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A shuttlecock-shuttlebox model for a sorbate-zeolite channel system is proposed to explain for 
sorbate molecules the importance of configuration and flexibility over size in sorption/diffusion in 
zeolites, the pore dimensions of which are comparable to the size of sorbate molecules. The model 
helps in predicting at least qualitatively the relative penetrability and diffusivity of bulkier (i.e., 
larger size) sorbate molecules. Q 1989 Academic FWS, 1~. 

INTRODUCTION 

Shape selectivity is a unique property of 
zeolites, the pore dimensions of which are 
close to the size of molecules such as sim- 
ple branched paraffins and aromatics. A 
number of interesting results showing a 
strong influence of molecular configuration 
on the penetration and sorption dynamics 
(or diffusion) in the channels of ZSM-5-type 
zeolites (Table 1) have been observed. For 
example, (i) 2,3-dimethylbutane (DMB; 
critical molecular diameter, d, = 0.56 nm) 
is not sorbed at room temperature (it is 
sorbed slowly at elevated temperatures), 
but 3-methylpentane (& = 0.56 nm) is 
sorbed readily (I) and benzene (d, = 0.67 
nm) is sorbed at an appreciable rate (2-4). 
(ii) Isopropylbenzene (& = 0.67 nm) dif- 
fuses in H-ZSM-5 at a much slower rate 
than n-propylbenzene (d, = 0.67 nm) (4,5). 
(iii) Isooctane (dc = 0.7 nm) does not pene- 
trate the channels of H-ZSM-5 at room 
temperature (4, 6) and its conversion on H- 
ZSM-5 at 673 K is not significant (7), 
whereas 2,2-dimethylbutane (d, = 0.7 nm) 
(8), o- and m-xylenes (d, = 0.74 nm) (4, 6, 
9, ZO), 1,2,Ctrimethylbenzene (d, = 0.8 nm) 
(7, IO), and 1,2,3-trimethylbenzene (7) and 
1,3,5-trimethylbenzene (& = 0.86 nm) (6, 7) 
can diffuse in the zeolite channels, although 
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slowly, even at about room temperature. 
(iv) Diffusion of ethylbenzene (d, = 0.67 
nm) is slower than that of p-xylene (d, = 
0.67 nm) (4). 

The GC retention data for various sor- 
bates on silicalite (7, II) presented in Table 
2 are also consistent with the above ob- 
servations which indicate for sorbate mole- 
cules the importance of configuration over 
critical size in sorption/diffusion in me- 
dium-pore zeolites. We propose here a 
shuttlecock-shuttlebox model for a sor- 
bate-zeolite channel system to explain the 
above observations and to predict qualita- 
tively the relative penetrability and diffu- 
sion of bulkier sorbates in medium-pore ze- 
olites. The critical molecular diameter is 
defined (12) as the diameter of the smallest 
cylinder which can circumscribe the mole- 
cule in its most favorable equilibrium con- 
formation. 

SHUTTLECOCK-SHUTTLEBOX MODEL 

The shuttlecock-shuttlebox model for a 
sorbate molecule-zeolite channel system is 
shown in Fig. 1. Insertion of the shuttle- 
cock into the shuttlebox and/or movement 
of the shuttlecock within the shuttlebox can 
be accomplished with ease only in the di- 
rection of the rounded cork of the shuttle- 
cock as a result of the compression of its 
feathers inside. Insertion and/or movement 
in the direction of the feathers is prohibited 

542 
0021-9517/89 $3.00 
Copyright 0 1989 by Academic Press, Inc. 
All rights of reproduction in any form reserved. 



SHAPE SELECTIVITY OF MEDIUM-PORE ZEOLITES 543 

TABLE 1 

Data on Diffusion of Various Sorbates in ZSM-S-Type Zeolites 

Sorbate Molecular 
critical 

size 
4 (nm) 

Zeolite Temperature Diffusion Ref. 
WI coefficient 

(cm2 set-I) 

n-Hexane 0.49 

Benzene 0.67 

Ethylbenzene 0.67 

p-Xylene 0.67 

n-F’ropylbenzene 0.67 

Isopropylbenzene 0.67 

n-Butanol 0.49 

set-Butanol 0.56 

terf-Butanol 0.65 

Isooctane 0.70 

o-Xylene 0.74 

m-Xylene 0.74 

1,3,5-TMB 0.86 

2,2-DMB 0.70 

H-ZSM-5 
(WA1 = 39.7) 
H-ZSM-5 
(WA1 = 39.7) 
H-ZSM-5 
(WA1 = 39.7) 
H-ZSMJ 
(WA1 = 39.7) 
H-ZSM-5 
(WA1 = 39.7) 
H-ZSM-5 
(WA1 = 39.7) 
H-ZSM-5 
@i/Al = 39.7) 
H-ZSM-5 
@i/AI = 39.7) 
H-ZSM-5 
@i/AI = 39.7) 
H-ZSM-5 
@i/AI = 39.7) 
H-ZSM-5 
(Si/AI = 38) 
H-ZSM-5 
(%/Al = 38) 
H-ZSM-5 
(WA1 = 38) 
H-ZSM-5 

298 > 10-g (4 

308 3.09 x 10-I’ (4) 

308 6.82 x lo-” (4) 

308 5.13 x 10-u (4) 

308 1.6 x lo-” (4) 

308 1.0 x 10-u (4) 

308 6.5 x lo-lo (4) 

308 7.5 x 10-u (4) 

308 1.0 x 10-n (4) 

308 No sorption (4) 

303 2.4 x IO-l4 (6) 

303 1.6 x lo-l4 (6) 

303 9.0 x lo-l6 (6) 

373 8.0 x lo-l5 (8) 
- 

Nofe. DMB, dimethylbutane; TMB, trimethylbenzene. 

because of the larger diameter of the shut- Similarly to insertion of the shuttlecock 
tlecock and also because of expansion of its into the shuttlebox, penetration of a larger 
feathers if the shuttlecock is forcefully in- or bulkier sorbate molecule into the zeolite 
serted into or moved within the shuttlebox. channel is expected to take place only when 

,,Shuttle cock 

FIG. 1. Shuttlecock-shuttlebox model for sorbate-zeolite channel system. 
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TABLE 2 

GC Retention Data for Various Sorbates on Silicalite 
and Na-Mordenite (7, II) 

Sorbate Molecular IR 
critical size (min) 

d, (nm) 

Zeolite : silicalite 
n-Hexane 
2,2-DMB 
2,3-DMB 

0.49 2.16 
0.70 1.33 
0.56 0.94 

pXylene 0.67 1.86 
o-Xylene 0.74 0.68 
n-Propylbenzene 0.67 6.56 
Isopropylbenzene 0.67 0.51 
n-Butylbenzene 0.67 9.82 
set-Butylbenzene 0.67 0.42 
terr-Butylbenzene 0.70 0.18 
n-Octane 0.49 8.85 
Isooctane 

Zeolite : Na-mordenite (Zeolon 900 Na) 
0.70 0.09 

n-Octane 0.49 9.5 
Isooctane 0.70 0.4 
m-Xylene 0.74 50.6 
I ,2,4-TMB 0.80 41.5 
1,2,3-TMB 0.80 15.4 

Note. Experimental conditions: Zeolite (2.1 g) packed in a 
column 2 mm (i.d.) x 63 cm (length); He flow rate, 10 cm3 
min-‘; pulse size, 0.1 ~1. ?a is the corrected retention time at 
613 IL 

the molecule enters the channel opening in 
an orientation(s) in which its compression 
to the size of the channel is accomplished 
with relative ease. Otherwise, its sorption 
is either totally rejected or expected to oc- 
cur with only a very low probability, be- 
cause of a much larger steric hindrance ex- 
perienced by the molecule in the sorption 
process. Also, similarly to the restriction 
on the direction of movement of the shuttle- 
cock within the shuttlebox, the diffusion of 
a sorbate molecule in the zeolite channel is 
favored in the direction in which resistance 
of the compressed group(s) of the diffusing 
molecule to movement is a minimum. 

Application of the model to explain the 
observations concerning sorption and diffu- 
sion in the zeolite is illustrated in Figs. 2, 3, 
and 4 (t and + indicate that entry or 
diffusion of the molecule in the direction 
shown by the arrow is favored or not fa- 
vored, respectively). 

According to the model, sorption/diffu- 
sion of a larger (bulkier) sorbate molecule in 

the medium-pore zeolites can occur only 
when the molecule is oriented in its most 
favorable conformation (i.e., the conforma- 
tion in which the molecule can be easily 
compressed to the size of the channel), as 
illustrated in Figs. 2, 3, and 4, and also pos- 
sesses sufficient energy to overcome the 
penetration barrier by compressing and 
forcing the molecule through the channel 
opening and/or to diffuse inside the zeolite 
channels. If the above requirements are not 
satisfied, either the entry of the sorbate 
molecule into the channel is not permitted 
or the probability of entry is very low. 
Hence, the penetration and diffusion of 
bulkier sorbates in medium-pore zeolites 
depend strongly on the configuration and 
flexibility (or compressibility) of the sorbate 
molecules and also on the temperature of 
sorption. The molecular diameters (d) for 
the different sorbates (Figs. 2-4) in their 
different orientations (with different con- 
formations) have been estimated from 
knowledge of their structures, configura- 
tions, bond angles, and bond lengths (13), 
using data given elsewhere (23, 14). The 
2,3-DMB molecule [which possesses iso- 
propyl groups (d, = 0.56 nm) at both ends] 
penetrates into the ZSM-5 channels at 
higher temperatures (2643 K) (I). There- 
fore, it is expected that the isooctane mole- 
cule, oriented with its isopropyl group in 
the direction of the zeolite channel, enter 
the channel but this is not observed. This is 
expected because even though the isooc- 
tane molecule may somehow manage to 
penetrate partially with difficulty (due to 
high steric hindrance) in the direction of its 
isopropyl group (d, = 0.56 nm), the higher 
resistance imparted by its tert-butyl group 
(d, = 0.7 nm) for further penetration may 
be responsible for the rejection of its pene- 
tration (Fig. 3). The 2,2-DMB (d, = 0.7 nm) 
is also found to be sorbed faster than the 
2,3-DMB (d, = 0.56 nm). These observa- 
tions indicate that when the sorbate mole- 
cule possesses two larger groups (viz. iso- 
propyl and tert-butyl groups), as in the case 
of 2,3-DMB (which possesses two iso-pro- 
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(Channel dio.=0.55nm) Mol~culor dla.(d)=0%6nm 
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FIG. 2. Sorption of larger size hydrocarbons oriented/aligned in the conformation most suitable for 
their entry and diffusion in medium-pore zeolites (channel diameter 0.55 nm). 

pyl groups) and isooctane (which possesses 
one isopropyl and one tert-butyl group), the 
effective steric hindrance produced is so 
large that either the sorption or the penetra- 
tion of sorbate molecule cannot occur at all 
or occurs only at higher temperatures. 

In the process of sorption in medium- 
pore zeolites such as ZSM-5 the sorbate 
molecules are subjected to the following 
two intracrystalline mass transfer resis- 
tances, which are operating in series: 

(i) resistance to entry of the sorbates 
into channel openings at the external sur- 
face of zeolite crystallites, 

(ii) the resistance to movement of the 

sorbate molecules inside the channels be- 
cause of their configurational diffusion. 

Therefore, the rate of sorption or sorption 
kinetics is expected to be limited or con- 
trolled by one of the two mass transfer re- 
sistances or by a combination of both, de- 
pending on the sorbate (mainly its size 
relative to zeolite channel size and also its 
configuration)-zeolite (mostly its pore size, 
channel structure, and all other factors af- 
fecting the configurational diffusion inside 
the zeolite channels) system. 

The first mass transfer resistance, which 
controls the entry of sorbate molecules into 
the zeolite channels, is expected to play a 
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FIG. 3. Sorption of larger size hydrocarbons oriented/aligned in the conformation most suitable for 
their entry and diffusion in medium-pore zeolites (channel diameter 0.55 nm; TMB, trimethylbenzene). 

very significant role in the sorption process, 
particularly when the size and configuration 
of the sorbate molecule in its different pos- 
sible orientations, as shown in Figs. 2-4, 
are such that either its entry in the channel 
is not permitted or the probability of its en- 
try is very small. The penetration of sorbate 
molecules is expected to take place only 
when the molecules, oriented with their 
most favorable conformation and possess- 
ing the minimum energy required for pene- 
tration in that conformation, collide with 
the channel openings. All the. other colli- 
sions, which do not satisfy the above condi- 
tions, do not result in penetration of the 

sorbate molecules. The probability of pene- 
tration (+,) of a particular sorbate is, there- 
fore, expected to be dependent on the frac- 
tion of molecules (fd possessing the 
minimum energy required for the complete 
penetration of the molecule in the channel 
and also on the probability of the orienta- 
tion of sorbate molecules in the most favor- 
able conformation (ao). Hence 

ffp = f” * cq). 

f, will depend on the size (relative to that of 
the channel opening), configuration, and 
compressibility (or molecular dynamics) of 
the sorbate molecules and on temperature, 
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FIG. 4. Sorption of larger size hydrocarbons oriented/aligned in the conformation most suitable for 
their entry and diffusion in medium-pore zeolites (channel diameter 0.55 nm). 

whereas cue depends on the number of possi- 
ble orientations of the molecules. For the 
penetration of small, simple molecules such 
as methanol molecules (d* = 0.4 nm) in 
ZSM-5, the value offm or o. is nearly unity, 
therefore, q, = 1, whereas for bulkier mole- 
cules such as 1,3,5-TMB, the values of both 
fm and o. are expected to be much less than 
one, hence q, << 1. 

However, the second mass transfer resis- 
tance (concerning the mass transfer inside 
zeolite channels) is expected to show its 
greater significance in the sorption of mole- 
cules whose entry into zeolite channels oc- 
curs with ease. Moreover, for sorption oc- 

curring with chemical reactions, the 
situation can be very interesting. For exam- 
ple, for the sorption of methanol with reac- 
tion on ZSM-5, the entry of methanol, be- 
cause of its smaller size, is expected to 
occur very easily, its diffusion inside the 
channel is also expected to be faster, but 
the products of its reaction (i.e., higher hy- 
drocarbons, including aromatics) are ex- 
pected to diffuse at much slower rates. The 
overall process is, therefore, expected to be 
controlled by the diffusion of product hy- 
drocarbons in the zeolite. In contrast, the 
sorption of 2,3-dimethylbutane in ZSM-5 
with chemical reaction is expected to be 
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controlled by its entry into the zeolite chan- 
nels. Because of its very high apparent re- 
activity (which is due to its very slow diffu- 
sion inside the channel), 2,3-dimethyl- 
butane is expected to be cracked at the first 
intersection it meets while diffusing inside 
the channels. The products of its cracking, 
which are simpler and smaller in size, can, 
however, easily diffuse out from the zeolite 
channels. 
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