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Ketones, Carboxylic Acids, and Esters from Conversion of Aqueous
Methanol over H-ZSM-5 Zeolite
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Conversion of aqueous methanol over H-ZSM-5 zeolite in the presence of para-xylene (or
toluene) has been effected in a batch, stirred autoclave under autogeneous pressure at 344°C,
Alkanes are the main products; ketones, carboxylic acids and methyl esters are also formed. A

mechanism for the organic reactions is proposed.

INTRODUCTION

Conversion of methanol to hydrocarbons
over zeolite catalysts, in particular the pro-
ton form of ZSM-5 zeolite, has attracted
considerable interest. Conversion involves
(1-3):

(i) Establishment of equilibrium between
methanol and dimethyl! ether:

2CH;0H = CH;0CH; + H,0. (1)
(i) Formation of light olefins:
nCH;0H — C,H,, + nH,0O @
(or nCH;0CH; — 2C,H,, + nH,0).

(iii) Formation of alkanes and benzenoid
aromatics from olefins:

4C,Hy, = 3C,Hypio + C,Haps.  (3)

The mechanism of methanol conversion
is not unequivocally established, but the
products and other available evidence sug-
gest that hydrogen-transfer reactions are in-
volved only in stage (iii) of conversion (4).
No oxygen-containing products have been
reported or claimed apart from dimethyl
ether, and possibly small amounts of other
ethers.

! Present address: Broken Hill Proprietary Co. Ltd.,
Melbourne Research Laboratory, 245 Wellington
Road, Mulgrave, 3170, Victoria, Australia.
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The conversion of aqueous methanol has
now been carried out under atypical, hy-
drothermal conditions and in the presence
of p-xylene and toluene (which are known
to co-catalyze conversion of aqueous meth-
anol (5)). The conversion results in the for-
mation of substantial amounts of ketones,
carboxylic acids, and esters.

EXPERIMENTAL
(@) ZSM-5 Zeolite

Sample A. A gel was prepared, following
the methods of Argauer and Landolt (6),
from—(i) commercial sodium silicate (70 g;
29% Si0,, 9.1% Na,0), sodium hydroxide
(1.3 g), and tetrapropylammonium bromide
(8.8 g); and (ii) aluminum sulfate - 18H,0
(7.5 g), sulfuric acid (3.8 g, 98%), and water
(238 g). The gel was crystallized for 24 hr at
175°C in a glass-lined steel autoclave. The
resulting crystalline product was filtered,
washed well with water, calcined at 500°C,
and then converted to the proton form (H-
ZSM-5) by treatment with dilute hydro-
chloric acid (0.3 M; 150 ml/g of zeolite) at
90-100°C overnight. The resulting zeolite
contained 0.02 wt% sodium and 1.72 wt%
aluminum, comprised of clusters (15-20
um diameter) of very fine (<1 pm) crystals.
Its X-ray powder pattern showed only the
lines reported for ZSM-5 zeolite. Compari-
son of the line intensities with those of the
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TABLE 1
Products from Aqueous Methanol and p-Xylene over H-ZSM-5 Zeolite at 344°C#

Product Weight? Product Weight?
( (8)
Methane 0.3 (g) Acetone [ 0.06 (1)
Ethylene 0.3 (g) 0.2 (a)
Ethane 0.2 (g) Butan-2-one 0.1 ()
Propane (+ trace propylene) 2.3 (g) 0.1 (a)
Isobutane (and other C, hydrocarbons) { 1.2 (g) 3-Methylbutan-2-one 0.8 (1)
1.0Q) 0.4 (a)
Isopentane (and other Cs hydrocarbons) { 0.5(g) Pentan-2-one 0.1 (1)
29 (1) Trace (a)
Hexanes® 230 3,3-Dimethylbutan-3-one 0.15()
Heptanes? 1.9(0) Trace (a)
Octanes 0.3 () 2-Methylpentan-3-one 0.1
Nonanes 020 3-Methylpentan-2-one 0.2 ()
Toluene 0.1() Methy! acetate 0.06
Ethylbenzene 0.05 () Methyl propanoate 0.1
Xylenes® 1.2Q0) Methyl butanoate 0.03
mip-Ethyltoluenes 0.1 (1)
1,2,4-Trimethylbenzene 0.2 1)
m/p-n-Propyltoluene 0.02 (1)
1,2,4,5-Tetramethylbenzene 0.5

2 Methanol (60 g), water (40 g), and p-xylene (2 g) over 2 g catalyst for 9 hr.

b Symbols: g = gas phase, 1 = nonaqueous liquid phase, a = chloroform extract of aqueous phase.
¢ 2-Methylpentane (1.7 g) and 3-methylpentane (0.3 g).

4 Mainly 2- and 3-methylhexanes.

¢ Amounts: 1.1 g para-, 0.1 g meta- and a trace of ortho-isomers.

best available ZSM-5 sample indicated a
>90% content of ZSM-5 zeolite.

Sample B. Sample B was prepared simi-
larly but in an unlined autoclave and was
converted to the proton form using 0.5 M
hydrochloric acid. It consisted of smaller
(5-10 wm diameter) aggregates of slightly
larger crystals and had a higher (2.35 wt%)
aluminum content.?

(b) Conversion of Aqueous Methanol in
the Presence of p-Xylene

A 300-ml Magnedrive autoclave was
charged with methanol (60 g), water (40 g),

2 Preparation of ZSM-3 zeolite of =2 wt% aluminum
content is less reproducible than preparations of lower
aluminum content, and incorporation of gel-aluminum
into the lattice is incomplete. The Si/Al ratio is 15 for
the gel, 25 for Sample A, and 18 for Sample B. Some
etching of any borosilicate glass occurs in the prepara-
tion, with incorporation of the etched silica into the
zeolite.

p-xylene (2 g), and H-ZSM-5 zeolite (Sam-
ple A, 2g). The autoclave was purged with
nitrogen and then heated to 344°C for 9 hr.
The autogeneous pressure was 220 bar.

The autoclave was cooled to room tem-
perature. The gas (3 liters), nonaqueous lig-
uid phase (14 g), and a chloroform extract
of the aqueous phase were analyzed by gas
chromatography and GC/mass spectrome-
try. The residual aqueous phase was ti-
trated against standard sodium hydroxide
solution to establish the presence of 20
mmole of (carboxylic) acids. The products
identified are listed in Table 1; identifica-
tions are based on use of a Hewlett—Pack-
ard HP5995A gas chromatograph/mass
spectrometer with a 50-m methylsilicone-
coated quartz-capillary column.

The experiment was repeated, using 2 g
toluene instead of p-xylene, and similar
results were obtained (see below). In the
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absence of any aromatic hydrocarbon, sub-
stantially less conversion was observed
(again see below).

(c) Conversion of Aqueous 2-Butanol

2-Butanol (7.2 g), water (7.2°g), and H-
ZSM-5 zeolite (Sample B, 0.35 g) were
loaded into the glass liner of a small Parr
bomb (45 ml capacity). The bomb was
heated at 263°C for 1.5 hr, while the con-
tents were stirred by a glass-encapsulated
magnetic stirrer bar. From the cooled
bomb, hydrocarbon gases (ca. 200 ml,
mainly butenes), liquid organic phase (3 g,
mainly olefins plus unchanged 2-butanol),
and an aqueous phase (7 g, containing
mainly unchanged 2-butanol) were recov-
ered, and were analyzed by GC and GC/
MS; the results are discussed below.

RESULTS AND DISCUSSION

By contrast with conversion of aqueous
methanol at 1 atm pressure in the vapor
phase, which is complete in contact times
of ca. 1-10 sec and weight hourly space
velocities of ca. 1 in a tubular microreactor
at 300-340°C (7), conversion in the present
hydrothermal experiments requires about
10 hr at temperatures =320°C. The condi-
tions are close to the critical temperatures
of the aqueous methanol (T, = 374°C for
water and 240°C for the methanol, which is,
of course, converted to water and hydro-
carbons as the reaction proceeds).

Some 60% of the carbon content of the
methanol and p-xylene is accounted for by
the products identified in Table 1. A little
more (up to 10%) will be represented by
unidentified hydrocarbons in the organic
liquid phase, unidentified carboxylic acids,
and ketones and esters not effectively back-
extracted from the aqueous phase. The
conversion is thus =70 C%. Residual meth-
anol (and dimethyl ether), dissolved in the
aqueous phase, was not assayed.

The H-ZSM-5 zeolite is essential to the
conversion. No gaseous or organic liquid
phase products were observed in the ab-
sence of the zeolite.
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The addition of p-xylene stemmed from
previous observations that aromatic hydro-
carbons co-catalyze conversion of aqueous
methanol to olefins in the gas phase (5, §).
The present results confirm the beneficial
effect of p-xylene on conversion. In the ab-
sence of p-xylene, gaseous products were
observed, namely propane (1.4 g), butanes
(1.3 g), and dimethyl ether (4.7 g). How-
ever, the organic liquid phase weighed only
3.3 g and so was not examined further.
Overall the conversion of methanol to or-
ganic products (other than dimethyl ether)
was =30 C%.

Conversion of aqueous methanol in the
presence of 2 g of toluene instead of p-
xylene gave results very like those obtained
in the presence of the xylene, except in that
the organic liquid phase (12.7 g) contained
toluene (1.0 g) and xylenes (1.0 g) as the
main aromatic products.? It is clear that the
presence of toluene or p-xylene aids the
conversion of aqueous methanol in the
present experiments.

The products obtained in the present hy-
drothermal experiments are quite unlike
those obtained using a vapor-phase reactor
(1, 2, 5). The latter gives mainly olefins un-
der mild conversion conditions and domi-
nantly alkanes plus aromatics under more
severe conditions. Table 1 shows the prod-
ucts identified in the hydrothermal experi-
ment carried out in the presence of p-
xylene. It can be seen that little of the
product is olefinic and that there is no net
formation of aromatic hydrocarbons. In de-
creasing order of yield the products are al-
kanes, ketones, and carboxylic acids and
esters.

The alkanes are by far the most promi-
nent products and are mainly simple,
branched-chain alkanes—i.e., isobutane in-
stead of n-butane, 2-methylbutane instead
of n-pentane, etc. The ketones are simple
acyclic ketones, and are mostly 2-ketones

3 The gas phase contained no methane, but did con-
tain dimethyl ether (1.2 g). The latter is not significant.
Much dimethyl ether is probably lost in the aqueous
phase in all the experiments.
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(acetyl compounds). The esters are methyl
esters of the simple monocarboxylic acids,
while the individual free acids have not
been identified.

The most obvious source of the observed
ketones appears to be the corresponding al-
cohols. The present hydrothermal experi-
ments differ from conventional methanol
conversion in that the partial pressures and
concentrations of water and organic prod-
ucts are high. This implies the presence of
significant concentrations of alcohols in hy-
dration/dehydration equilibrium with the
corresponding olefins.?

CnHZn + HZO = CnH2n+IOH (4)

e.g.,

CnH;—n +1
tertiary carbenium ion
CmHZm
olefin

Analogous reaction (6) seems reasonable
and would allow conversion of a tertiary
carbenium ion and a secondary alcohol to a
branched-chain alkane and a protonated

CnH;n+l
tertiary carbenium ion
R-CHOH-R’
secondary alcohol

The feasibility of reaction (6) was tested
by reacting aqueous 2-butanol over H-
ZSM-5 zeolite under hydrothermal condi-
tions at a lower temperature (263°C) and for
a shorter time (13 hr) than in the methanol
conversion experiments.

4 Vapor-phase thermodynamic data (assuming non-
ideal gas behavior) for the system isopropanol/n-pro-
panol/propylene + water indicate a roughly 20/1 ratio
of propylene/isopropanol under the conditions of
aqueous methanol conversion; isopropanol is favored
rather than n-propanol.
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CH3—CH=CH2 + H20 =

CH,—CHOH—CH; (4a)
and
C,H;—CH=CH; + H,0 =
C,Hs—CHOH—CH; (4b)

Zeolites such as the proton form of ZSM-
5 zeolite catalyze dehydration of alcohols
to olefins at temperatures below 300°C (3,
4), and so must catalyze the establishment
of equilibrium (4).

The formation of branched-chain alkanes
and aromatics in normal methanol conver-
sion probably involves the abstraction of
hydride anions from unsaturated hydrocar-
bons by tertiary carbenium ions.’ Thus re-
action (3) would involve such steps as

CnH2n+2
branched-chain alkane
+
CmH2m—1
unsaturated carbenium ion

5)

ketone. Reaction (6) provides a means
whereby an olefin can react with a second-
ary alcohol to give an alkane and a ketone.

CnH2n+2
branched;chain alkane
R-COH-R’
protonated ketone

(©6)

The gas phase contained mainly mixed
straight-chain butenes, but also a little n-
butane and propylene. The organic liquid
phase contained mainly a complex mixture
of olefins and unchanged 2-butanol, but also
some alkanes. The aqueous phase con-
tained mainly 2-butanol. However, isopro-
panol was also found in the aqueous phase
(estimated 3 C% vyield w.r.t. the 2-butanol

5 For discussion of hydride abstraction reactions
over ZSM-5 zeolite see Refs. (4, 9, 10).



CONVERSION OF AQUEOUS METHANOL OVER H-ZSM-5

reactant), as was acetone (est. 0.1 C% yield
w.r.t. 2-butanol). 2-Butanone was found in
both the organic and aqueous liquid phases
and its yield was estimated as 0.3% with
respect to the reactant. Overall 2-butanol
conversion was about 50%.

These 2-butanol results can be under-
stood as follows. The 2-butanol undergoes
dehydration (the reverse of reaction (4)),
and the resulting butenes undergo conver-
sion to other olefins via oligomerization/
cracking reactions. Equilibrium (7) is read-
ily established over H-ZSM-5 zeolite in a
gas-phase reactor below 300°C (3, 11, 12).

3C3Hg = iCHg = 1CsH,yg, etc.  (7)

The various olefins would be expected to hy-
drate to corresponding alcohols, hence the
presence of isopropanol.

Reaction (6) between 2-butanol and pro-
tonated olefins gives the observed 2-buta-
none and alkanes. Similarly reaction be-
tween isopropanol and protonated olefins
gives the observed acetone and alkanes.$
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Carboxylic acids and esters might be
formed via primary alcohols (e.g., propyl-
ene — l-propanol — propanal — propionic
acid), by analogy with reaction (6). How-
ever, carboxylic acids may also be formed
from the ketone products, as is explained
below.

Acid-catalyzed condensation (see below)
of acetone to mesityl oxide (and ultimately
to mesitylene) is well known. By contrast,
condensation over ZSM-5 zeolite under
mild conditions (24% conversion at 329°C)
gives isobutene as the main product (/4).
We have also observed (/3) that aqueous
acetone gives isobutene (and acetic acid)
with high selectivity over ZSM-5 zeolite at
200-250°C. The isobutene is presumably
formed by hydrolysis of diacetone alcohol
(see below).

Hydrolysis of «,8-unsaturated ketones
and B-hydroxy ketones to carboxylic acids
and olefins is probably general. It was re-
ported to occur over phosphoric acid/silica
at 265°C by McAllister et al. in 1940 (15).7

CH,-CO-CH, ¥ | (CH4) ,C -CH,-CO-CH, | ¥ (CH;) ,C=CH COCH,
CH mesityl oxide
diacetone alcohol
CH4
—_ = CH3 mesitylene ®)
CH,
' /H.0
(CH3)2(I3 -CHz—ﬁ—CH3 2=» (CH,) ,C=CH,+HO-C~CH, 9
OH o) 0
Various ketones may give various by reactions similar to (8) and (9). The

branched-chain olefins and carboxylic acids

6 Various micro-reactor studies (/3) of the conver-
sion of aqueous C; 4 alcohols at =300°C have given
low yields of acetone, 2-butanone, and 3-methyl-2-bu-
tanone.

branched-chain olefins would be expected
to give tertiary carbenium ions and thus (by
hydride abstraction) branched-chain al-

7 A referee kindly drew our attention to this work.
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2 CH3OHv——==9CH30CH3 + H20

v

5.2&

H20
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nHop410H
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o

V

R (-H7)

olefins

alcohols

CBHng ketones

4

condensation/H2O and CH_OH

3

carboxylic acids and methyl esters

FiG. 1. Hydrothermal formation of oxygenated products from aqueous methanol over ZSM-5 zeolite.

kanes, and the carboxylic acids should be
partially converted to methyl esters in an
aqueous methanol medium (methanolysis
of diacetone alcohol and similar ketone-
condensation products, might also give
methyl esters more directly).

Thus the carboxylic acids and methyl es-
ters can be regarded as secondary products
formed from ketones. The proposed overall
reaction scheme is shown in Fig. 1.
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