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a b s t r a c t

Methane oxidation to methyl bisulfate at ambient pressure in absorption reactor packed with glass balls in
presence of iodine as a catalyst was investigated. The process was performed at temperature 120–130 ◦C,
sulfur trioxide concentration in oleum 16–25 wt.%, catalyst concentration 0.008–0.024 mol dm−3,
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methane flow: 8.69 cm3 min−1. The optimal conditions for high ester concentration were defined.
© 2011 Elsevier B.V. All rights reserved.
ethyl bisulfate
odine

. Introduction

The selective oxidation of methane to liquid products such as
ethyl ester, methanol acetic acid has been of great interest as it

s an alternative route for conversion of natural gas to high-added-
alue products. A great deal of research effort has been made to
evelop homogenous catalytic systems for the low temperature
elective oxidation in acids, mainly sulfuric acid or oleum. Usu-
lly various metals from B group of periodic table of elements
ere applied as catalyst. Methane was oxidized to products such

s methanol [1–3], esters [3–8], sulfonic acid [9–11], and acetic
cid [13–15]. The examples of such catalytic systems are: 20 wt.%
O3 in oleum + dichloro(�-2-{2,20-dipirymidyn})platinum(II) [4],
d(CF3COO)2 + CF3COOH [5], HgSO4 + H2SO4 [6], Pd + oleum [7].
jerrum applied a new series of iodine containing compounds such
s I2, KI, NaI, CH3I, I2O5, KIO3 and KIO4 in oleum contained 65 wt.%
O3. [16,17]. Methyl bisulfate yield equal to 73% was obtained at
80 ◦C and 5.1 MPa. Iodine was used as a catalyst by the other
uthors in lower concentrated oleum: 25% [18], 2% [19].

Three different reactions of methane oxidations were proposed:
H4 + 2SO3 → CH3OSO3H + SO2 [17]

H4 + 2H2SO4 → CH3OSO3H + 2H2O + SO2 [6]

E-mail address: beata.michalkiewicz@zut.edu.pl

926-860X/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
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CH4 + SO3 + H2SO4 → CH3OSO3H + SO2 + H2O [18]

It is commonly believed that methyl bisulfate can be hydrolyzed
to methanol in a separate step according to the reaction:

CH3OSO3H + H2O → CH3OH + H2SO4

All authors performed the methane oxidation in acids at high
pressure (at least 1 MPa). The best results were obtained under
3.45–5.5 MPa.

The aim of our investigation was to demonstrate that it is possi-
ble to carry out a methane esterification at ambient pressure with
iodine as a catalyst. Lowering of the pressure is very desirable. In
order to ensure good gas absorption in oleum the packed column as
reactor was applied.To our best knowledge, there is only one publi-
cation concerned with methane oxidation at ambient pressure [20]
and there is no report in the literature, referring to the application
of iodine as a catalyst in methane oxidation to methyl bisulphate
at ambient pressure.

2. Experimental

Methane oxidation was performed in tubular reactor packed
with glass balls. Such reactor design allowed to increase methane

dissolving in oleum. At the top of the reactor oleum contained
iodine was slowly drooped. Methane was supplied at the bottom.
The apparatus is described in detail in the previous paper [20]. The
liquid mixture was collected after pass through the reactor and
recycled back to the reactor. One pass lasted for 6 h.

dx.doi.org/10.1016/j.apcata.2011.01.014
http://www.sciencedirect.com/science/journal/0926860X
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The rapid increase was observed between 120 and 130 ◦C. After
◦

ig. 1. The methyl bisulfate concentration in the reaction mixture vs. time of the
eaction. Methane flow: 8.69 cm3 min−1, temperature: 130 ◦C, sulfur trioxide con-
entration: 25 wt.%, catalyst concentration: 0.016 mol dm−3.

The qualitative analysis of the reaction mixture after pass
hrough the reactor was performed by 13C NMR. The methyl ester
as hydrolyzed to methanol by means of water and quantitatively

nalyzed by gas chromatography.

. Result and discussion

On the basics of 13C NMR measurements (spectra not presented
ere) one can conclude that hydrogen bisulfate was the only liquid
roduct of the methane oxidation. After hydrolysis only methanol
as observed by means of 13C NMR spectroscopy (no methyl ester
as present) so concentration of ester in oleum can be determine

y the GC analysis of methanol.
The number of passes through the reactor influence on methyl

isulfate concentration was investigated. The methane flow was
qual to 8.69 cm3 min−1. Oleum contained 25 wt.% of SO3 was used.
he temperature of the reaction mixture was maintained at 130 ◦C.
oncentration of I2 was equal to 0.016 mol dm−3. Plot of the depen-

ence of the methyl bisulfate concentration in the reaction mixture
s. time is presented in Fig. 1. The best number of liquid reaction
ixture pass was found to be equal to 5, this means 30 h of the time

f the reaction. The lengthening of the reaction time over 30 h did
ot lead to increase the concentration of the ester. The slight drop

ig. 2. The methyl bisulfate concentration vs. initial sulfur trioxide concentration.
ime of the reaction: 30 h, methane flow: 8.69 cm3 min−1, temperature: 130 ◦C, cat-
lyst concentration: 0.016 mol dm−3.
Fig. 3. The methyl bisulfate concentration vs. temperature. Time of the reaction:
30 h, methane flow: 8.69 cm3 min−1, sulfur trioxide concentration: 25 wt.%, catalyst
concentration: 0.016 mol dm−3.

was observed. The reason of the ester concentration decreasing can
be complex and requires further investigations. This fact explains
that during dropping of the reaction mixture into the reactor sulfur
trioxide and methyl bisulfate partially escaped.

The initial sulfur trioxide concentration in oleum influence on
the ester concentration in reaction mixture after 30 h of the reac-
tion time is presented in Fig. 2. The methane flow and temperature
were equal to 8.69 cm3 min−1, 130 ◦C, respectively. The exponential
growth of the concentration of the methyl bisulfate versus initial
SO3 concentration was observed. The significant influence of the
sulfur trioxide on the methane oxidation was observed.

The investigation on the significance of the temperature of
the methane oxidation to methyl bisulfate after 30 h was per-
formed. The methane flow was maintained at 8.69 cm3 min−1,
and initial sulfur trioxide concentration was equal to 25 wt.%.
The highest ester concentration was obtained at 130 ◦C (Fig. 3).
130 C slow decrease of methyl bisulfate concentration was
obtained. This course can be explained by growing the reaction
rate with the temperature and fast evaporation of sulfur tri-

Fig. 4. The methyl bisulfate concentration in the reaction mixture vs. methane
flow. Time of the reaction: 30 h, temperature: 130 ◦C, sulfur trioxide concentration:
25 wt.%, catalyst concentration: 0.016 mol dm−3.
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ig. 5. The methyl bisulfate concentration in the reaction mixture vs. catalyst
oncentration. Time of the reaction: 30 h, temperature: 130 ◦C, sulfur trioxide con-
entration: 25 wt.%, catalyst concentration: 0.016 mol dm−3.

xide and ester at highest temperatures. The first one is more
mportant at low temperature. The others are essential at high
emperature.

Very strong influence of the methane flow on its oxidation in
leum was found. The observations were performed after 30 h of
he reaction, at temperature 130 ◦C, and sulfur trioxide concentra-
ion 25 wt.% (Fig. 4). The highest methyl bisulfate concentration was
chieved at 8.69 cm3 min−1 methane flow. Low flow of methane
s recommended for good gas dissolving and preventing of sulfur
rioxide and ester escape.

The catalyst concentration in oleum influence on the ester con-
entration in reaction mixture after 30 h of the reaction time is
resented in Fig. 5. The methane flow and temperature were equal
o 8.69 cm3 min−1, 130 ◦C, respectively. Methyl bisulfate concen-

ration increased when the iodine concentration was increased. At
ow catalyst concentration, increase of the iodine content resulted
n rapid growing of the ester concentration. Above 0.016 mol dm−3

2 concentration change in methyl bisulfate concentration
as low.
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4. Conclusions

Methane oxidations to methyl bisulfate in oleum in presence of
iodine as a catalyst can be performed at ambient pressure. The con-
centration of ester depends on the time of the reaction (number of
passes of the liquid through the reactor), methane flow, tempera-
ture, sulfur trioxide and catalyst concentration. In order to obtain
high methyl bisulfate yield high sulfur trioxide concentration and
low methane flow is recommended. The optimum of temperature
is equal to 130 ◦C and the time of the reaction is equal to 30 h. Con-
trary to the reactors applied usually to this process [1–19], reactor
described by us can work in continuous system. Further detailed
investigation is needed.
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