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The conversion of methanol to olelins over ZSM-5 zeolites is described. The interdependence of 
reaction parameters T, P, contact time, and catalyst Bronsted acidity in controlling olelin selectiv- 
ity is characterized and interpreted. It is found that olefin formation can be decoupled from aroma- 
tization via a combination of high temperature and low catalyst acidity. 

INTRODUCTION 

The catalytic conversion of methanol to 
olefins has received increasing attention in 
recent years. Aside from its considerable 
mechanistic interest, the reaction relates to 
the broader question of converting syngas 
to light olefins for petrochemical use, or for 
synthesis of distillate hydrocarbons (I). 

Olefins are intermediates in the conver- 
sion of methanol to aromatic hydrocarbons 
over zeolites (2): 

; [2CH30H e CH30CH3 + Hz01 2 

CJL + d=bl (1) 
[CH,] = average formula of 
aromatic-paraffin mixture 

The steps in this sequence are generally 
coupled. The problem at hand is to find 
conditions under which the final aromatiza- 
tion step can be minimized or suppressed. 

Numerous approaches to this problem 
have been taken. The simplest strategy is to 
backtrack along the reaction path by de- 
creasing contact time and/or temperature. 
Here maximum olefin selectivity may be 
obtainable only at partial conversion, thus 
necessitating separation and recycle of un- 
reacted feed (3, 4). Essentially complete 
decoupling of olefination from aromatiza- 

tion can be achieved by reducing oxygenate 
partial pressure (5). At sufficiently low par- 
tial pressures, generally below atmo- 
spheric, this method affords high olefin 
yields at complete conversion. 

Improvement in olefin selectivity through 
ZSM-5 modifications using P (20), Mg (21), 
and silanes (22) has been reported. 

Small pore zeolites which cannot sorb ar- 
omatics, such as erionite and chabazite, 
have been found to produce light olefins 
from methanol (6-10). 

As earlier reported (2), olefin selectivity 
is enhanced at high temperatures. Addi- 
tional improvement gained through using 
high Si02/A1203 ZSM-5 catalysts in con- 
junction with high temperature has been 
recognized (11). 

This paper explores the interaction be- 
tween catalyst SiOz/A1203, temperature, 
and pressure in methanol conversion to ole- 
fins over ZSM-5. 

EXPERIMENTAL METHOD 

Materials. The catalysts used were ZSM- 
5 zeolites, synthesized with Si02/A1203 of 
molar ratio varying from 35 to 1670 accord- 
ing to the method of Argauer and Landolt 
(12). The zeolite was converted to the H- 

form via conventional NH4+ exchange fol- 
lowed by calcination at 538°C (13). Some 
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FIG. 1. Methanol conversion over HZSMJ. Hydrocarbon selectivity. 371 + l”C, 1 atm (101.3 kPa), 
1 LHSV. 

samples were partially exchanged to give 
intermediate levels of effective Si02/A1203. 

Methanol was reagent grade (Baker). 
Apparatus and method. Reactions were 

carried out in fixed-bed S-mm-i.d. Pyrex, 
stainless-steel or titanium microreactors. 
Titanium was used in higher temperature 
runs to minimize methanol decomposition. 
The microreactors contained 3 cm3 catalyst 
(14130 mesh). Temperature was measured 
by means of a thermocouple in an axial 
thermowell (3 mm o.d.) running the length 
of the reactor. Pressure was controlled with 
a back-pressure regulator at the reactor exit 
and products were analyzed by gas chroma- 
tography. Liquids were fed with a positive- 
displacement pump. Nitrogen diluent was 
fed through a Brooks mass flow controller. 

RESULTS AND DISCUSSION 

Influence of Si02/A1203 

The effect of varying catalyst Si02/A1203 
(Bronsted acidity) at constant space ve- 

locity, T, and P is to delineate the methanol 
reaction path. This is demonstrated through 
two series of runs, each carried out at 
37O”C, 1 LHSV, and 101.3 kPa. In the first, 
zeolite Si02/A1203 molar ratio was varied 
from 35 to 1670. In the second, the SiOZ/ 
A1203 was held constant at 70, while the 
Na/Al atomic ratio was varied from 0.12 to 
0.895 by partial Na exchange. It is assumed 
that this is equivalent to a Si02/A1203 molar 
ratio range of 80 to 667 based on proton 
concentration. These two sets of data are 
brought together in Fig. 1, which plots hy- 
drocarbon selectivity on an oxygen-free ba- 
sis against catalyst effective SiOz/A1203 ra- 
tio. The sequence 

CTC4 olefins + C5+ nonaromatics + 
aromatics + paraffins (2) 

is clearly evident, and is identical to the 
reaction path (Eq. (1)) established by varia- 
tion of contact time (2). 

It is also clear from Fig. 1 that under the 
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TABLE 1 

Methanol Conversion to Olefins Over ZSM-5 (370°C) 

Catalyst SiOz/A1203 1670 
LHSV, hr-’ 0.5 
Conversion, % 99.3 

Hydrocarbon distribution 
C,-Cs Paraffin 22.8 
CrCs Olefin 30.0 
Cc+ Nonaromatic 25.7 
Aromatics 21.5 

70 
24 
95.0 

24.2 
46.1 
10.1 
19.6 

reaction conditions little decoupling of ole- 
fination takes place save at partial feed con- 
version. Moreover when the space velocity 
was adjusted (LHSV = 0.5 hr-‘) to effect 
complete conversion in the high selectivity 
region (Si02/A1203 = 1670), significant aro- 
matics were made as shown in Table 1. In- 
cluded for comparison are data for a SiOz/ 
A&O3 = 70 catalyst obtained also at 370°C 
but at a space velocity (LHSV = 24 hr-‘) to 
yield similar olefin and aromatics selectiv- 
ity at high conversion. These data further 
illustrate, albeit qualitatively, the trade-off 
between contact time and catalyst Bronsted 
acidity. 

Significant decoupling of olefination be- 
comes observable at 450-500°C. The effect 
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FIG. 2. MeOH conversion over HZSM-5 (SiOZ/A120, FIG. 4. MeOH conversion over HZSM-5 (SiO,/AI,Oq 
= 70) 500°C (932”F), atmospheric pressure. = 500) 500°C (932”F), atmospheric pressure. 
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FIG. 3. MeOH conversion over HZSM-5 (SiOJ 
A&O,) = 142) 500°C (932”F), atmospheric pressure. 

of increasing Si02/A1203 ratio from 70 to 
1670 at 500°C on the reaction path is shown 
in Figs. 2-5, which plot selectivity vs 
space-time, T. For convenience, T = 10m2 hr 
has been indicated as a common reference 
in these figures to aid in their comparison. 
This is the space-time at which oxygenates 
conversion is essentially complete for SiOZ/ 
A&O3 = 70. Figure 2 shows that olefination 
and aromatization are coupled at Si02/ 
A1203 = 70, despite the high temperature. 
Upon increasing Si02/A1203, however, de- 
coupling is quickly established, as seen in 
Figs. 3-5, though higher contact times are 
then required for complete conversion. 
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FIG. 5. MeOH conversion over HZSMJ (Si02/A1203 
= 1670) 500°C (932”F), atmospheric pressure. 

The effect of Si02/A1203 on olefin yield at 
500°C is summarized in Fig. 6. Typical 
product distributions appear in Table 2. 

Pressure Effects 

As indicated above, olefin selectivity is 
greatly enhanced by conversion at subat- 
mospheric methanol partial pressures (5). 
In what follows, the effects of partial pres- 
sures of atmospheric and greater will be de- 
scribed. 

In one set of experiments, the effective 
contact time was kept constant by increas- 
ing both pressure and space velocity pro- 
portionately. Since pure methanol was the 
feed, methanol partial pressure at the reac- 
tor inlet was equal to the total pressure. As 
seen in Table 3, despite the equivalent con- 
tact times of the three runs, the olefin selec- 
tivity drops with increasing pressure. These 
data indicate that simply increasing the 
space velocity to compensate for a pressure 
increase does not in itself serve to maintain 
a constant olefin selectivity. 

In another set of experiments the total 
pressure was kept constant while methanol 
partial pressure was reduced by cofeeding 
water. The results of this study are also in- 
cluded in Table 3. This again shows that 
methanol partial pressure has a very strong 
effect on olefin selectivity, even above at- 
mospheric pressure. 

Kinetic Description 

Although a detailed kinetic analysis of 
the scheme represented by Eq. (1) has not 
been reported, a number of global schemes 

I)-' 
LHSV-‘, hr. 

FIG. 6. MeOH conversion over HZSM-5 Si02/A1203 effect 500°C (932”F), atmospheric pressure. 
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TABLE 2 TABLE 3 

Methanol Conversion to Olefins Over ZSMJ 
(SWC, 101.3 kPa) 

Effect of Pressure on Olefin Selectivity (482°C) 

Catalyst Si02/A1203 70 142 500 1670 
LHSV, hr’ 100 50 14.4 IO 

Total product distribution, wt% 
Hz0 55.93 55.96 51.77 54.00 
DME 0.20 0.98 3.67 0.59 
MeOH 0.29 2.50 2.90 0.95 
co 0.09 0.05 0.10 0.84 
co2 0.01 0.01 0.04 0.59 
H2 0.01 0.02 0.15 0.42 
Hydrocarbon 43.47 40.48 43.37 42.53 
% Conversion 99.43 96.14 92.00 98.23 

Hydrocarbon distribution, wt% 

Total (atm) pressure 1 3 6 3 3 
J&W Mm) I 3 6 I 0.4 
LHSV (MeOH), hr-’ 2 6 12 2 2 
[CH,] Cow. (%) 100.0 99.8 96.8 100.0 99.1 
CrCS Olefins in HC 

(wt%) 58 44 41 65 77 
Aromatics in HC 

(wt%) 13 16 20 12 7 

of interest here. In this model methanol and 
dimethyl ether (together referred to as “oxy- 
genates”) are assumed to be at equilibrium 
(1%Z7), and can thus be treated as a single 
kinetic species or “lump.” Olefins are 
lumped together, as are aromatics and par- 
affins. The disappearance of oxygenates 
and olefins are assumed to be first-order. 

Methane 
Ethane 
Ethylene 
Propane 
Propylene 
i-Butane 
n-Butane 
Butenes 
i-Pentane 
n-Pentane 
Pentenes 
Cg+ Nonaromatic 
Benzene 
Toluene 
Ethylbenzene 
Xylenes 
Ais 
All?+ 

G-G 
CI--cs2- 
C6+ PON 
Aromatics 

0.99 1.26 1.15 3.67 
0.12 0.13 0.11 0.23 

10.48 9.94 7.43 7.75 
3.76 1.92 0.56 0.48 

22.60 35.14 39.40 37.59 
7.82 4.32 0.73 0.60 
1.60 0.74 0.21 0.16 

16.56 17.61 21.58 20.43 
4.80 2.97 0.81 0.62 
0.65 0.52 0.52 0.47 
5.91 8.35 12.13 10.25 

10.63 9.50 7.59 8.98 
0.22 0.12 0.17 0.18 
1.28 0.67 0.70 0.51 
0.32 0.18 0.16 0.16 
6.87 3.58 3.71 2.80 
4.31 2.55 2.61 3.98 
1.09 0.47 0.40 1.48 

19.74 11.88 4.10 6.24 
55.55 71.04 80.55 76.03 
10.63 9.50 7.59 8.98 
14.08 7.58 7.77 8.72 

of varying complexity have been proposed 
(14). For the present work, a simple kinetic 
model 

(3) 

A = oxygenates (as CHJ 
B = olefins 
C = aromatics + paraffins 

has proven satisfactory. This is due partly 
to the fact that aromatics and paraffins are 
relatively minor components in the domain 

The parameter k, was determined from 
conventional first-order semilog plots of ox- 
ygenate disappearance vs 7. Typical data 
are shown in Figs. 7 and 12 for varying tem- 
perature and Si02/A1203 ratio (at SOWC). A 
small deviation from linearity is apparent at 
low conversions. This is attributed to auto- 
catalysis (18), which is neglected in the 
simplified kinetic treatment. The parameter 
k2 was then determined from 

kl WI = k2 _ k, (e- kp - e-kq (4) 

k, q 0.912rlO~’ min I 

FIGURE 7 
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using the Newton-Raphson method (19). 
Representative data obtained at SiOz/ 

A1203 = 500 are plotted in Figs. 8,9, and 10 
for 400,450, and 500°C. Here the curves are 
generated from the model, and are superim- 
posed on experimental points. Figure 11 is 
an Arrhenius plot of k, and kZ. As indicated, 
the apparent activation energy is 19.3 kcal/ 
mole for olefin formation. However, the 
data show little or no temperature depen- 
dency of aromatization. This may be indic- 
ative of strong pore diffusion control, al- 
though some type of compensation effect 
cannot be ruled out at present. Nonethe- 
less, this result provides a rationale for tem- 
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TIME :MIN, 

4 5 6 

FIGURE 9 
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TIME MN) 

FIGURE 10 

perature effect on selectivity of olefins from 
methanol. 

Figures 13 and 14 are similar to the pre- 
ceding figures except that temperature was 
held constant at 500°C for Si02/A1203 = 400 
and 1670. (For Si02/A1203 = 500, see Fig. 
10.) Again, the curves displayed are theo- 
retical. 

The ratio kl/k2, a measure of olefin selec- 
tivity, is plotted against Si02/A1203 in Fig. 
15 along with supplemental data. It is seen 
that kllk2 increases with increasing SiOz/ 
AlzOj, indicating a difference in the degree 
of dependency on Bronsted acidity be- 
tween the two reactions. 
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FIGURE 12 
The combination of low acidity and high 

temperature is therefore vital toward maxi- 
mizing olefin selectivity. 
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This study has shown that in the conver- 
sion of methanol to hydrocarbons over 
ZSM-5 zeolites, selectivity to olefins can be 
enhanced by a cooperative effect of in- 
creased temperature and increased catalyst 
SiOZ/A1203. This selectivity enhancement is 
due to decoupling of olefin formation from 
aromatization, brought about by differ- 
ences in the activation energy and acid-de- 
pendency of the two reactions. 
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