
JOURNAL OF CATALYSIS 118, 487-493 (1989) 

Shape-Selective Pathways in Methanol Conversion 
over Zeolite Catalysts 

INTRODUCTION 

Mechanistic studies of the catalytic con- 
version of methanol over HZSM-5 (I, 2) 
have so far concentrated mostly on the in- 
triguing problem of the first C-C bond for- 
mation (3, 4) and less attention has been 
paid to final mixtures. However, in this 
multistep reaction, precyclization path- 
ways are clearly not intracrystalline diffu- 
sion controlled. Thus, olefin formation, 
growth, and cracking, unlike formation and 
distribution of the largest attainable mole- 
cules-naphthenics and aromatics- cannot 
reflect the special shape-selective proper- 
ties of HZSM-5. The upper cutoff in prod- 
uct size over HZSM-5 presents a problem: 
HZSM-5 catalysts effective in the produc- 
tion of “gasoline” from methanol are non- 
para-selective providing, e.g., in the case 
of xylene, the thermodynamic equilibrium 
mixtures of positional isomers whereas un- 
der comparable conditions a highly para- 
selective HZSM-5 converts methanol 
mainly to small olefins. These facts are not 
realized straightforwardly. So is the fact 
that unlike the more widely open zeolites, 
such as HY and H-mordenite (HM), small- 
crystal (~1 pm) HZSM-5 exhibits in metha- 
nol conversion and other transformations 
an astonishingly high resistance against de- 
activation. This apparently contradicts sim- 
ple intracrystalline diffusion behavior ac- 
cording to which product growth above a 
certain critical molecular size soon causes 
practically irreversible zeolite pore-plug- 
ging thereby suppressing totally the cata- 
lytic activity. Large and/or modified 
HZSM-5 catalysts indeed reflect this prop- 
erty. 

A plausible explanation to the above find- 

ing is that the catalytic activity of HZSM-5 
is a combined paru-selective internal and 
non-puru-selective external activity (5-7). 
Further, the external catalytic sites might 
be shape-selective (5) by virtue of their 
“nesting” properties (8, 9) which may be 
more pronounced than those of the large- 
porr zeolites. The alternative approach for 
shape-selectivity, based (for a given chemi- 
cal system) solely on the length of the intra- 
crystalline diffusion pathway (IO) which de- 
termines the effectiveness factor (7) for 
each product compound, appears to face 
serious drawbacks. It requires the assump- 
tion of primary product reentry into the 
crystal channels to explain lack of shape- 
selectivity and the estimated diffusion path- 
ways leading to nonselective catalysis seem 
restricted to the order of magnitude of the 
cell parameter (a few nanometers). A re- 
cent theoretical study (II) shows the influ- 
ence of combined external (7 = 1) and in- 
ternal (7 5 1) catalytic activity in zeolites 
on the overall effectiveness factor. It may 
be interpreted as supporting the view that 
shape-selectivity, e.g., in HZSM-5, de- 
pends on the interplay between internal and 
external catalytic regime. 

In this note we report on “final” product 
mixtures obtained in comparative batch ex- 
periments of methanol conversion over 
HZSM-5, HY, and HM and in comparative 
continuous-flow experiments using HZSM- 
5 samples of different properties. The 
results are believed to be in accord with the 
idea of shape-selective external activity 
[“nest effect” (S)] in HZSM-5. 

METHODS 

Absolute methanol (299.6%) was ob- 
tained from Frutarom, Israel, and Argon 
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(899.99%) from Oxygen Center, Israel. 
The catalysts used in this study were de- 
scribed in detail elsewhere (22). SC is a 
“standard” Mobil sample-a small-crystal 
(so.5 pm) ZSM-5 in its H+-form. LC-1 is 
a large-crystal (5-10 pm) HZSM-5, and 
LC-2 is a large-crystal HZSM-5 containing 
a silica-boria amorphous phase. All the 
above HZSM-5 samples have Si/Al ratio of 
530. 

Batch experiments were performed in a 
magnetically stirred 250-ml Parr-type auto- 
clave at 400°C. In the case of SC, 1 g of 
catalyst was used with 20 ml methanol, 
while in the case of HY and HM, 5 g of 
preactivated catalyst was used with 50 ml 
methanol. During heating, a pressure 
buildup occurred (2-3 MPa). After 1 h, 
heating was stopped and the autoclave was 
allowed to cool down to room temperature. 
The excess gas pressure was then released 
before the autoclave was opened. With SC, 
the liquid product had a substantial organic 
layer above the aqueous phase. With HY 
and HM, only a large yellowish oil drop of 
organic liquid was obtained over the aque- 
ous phase. The organic liquids were ana- 
lyzed on Finnigan 4021 GC-MS instrument 
using a 30-m SE-54 capillary column (pro- 
gramming: 45°C 5 min, 4°C min-*, 200°C) 
and on Tracer 560 gas chromatograph 
equipped with an FID and a 3390A 
Hewlett-Packard integrator or a CSI super- 
grator-3A, using an OV-101 capillary 
column. 

Flow experiments were performed under 
atmospheric pressure in a system and em- 
ploying a procedure as described before 
(12). The condensed effluent was phase 
separated and each phase was weighted. 
The organic liquid was analyzed as before 
(12). The cold gas product was either 
trapped in a plastic bag for analysis or 
vented. Quanitative gas analyses were per- 
formed by wet test meter measurements. 
The amount of product gas was obtained by 
subtracting the amount of carrier gas from 
the total. For immediate periodic GC analy- 
ses, small gas samples (a few milliliters) 
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FIG. 1. Product distribution profile in batch experi- 
ments of methanol conversion over different zeolite 
catalysts. Symbols (x, o) represent corresponding lit- 
erature results (Ref. (I)) of continuous-flow experi- 
ments (37O”C, 0.1 MPa, LHSV 1). MN, methylnaph- 
thalene; DMN, dimethylnaphthalene. 

were taken by a plastic gas syringe through 
a septum port installed in the gas tower far 
from its exit. Aqueous and gas samples 
were analyzed by gas chromatography over 
Porapak Q and Porapak QS columns. Un- 
der these analytic conditions no CO and Hz 
could be detected and their possible exis- 
tence in the product gas was ignored. 

RESULTS 

I. Butch Experiments with HZSMS (SC), 
HY, and HM 

The batch mode, by providing a very long 
contact time between reactant and cata- 
lyst, allows to obtain approximately final 
reaction mixtures at 100% methanol con- 
version and thus assures “steady state.” 
However, literature results with HZSM-5 
and HM up to carbon number 10, obtained 
in the fixed-bed flow mode at a rather mod- 
erate contact time (I), appear in excellent 
agreement with our results thus establish- 
ing the meaning of the term final mixture in 
the present context. This is demonstrated 
in Fig. 1 in which results are plotted as cu- 
mulative product weight percent against 
carbon number. The significance of the 
present work is that it exceeds the Cl0 limit 
giving the entire product distribution, and 
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TABLE 1 

Largest Single Products (wt%) in Organic Layer 
Obtained in Batch Experiments of 

Methanol Conversion 

HZSM-5 HY HM 

Toluene 
Xylene 

12.9 
42.0 (m + p) 

8.0 (0) 
TMB 20.2 8.2 
TTMB I .8 (1,2,4,5) 7.8 6.7 
PMB 11.5 13.5 
HMB 16.8 13.7 

that it provides product structural identifi- 
cation as based on GC and GC-MS analy- 
sis. Since catalyst deactivation is not the 
result of chemical poisoning of catalytic 
sites but of pore-plugging and/or coke lay- 
down, even if the obtained mixtures could 
not be further converted because of catalyst 
deactivation, they nevertheless adequately 
reflect diffusional constraints owing to size 
limitation. As shown in Fig. 1, a transition 
region is observed in all cases, which is 
shallow for HY and HM and much sharper 
for HZSM-5. A parallel curving is detected 
for HY and HM but the plot of HM shifts 
- 1.5 carbon units toward a higher number 
and this may be explained by examining Ta- 
bles 1 and 2. Table 1 presents the largest 
single products in the organic layer. For 
HZSM-5 (SC), the xylenes constitute 50% 
of total product, of which more than 85% 
are the mono-ring C,-Cl0 aromatics. HM 
and HY give a quite different picture with a 
much wider product distribution. Penta- 
methylbenzene (PMB) and hexamethylben- 
zene (HMB) are far in excess to other prod- 
ucts and constitute -28% of the entire 
mixture while, in contrast, the amount of 
toluene and xylene (not shown) is only a 
few percent. Table 2 presents a comparison 
between HZSM-5 and HM, based on the 
GC-MS analysis, in terms of structural for- 
mulas of the main compounds found in the 
CiO-Cl6 range and the total number of prod- 
ucts detected at each empiric formula. In 

the case of HZSM-5, there is preference for 
elongated aromatics and the only products 
observed above Cl0 are naphthalenics. In 
contrast, for HM most identified com- 
pounds up to Ci3 were tetra-, penta-, and 
hexaalkylbenzenes, with methyl and ethyl 
as alkyl groups. However, from Cl3 on, the 
product mixture apparently contained al- 
most exclusively polymethylnaphthalenes 
and their hydro precursors. As seen in Fig. 
1, these compounds constitute ca. one-third 
(!) of total product. With HY, the Cf3+ frac- 
tion (of total organic liquid) is only -0.06. 

2. Continuous-Flow Experiments with 
HZSM-5 (SC, LC-1, and LC-2) 

Extreme behaviors are observed for SC 
and LC-2 while LC-1 is a sort of midway 
between the two (Table 3). The differences 
between SC and LC-2 are easily seen in 
Figs. 2 and 3 presenting mass balance and 
hydrocarbon (HC) gas composition, re- 
spectively, as a function of time on stream 
(TOS). SC exhibits approximately constant 
activity during at least -8 h (Fig. 2A) and a 
typical and constant buteneipropane-rich 
gas mixture is obtained throughout the run 
(Fig. 3A). These results are similar to those 
reported in the literature (13). However, 
the effect of TOS in the case of LC-2 is very 
pronounced. Initially, the behavior is simi- 
lar to that of SC but after -2-3 h catalytic 
activity gradually declines as indicated by 
the amount of unreacted methanol, the pro- 
duction of dimethyl ether, and the decrease 
in organic liquid (Fig. 2B). Changes in the 
HC gas are also dramatic (Fig. 3B)-a 
strong decline in propane and butenes and a 
sharp increase in ethene and propene. Inhi- 
bition of the propene-to-propane reaction 
is, as expected, parallel to the suppression 
of aromatization, while the decrease in bu- 
tenes may be at least partially correlated 
with the increase in ethene, hence attrib- 
uted to a decline in ethene dimerization. 

Table 3 compares catalysts SC, LC-1, 
and LC-2 in terms of product distribution in 
the organic liquid at two on-stream times. 
SC gives a constant product distribution 
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TABLE 2 

Product Identification in the Cl,,-Cl, Range of Hydrocarbon Mixtures Obtained 
in Batch Methanol Conversion Experiments 

w tn 

lii?zsa L7a.b ND. Of 
rnrdrcts kyca,b 

wh 2 No) 

CloHl4 4 =w$h 3 @&+- 
.---- -------________ ---------_----------___ 

%l"lO 1 
a3 

cll%Z 3 ucDJ%x 

ClPl4 3 
mo) 

CllH16 
3 M4 

Cll"l8 1 Km 

---- -------------______ ------------------_ 

ClPl2 1 xm/Jcxr 

kPl8 3 +3&# 

---- ---------------_---------------------- 

Cl3%4 2 xxx 

%3%8 1 Id) 

%%3 1 (4) 

____ _------------------------------------- 

c14H16 3 (NJ 

Cl4"20 1 
(W 

0 
____ ______---------_---------------------- 

ClS"l8 4 qh 

___- _---__-------------------------------- 

c16H20 1 

I’ Uncertain identifications are in parentheses. 
h Only seemingly most probable isomers are presented. 
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TABLE 3 

Organic Liquid Analysis (wt%) in Methanol 
Conversion under Flow Conditions0 

TOS (h): I .I5 7.75 

Catalyst: SC LC- I LC-2 SC LC- I LC-2 

Nonaromatics 13.5 12.4 16.3 12.3 22.1 32.2 
BeKZe!le 1.6 1.0 I.9 1.4 2.6 3.9 
Toluene II.4 II.6 14.9 II.1 1.3 2.5 
Ethylbenzene I.3 1.8 I.6 1.2 1.2 I.4 
Xylene 

P- 9.3 21.1 32.0 9.8 22.5 34.9 

m- 18.5 23.8 12.0 19.5 15.3 3.9 
o- 9.2 9.9 4.0 9.5 5.9 1.4 

Ethyltoluene 

P- I.5 2.9 5.2 1.6 4.2 7.4 
m- 3.3 4.1 3.5 3.3 4.2 I.3 
o- 0.6 - 0.2 0.6 0.1 - 

TMB 
I ,2,4- 20.1 9.2 4.8 20.6 10.9 4.3 

1.2,3- 1.4 0.4 0.6 0.6 0.6 0.8 
Dimethylethylbenzene 2 9 0.7 I.0 3.1 0.8 1.6 
1,2,4,5-TTMB 4.5 1.0 I.1 4.8 2.0 0.6 
Others 0.9 0.1 0.9 0.6 0.3 3.8 

Xylene isomer 
distribution (%) 

P 
m 
0 

25. I 38.5 66.6 25.2 51.6 86.9 

50.0 43.5 25.0 50.3 35.0 9.7 

24.9 18.0 8.4 24.5 13.4 3.4 

y For reaction conditmns, see Fig. 2. 

whereas LC-2 exhibits remarkable changes 
with time. The main trends are a relative 
increase in nonaromatics (mainly, olefins 
and naphthenes) and an increase in para- 
selectivity. While SC appears entirely non- 
para-selective, LC-2 exhibits a high initial 
paru-selectivity, as reflected by both xylene 

and ethyltoluene isomer distributions. 
puru-Selectivity increases with TOS (in 
parallel with the decline in conversion, see 
Fig. 2B). With SC, the major aromatic 
product is 1,2,4-trimethylbenzene (1,2,4- 
TMB, -20%) while in the case of LC-2 the 
main aromatic product is p-xylene. The 
amount of 1,2,4-TMB is ca. fourfold 
smaller with LC-2, compared to SC. Like- 
wise, dimethylethylbenzene and I ,2,4.5- 
tetramethylbenzene (1,2,4,5-TTMB) are in 
much smaller concentrations in the liquid 
product of LC-2 than in that of SC. A simi- 
lar change in the 1,2,4,5-TTMB content in 
methanol conversion mixtures was previ- 
ously correlated with HZSM-5 crystal size 
(14). Table 3 thus confirms that with LC-2 
there is considerably less tendency for aro- 
matic polyalkylation while in the case of 
SC, substantial amounts of TMB and 
TTMB are produced with pronounced se- 
lectivity for the smallest isomers. PMB and 
HMB are not observed over HZSM-5 (any 
sample) even in traces. 

DISCUSSION AND CONCLUSIONS 

Shape-selectivity in zeolitic channels is 
attributed to the fact that molecules of dif- 
ferent critical sizes at a size-range compara- 
ble with the channel cross-sectional dimen- 
sions diffuse in the intracrystalline space at 
different rates. It is further assumed that 
intracrystalline molecular diffusivities cor- 

TOS, h TOS, h 

FIG. 2. Effect of time on stream on the efficiency of methanol conversion (37O”C, 0.1 MPa, WHSV 
1.5). (A) Catalyst, SC. (B) Catalyst, LC-2. 
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FIG. 3. Effect of time on stream on product HC gas 
distribution in methanol conversion (reaction condi- 
tions, as in Fig. 2). (A) Catalyst, SC. (B) Catalyst, 
LC-2. 

relate with molecular critical size. Thus, 
one can interpret results of a shape-selec- 
tive process in terms of critical sizes, using 
a proper molecular size scale (for example, 
the one employed in Ref. (5)), instead of 
diffusivities whose relevant values under 
the reaction conditions are usually impos- 
sible to obtain or at best, not readily avail- 
able. 

The results obtained in this study for HY 
and HM seem to correlate very well with 
the particular channel systems and the 
diffusional constraints imposed by them, 
both in terms of type of product and in 
terms of product distribution. The molecu- 
lar size of the largest single products ob- 
tained, namely PMB and HMB, is in excel- 
lent agreement with the 1Zring channel 
dimension of both HY (7.4 A) and HM (see 
below, Fig. 4). As expected, these channels 
do not cause any shape-selectivity in mono- 
ring aromatics below the critical size of 
PMB. The shift of the HM curve in Fig. 1, 

with respect to the curve of HY, may in 
part reflect a higher tendency of HM to pro- 
duce elongated double-ring compounds. 
This can be attributed to the fact that the 
1Zring channels of mordenite are straight 
whereas those of zeolite Y have a zigzag 
array in which large and elongated mole- 
cules (e.g., polymethylnaphthalenes) may 
be caught by the so-called faujasite trap 
w. 

The medium-port IO-ring channel system 
of HZSM-5 imposes a shape-selective re- 
gime which is entirely different than that of 
HY and HM. We believe that this is best 
manifested in the case of LC-2, a highly 
paru-selective catalyst (Table 3) whose cat- 
alytic activity drops considerably with 
TOS, as expected for intracrystalline zeo- 
lite catalysis. This catalyst is inefficient in 
the conversion of methanol to gasoline but 
after 8 h on stream it was found effective in 
methanol dehydration and production of 

IO-RING II-RING 
HZSM-5 

80 I HF 

0 
5.0 5.5 80 6.5 7.0 

Critical Diameter (Al 

FIG. 4. Aromatics distribution as a function of criti- 
cal molecular diameter for different zeolites at differ- 
ent TOS (open symbols, 1.75 h; closed symbols, 7.75 
h, see Table 3). Because of the complexity of the mix- 
ture obtained with HM, only an estimate could be 
gained in this case (broken line). Zeolite opening val- 
ues (nominal) are as given in W. M. Meier, and D. H. 
Olson, “Atlas of Zeolite Structure Types,” Structure 
Commission of the International Zeolite Association, 
1978. The molecular diameter scale is as used before 
(5): 5. l-benzene, toluene, ethylbenzene, p-xylene, p- 
ethyltoluene, andp-diethylbenzene; 5.8--m,o-xylene, 
m-ethyltoluene, 1,2,4-TMB, 1,2,4,5TTMB, and 1,2,4- 
dimethylethylbenzene; 6.1~-o-ethyltoluene, 1,2,3- 
TMB, and 1,2,3,4-TTMB; 6.5-PMB; 7.0-HMB, and 
polymethylnaphthalene (e.g., 1,2,3,5,6,7-hexamethyl- 
naphthalene and precursors). 
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olefin-rich Cz-Cs gas mixtures. In contrast, 
SC is non-para-selective, highly efficient in 
gasoline production, and not affected by 
TOS at least during 8 h. While going from 
the silica-boria-modified LC-2 to the un- 
modified LC-1, then to the small-crystal 
SC, external surface size/activity is in- 
creased and the tortuosity of the intracrys- 
talline diffusion pathway is decreased. 
Either one of these two effects may, 
in principle, explain shape-selectivity in 
HZSM-5, but we believe that the former ef- 
fect provides a simpler and wider explana- 
tion to the experimental findings. 

Figure 4 presents the organic liquid anal- 
ysis for the different zeolite catalysts exam- 
ined, both in the batch and in the flow ex- 
periments, as weight percent of product 
against critical molecular size. In the case 
of HZSM-5 catalysts, results are presented 
for the two on-stream times (Table 3), 
namely, 1.75 and 7.75 h. The picture re- 
vealed in Fig. 4 is self-explanatory. Of the 
three different declines in product content 
as a function of molecular size, two (i.e., 
the first and third) are easily associable with 
channel dimensions (i.e., cross-sectional 
free diameter of the lo- and lZring, respec- 
tively). For both LC-I and SC, product dis- 
tribution peaks in between the extremes, 
giving the second decline, the effect being 
most pronounced for SC with which almost 
no TOS dependence is noted. The interplay 
between the 5.1 and 5.8 points and the fact 
that regardless of the type of HZSM-5 cata- 
lyst and TOS, product amount correspond- 
ing to the 6.1 point is always almost insig- 
nificant, suggest that shape-selectivity in 
HZSM-5 is of a discontinuous nature. The 
second decline can, therefore, be assumed 
to result from surface or near-surface cata- 
lytic activity. The nesting principle (8) 
which applies to strongly curved surfaces 
allows to explain shape-selectivity of exter- 
nal HZSM-5 sites as well as their resistance 
against coking. Thus, according to Fig. 4, in 
an efficient methanol-to-gasoline process 
(e.g., using SC), the major gasoline product 
is attributable to external or near-external 
surface activity of HZSM-5. Certainly, 

more rigorous research is required in order 
to establish this view. 
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