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The properties of the heteropoly acids, 12-molybdophosphoric acid, 12-tungstosilicic acid, and 
12-tungstophosphoric acid, and the dimeric 9-tungstophosphoric acid have been examined. The 
conversion of methanol to hydrocarbons has been employed as a test reaction for the activity and 
selectivity of these catalysts. The effects of variations in reaction temperature, calcination temper- 
ature, and environment (air, helium, hydrogen), and residence time have been studied, and the 
catalysts have been characterized by measurements of surface area, pore size distributions, X-ray 
powder diffraction, and the chemisorption of ammonia. 

INTRODUCTION 

Interest in this laboratory has centered 
on stoichiometric and nonstoichiometric 
acidic heterogeneous catalysts, particularly 
those containing phosphorus, oxygen, and 
one other element, the latter usually a metal 
(I). Initially our attention was focused on 
those catalysts where the third element is 
boron, but more recently work has been ex- 
tended to include a variety of metals as the 
third element (2). It appeared both interest- 
ing and worthwhile to expand the study to 
include those solid acidic catalysts where 
four elements are present. Among such cat- 
alysts are the so-called heteropoly acids. 

The synthesis of various heteropoly acids 
dates back to as early as 1826 (3), but stud- 
ies of their properties are of more recent 
vintage. Tsigdinos has recently published 
several excellent comprehensive reviews of 
heteropoly compounds (4, 5). Although 
some reports of the catalytic properties of 
the heteropoly compounds, particularly 
those containing molybdenum, appeared 
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over 10 years ago (6, 7), it is only in the last 
several years that the interest in this aspect 
has intensified. The 12-molybdophosphoric 
acid and its salts have been shown to be 
active in the oxidation of methacrolein (8) 
and infrared spectroscopy has been em- 
ployed to show that this heteropoly acid 
owes its acidic properties almost entirely to 
BrBnsted sites (9). Heteropoly acids and 
their salts are also effective catalysts for 
liquid-phase reactions such as the oxidation 
of olefins (IO), the hydration of olefins (II), 
the polymerization of benzyl alcohols (22), 
and the alcoholysis of epoxide (Z-1). Tem- 
perature-programmed reduction combined 
with infrared spectroscopy has been used 
to study the effect of hydrogen treatment 
on 12-molybdo- and 1Ztungstophosphoric 
acids (14). Heteropoly acids (15) and the 
copper and silver salts of lZtungstophos- 
phoric acid (16) have very recently been 
shown to have activity for the conversion 
of methanol to hydrocarbons. 

The present work involves the 12-molyb- 
dophosphoric, IZtungstosilicic, and 12- 
tungstophosphoric acids and the dimeric 9- 
tungstophosphoric acid. The study employs 
the methanol conversion to hydrocarbons 
as the test reaction for measuring the activ- 
ity and selectivity of these catalysts. The 
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effects of variations in reaction tempera- 
ture, calcination temperature and condi- 
tions (air, helium, hydrogen), and residence 
time have been studied, and the catalysts 
have been characterized by measurements 
of surface area, pore size distributions, X- 
ray powder diffraction, and the chemisorp- 
tion of ammonia. 

EXPERIMENTAL 

Apparatus and procedure. Methanol 
conversion was carried out in a microcata- 
lytic pulse reactor. Catalyst powder was 
packed in a short section of v stainless- 
steel tubing. At the inlet of the reactor, car- 
rier gas (helium, 30 mYmin) was split into 
two streams, one of which was passed 
through the catalyst bed and the remainder 
by-passed the reactor. The flow rate of the 
reactor-helium was adjusted to a given 
value using a calibrated glass-capillary/di- 
butyl phthalate manometer and a needle 
valve. The by-pass stream and that exiting 
from the reactor were joined together and 
lead to the column for analysis of the prod- 
ucts by gas chromatography. Apparent res- 
idence time (W/F) is defined in this paper to 
be the ratio of catalyst weight (W) and flow 
rate of reactor helium (F). Prior to the start 
of the reaction, the catalyst was heated up 
to the reaction temperature in a flow of he- 
lium, which was vented before the inlet of 
the column. During the preconditioning pe- 
riod the gas chromatograph was operated 
separately. After switching to the analysis 
mode, an aliquot of methanol (2 pl = 49.4 
pmol) was injected through a septum at the 
top of the reactor and the products were 
analyzed directly. Attempts were made to 
analyze after trapping by liquid-nitrogen 
but it was found that methane and carbon 
monoxide passed through the trap. Metha- 
nol, dimethyl ether, carbon monoxide, car- 
bon dioxide, and Cr-C3 hydrocarbons were 
analyzed by $’ x 10 ft Porapak Q at 70°C 
and C4-C6 hydrocarbons by a series column 
of Q” X 1.7 ft Durapak (Carbowax 4OO/Pora- 
sil C) and $’ X 10 ft 15% SqualaneKhromo- 

sorb W at 50°C. Yields are expressed on a 
carbon-number basis. 

Materials. 12-Tungstophosphoric and 12- 
molybdophosphoric acids were obtained 
from BDH Chemicals. 12-Tungstosilicic 
acid was Baker analyzed reagent. Dimeric 
9-tungstophosphoric acid was prepared in 
our laboratory after Wu (17). The method 
employed for the determination of tungsten 
and phosphorus in these heteropoly acids 
will be published elsewhere (28). Methanol 
was Baker Photrex grade reagent. Dimethyl 
ether and other gases were obtained from 
Matheson as CP grade in lecture bottles. 
All chemicals and gases were used as re- 
ceived. 

Characterization of catalysts. Pore size 
distribution and surface area were mea- 
sured with a Micromeritics Autopore 9200, 
where the contact angle and surface tension 
of mercury were taken to be 140” and 485 
dynlcm, respectively. Acid strength was 
determined by the indicator method (29). 
Indicators (pKa) used were: Benzeneazo- 
diphenylamine (+ 1.5), Dicinnamalacetone 
(-3.0), Benzalacetophenone (-5.6), and 
Anthraquinone (-8.2). Total amounts of 
acidic site were estimated from the chemi- 
sorption of ammonia at room temperature 
using a quartz-spring balance. An aliquot of 
sample was evacuated overnight and after 
equilibrating at 350 - 400 mm Hg of ammo- 
nia pressure was again evacuated overnight 
to a constant weight. Powder X-ray diffrac- 
tion employed a Phillips diffractometer 
(Model PW-1011/60) at 40 kV and 30 mA 
with CuKa radiation. 

RESULTS 

Thermal Stability of Heteropoly Acids 

Heteropoly acids are known to be highly 
hydrated. Various amounts of water of 
crystallization, n = 30 (20), 29 (5, 20, 27.5 
(22), and 24 (20) for HsPWr20N * nH20 at 
room temperature, have been reported. 
Freshly recrystallized lZtungstophos- 
phoric acid is expected to be 29-hydrate, 
which was confirmed by X-ray structural 
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FIG. 1. Decrease in weight and phosphorus content 
in calcination of H3PW12040. 24H,O. 0, Calcined in air 
for 3 hr (static); 0, calcined in helium for 2 hr (flow); 
X, phosphorus content; dashed line, DTA by West and 
Audrieth (25). 

analysis (22), and readily converts to 24- 
hydrate on standing (20). As pointed out by 
Tsigdinos (5), some of the differences in the 
reported thermograms and hydration num- 
bers may be due to failure to attain equilib- 
rium conditions (22, 23). 

Figure 1 shows the weight loss in calcina- 
tion of H3PW1Z040 - 24H20, where an ali- 
quot of the hydrate was heated in air for 3 
hr (static) and in helium for 2 hr (flow) at a 
given temperature. Phosphorus content of 
the starting hydrate by EDTA-analysis (18) 
was 1.015 atom/Keggin unit as 24-hydrate. 
Weight loss was observed in three stages. 
The first stage shows the removal of zeolitic 
water to give the 4 - 5-hydrate. Keggin (24) 
obtained j-hydrate over phosphorus pent- 
oxide. The second stage shows the forma- 
tion of anhydrous acid at 350 - 450°C in 
good agreement with the differential ther- 
mal analysis (DTA) reported by West and 
Audrieth (25). Powder X-ray data given in 
Fig. 2 shows broadening and decrease in 
intensity at temperatures around 400°C but 
provides evidence for retention of the 
heteropoly structure. Further weight loss 
and substantial change in the X-ray pattern 
were observed at temperatures above 
525°C. Although DTA data (25) suggest the 
heteropoly structure of lZtungstophos- 
phoric acid decomposes at 600°C our 

results show the decomposition starts as 
low as 500°C in the case of prolonged heat- 
ing. The weight loss in this high-tempera- 
ture region was attributed to loss of phos- 
phorus as evident from the results shown in 
Fig. 1. The phosphorus is presumably lost 
through the sublimation of P205. 

Pore Size Distribution and Surface Area 

X-Ray structural analysis (21) for H3 
PWi2Om * 29H20 shows [PWizOJ3- and 
[H3 * 29H2013+ occur alternately at the cor- 
ners of the body-centered cubic lattice. 
Both the heteropoly anion and 29H20 are 
close to 10 A in diameter if assumed to be 
spherical. Water molecules in the inter- 
stices between heteropoly anions show 
zeolitic behavior and can be removed on 
heating without change in crystal structure. 
Thus it has been believed that calcined 
heteropoly acids should be very porous 
with high-surface area (25). 

However, the surface area of calcined 12- 
tungstophosphoric acid as measured by 
mercury porosimetry was relatively low, 
ranging around 4 - 5 m2/g as shown in Ta- 
ble 1. If the water molecules were removed 
without change in the arrangement of 
heteropoly anions the surface area can be 
estimated to be as high as 650 m2/g based 
on the formula weight and diameter of 
[PW12040]3-, 2877 and 10 A, respectively. 
Since the pore radii reported here are con- 
fined to a range with a minimum value of 15 
A, the surface area as measured by mer- 
cury penetration may be somewhat low. 
The N2BET area was, however, found to be 
approximately the same as that found by 
porosimetry (Table 1). In contrast with ex- 
pectation (25), the surface area of calcined 
1Ztungstophosphoric acid (4 - 5 m2/g) was 
lower than that of uncalcined 24-hydrate 
(7.9 m2/g), suggesting that pore shrinkage or 
collapse has occurred during the removal of 
water molecules. 

Figure 3 shows pore size distribution for 
1Ztungstophosphoric acid. The distribu- 
tion curves were apparently trimodal: Nar- 
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FIG. 2. Powder X-ray patterns for H,P,W,80, and HSPW,20, calcined at various conditions. 

rower ores below the limit of porosimetry 
(<I5 8: ), intermediates 30 A range, and 
large pores at 70-100 A in radius. Both the 
peak at approximately 30 A and that in the 
vicinity of 80 A shifted to lower radii on 
heating. The peak at 30 A suffered a signifi- 
cant decrease in magnitude, while that at 80 
A remained essentially the same. Such 
results presumably result from a shrinkage 
in pores but also the collapse (to values at 
least less than 15 A in radii) of the smaller 
sized pores. It is important to note, how- 
ever, that at very high pressures, structure 
collapse and mercury compression may in- 
troduce errors into the results obtained by 
mercury porosimetry. 

Acidic Properties 

The acid strength of heteropoly acids 
measured by the indicator method and the 
amounts of ammonia chemisorbed are sum- 
marized in Table 1. Anhydrous H3PWi204,, 
was shown to be strongly acidic with Ho 
values as low as -8.2. The acid strength 
decreased on hydration: the maximum pKa 
was -5.6 and -3.0 for 5-hydrate and un- 
calcined 24-hydrate, respectively. Amounts 
of ammonia chemisorbed at room tempera- 
ture on H~PWi204 calcined at 350 - 450°C 
in helium were 1.2 - 1.6 meq/g, somewhat 
higher than the 1.0, meq/g expected as tri- 
basic acid. Similar results were obtained for 
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FIG. 3. Pore size distribution of HrPW12040. -, 
Uncalcined, 24H20; -, calcined at 150°C in air, 
5H20; . . . calcined at 400°C in helium, anhydrous. 

H4SiW12040, but it was impossible to deter- 
mine the maximum acid strength of the col- 
ored acids of H3PMo12040 and H6PZW18062. 

Equilibrium Conversion of Methanol to 
Dimethyl Ether 
As will be discussed in the subsequent 

section, methanol conversion into hydro- 
carbons appears to pass through dimethyl 
ether (DME) as an intermediate. The equi- 
librium constants for the reaction 

2CH30H * CH30CHj + Hz0 (1) 

may be expressed as 

KP = ; (&J’ (2) 

where X,, represents the equilibrium frac- 
tional conversion of methanol, and water is 
assumed to be produced stoichiometrically 
with DME. Since thermodynamic proper- 
ties at 25°C (26) and heat capacity data at 
higher temperatures (27-29) are available 
for the species involved in process (l), an 

to the temperature can be obtained as 

-6836 -Rlnj@=y=T- 
+ 3.32 In T - 0.475 x 1O-3 T 

-0.11 X lo+ T* - 10.92. (3) 

Strongly acidic, free heteropoly acids 
were too active for measuring the equilib- 
rium behavior due to further conversion 
into hydrocarbons, and Na3PWr20+,,, was 
used for this purpose. The results are given 
in Fig. 4, covering a wide range of resi- 
dence times. The dashed line in the figure 
shows the equilibrium conversion of metha- 
nol to dimethyl ether as estimated from 
Eqs. (2) and (3). For the initial pulse of 
methanol, conversion of methanol (XJ was 
a little higher than the expected yield of di- 
methyl ether ( YE) presumably due to irre- 
versible adsorption on fresh catalyst. For 
the second and third pulse, with increasing 
residence time, fairly good agreement of XA 
and YE was observed, showing the dehydra- 
tion reaction (1) occurred exclusively. For 
small residence times no hydrocarbons are 
formed on Na3PW12040, but as the resi- 
dence time increases beyond 100 (mg-cat 
mm/ml-He), the quantity of hydrocarbons 
produced increases. It appears that the dis- 
crepancy between the values obtained for 
X, and YE at pulse number 4 may, at least in 
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FIG. 4. The approach to equilibrium between metha- 
nol and dimethyl ether in the conversion of methanol. 
Catalyst, NaSPW1,040 calcined at 400°C in helium; 
temperature, 352°C; pulse size, 2 ~1 methanol; numer- 
als in parentheses show the sequence of pulse num- 
bers; 0, X,, conversion of methanol; 0, YE, yield of . ..~ 

equation relating the equilibrium constant dimethyl ether. 
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part, be due to such hydrocarbon forma- 
tion. 

Formation of Hydrocarbons 

Dimethyl ether was obtained in high yield 
approaching the equilibrium value and the 
yield passed through a maximum as shown 
in Fig. 4 for the sodium salt. The residence 
time at which hydrocarbons just appeared 
was close to that of the maximum yield of 
dimethyl ether. The yield pattern from di- 
methyl ether was quite similar to that 
from methanol as compared in Fig. 5 for 
H~PWr2040, suggesting hydrocarbons were 
formed through dimethyl ether. 

Figure 6 shows the effect of residence 
time on the yield pattern at different tem- 
peratures, providing a qualitive picture for 
the reaction path in methanol conversion. 
A similar pattern has been given by Chang 
and Silvestri (30) for the same reaction over 
ZSM-5 zeolite. Hydrocarbon formation 
was observed at a lower residence time re- 
gion for the strongly acidic H3PW12040 than 
observed with the sodium salt. At the low- 
est temperature (325°C) there is evidence 
for the formation of hydrocarbons at a resi- 
dence time of 100 mg-cat mm/ml-He. A 
maximum appears for CH4, C2H4, and C3H8 
in the range between 100 and 1000 for W/F. 
The quantity of methane formed is greater 
than that of any of the other hydrocarbons, 
although at the highest residence times pro- 
pane is produced in approximately equal 
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FIG. 5. Product yields from methanol (a) and di- 
methyl ether (b) at various residence times. Catalyst 
HJPW,,040 calcined at 350°C in helium; reaction tem- 
perature, 352°C; pulse size, 49.4 urnoK,; W/F, appar- 
ent residence time in mg-cat min/ml-He. 
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FIG. 6. Effect of residence time on the conversion of 
methanol over H,PW,,O, at various temperatures. W/ 
F, apparent residence time in mg-cat min/ml-He; 
dashed lines, equilibrium for DME formation. 

amounts. The quantity of ether decreases 
continuously and sharply as W/F increases 
while the conversion of methanol exceeds 
90% with all three reaction temperatures. 
At 352°C reaction temperature ethylene ap- 
pears as the dominant hydrocarbon al- 
though methane is produced in almost 
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equal amounts. At this reaction tempera- no1 at 352°C is greater than 90%, while the 
ture hydrocarbons begin to appear at a W/F quantities of DME produced at low resi- 
of 20. A maximum in the hydrocarbon con- dence times (W/F equal to approximately 
centrations has not appeared up to a W/F 30) range from 30 to 60%. With those cata- 
value of 500. The quantities of each hydro- lysts calcined in helium the yields of hydro- 
carbon produced at 352°C are in general carbons vary considerably with tempera- 
higher than those found at 325°C. At 403°C ture. The maximum in the yields of 
the quantities of methane produced are hydrocarbons obtained after 350°C calcina- 
considerably higher than those at the two tion in helium evidently shifts to higher W/ 
lower temperatures, no significant amounts F values as the calcination temperature is 
of C3 hydrocarbons form and no maxima in increased. With both the 350 and 400°C cal- 
the hydrocarbon yields appear up to W/F cination temperatures in helium the Cq hy- 
equal to 500. drocarbons appeared in larger amounts 

Thermogram and powder X-ray data than any of the other measured hydrocar- 
given in Figs. 1 and 2 suggest that H3 bons, while with the 450°C calcination tem- 
PWiz040 * 24H20 forms anhydrous free perature (in helium), methane is produced 
acid at 350-450°C without decomposition in the largest quantities. In contrast, the use 
of the heteropoly structure. However, hy- of the 450°C calcination temperature with a 
drocarbon yields were strongly affected by hydrogen environment again elevated the 
the calcination temperature and environ- Cd hydrocarbon to the highest concentra- 
ment as shown in Fig. 7, where the reaction tion, with a maximum appearing at a W/F of 
was carried out at the same temperature of approximately 100. The maxima observed 
352°C. Under all calcination environments in the yields of hydrocarbons after calcina- 
and temperatures, the conversion of metha- tion at 350°C in helium are also observed 
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FIG. 7. Effect of calcination conditions on the conversion of methanol over H,PWIIOUI at 352°C. WI 
F, apparent residence time in mg-cat min/ml-He. 
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with those catalyst calcined at 400 and 450” 
C in hydrogen. The air-calcined catalyst 
produced the smallest yield of dimethyl 
ether as well as hydrocarbons, and methane 
again appeared as the hydrocarbon of high- 
est concentration. 

Similar effect of calcination condition 
was observed for dimeric 9-tungstophos- 
phoric acid. H6P2W18062 calcined at 400°C 
in helium showed 99% conversion of meth- 
anol at 352°C and W/F = 100 mg-cat min/ 
ml-He, and gave 56% yield of dimethyl 
ether with 5.5% CO and 0.9% COz, where 
no hydrocarbons were detected except 
1.2% CH4. Hydrogen-calcined dimeric acid 
produced 4.1% CH4, 6.1% C2H4, 9.1% 
C3H6, 13.7% Cd, and 8.7% CT without great 
change in the methanol conversion (94%) 
and the yield of dimethyl ether (42%) at the 
same reaction condition. 

12-Molybdophosphoric acid gave carbon 
monoxide as high as 62% in yield at 350°C 
presumably due to the oxidation of metha- 
nol through formaldehyde, and no hydro- 
carbons were detected. The behavior of 
H4SiW12040 was similar to that of H3 
pw12al. 

Product Behavior 

The results given in Figs. 5-7 for metha- 
nol conversion over H3PWi2040 may be 
summarized as follows in terms of the prod- 
uct behavior. (i) Methane increased with 
the increase in residence time, while olefins 
passed through a maximum and paraffins 
showed a plateau. The formation of meth- 
ane appears to be different in mechanism 
from that of other hydrocarbons. Subse- 
quent reactions of the olefins may lead to a 
decrease in their yield at higher residence 
time regions. (ii) The residence time at 
which hydrocarbons show maxima in their 
yield was affected by the calcination condi- 
tions, but seems to move together regard- 
less of the carbon number, suggesting the 
decomposition of dimethyl ether to be rate- 
determining. (iii) Methane is the predomi- 
nant product at a higher temperature of 403” 

C. Formation of C3-Cs hydrocarbons was 
observed at 352°C where the product dis- 
tribution showed a maximum of Cd and sud- 
denly decreased above Cs, in good agree- 
ment with the literature data (15). (iv) High 
values for hydrocarbons in methanol con- 
version over heteropoly acids are given in 
the literature (15, 16). However, it should 
be noticed that they are not absolute yields 
but product distributions among detected 
hydrocarbons. Mass balances demonstrate 
the irreversible adsorption and/or decom- 
position of presumably higher hydrocar- 
bons on the surface of the catalyst, the lat- 
ter evidenced by the black color of the 
catalysts recovered after reaction. (v) High 
conversion of dimethyl ether does not al- 
ways result in an increase in the yield of 
detectable hydrocarbons. Figures 7c and d 
show higher conversion of ether with lower 
yield of hydrocarbons, and vice versa in 
Figs. 7e and f. 

As the catalyst is strongly acidic, it 
seemed likely that cracking of longer chain 
hydrocarbons rapidly formed on the sur- 
face was involved as a possible route to af- 
ford CJ-Cs hydrocarbons as well as carbon- 
chain propagation starting from Ci- and/or 
C2-species. Thus attempts were made to ex- 
amine the reactions of some hydrocarbons 
over H3PW120N at 350°C and W/F = 247 
mg-cat mm/ml-He. Pulse size was adjusted 
to that of methanol (49.4 kmol). For exam- 
ple, the reaction of isobutylene produced 
1.8% CH‘,, 0.2% C2H4 + C2H6, 2.9% C3H6 
+ C3Hs, 5.8% i-C4Hlo, 43.2% i-CIHs + l- 
&H*, 16.6% 2-CdHs, and 2.3% Cs with 
70.8% recovery. Products were distributed 
on both sides of carbon number Cd and the 
formation of isobutane suggests hydrogena- 
tion occurred along with the carbonization. 
1-Butene isomerized to 2-butene, and gave 
Cl-Cs products similar to isobutylene. Fur- 
ther, propylene gave C4 and Cs hydrocar- 
bons, though small in amount. It is impos- 
sible to explain the formation of these 
products without accounting for the rapid 
propagation of carbon-chain with succeed- 
ing cracking reactions. Reactivity of ethyl- 
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ene was rather low. Ethane and propane 
were recovered without reaction. 

Figure 8 shows surface area of fresh 
H3PW12040 calcined at 400°C in helium and 
the recovered catalysts after 30 = 120 
pulses of methanol at 350°C. Carbon de- 
posit seems to spread over the surface as 
fine aggregates. 

DISCUSSION 

It is quite evidently not yet possible with 
the information presently available to pro- 
vide an unambiguous mechanism for the 
conversion of methanol on heteropoly 
acids. It is appropriate, however, to pro- 
vide some conclusions, albeit of a specula- 
tive nature, concerning the conversion of 
methanol on the heteropoly acids studied 
here. Since the catalysts examined here are 
strongly acidic, it is highly probable that the 
active sites in the conversion of methanol 
are themselves acidic and most likely that 
carbonium ions play an important role in 
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FIG. 8. Variation of surface area by carbonization. 
Catalyst, H3PW,,0U, calcined at 400°C in helium; reac- 
tion conditions, 35O”C, W/F = 500 mg-cat minlml-He, 
24 methanol, 1 min-interval; area was measured by 
mercury porosimetry. 

the process. Since there is no evidence that 
water, a reaction product from the conver- 
sion of methanol, decreases the activity of 
the catalyst, it must be presumed that the 
active sites are of Brdnsted acidic charac- 
ter. 

The observation that aliphatic hydrocar- 
bons are recovered unreacted while olefinic 
hydrocarbons are converted over the het- 
eropoly acids is also suggestive of the ac- 
tive participation of carbonium ions. Since 
hydrocarbons begin to form as dimethyl 
ether decreases in concentration, while the 
amount of methanol remains essentially 
constant and the product distributions from 
methanol and dimethyl ether are similar, 
the conversion of methanol to hydrocar- 
bons appears to take place through di- 
methyl ether. Since equilibrium quantities 
of DME can be obtained over the sodium 
salt, it is concluded that less acidic sites 
may be sufficient to catalyze the formation 
of the ether. 

It is of interest to note that the maximum 
observed in the yields of hydrocarbons is 
found, under a given set of calcination and 
reaction conditions, with one exception for 
all measured hydrocarbons, although the 
residence times at which the maxima ap- 
pear may not be identical for all hydrocar- 
bons. The exceptional hydrocarbon, meth- 
ane, has a concentration which increases 
with residence time on the more active cat- 
alysts and continues to increase after the 
concentration of DME ceases to change 
with residence time. While CH4 can be 
formed directly from the alcohol and/or 
ether, it evidently may also result from the 
degradation of the longer chain hydrocar- 
bons, as well as by direct desorption from 
the surface. Such a behavior is sympto- 
matic of a mechanism involving carbonium 
ions. For a fixed calcination condition, the 
amounts of the longer chain hydrocarbons 
(Cz-C,) which are produced increase in 
passing from a 325°C reaction temperature 
to 352”C, and then decrease markedly at the 
highest temperature of 403°C. The rate of 
consumption of DME accelerates with in- 
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crease in reaction temperature. At the high- 
est reaction temperature the product con- 
sists of only Ci and Cz with the former 
predominating. It is apparent that a portion 
of the product remains irreversibly chemi- 
sorbed and/or degraded to carbon on the 
surface of the catalyst. 

Changes in the calcination conditions 
may alter both the numbers and strengths of 
the acidic sites. Helium appears to be the 
most beneficial environment for calcina- 
tion, although heating in a hydrogen stream 
produces a catalyst which has a short-lived 
effectiveness. The hydrogen may increase 
the number of weakly bound acidic sites 
which are attached to the catalytic surface 
at positions not normally occupied by hy- 
drogen. These would be expected to be 
readily removed but not easily replaced. 
The calcination in air considerably reduces 
the activity of the catalyst, possibly due to 
extraction of acidic sites by oxygen. The 
calcination in helium may have the effect of 
removing some of the more highly acidic 
Bronsted acidic sites, thus producing a ben- 
eficial shift in the acid site distribution. 

Anderson et al. (31) have concluded that 
the C-H bonds in methanol are nonlabile, 
at least initially. Although the catalyst stud- 
ied by these workers was the zeolitic ZSM, 
nevertheless their conclusion may be ex- 
pected to have some relevance to hetero- 
poly acids, where strong Brdnsted acidic 
sites also appear to be extant. In earlier 
work on ZSM-5, Chang and Silvestri (30) 
postulated that both acidic and basic sites 
are active in the production of a carbene- 
like intermediate. However, Derouane et 
al. (32) argue for the initial formation of an 
ethyl-carbenium ion, which exists on the 
surface as an ethoxy group. This may de- 
sorb as ethylene or react with methanol or 
dimethyl ether or with ethylene to form a 
butenyl-carbenium ion. Most recently, Ono 
and Mori (33) conclude that on ZSM-5, sur- 
face methoxy groups are formed by the re- 
action of surface hydroxyl groups and 
methanol molecules. In contrast to Ander- 
son these authors suggest that methyl car- 

bonium ions then desorb from the methoxy 
groups and attack the C-H bond of metha- 
nol or dimethyl ether molecules. 

Heteropoly acids and ZSM-5 catalysts 
clearly possess strongly acidic sites, al- 
though there is evidence (5) that the former 
catalysts may possess a more restricted 
range of acidic strengths than the latter. 
However, from the present work it is evi- 
dent that heteropoly acids do not possess 
the regular and reproducible distribution of 
pore sizes found with the Zeolitic ZSM cat- 
alysts. Presumably, however, the initiation 
mechanism with both catalysts can reason- 
ably be expected to be similar, in view of 
the similarity of the products from each cat- 
alyst. Of course, the advantageous restric- 
tion of the sizes of molecules permitted to 
gain entry to the pore structure of ZSM-5 
and the additional deterent to the produc- 
tion of molecules which are likely precur- 
sors to carbon formation on the surface are 
not characteristics of the heteropoly acids. 

With the heteropoly acids studied here, 
in particular 124ungstophosphoric acid, the 
dimethyl ether molecule appears to act as 
the precursor to the hydrocarbons with two 
or more carbon atoms, in a process which 
presumably involves Bronsted sites 

H3C \ TH3 
‘f s- 
Ii 8’ -CH,OH . CH3 

0 0 

h7- 77977 
The methoxy group is capable of suffer- 

ing further reactions in the same manner 

H3c\o/c”,‘- 
-CH,OH 

* CH3 
I 

CH2 

Thus the carbon chain may oligomerize 
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through the interaction of additional di- Il. Onoue, Y., Mizutani, Y., Akiyama, S., and Izumi, 
methvl ether molecules as well as desorbed Y., Chemtech July, 432 (1978). 

species with the surface species. The pro- 12. Nomiya, K., Ueno, T., and Miwa, M., Bull. 

cess of oligomerization is evidently in com- Chem. Sm. Japan 53,927 (1980). 

petition with that of cracking. Shorter resi- 
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