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W nuclear magnetic resonance and vapor-phase chromatography have been used to investi- 
gate the conversions of methanol and ethanol to hydrocarbons on a synthetic zeolite of the 
type H-ZSM-5 as described by Mobil. Methanol is first dehydrated to dimethyl ether and 
ethylene. Then the reaction proceeds by two competitive paths : first, successive dehydration- 
methanolation steps to give branched aliphat,ics, and, second, polycondensation reactions lead- 
ing to linear aliphatic and aromatic compounds. The basic mechanism is essentially the same for 
ethanol, with the major difference being that ethylene can also be formed by direct dehydration 
of ethanol. At variance to earlier proposals, a mechanism involving carbenium ions is proposed 
which accounts well for the high yield in branched hydrocarbons and the observation of methyl 
ethyl ether which is detected in the methanol conversion products. 

I. INTRODUCTION 

The present energy situation has re- 
newed the interest in catalytic synthesis 
processes of the Fischer-Tropsch type, i.e., 
following the equation 

,CO + (2% + 1)Hz --, 

CnHZn+2 + nHzO + 30 kcal/mole. (1) 

This process, however, presents three major 
drawbacks, namely, the great variety of 
hydrocarbons that are formed although 
poor in aromatic& the presence of oxygen- 
ated compounds, and a low research octane 

1 To whom queries concerning this paper should 
be sent. 

number (RON) for the fraction that could 
be used as gasoline. 

Most recently, Chang and Silvestri (1) 
have described in this Journal part of a 
new and simple process for the conversion 
of methanol and other oxygen-containing 
compounds to hydrocarbons as first pro- 
posed by Mobil (2) for the conversion of 
methanol, i.e., 

zCHsOH -+ (CH2). + zHz0, (2) 

and as reported in a number of patents 
[see Ref. (2s) of Ref. (I) and Refs. (S-5)] 
The Mobil process is characterized by a 
high yield of isoparaffins and aromatics and 
the hydrocarbon mixture then presents a 
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high RON (typically near 95). The catalyst 
is essentially the acidic form of a new type 
of synthetic zeolite called ZSM-5 (3) of 
which the major characteristics are (i) a 
Si : Al ratio of about 40 ; (ii) a crystal density 
smaller than 1.G kg.dm-3 (characterizing 
the number, dimension, and stabilit,y of 
the pores) ; and (iii) a constraint index in 
the range 1 to 1% (5), measuring in a 
relative manner the cracking rates of 
?r-hexane and 3-methyl pcntane. A high 
constraint index corresponds to a higher 
cracking rate for t,he ‘Llillcar”)l-h(~xan(’ as 
compared Do the “branched” 3-methyl 
pentune. It characterizes the porous system 
of thrt material which is then highly shape 
selective. Such mat’crials are stable at high 
t,emperaturc, even in the presence of steam, 
which enables t)he elimination of carbo- 
naceous residues eventually formed during 
their operation as catalysts. 

The central question still to be resolved 
is the mechanism by which methanol (and 
event.ually ot.her oxygen-containing com- 
pounds) undergo water eliminahion t’o form 
hydrocarbons. The mechanism postulated 
by Chang and Silvestri (1) and their 
discussion of previous proposals certainly 
provide some insight int’o the process. How- 
ever, they do not explain important experi- 
mental facts such as the high ratio of 
iso- to normal paraffins and the presence of 
methyl ethyl ether observed in the con- 
version of met,hanol. 

In order to ascertain the possible role 
played by the presence or the absence of 
/%hgdrogens in the feed compound, the 
present paper reports data obtained for the 
conversion of methanol (no P-hydrogens ) 
and ethanol (P-hydrogcns) under similar 
conditions on a new type of zeolitc which 
is identical to the H-ZSM-5 catalyst from 
Mobil. 

Gas chromatography data (which com- 
pare and give information on the product 
distributions, not excluding possible side 
reactions on the separation columns) are 
compared with 1% NMR data obtained 

iin situ during the reaction, at less than one 
monolayer coverage and excluding several 
secondary effects. 

No detailed revic&v of previous rclatcd 
work is included in this paper, as it is 
meant to bc a direct follow-up to t,hc report 
of Chang and Silvestri (1). 

II. EXPERIMENTAL 3fETHOUY 

Materials. High-purity grade (99 + %) 
methanol and ethanol were used for the 
kinetic studies. 13C-Enrichrd methanol and 
ethanol (90-957;) from British Oxygen 
Corporation (B.O.C.) were used for the 

NMR studies after proprr dilubion to 
achieve an effective enrichment of 30y0 in 
13c 

Catalyst. The catalyst consists of the 
acidic form of the ZSM-5 synthetic zcolite 
the preparation of which has been prc- 
viously described (3). A solution of iYa- 
aluminate is added to a solution of silica 
and tetrapropylammonium hydroxide in 
water. A precipitate forms which is crpstal- 
lizcd by autoclave heating at 150°C for 
5 to 7 days. The ZSM-5 zrolitc is idcntificd 
by its diffraction pattern (3) and the follow- 
ing analytical molar ratio iVazO : Al&), : 
SiOz = 0.33: 1.00:26.3. The acidic form of 
this material, i.e., H-ZSM-5, is obtained 
by exchanging the Na cations with HCl 
at 80°C and drying at 600°C. The analytical 
molar ratio for this compound is ??a&: 
A1203:SiO:! = 0.022: 1.00:43.6. 

The H-ZSM-5 zeolite is used pure for 
the static 13C NMR studies. For the kinetic 
studies, however, it is embedded in 
SiOz(l : 1) using as a silica source Ketjensol 
40 AS. The pH of the suspension is adjusted 
to 5 using ammonia and HATOa. A gel forms 
upon heating which is dried overnight at 
110°C. The resulting powder is meshed and 
only the particles with sizes in the range 
0.125-0.3 mm are retained for the kinetic 
studies as catalyst. 

The constraint index (5) of this catalyst 
has been determined using a 1: 1 mixture 
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TABLE 1 

Zeolite-Catalyzed Hydrocarbon Formation from Methanol0 

Product 
Flow rate (ml. hr-‘) 

250°C 3oov 35ooc 4oooc 

0.31* 0.62 1.24 0.15 0.31 0.62 1.24 0.15 0.31 0.62 1.24 0.15 0.31 0.32 1.24 

Methanol 14.3 14.8 14.5 - - 9.5 17.6 - - - - - - - - 

Dimethyl ether 83.3 76.9 74.4 - - -c 4Q,3C - - - - - - - - 

Aliphatics 
Cl 
C3 
Ca 
C3 
CS 
C7 
CS 

Cyclics 
CS 
Methyl-G 
Cl 

Aromatics 

BenZene 
Toluene 
Ethylbenzene 

+ m-, p-xylenes 
o-xylem 

m&Ethyl toluenes 
1,2,4-Trimethylbencene 
Other Co 

2.2 3.6 4.0 3.2 4.7 18.7 10.3 3.0 2.4 3.2 3.4 6.1 49 40 3.8 
- 3.6 5.9 22.0 18.5 14.9 11.4 27.7 23.6 20.4 16.4 33.5 30.0 26.4 20.8 
- - - 33.2 24.6 27.7~ - 26.3 25.5 26.7 24.3 21.8 23.9 25.2 25.2 
- - 0.6 14.4 14.7 8.1 3.4 7.3 9.0 12.8 13.8 4.5 5.6 7.8 9.7 
0.2 1.1 0.6 7.0 7.7 6.3 2.6 1.9 3.3 6.8 8.3 0.6 1.1 2.4 4.0 
- - - 1.6 4.1 3.5 1.9 0.5 0.7 1.2 1.7 - - 0.5 0.8 
- - - 0.7 1.9 1.4 0.8 0.1 0.2 0.4 0.8 - - 0.1 0.1 

- - - 0.1 0.1 - - 0.2 0.2 0.4 0.4 0.2 0.2 0.3 0.5 
- - - 0.9 1.0 0.4 0.9’ 0.3 0.6 1.0 1.1 0.1 0.2 0.5 1.3 
--- - 0.8 0.3 0.2 - 0.2 0.4 0.6 - - 0.2 0.2 

--- ---- 0.7 0.9 1.4 1.9 1.4 2.1 2.0 1.7 
- - - 2.4 2.6 1.2 - 7.6 8.0 6.4 5.5 7.4 9.1 10.0 9.3 

- - - 7.1 9.4 4.1 1.6 13.0 13.3 11.4 11.8 14.0 13.4 13.3 13.1 
- - - 1.9 1.3 0.3 - 3.0 2.7 2.0 1.7 3.6 3.0 3.0 3.0 

- - - 1.0 4.6 1.0 - 3.2 2.8 2.9 5.0 2.8 1.9 1.0 3.8 
- - - 4.5 4.0 2.6 - 4.2 5.8 2.6 3.3 4.0 4.6 3.3 2.7 
--- ---- 1.0 0.8 - _ - - - - 

~1 Catalyst: 1.0 g; He: 3.9 ml.min-1. The product distribution is exclusive of water. It is calculated by multiplying the number 
of moles of a given hydrocarbon by the number of C atoms in its molecular formula. The total intensity is normalized to 100%. 

b Flow rate in milliliters per hour. 
c There is some ether near the Ca hydrocarbons peak. 

d There is some Ca hydrocarbon(s) near the ether peak. 
e Mostly methylcyclopentene. 

of rz-hexane and 3-methylpentane (0.31 
ml-h+) diluted by He (3.0 mlamin-‘) and 
1 g of powder. This index compares rela- 
tively the cracking rates of n-hexane and 
3-methylpentane; it is equal to 6.14 after 
20 min of operation at 300°C and to 5.23 
after 135 min. 

Kinetic studies: Apparatus and procedure. 
A fixed-bed continuous-flow microreactor 
was used, which had been made from a 33- 
cm-long, 1.13-cm-diameter, Pyrex tube 
and which contained 1 g of catalyst. 
Methanol and ethanol are charged as 
liquids at the preheated input of the re- 
actor using a Sage Model 355 injection 
pump ; their vapors were then diluted with 
He the flow of which was kept constant 
and equal to 3.9 ml.min-l. Injection rates 
for the liquids were in both cases 0.155, 
0.310, 0.620, and 1.24 mlahr-I, the reactor 

temperatures being 250, 300, 350, and 
400°C. Analysis of the reaction products is 
carried out by gas chromatography follow- 
ing sampling after 45 min for the given 
operating conditions. Two separation 
columns are used in sequence : a precolumn 
consisting of 25yo diglycerol on Chromosorb 
P (95-130°C) and a second one of Porapak 
P (165°C). Helium, used as the vector gas, 
was purified using the BASF R3-11 catalyst 
followed by a molecular sieve (Union 
Carbide, 4A). 

13C NMR studies: Apparatus ad pro- 
cedure. A Bruker WP-60 NMR spectrom- 
eter working in the external lock mode and 
using a broad band decoupling at the pro- 
ton frequency (in order to eliminate the 
13G1H couplings and simplify the spectra) 
was used. All spectra were recorded at 4O”C, 
the chemical shifts being determined using 
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TABLE 2 

Zeolite-Caklyaed Hydrocarbon Formation from Ethanol” 

Product 2,5OT 3ooTz 350°C 4OO’C 

0.1.Y O.Yl 0.62 1.24 0.15 0.31 O.lj2 1.24 0.13 0.31 0.62 1.24 0.15 031 O(i2 1.24 

Ethnno! 0.3 - 0.2 0.44 - - - - - - - - - - - - 

Dicttlj I ethw - 1.4 0.7 0.02 - - - - - - - - - - - - 

Alipbatirs 

(‘2 19.9 X9.0 ‘J5.8 98.X 2.0 2.5 15.0 40.0 2.6 2.2 2.3 2.2 4.7 4.0 3.5 3.3 

(‘i 4.X _c _c - 14.0 l-l.,5 13.3 9.2 21.8 19.X 17.6 15.7 33.5 30.6 25.5 20.6 

CA 23.2 4.3 I.0 0.59 37.6 2X.2 24.0 18.2 32.0 32.5 31.4 30.9 24.3 26.5 2X.1 2x.x 

ci 20.8 1.4 0.7 0.06 18.5 14.7 1ci.l 13.4 8.4 10.6 11.8 12.5 4.7 5.4 7.1 9.3 

c-6 14.7 2.1 0.7 0.04 S.0 5.5 9.4 7.9 1.0 2.7 3.0 5.2 0.U 0.7 1.2 2.4 

c; 7.X 1.1 0.2 0.03 1.9 3.0 5.4 1.7 0.3 0.4 0.9 1.X - - - 0.2 

c’s 5.X 0.5 0.1 - - 0.X 1.x 0.6 - 0.1 0.2 0.4 - - - - 

Cyc1ic.s 

ci ---- 0.2 0.1 0.1 0.1 0.3 0.2 0.3 0.3 0.2 0.3 0.4 0.5 

Methyl-C:, - - - - 1.0 1.0 - - 0.5 0.7 1.2 1.9 0.4 0.4 0.6 1.4 

c7 0.6 0.2 - - 0.2 0.5 1.1 0.3 0.2 0.2 0.3 0.6 - - - 0.2 

Aromatics 

Benzrne -------- 2.9 2.G 2.0 1.6 3.0 4.0 3.8 3.0 

TollK%le 0.1 - - - 3.5 5.0 1.9 0.2 12.5 11.7 10.0 7.X 14.4 14.1 13.6 11.2 

Ethylbenzene ---- 1.3 2.2 1.1 0.2 2.6 2.5 2.7 2.5 1.5 1 ..5 1.7 1.x 

p-Xyhe ---- 3.9 6.5 3.3 0.5 7.1 7.2 7.X 7.3 7.3 7.fi x.3 11.7 

0.X)-km2 - - - _ 1.1 0.X 0.6 0.1 2.0 1.7 1.x 1.2 1.9 2.2 2.4 1.8 

m-,p-, Ethyl toluenrs - - - - 5.9 12.1 6.6 1.6 5.0 4.5 5.7 7.3 1.5 2.1 3.0 3.2 

1,2,4-Trimethylbenzrne - - - - 2.5 1.6 0.3 - - 0.4 0.4 0.8 - - 0.8 0.6 

Other cs ---- 0.X l.O---------- 

a CataM: 1 g; He: 3.9 ml’min-1. The product distribution is exclusive of water. It is calculated by multiplying the number of 
moles of a given hydrocarbon by the number of C atoms in its molecular formula. The total intensity is normalized to lOO$!&. 

b Flom rate in milliliters per hour. 
c loot evaluated because of overlap with the Cz aliphatics peak. 

benzene as an external reference. NMR 
spectra arc obtained directly for the ad- 
sorbtd species. Typically, after activation 
of the H-ZSM-5 at 400°C in a vacuum of 
10m6 Torr, 0.08 ml of alcohol is adsorbed on 
1 g of powder in the NMR sample cell. The 
latter is then progressively heated (strp- 
wise from 150 to 350°C) and spectra are 
recorded (solid + adsorbatc : reactants, in- 
termediates, and products) after each 
thwmal treatment. Using i3C-enriched re- 
agents and operating the spectrometer in 
the Fourier transform mode, the typical 
accumulation times for significant spectra 
were in the range from 5 to 60 min. 

space velocity (LHSV) and temperature 
conditions, and Table 2 presents the cor- 
responding data for the conversion of 
ethanol. Data for methanol and ethanol 
are compared in Table 3 for similar operat- 
ing conditions (1 g of catalyst, 1.24 
ml.hr-l of liquid alcohol, 3.9 ml.min-1 
of He). 

III. RESULTS 

For methanol, the reaction clearly pro- 
ceeds by successive steps. At a temperature 
below 3OO”C, methanol is converted mostly 
to dimethyl ether. At tcmpcratures above 
35O”C, conversion of methanol reaches 
100% with a ratio of paraffins to aromatics 
in the range 1.5 to 2.3, depending on space 
velocity and temperature. Increasing the 
temperature from 300 to 400°C leads to a 
decrease in the Cb* nonaromatics and 
olefins as shown in Fig. IA. 

Table 1 gives details of the methanol con- The effect of LHSV is less important and 
version products as observed under various opposite to that of temperature. In Table 
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TABLE 3 

Comparative Effects of Temperature on Methanol and Ethanol Conversion to Hydrocarbonsa 

Product 

25ooc 

Methanol Ethanol 

Distributions 

300°C 35ooc 

Methanol Ethanol Methanol Ethanol 

400°C 

Methanol Ethanol 

Methanol 
Ethanol 
Dimethyl ether 
Diethyl ether 
Cz Aliphatics 
Ca + C4 Aliphatics 
Cs-Ca Linear aliphaticsd 
Cs-CT Cyclic aliphatics 
CB-Cx Aromatics 

14.5 - 17.6 - - - - - 
- 0.44 - - - - - - 

74.4 49.3~ - - - - - 
0.02 - - - - - - 

4.0 98.82 10.3 46.0 3.4 2.2 3.8 3.3 
5.9 0.59 11.4c 27.4 40.7 46.6 46.0 49.4 
1.2 0.13 8.7 23.6 24.6 19.9 14.6 11.9 

- 1.1 0.4 2.1 2.8 2.0 2.1 
- 1.6 2.6 29.2 28.5 33.6 33.3 

n Catalyst: 1 g; liquid alcohol: 1.24 ml. hr-1; He: 3.9 ml’min-1. 
* Product distribution calculated by multiplying the number of moles by the number of C atoms in the molecular formula; total 

value normalized to 100%. 
c Approximate values due to overlap of the dimethyl ether and Ca peaks. 
d Includes branched noncyclic aliphatics. 

4, our data for the conversion of methanol 
are compared to those of Chang and Sil- 
vestri (I), showing the good agreement 
obtained when the reaction is conducted 
under closely identical conditions. 

From the data in Table 2, it is seen that, 
when ethanol is converted below 3OO”C, 
the major product is ethylene. In the 

TABLE 4 

Zeolite-Catalyzed Hydrocarbon Formation 
from Methanol 

Chang and This work* 

Silvestri (1 la 

Reaction conditions 
Temperature (“C) 
LHSV (hr-‘) 
Conversion (%) 

Hydrocarbon distri- 
bution (‘%) 

Methane 
Ethane + ethylene 
Propane + propylene 
Butanes + butenes 
Pentanes + pentenes 
Cs+ Aliphatics 
BeWXXW 
Toluene 
Cs Aromatics 
Cs Aromatics 
CN Aromatics 
CII+ Aromatics 

371 350 

1 2.48 
100 100 

0.9 - 

1.1 3.4 

16.4 16.4 
24.7 24.3 

9.3 14.2 
4.2 12.5 

1.8 1.9 
11.2 5.5 
18.9 13.5 

7.9 5.0 
3.4 3.3 
0.2 

5 The product distribution is calculated by multiplying the 
number of moles of a given hydrocarbon by the number of C 
atoms in the molecule. The total value is normalized to 100%. 
Data of Ref. (I) have been recalculated accordingly. 

temperature range 300-35O”C, aliphatics 
are formed with a higher proportion of Cd 
compounds than for methanol (for which 
mostly Cs compounds were observed). 
Above 35O”C, aromatics appear, the pro- 
portion of ethylbenzene and ethyltoluene 
increasing with temperature (compare with 
o-xylene and trimethylbenzene in the case 
of methanol). 

The differences, at low conversion tem- 
perature, and the analogies, at high con- 
version temperature, in the product dis- 
tributions observed from methanol and 
ethanol (see Table 3) suggest a common 
reaction pathway possibly involving ethyl- 
ene as an intermediate, as a proportion of 
the latter remains small in the conversion 
of methanol and sharply decreases at 350°C 
in the conversion of ethanol. 

Static in Situ Data from W NMR 

For both methanol and ethanol 13C NMR 
data were obtained directly from the hydro- 
carbons adsorbed on the catalyst. There- 
fore, the NMR data give: (i) a realistic 
and faithful picture of the process that 
occurs on the catalyst surface, excluding 
side reactions which could have happened 
during the chromatographic detection ; (ii) 
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FIG. 1. Zeolite-catalyzed methanol conversion. Yield structure vs temperature, exclusive of 
water. (A) Gas chromatography results (0.62 ml of methanol.hr-1, 1 atm) (B) 1% NMR results 
(static conditions, 0.08 ml of methanol/g of catalyst). (0) Methanol; ( q ) dimethyl ether (and 
other higher ethers, when observed) ; (A) aliphatics; (0) aromatics. 

a quantitative analysis of the reaction the NMR and gas chromatography data) ; 
intermediates and products Jvhich arc note, however, that NMR \yill identify the 
directly present on the surface (neglecting functional groups and not the molecules 
nuclear relaxation effects on the intensities themselves therefore giving all its im- 
of the NMR peaks, a reasonable assump- portance to the comparison between NMR 
tion for adsorbed species with rather short and chromatography data, (iii) information 
13C relaxation times and which will be which should preferably be compared u-ith 
confirmed by the good agreement between gas chromatography data observed at 10~ 



46 DEROUANE ET AL. 

LHSV (or slightly higher temperature) as 
they are obtained under static conditions. 

The presentation, interpretation, and 
discussion of the NMR data require knowl- 
edge of the characteristic chemical shifts. 
The values of interest to the present work 
are given in Table 5 as obtained in solu- 
tion for different types of 13C nuclei. 
Deviations from these values can be ex- 

pected in the adsorbed state although they 
should be small if there is no considerable 
charge transfer between the adsorbed 
species and the adsorption site(s). 

Typical spectra for the conversion of 
methanol are shown in Fig. 2, correspond- 
ing to various treatment temperatures and 
durations. Detailed results are presented 
in Tables 6 and 7 which show the effect of 

a 
: 25% 

0 Ii 
: 2oo”c 

,/ 

dL 

1 CH,-0 
CH,-0 

0 

T” :3OO”C 

0 
T’ : 35O’C 

(CH,),O 

FIG. 2. Typical 13C NMR spectra as observed during the static conversion of methanol. Tem- 
peratures are as indicated (see Table 6 for details of treatments and product identification). 
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TABLE 5 

1% NXU2 Chemical Shifts of Different Types 
of Carbon Nuclei 

Compound and W nucleus (as indicated) 6 
(ppm from TMSP 

CHxOH 49.5 
CHrCHnOH 17.0 
CHrCHzOH 57.0 
CHrO-CHa 59.4 
CHrCHz-0-CHs-CHI 17.1 
CHTCH~O-CH&~HI (i7.4 
4%CHr + -0-CHz- 60.7 
CHs=CHz 122.1 
-CHr + -CHa (aliphatics) 14.3 
-CHr + -CHa (linked to arom atic cJ-ales) 17.3 
C from &fins and aromatics =130 
CHz=CH-U-CH,CHa 152.9 
CHPCH-0-CHz-CHs 84.F 

a SW ltef. (8). 

temperature and of reaction time, rosprc- 
tively. Figure 1B plots the distribution of 
products as a function of temperature as 
obtained from the intensities of the NMR 
peaks. It clearly parallels the gas chroma- 
tography results. 

It is immediately sun that the reaction 
is very sclcctive below %T,O”C: Methanol 

T”-350°C 

is almost exclusively converted to dimethyl 
ether. The spectrum observed at 250°C 
shows no charackristic NMR resonance for 
ethylene. However, the peak near 60 ppm 
is strongly broadened, indicating the pro- 
grcssivc formation of a variety of aliphatic 
ethers (we Table 5 for chnmical shifts). 
When the tempcraturc reaches 3OO”C, the 
“ether” characteristic resonance n(aar 60 
ppm decrtbasts in intensity while -CH2- 
and -CBS rpsonanws appear [indicating 
the formation of aliphatic compounds or 
(linked) chains] in the rang<’ from 10 to 20 
ppm. The latter are shifting to Ion-w field 
(i.e., incrrasing 6 values) lvith incrcaasing 
temperature indicating that a higher pro- 
portion of these chains are branched on 

aromatic nuclai. Intcnlsting information 
also arises from the comparison of the 
“aliphatic” to “aromatic” carbon ratio (as 
obtained from NMR, xvhich means that 
aliphatic chains branched on aromatics are 
counted as aliphatics). The final conversion 
of the initial methanol, as adsorbrd at low 
tcmpc~ratur~~, leads t)o an “aliphatic/aro- 

-----____ 
----- -3 

10 20 30 40 
tim* (minutes) 

FIG. 3. Zeolite-catalyzed methanol conversion. Yield structure vs time of st,atic conversion 
at 350°C (exclusive of water, from 13C NMR data). (0) Methanol; (0) W nuclei from CH& 
and -CHz-0 groups; (A) W nuclei from aliphatics and aliphatic chains branched on olefins and 
aromatics; ( l ) 1% nuclei from aromatics (and olefins). 
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TABLE 6 

1% NMR Data for the Conversion of Methanol on H-ZSM-5 Synthetic Zeolite 

Pretreatment” 

Tempera- Time 
ture (mm) 
(“C) 

Chemical shift Linewidth* Type of Intensityd Remarks 
(ppm from TMS) (Hz) resonanceC (70) 

25 60 49.5 70 A 100 - 

150 30 49.5 65 A 64.5 - 

56.2 65 B 35.5 

150 100 49.4 - A 33.2 - 

58.7 50 B 66.8 

150 100 49.6 - A 7.0 - 

200 30 59.1 50 B 93.0 

150 100 49.7 - A 2.0 - 

200 30 58.8 110 B’ 62.0 
250 30 19.6 250 C 36.0 

150 100 
200 30 
250 30 
300 30 

59.9 220 B’ 42.0 Traces of 
14.8 + 22.1 230 C’ 51.0 methanol 

135.3 - D 7.0 present 

100 
30 
30 
30 

6 

49.9 - A 1.0 - 

60.2 190 B’ 22.0 
16.6 340 C’ 64.0 

132.2 250 D 13.0 

a Consecutive treatments of the same sample. 
*ecsd All spectra recorded using 200 (25’C spectrum) to 5000 (350°C spectrum) scans accumulated before 

the Fourier transformation. The maximum instrumental line broadening is 15 Hz. 
b Linewidths measured at half-height. 
c As identified by comparison with reference data as quoted in Table 5. (A) Methanol, (B) dimethyl ether, 

(B’) CH,-0 and CHZ-0 from aliphatic ethers, (C) aliphatic methyl and methylene groups, (C’) methyl 
and methylene groups from aliphat,ics, and/or linked to olefins and aromatics, (D) olefinic and aromatic 
carbons. 

d Relative intensities: total i3C NMR spectrum intensity normalized to 100%. These values are only 
indicative of the evolution of the spectra with temperature. 

matic” ratio of about 5 (see spectrum 6 conversion of methanol to aliphatics and 
of Fig. 2). Adsorption of a fresh monolayer aromatics. That will obviously be one of 
of methanol and direct conversion at 350°C the major points in our discussion of the 
lead to a ratio of about 2 (see Table 7 and present results. Note also that a small 
spectrum 8 of Fig. 2) in good agreement characteristic methanol peak is always 
with the chromatography data. Hence, the present near 49 ppm (from TMS). Finally, 
methanol-aliphatics-aromatics conversion the product yield structure as a function of 
should not be considered as sequential but time at 350°C (see Table 7 and Fig. 3) 
much more as a competition between the clearly shows that the methanol conversion 
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TABLE 7 

Product Distribution from Static Methanol Conversion at 350°C: 13C NMR Results 

49 

Reaction time Chemical shift 1;inewidthY Identification* IntensityC 
(min) (ppm from TMS) (Hz) 

0 493 170 A 100 

5 50.F 140 A 66.5 
59.5 - B’ 33.5 

8 50.7 190 A 49.0 
58.5 - B' 15.0 
20.2 350 C' 22.0 

134.6 310 D 14.0 

ss 50 .3 - A 20.0 
60 - B’ 5.6 

17.6 + 23.0 - C' G3.0 
136.8 - I$ 11.4 

0 Linewidths measured at half-height. 
* By reference to the data from Table 5. See Table 6 for group and compound ident,ifications. 
c Total spectral intensity normalized t.o 100%. 

owurs in tn-o major steps, i.c., thtb conver- 
sion t’o ethers and the formation of higher 
hydrocarbons (aliphatics and aromatics). 

SMR results for the conversion of 
t+hanol are presented in Figs. 4 and 5 and 
Table S. The spectra are nlore complex as 
a result of the prcwncc of two W rcso- 
nanws in the starting material and because 
of the 13C-13C spiwspin couplings (broader 
linc>F). The initial CH, rwonanw also ob- 
scurw to some extent the cxprctcd trans- 
formations that should be obscrvod in the 
aliphatic region of the spectrum. The data 
\vill thcreforc ha prcscntrd in somc~ mow 
d(+ail ; characteristic chemical shifts arc 
indicated in parcnDhc>ses in the follokng 
(SW also Table S). The typical spectrum 
of adsorbed c+J~anol (16.7 and 56.1) is 
obswved at 25°C. Heating at 150°C lr>ads 
t,o a broadtGng of t’he CH, resonancr 
(from 1.50 to 400 Hz) and to a broadening 
and shift of the CHT-0 resonance: This 
wrrcsponds to the formation of diethgl 
&her of which the characteristic shifts arc 
17.1 a,nd 67.4 ppm. The dicthyl &her 
sp&rum overlaps t*hat of ethanol (see 

spectrum 2 of Fig. 5). Further heating at 
150°C leads to a resonance near 90 ppm 
and a very weak and broad peak at about 
150 ppm, possibly characteristic of vinyl 
ethyl c%hcr. Some olefins should also be 
prrsent as indicated by the rwonance at 
111 ppm. The first abrupt transformation 
orcurs bc+v-een 150 arid XO”C, as scxcn from 
spectra 3 and 4 in Fig. 5. Typical rcsonanccs 
from the alcohol and the ether aw progrcs- 
sivcly disappearing while an olcfinic peak 
becomes clearly distinguishable (relative 
intcnsit,y up to 32%) and shift,s toward 
lo\\or ficllds (120 ppm) : It corresponds to 
clthylcne formation. 

The second nlain procrss occurs above 
250°C (spectra 5 to S in Fig. 5). The 
olefinic prak broadens and progressively 
disappears (traces of it arc still obwrvable 
at 35O’C) while CHa- and CHZ- r(wnanccs 
arc obsrrvcd as a broad line bctncrn 10 and 
40 ppm. The maximum of the latter is 
locakd bc%wen 14 and 23 ppm indicating 
that these groups are mostly in aliphatic 
chains. Ko distinct aromatic peak is ob- 
served (cxpc&xd at 130 ppm) although a 
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FIG. 4. Zeolite-catalyzed ethanol conversion. Yield structure vs temperature, exclusive of water. 
(A) Gas chromatography results (0.62 ml of ethanol.hr+, 1 atm); (B) 13C NMR results (static 
conditions, 0.08 ml of ethanol/g of catalyst). A : (0) Ethanol and diethyl ether; (0) Cz aliphatics 
(mostly ethylene); (A) higher aliphatics; ( l ) aromatics. B: (0) W nuclei from aliphatics 
(including CH&TH20H) ; (@) W nuclei from CH.T0 and -CHt-0 groups; (A) 1% nuclei 
from olefins. 

very broad line could very well be present methanol under static conditions. Figure 4 
in this part of the spectrum. Hence, it is compares the product yield structure from 
again observed that heating at progres- the conversion of ethanol as it is obtained 
sively higher temperatures leads pref- from gas chromatography and 13C NMR 
erentially to aliphatics, in agreement with analyses. Although the agreement is not 
the results obtained for the conversion of as surprisingly good as in the case of 
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TABLE 8 

W NMR Data for the Conversion of Ethanol on H-ZSXf-5 Zeolite 

Thermal treatment,” Chemical shift Linewidth* Identificationc Intensityd 
(ppm from TMS) (Hz) (70) - 

Tempera- 
ture 

(“C) 

Time 
(min) 

25 

150 

150 

150 

150 
200 

150 
200 

150 
200 
250 

150 
200 
250 
300 

- 

20 

50 

110 

110 
10 

110 
40 

110 
40 
15 

110 
40 
75 
40 

16.7 150 A 66.6 
56.1 235 B 33.4 

(14.8) + 1x.5 
66.0 

216 
413 

A’ 63.7 
B’ 36.3 

15.5 
67.7 

385 
329 

A’ 
B’ 

75.0 
25.0 

12.9 + 14.8 
75.4 
92.8 

111.6 
150.0 

319 
- 

A’ 
B’ 
c 
I) 
- 

73.8 
14.5 

7.3 
4.4 

- 
- 

Broad 

12.9 
71.4 
90.0 

110.7 

347 A’ 
Broad B’ 
Broad C 

169 L, 

81.1 
- 
- 

18.9 

10.6 - 33.5 
77.8 

119.5 

460 A’ 71.6 
- B’ - 

146 1) 28.4 

20.3 - 39.9 560 
68.2 - 

112.9 - 116.4 403 

A’ 67.7 
B’ - 

1) 32.3 

A’ 
B’ 
I) 

20.7 4.59 
64.4 - 

118.9 - 

92.6 
- 

7.4 

met’hanol, the main features exist and are 
rcinforwd. Ethylene also appears to be a 
very reactive intermediate and ethers dis- 
appc’ar as aliphatics (and aromatics at a 
higher temperat~urr) are formed. 

observations xvhich are not fully discuswd 
and accounted for in t)he paper by Chang 
and Silvestri (I), i.e., the eventual det’ect,ion 
of small amounts of methyl ethyl ether in 
the reaction products, the high ratio of iso- 
to normal paraffins, and also the increasing 
amount of olcfins in the reaction products 
at low conversion (increasing LHSV). We 
also have to account for new expcrimcntal 
facts brought forward by the present study, 
namely: (i) the similarity in the reaction 
product distribution as obtained from the 

IV. 1)ISCUSSION 

A rwnt paper by us (7) presents some 
of the ideas which will be developed in the 
discussion of the foregoing results. Our 
aim is to propose an explanation for some 
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TABLE 8-Continued 

Thermal treatment,” 

Tempera- Time 
ture (min) 
(“Cl 

Chemical shift Linewidthb Identificationc 
(ppm from TMS) (Hz) 

Intensityd 

(76) 

150 110 
200 40 
250 75 
300 40 
350 20 

150 110 
200 40 
250 75 
300 40 
350 80 

110 
40 
75 
40 

140 

23.1 414 A’ 93.6 
61.6 - B’ - 

119.5 - D 6.4 

14.5 + 20.5 369 A’ 97.3 
58.9 - B’ 1.3 

133.2 - D 1.4 

14.1 + 21.0 336 A’ 100 ? 
59.8 - B’ - 

133.2 Broad D Not estimated 

a Successive treatments on the same sample. 
b Linewidths measured at half-height. 
c With reference to the characteristic chemical shifts listed in Table 5. (A) CH3-CH20H, (B) CH,CH20H, 

(A’) aliphatic methyl and methylene groups, (B’) -CHrO- groups, (C) most probably vinyl ethyl ether, 
(D) olefinic (and aromatic) carbons. 

d Intensities are only quoted in order to give an idea of the spectral changes. The total intensity of the 
13C NMR spectrum is normalized to 10070. 

high-temperature (35s400°C) conversion 
of methanol and ethanol; (ii) the role 
played by the ethers in the alcohol(s) to 
hydrocarbons conversion; (iii) the high 
reactivity of ethylene (observed in the 
methanol conversion at high LHSV (1) 
and in the ethanol conversion) which seems 
to be an intermediate; and (iv) the dis- 
tinct formation of aliphatics and aro- 
matics depending on the conversion condi- 
tions (static, as in NMR, or dynamic) 
which seems to indicate that the conversion 
pathway is not simply the result of se- 
quential reactions. It will be seen that the 
main problem which is left is the mechanism 
by which ethers are converted to the cor- 
responding olefins by intramolecular de- 
hydration. The major part of the discus- 
sion will deal with methanol, and reference 

to the ethanol conversion will be made 
when needed. 

The various mechanisms which have been 
proposed up to the present have been 
reviewed and discussed in the paper by 
Chang and Silvestri (1) and, hence, we do 
not feel that there is a need for a further 
discussion of the existing literature on the 
subject. 

The protonated H-ZSM5 zeolite is 
certainly acidic. On the other hand, zeolites 
with their cages and channels appear as 
solid crystalline structures in which high 
electrostatic fields and gradients are pre- 
vailing and therefore they act as strong 
polarizing agents. Both characteristics mill 
favor and stabilize the formation of car- 
benium ions. Adding to these the gas 
chromatography results and the original 
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350°C ,40m,n 

FIG. 5. Typical 13C NMR spectra as observed during the static conversion of ethanol. Tempera- 
tures are as indicated (see Table 8 for details of treatmentas and product identification). 

13C NMR data (which give additional 
information on the adsorbed species which 
arc present in situ), a realistic mechanism 
can be proposed for the conversion of 
methanol to hydrocarbons. 

At low temperature (150-%OO”C), dc- 
hydration of the alcohol occurs and the 
latter results essentially in dimcthyl ether, 
possibly by a mechanism which has been 
prwiously proposed (6, 9, 10) : 

XHaOH + CHa-OkCHa + HzO. (3) 

At higher tcmpwaturo (200-3OO”C), di- 
methyl ot,hc>r may dclh>*dratlc t,o yield 
c$hylw : 

CHe-O-CHa + CH?=CH, + HrO. (4) 

This process can be either intermolecular 
or intramolecular. WC would favor the 
latter possibility on simple grounds: It 
wuld eventually bc confirmed by studying 
the dehydration of 13CH3-0-12CH3 using 
isotope sensitive techniques such as mass 
spcctromctry or 13C NMR. 

Ethylene, however, is not observed by 

13C NMR and is only prewnt in very small 
amounts in the effluents analyzed b) 
chromatography for high LHSV (1). Onr 
concludes that it is very reactive and that 
carbrnium ions arc readily fornwd by 
rclaction with thr Br$nstcd acid siks of the 
zeolitc : 

CH,=CHz + HOZ --t 
CHS-CH2+. . . OZ-, (5) 

whew Z stands for the zcolitic framo\\ork. 
The carbenium ion can watt in two 

major ways : one is to form hither etl~rrs 
(process A) by reaction with mrthanol, 
the second, to yield liTlear oleJv~s by addi- 
tion on another ethylrnr: (or olrfin) 
molecule according to process B. 

Process A swms more probable bwause 
of the diffcrenw in basicity bc+vwn the 
alcohol and thr olr~fin. 

(A) CH&H,+. . . OZ- + CHaOH + 
CHZ-CHA-CH, + HOZ (6) 

(IS) CH&Hs+. . . OZ- + CHz=CHL, 3 
CH,-CH?-mCH=C:H, + HO2 (7) 
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Reaction 6 accounts for the formation of 
ethyl methyl ether which was sometimes 
observed (I). The latter, in turn, could also 
be dehydrated by a mechanism similar to 
that of reaction (4), 

CHsCHz-0-CH3 -+ 
CHsCH=CHz + Hz0 (8) 

leading to propylene. 
According to the former sequence of 

reactions, the conversion products from 
methanol at high LHSV (low conversion) 

should be mainly propylene, butene, and 
ethylene, which is essentially the case as 
seen from the data collected in Table 4 of 
Chang and Silvestri’s paper. 

Propylene can be hydrogenated to pro- 
pane [by hydrogen transfer from other and 
higher olefins (II)], but it can also react 
by processes A and B as did ethylene. 
Secondary carbenium ions being more 
stable than primary one, process A will 
mostly form branched molecules (iso- 
paraffins). 

CH3-CH=Ct+ + HOZ -vCH3-$H+-CH3 
+CH30H -Hz0 

--t CH,-$H-CH, - CH3-t=CH? + etc. (9) 

0t- 

This accounts for the large amount of 
branched compounds as compared to 
normal paraffins (and thereby the high 
RON) shown by our data and those pre- 
viously reported [Table 1 of Ref. (I)], 
as well as for the progressive broadening 
of the 13C NMR resonance attributed to 
oxygen-containing compounds (CHs-0 and 
-CHz-0 groups). The polymerization 
process (B; addition of the carbenium ion 
to an olefin) will essentially yield linear 
olefins which can cyclize and lead to aro- 
matics by hydrogen transfer reactions to 
other olefins, the latter then being con- 
verted to saturated aliphatics (II). This 
may be the reason why aliphatics and aro- 
matics are formed simultaneously, as ob- 
served by W NMR and gas chroma- 
tography, at temperatures in the range 
300-400°C. The need for fresh methanol 
in the formation of aromatics, as observed 
from the NMR data, lower olefins being 
formed in the early stages of the methanol 
conversion, suggests that hydrogen may be 
preferentially transferred to lower olefins. 

WC propose therefore that the methanol 
conversion on the H-ZSM-5 zeolite propa- 

6CH3 CH3 

+H 
t 

CH3-CH 
,W 

\ 
CH3 

gates by successive dehydration-methanol- 
ation steps, competing with polymeriza- 
tion-cyclization-aromatization processes. 
The existence of the dehydration-methanol- 
ation mechanism is inferred from the 
constant observation of a small amount of 
CH,OH (by 13C NMR in situ) on the 
catalyst. This is not surprising as, at such 
high temperature in the presence of steam 
(from the dehydration of methanol), hy- 
drolysis of the ethers can occur. That is in 
agreement with the closeness of the dis- 
tribution of hydrocarbons observed when 
using dimethyl ether as feed (1). 

Both NMR and chromatography data 
for the conversion of ethanol can be inter- 
preted on the basis of the same mechanism. 
The main difference, however, is the fact 
that ethylene is one of the major products 
from ethanol as formed via ether formation 
and subsequent dehydration or by direct 
dehydration of ethanol (I!?). Our proposal 
that ethylene is an important intermediate 
in the conversion of methanol to hydro- 
carbons accounts well for the similarity in 
the product yields from ethanol and 
methanol, as observed at high temperature 



CONVERSION OF ALCOHOLS TO HYDROCARBONS 55 

(SW Table 3). This fcaturcl adds to the 
shape-selrctivc character of the zwlitc as 
mentioned by Chang and Silvcstri (1). 

V. CONCLUSIONS 

The combination of 13C NHlt and gas 
chromatography data has enabled us to 
propose an original mo~hanism for t,hc 
convwsion of mc%hanol and ckhanol t,o 
higher hydrocarbons on a new type of 
shapwwlcctivc zeolitcx. This mechanism 
can br adapted to account for the convcr- 
sion of other oxygc~I1-containing compounds. 

The proposed rarbcnium ion formation, 
by prot’onation of olcfins, and the reaction 
of tho former with c4thcr alcohol molcculrs 
or olefins seem more probable than the 
mwhanism by carbcw>s of Chang and 
Silvcstri (1). Indcod, carhcnium ions UT 
wry strongly stabilizc>d on an acidic and 
highly polarizing surface such as that of 
zwlitcls. The wlative stability of tcrbiary, 
swondrp, and primar;\ carbenium ions 
accounts wry easily for the high yield in 
branched hydrocarbons, which is not the 
case for carbenes. It also explains the pres- 
ence of met’hyl ethyl ether [detect)ed in 
t,hc products (I)] and the formation of 
higher ethrrs as observed ill situ by 13C 
NMR. Finally, our mechanism also ox- 
plains in a simplr manner the analogies in 
the product yields from ethanol and 
methanol and their dcpcndcnce on space 
wlocity. 

One question which still remains is t,he 
mechanism by which eth(lrs would be dr- 
hydrated to the mono-olefin containing the 
same numbw of C at,oms, possibly by an 
intramolecular procws, although a bi- 
molecular rcw!tion of th(> t)ypch dwcribcd 
by Chang and Silwstri (1) brtwen 
methanol and a mc%hyl clthw would also be 
awptabk. 
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