expressed by the rela- 
tion (18) 

D = Do(d In p/d In q) (5) 

where, Do is the corrected (or limiting) dif- 
fusivity. The values of Do for the present 
system are included in Table 1. The results 
indicate that DO, also, shows concentration 
dependence; it increases with the intracrys- 
talline concentration. The effect of concen- 
tration on D,, is, particularly, very signifi- 
cantly at higher temperatures. A very 
strong concentration dependence of cor- 
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FIG. 2. Kinetics plots (Q,/Qm vs t) for the desorption of benzene at 673 K from H-ZSM-5 of different 
particle sizes and at different flow rates. 
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FIG. 3. Q,/Qm vs t”* plots for the desorption of benzene from H-ZSM-5 at 523 K. 

rected diffusivity for sorption of hydrocar- 
bons in 13X zeolite has also been observed 
earlier (18). Corrected diffusivity need not 
necessarily be concentration independent, 
particularly, at higher concentration level 
outside Henry’s law (9, 28). 

In the earlier low temperature gravimet- 
ric sorption studies, the diffusivity of ben- 
zene in ZSM-5 zeolites was obtained as fol- 
lows: in H-ZSM-5 at 303 K, 2.4 x lo-lo cm2 
. set-l (4, 5); in H-ZSM-5 at 298 K, =6 x 
10Wu cm* . set-i (8); in ZSM-5 at 303 K, 8.6 
X 10-l* cm* . set-’ (19); in Na-ZSM-5 at 

303 K 7.0 x IO-l* cm* * sec- * (20); and in 
silicame at 293 K, 8.6 x 10-i* cm* . set-l 
(6). 

The present study shows that the diffu- 
sion of benzene in H-ZSM-5 zeolite is 
highly concentration and temperature de- 
pendent. Our recent studies (21) indicated a 
strong influence of Si/Al ratio, degree of 
H+-exchange and pretreatment conditions 
on the diffusion of benzene in H * Na-ZSM- 
5. Further, the sorption diffusivity may dif- 
fer from the desorption diffusivity for ZSM- 
5 zeolite. Hence, a direct comparison of the 
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above results of benzene sorption diffusion, the present investigation, the diffusion co- 
obtained at lower temperatures, with the efficients obtained from sorption and de- 
present results can not be made. sorption are expected to be dependent on 

In the present case, since benzene does the direction of the flux because of the fol- 
not undergo reaction on H-ZSM-5 even at lowing reason. 
higher temperatures, its desorptive diffu- In the case of sorption, the overall intra- 
sion in the zeolite could be studied under crystalline mass transfer in H-ZSM-5 zeo- 
catalytic conditions. lite whose channel diameter (about 0.55 

Intracrystalline diffusion coefficients for nm) is somewhat smaller than the critical 
sorption and desorption of n-butane in NaX diameter of the diffusing species is ex- 
have been found to be independent of the petted to be controlled by either of the fol- 
direction of flux (14). However, in case of lowing of the two processes occurring in 
shape selective zeolite like the one used in series or by a combination of both: 

I I I I I 

(%I Ii, (p molg-l) 

A- 5.04 

0 - 9.96 

x - 10.65 

l - 21.90 

FIG. 4. Q,/Q- vs tin plots for the desorption of benzene from H-ZSM-5 at 573 K. 
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FIG. 5. Q,/Q- vs t112 plots for the desorption of benzene from H-ZSM-5 at 623 K. 

(i) entrance of diffusing species into the 
zeolite channels; 

(ii) diffusion of the species inside the 
channels. 

The first process becomes very important 
when the critical diameter of the diffusing 
species is very close to the channel diame- 
ter and the diameters in its other orienta- 
tions are so large that the entry of the mole- 
cule into the channel cannot occur. Here, 
critical diameter is defined as the diameter 
of the smallest cylinder that can circum- 
scribe the molecule in its equilibrium con- 

formation that is most favorable for diffu- 
sion to occur. The probability of the 
molecule colliding with the channel opening 
in its most favorable conformation will vary 
depending on the configuration of the dif- 
fusing species. In the case of benzene, the 
critical diameter is 0.66 nm and the max- 
imum diameter is 0.74 nm. The diffusion is 
expected to occur only when a benzene 
molecule with a conformation having a di- 
ameter of 0.66 nm collides with a channel 
opening. Further, since the benzene mole- 
cule is planar, its orientation at the elliptical 
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straight channels (0.51-0.55 nm) should be 
such that the molecule in its most favorable 
conformation, aligns itself with the longer 
axis of the elliptical opening. For all other 
collisions that do not conform to these re- 
quirements, either the entry of the diffusing 
species into the channel is not permitted or 
the probability for the entry is very low. It 
should, however, be noted that this resis- 
tance to intracrystalline mass transfer ex- 
ists only for sorption and not for desorption 
because, in the desorption, the diffusing 
species (which are already in their most fa- 
vorable conformation in the channels) are 
coming out through the channel openings. 

In H-ZSMJ zeolite, the critical dimen- 
sion at channel intersections is estimated 
(22) to be 0.9 nm. Since the diameter at the 
channel intersections is much larger than 
the channel diameter, the diffusivity at 

0 

0 

8 

?O 
G 

0 

0 

these intersections is expected to be differ- 
ent from that in the channels. The diffusiv- 
ity in two different channels (ellipitcal 
straight channels and near circular zigzag 
channels) is also expected to be different 
from each other. Also, the diffusing mole- 
cule can undergo reorientation at the chan- 
nel intersections as the molecules can ro- 
tate freely in the larger space available. The 
diffusion of species inside the zeolite chan- 
nels is, therefore, expected to be indepen- 
dents of the direction of flux. However, the 
restriction for the entrance of the diffusion 
species in the channels, which is pertaining 
to sorption but not desorption, may give 
rise different values for diffusion coeffi- 
cients from sorption and desorption experi- 
ments. Thus the diffusion in H-ZSM-5 is a 
complex phenomenon and is also strongly 
dependent on temperature and concentra- 

I I I 

0 - 2.46 

. - 4.35 

A - 5.30 

A - a.95 

I I I I 

2 4 6 6 

tY2(see”2) 

FIG. 6. Q,/Q.. vs I’~ plots for the desorption of benzene from H-ZSMJ at 673 K. 



DESORFTIVE DIFFUSION OF BENZENE IN H-ZSM-5 325 

P (benzene) s 
(torr) 

FIG. 7. Isotherms of sorption of benzene in H-ZSM-5 at different temperatures. 

TABLE 1 

Desorption Diffusion Coefficients for Benzene in the H-ZSMJ at 
Different Concentrations of Sorbed Benzene and Temperatures 

Temperature Initial (OF) X lo3 D x IO" Do x 10” 
WI sorbate (set-‘1 (cm* ’ set-I) (cm* set-I) 

loading 
k?,), 

(pm01 . g-l) 

523 9.6 1.2 0.6 0.6 
23.1 1.4 0.7 0.6 
35.4 2.2 1.2 0.7 
47.4 2.8 1.5 0.7 
62.3 4.5 2.4 0.8 

573 5.0 1.4 0.8 0.5 
10.0 2.6 1.4 0.9 
10.7 5.2 2.7 1.2 
21.9 12.0 6.3 1.9 

623 3.4 1.3 0.7 0.4 
4.6 2.0 1.1 0.6 
5.9 5.5 1.3 0.8 
9.0 11.8 6.3 2.0 

10.6 16.2 8.6 2.5 
673 2.5 1.7 0.9 0.4 

4.4 3.7 2.0 0.8 
5.3 10.0 5.3 2.2 
9.0 21.8 11.6 4.7 
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FIG. 8. Concentration dependence of desorptive diffusion of benzene in I-I-ZSMJ. 
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FIG. 9. Temperature dependence of the desorption diffusion coefficient of benzene in H-ZSM-5. 
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tion even at lower intracrystalline concen- the intracrystalline concentration. The cor- 
trations. For a deeper understanding of the rected diffusivity also shows a strong con- 
diffusion phenomenon in ZSM-5 type zeo- centration dependence. The diffusion is a 
lites further extensive work is necessary. highly activated process. 
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fore, it is possible to use the simple fi - 
law for estimating the diffusion coefficients. 

The desorption diffusion of benzene in 
the H-ZSMJ zeolite at 523-673 K is highly 
concentration dependent; it increases with 
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