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The problem of methanol conversion to hydrocarbons in the presence of high-silica zeo-
lites has been discussed extensively in recent years [1-8]. One of the important aspects of
this problem is the mechanism through which C~C bonds are formed from C, fragments in the
first stage of conversion of methanol and dimethyl ether. This question still remains un-
resolved, and various investigators have given different interpretations [1, 3, 7, 8].
Another open question concerns the growth of the carbon chain.

In the present work, with the aim of determining the general relationships and nature
of the individual stages, we have investigated, under comparable conditions, the conversion
of CH;O0H and possible intermediates in its conversion (CH,OCH; and C,H,) in the presence
of Soviet-produced high-silica zeolites differing in composition and conditions of prepara-
tion.

EXPERTMENTAL

The studies were performed in a continuous-flow catalytic unit [9]. The catalysts
were zeolites synthesized from alumina—silica gels or silica sols with added boron compounds
by crystallization under hydrothermal conditions [10, 11]. "The type TsVK [high-silica]
zeolites and the boron-containing silicate (BS)* were obtained by the use of a tetrabutyl-
ammonium base; the TsVM was synthesized without the use of any organic compounds, by means
of a modification of the procedure given in [12]. The following Na forms were obtained:
TsVK-1 with Si0,/A1,05; = 71, TsVM with Si0,/A1,0, = 35, and BS with $i0,/B,0, = 87. 1In
the catalytic experiments, the zeolites were used in decationized form (NaZO content <0.1%);
these were prepared by two treatments of the corresponding Na form with an NH,Cl solution
at 70°C, with drying and calcining between treatments. The catalyst charge in the experi-
ments was 2.5 ml (1.6 g) or 5.0 m1 (3.2 g) of the 1-2 mm fraction. The feed rates were
0.013 mole/h for CH3OCH;* and C,H,, and 0.055 mole/h for CH,OH. Before starting an experi-
ment, the catalyst was calcined in a flow of air for 5 h at 550°C; between experiments,
it was calcined for 2 h. In the middle and at the end of a series, control experiments
were performed; these indicated that the zeolites maintained their initial activity and
selectivity up to the end of the series. The individual compounds CH5;OH and C,H, were used
as initial reactants (purity ~99% by GLC analysis). The dimethyl ether that was used had
saturated hydrocarbons as impurities: C; 2%, C, 117, and Cy 2%. The gaseous and liquid

products from the reaction were analyzed separately by GLC under conditions that have been
descrlbed in [9].

DISCUSSION OF RESULTS

Previous articles [2, 13-15] have discussed the possibility that methanol conversion
to hydrocarbons may proceed in accordance with the scheme

saturated
2CH=0H == HsCOCH; -»cz-cs (oleflns )~ { aromatic,

olefinic hydrocarbons

*The BS contains "0.15 Al1,0; [unit of measure not given in Russian original — Translator].
tSpace velocities 100, .102, and 65h™! for H-TsVK-1, H-TsVM, and H-BS, respectively.
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Fig. 1. Yield of gaseous hydrocarbons
as a function of temperature in con-
version of methanol on H-TsVK: 1)
dimethyl ether; 2) C,H,; 3) C,Hg; 4)
CsHg; 5) CzHg; 6) IC,.

In [16, 17], doubt was expressed as to the intermediate formation of dimethyl ether; in [14,
18], two parallel paths of olefin formation were considered,

2CH30H s H3COCH; + H,0
—>olefins <—% ' '

We have investigated catalytic conversions of methanol, dimethyl ether, and ethylene
under comparable conditions in the 225-500°C interval, in the presence of a series of Soviet-
produced zeolites of the Pentasil type: TsVK, TsVM, and BS. As can be seen from Fig. 1
and Table 1, on the zeolites, which differed in composition and nature, in the experiments
at relatively low temperatures (250-300°C), the sole product of CH5OH conversion is CH;0CH;.*
A gradual increase in the temperature leads to the appearance of olefins, in the reaction
products, mostly in the C,-C, range; this is accompanied by a decrease in the concentration
of CH,0CH; and, simultaneously, by the formation of considerable quantities (up to 57%)
of liquid aliphatic hydrocarbons (Al) and aromatic hydrocarbons (Ar) (Table 1).

Using the same samples of zeolite, we studied the conversions of CH;0CH3; under similar
temperature conditions. As can be seen from Fig. 2 and Table 2, CH OCH; conversion begins
at 225-260°C, i.e., in the temperature region of its formation from CH;OH. As the tempera-
ture is raised, the CH;OCH; is consumed rapidly, within the simultaneous formation of hydro-
carbon components. We should also note the considerable primary increase in the yield of
ethylene in the gaseous products from the conversion of methanol and dimethyl ether at rela-
tively low temperatures (250-275°C). This is particularly striking in the conversion of
methanol (Fig. 1); when using dimethyl ether as the feed, the primary ethylene that has
been formed is partly dimerized to C, hydrocarbons (Fig. 2). The coinciding regions of
temperature for the formation and consumption of dimethyl ether, the character of the temper-
ature dependence of consumption of the original CH;OH and CH4OCH, (Figs. 1 and 2), and the
identity of products from CH,OH and CH4,0CH; conversion in terms of composition and distribu-
tion (Tables 1 and 2) regardless of the type of zeolite; this indicates that the dimethyl
ether formed as a primary product from methanol is an intermediate product in a staged con-
version of CH3;OH to hydrocarbons. As a result, we usually obtain from CHZ;OH and CH50CH,

a wide variety of identical-composition C,-C,; aliphatic hydrocarbons (including highly
branched hydrocarbons) and C,-C,, aromatic hydrocarbons.

Comparative data on the conversion of ethylene in the presence of these same high-silica
zeolites (Figs. 3 and 4 and Table 3) indicate identity of the products from conversion of
CH;0CH; and C,H,. The relationships and the distributions of the gaseous and liquid hydro-
carbons are also very similar, over a wide range of temperatures. At relatively low tem-
peratures (225-300°C), we observe sharp decreases in the concentration of CH3;0CH; or C,H,

*As in Russian original; the data in Fig. 1 and Table 1 indicate that this statement is
correct only for a temperature of 250°C - Translator.
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Fig. 2. Yield of gaseous hydrocarbons as a function of
temperature in conversion of dimethyl ether on H-TsVK:
1) dimethyl ether; 2) C,H,; 3) C,Hg: 4) CiHgs 5) CgHys
6) xC,.

Fig. 3. Dependence of gaseous hydrocarbon yield on tem-
perature in conversion of ethylene on H-TsVK: 1) C,H,;
2) C,Hgs 3) C3Hgs 4) CiHgs 5) IC,.

(see Figs. 2 and 3), with the simultaneous formation of considerable amounts of €,C,, ali-
phatic hydrocarbons, including molecules with an odd number of C atoms. These results indi-
cate that under relatively mild conditions of catalysis, in the initial stages of the process
on high-silica zeclites, the initially formed low-molecular-weight unsaturated C,-C, frag-
ments are subject to linear oligomerization. Indeed, in the conversions of CH;O0CH,; and

C,H, on the different high-silica zeolites, the gaseous products from the reaction (225-300°C)
contain up to 50% C, hydrocarbons, and also considerable quantities of ethylene in the conver-
sion of CH;OH (Fig. 1 and Tables 1-3). Here, the gas contains a large amount of C, hydro-
carbons and very little CH, (<2%).

The formation of molecules with an odd number of C atoms (2n + 1) 2> 3 (up to C,,),
particularly in the initial stages of the reaction, can serve as an indication of the inter-
mediate formation of C, species participating in the growth of the hydrocarbon chain. These
may be carbene radicals, cbtained by a-elimination in accordance with the scheme [2, 17]

H—CH—0—CHy—H——7—
10| [: CHy]
H-CHy—OH__: 1 T

Subsequently, under the actual conditions of catalysis on the acidic centers of high-silica
zeolites, the carbenes apparently dimerize and also may alkylate the methanol and/or dimethyl
ether, extending the carbon chain and forming hydrocarbons with higher molecular weights

{1]1. 1In the overall network of conversions of CH,0H to hydrocarbons, disproporticnation
reactions are also possible, or, for example, alkylation of low-meolecular-weight hydrocarbons
by fragments of the methanol or dimethyl ether, resulting in growth of the carbon chain

and the formation of straight-chain and branched-chain hydrocarbons. Actually, the products
from the conversion of methanol and dimethyl ether on high-silica zeolites contain primarily
branched-chdin C,-C,, aliphatic hydrocarbons. The small quantities of CH, (<2%) in the
products from CH5OH conversion over a broad range of temperatures and on various catalysts
indicates a low probability of primary formation of the +CH3 ion from CH,OH in its conversion
on high-silica zeolites.

On the whole, a comparison of the results obtained on the conversion of CH3OH, CH,OCH,,
and C,H,, along with the observed relationships and the distribution of the individual com-
ponents, particularly in the initial stages, indicates a similarity of the processes taking
place in the conversion of these three substances, leading in the end to identical reaction
products. We should first note the symbaticity in changes in the composition of individual

*The increase in CH, content at 500°C is apparently the result of dealkylation of alkyl-
aromatic hydrocarbons and cracking of aliphatiec hydrocarbons.
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Fig. 4. Temperature dependence of conversion (1) of dimethyl
ether (A) and ethylene (B), and temperature dependence of compo-
sition of liquid products obtained on H-TsVK (curve 2 for C,-C,,
aromatic hydrocarbons, curve 3 for C,-C,; aliphatic hydrocarbons).

TABLE 3. Products of Ethylene Conversion (space velocity 120

h™1)
vield |~ | composition of » '
Con- omposition of g 9 -
(]?f g |ver- -1iquid products, % IGas composition, <
. - 1qul : . 3 d ” A
Catalyst zé - products |31°% a1 AV Al ,
- and CH/ | CHy
i o [CuCe Ar CH, | /C,H; | /CoHs | ZCo
S GrGi] & |Cr '
H-TsVK-1 | 250 | 43 | 54 100 | st | 41| 13
300 64 99 44 4 11 41 — 3/3 | -1/40 | 52
400 43 99 - 15 30 23 32 1 1/8 |. 2/55| 33
500 45 98 | 51 [ 20.] 28 12 3/25( 4/48 6
H-TsVM 250 0 0 : = [100/— | =/~ _
300 37 55 -82 2 3 13 — | 741 | 4/9 11
350 37.1 100 7 33 23 37 = | /4| -/76 19
400 | 40 | 100 4 4 18 37 2 =41 /77 8
500 53 | 99 tp50 | 11| 37| 83 | 35| dp7| 2
H-BS 250 24 28 100 | -] - - - 191 | -1 3
300 |- 64 80 70 6 6 18 - | 56/4 [17 23
350 72 94 49 3 3 45 — | 22/7 | 5/22 | 44
380. 48 94 37 21 18 | 24 1 12/8 | 2/20 | 57
400 42 92 26 32 27 | 45 4 | 14016} 3/31 | 32
" 500 43 95 '8 44 '30 20 22 | 10/34] 721 ] 6

*Remainder CO + CO,.

hydrocarbons formed from CH;OCH; and C,H, in the 225-500°C interval. At relatively low
temperatures, we observe a maximum in the C,H, formation and predominance of C,H, and the
products of CH;0H conversion in comparison with C; and C, hydrocarbons (see Fig. 1 and Figs.
2-4). These results are evidence in favor of the formation of C,H, as one of the main inter-
mediates in the conversion of CH,OH to hydrocarbons. Certain differences that occur in

the quantitative distribution of the hydrocarbons that are formed in the conversions of CH,OH
(Fig. 1 and Table 1) in comparison with CH;OCH; and C,H, (Figs. 2-4 and Tables 2 and 3)

may be related to the influence of the relatively large quantities of water evolved in the
process of methanol conversion. The H,0 molecules may block the acidic centers that are
responsible for such stages of the process as oligomerization, dehydrocyclooligomerization,
and others. According to [19], in the conversion of C,H, with added steam, the composition
of the reaction products is shifted toward the formation of aliphatic hydrocarbons. Another
source of the differences may be the substantial difference between the rate of feed of
CH,O0H and the rate of passage of the gaseous reactants (CH,OCH; and C,H,).

The data on the.intermediate formation of ethylene are in good agreement with the re-
sults reported in [5], where it was shown that in the conversion of CH,OCH; on a modified
ZSM~5 catalyst, the sole reaction product was ethylene. Subsequent conversion of the ,
ethylene may proceed along the path of oligomerization, followed by Cy; and Cg-dehydrocycli-
zation to aromatic hydrocarbons, or along the path of alkylation of CH;O0H and CH;O0CH; with
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the formation of homologues of ethylene. The predominance of one path or the other will
depend primarily on the reaction conditions (temperature, contact time) and on the nature
of the catalyst.

The results we have obtained do provide a guite definite indication of the intermediate
formation of CH,0CH; and C,H, in the overall chain of reactions taking place in the conver-
sion of CH;0H to aliphatic and aromatic hydrocarbons on Soviet-produced high-silica zeolites.
Along with this, we find indirect evidence tht a bivalent species [:CH,] participates in
the formation of the C-C bond. The following facts support this hypothesis: the constant
presence, in the products of CH;0H conversion, of considerable quantities of hydrocarbons
with an odd number of C atoms, even at low temperatures at which there will be very little
cracking; the low contents of CH, in the reaction products; the preferential formation of
branched-chain hydrocarbons; and the presence of a complete set of polymethyl-substituted
homologues of benzene.

CONCLUSIONS

1. In the presence of a number of Soviet-produced zeolites of the Pentasil type (TsVK,
TsVM, high-silica borosilicate), under comparable conditions (250-500°C), methanol, dimethyl
ether, and ethylene undergo identical conversion, forming C,-C,; aliphatic hydrocarbons
and C4-C;, aromatic hydrocarbons.

The experimental data that have been obtained in this study indicate that dimethyl
ether and ethylene are the principal intermediates in the conversion of methanol to hydro-
carbon on these catalysts.
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