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Methane is abundant and relatively inexpensive, making it an
attractive feedstock for producing bulk chemicals. However,
the low reactivity of methane makes it difficult to develop
commercially viable processes for methane conversion.[1]

Because of favorable thermodynamics, many authors have
investigated the oxidation and oxidative carbonylation of
methane.[2] By contrast, the sulfonation of methane to give
methanesulfonic acid has not received as much attention
despite its commercial importance.[3] The current commercial
process for the synthesis of methanesulfonic acid (MSA)
relies on the chlorine-oxidation of thiomethane.[4] While this
process is highly productive, it produces six moles of HCl per
mole of MSA, resulting in a coupling of the demand for the
primary product and the by-product. It has been shown[5] that
K2S2O8 can be used as a free-radical initiator to sulfonate
methane with SO3 in fuming sulfuric acid under very high

methane pressure. The conversion of methane to MSA is
reported to be 3–6% under 1000 psig methane pressure
(1 psig= 6.8955 103 Pa).[5] We recently have shown that metal
peroxides can be used as an effective radical initiator for
methane activation in sulfuric acid solvent.[6] However, once
the metal peroxides have activated methane they are
converted into the metal sulfate salts, which cannot be
recycled back to the metal peroxide. The economics of
producing and handling safely the necessary amounts of metal
peroxide must also be considered if a practical process is to be
developed. Thus, there is considerable incentive to look for a
way to generate metal peroxo species in situ from a cheap
source such as H2O2.

In this communication we show that methane will undergo
liquid-phase sulfonation to MSA with SO3 in sulfuric acid. A
small amount of urea/H2O2 is used as a free-radical initiator
and a small amount of a metal chloride salt, particularly
RhCl3, is used as a promoter [Eq. (1)].

CH4 þ SO3
urea=H2O2 ; H2SO4

MCl; 65�75 oC; 3 h
���������! CH3SO3H ð1Þ

In a typical reaction[7] methane was treated with 30-wt.%
SO3 in H2SO4 to form MSA in the presence of small amounts
of urea/H2O2 (Aldrich) and a metal chloride salt. Reactions
were carried out in a high-pressure, glass-lined Parr autoclave.
The MSA thus formed was identified and quantified by
1H NMR spectroscopy.[5] Unless otherwise noted, no other
sulfur-containing products were detected in either the gas or
the liquid phase. Analysis of the product formed from SO3

and 13CH4 by 13C NMR spectroscopy indicates that
13CH3SO3H is formed exclusively from 13CH4. Only a small
amount of ethane was observed in the gas phase in the
absence of SO3 when 100% H2SO4 was used as the solvent.
Since this product was absent when the autoclave was not
pressurized with methane, the appearance of ethane is
attributed to the coupling of methyl radicals.

Table 1 shows the effect of different promoters on the
sulfonation of methane. The conversion of SO3, the limiting
reagent, is defined as the ratio of the moles of SO3 converted
into MSA to the total moles of SO3 in to the autoclave. When
urea/H2O2 served as the initiator, and in the absence of any
promoter, the conversion of SO3 to MSA was 23% (Table 1,
entry 1). When the reaction was carried out in the presence of
CaCl2, BaCl2, FeCl3, and NbCl5 there was a moderate increase
in the conversion of SO3 to MSA (entries 2–5). TaCl5, AlCl3,
HgCl2, and AgCl are even more effective as promoters
(entries 6–9). The most effective promoter, though, is RhCl3
(entry 10). KCl, RuCl3, [Rh(CO)2Cl)]2, NiCl2, PdCl2, PtCl2,
CuCl2, and VOCl3 had a negative effect on MSA synthesis
relative to what was observed without the addition of a
promoter (entries 11–18).

Table 2 shows the effect of different process parameters
when urea/H2O2 and RhCl3 were used as the initiator and the
promoter, respectively. The conversion of SO3 to MSA was
42% after 26 h of reaction when the initial methane pressure
was 100 psig. The conversion of SO3 to MSA increased
monotonically with increasing methane pressure (Table 2,
entries 1–4), reaching a level of 86% for an initial methane
pressure of 650 psig. It is noted that the conversion of
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methane, shown in parentheses, decreases with increasing
methane pressure, since the number of moles of methane in
the autoclave increases, whereas the number of moles of SO3

remains constant.
The amount of free-radical initiator, urea/H2O2, was

varied from 0 mmol to 0.96 mmol, while the amount of the
promoter, RhCl3, was kept constant at 0.33 mmol. It was
observed that with an increase in the amount of initiator from
0 mmol to 0.16 mmol, the conversion of SO3 to MSA

increased from 0.3 to 68%. A maximum conversion of 86%
was achieved with 0.74 mmol of the promoter (Table 2,
entries 5–8). The reaction can also be initiated by using 50-
wt%H2O2 solution as the initiator. An excess of SO3 was used
to remove the water (H2O+ SO3!H2SO4) associated with
the H2O2 solution. For these circumstances, the conversion of
SO3 to MSA was only 16% after 3 h of reaction in the
presence of RhCl3. Consequently, for all subsequent reac-
tions, H2O2 was introduced as anhydrous urea/H2O2.

Table 2: Effect of process parameters on the sulfonation of methane.[a]

Entry CH4 [psig], (mmol) t [h] Initiator [mmol] RhCl3 [mmol] T [8C] MSA [mmol] SO3 conv. [%],[b] (CH4 conv. [%])[c]

1 100(31) 26 urea/H2O2,0.74 0.33 65 8.9 42(29)
2 200(58) 14 urea/H2O2,0.74 0.33 65 9.8 46(17)
3 450(125) 3 urea/H2O2,0.74 0.33 65 16.8 79(13)
4 650(179) 3 urea/H2O2,0.74 0.33 65 18.2 86(10)
5 650(179) 3 none, 0 0.33 65 0.06 0.3(–)
6 650(179) 3 urea/H2O2,0.16 0.33 65 14.5 68(8)
7 650(179) 3 urea/H2O2,0.46 0.33 65 17.6 83(10)
8 650(179) 3 urea/H2O2,0.96 0.33 65 13.2 62(7)
9 650(179) 3 urea/H2O2,0.74 0 65 4.9 23(3)
10 650(179) 3 urea/H2O2,0.74 0.05 65 14.7 69(8)
11 650(179) 3 urea/H2O2,0.74 0.14 65 20.2 95(11)
12 650(179) 3 urea/H2O2,0.74 0.24 65 19.1 90(10)
13 650(179) 3 urea/H2O2,0.74 0.33 75 19.3 91(11)
14 650(179) 3 urea/H2O2,0.74 0.33 85 11.5 54(6)
15 200(58) 3 urea/H2O2,0.74 0.33 130 4.6 22(20)
16 200(58) 3 urea/H2O2,0.74 0.33 160 0.5 2(24)
17 100(31) 72 urea/H2O2,0.65 0.30 85 11.1 52(36)
18[d] 650(179) 3 urea/H2O2,0.85 0.24 65 32 75(18)
19 650(179) 3 K2S2O8, 0.74 0.33 65 3.6 17(2)
20 650(179) 3 K4P2O8, 0.74 0.33 65 3.4 16(2)
21 650(179) 3 CaO2, 0.74 0.33 65 13.3 63(7)
22 650(179) 3 Br2, 0.74 0.33 65 1.9 9(2)
23 650(179) 3 Cl2, 0.74 0.33 65 0.8 4(1)
24 650(179) 3 I2, 0.74 0.33 65 0 0(0.5)

[a] Reaction conditions: SO3 (1.7 g, 21.26 mmol), urea/H2O2 as radical initiator, RhCl3 as promoter, solvent, fuming sulfuric acid (30 wt% SO3, 5.67 g)
as solvent. [b] Moles of SO3 converted to MSA/total moles of SO3 in the autoclave. [c] Moles of methane converted/moles of methane in the autoclave.
[d] Amount of fuming sulfuric acid used, 11.34 g (initial SO3 amount, 42.52 mmol).

Table 1: Effect of different metal chloride salts on the rate of methane sulfonation with SO3.
[a]

Entry Promoter [mmol] MSA [mmol] Conv. of SO3 [%][b] Sel. to MSA [%]

1 none, 0 4.9 23 100
2 CaCl2, 0.33 7.2 34 100
3 BaCl2, 0.33 6.8 32 100
4 FeCl3, 0.33 6.4 30 100
5 NbCl5, 0.33 6.2 29 99.8
6 TaCl5, 0.33 11.5 54 99.3
7 AlCl3, 0.33 11.9 56 99.3
8 HgCl2, 0.33 12.5 59 99
9 AgCl, 0.33 13 61 99.6
10 RhCl3, 0.33 18.3 86 99.9
11 KCl, 0.33 4.3 20 100
12 RuCl3, 0.37 0.64 3 80
13 [Rh(CO)2Cl]2, 0.4 0.21 1 100
14 NiCl2·6H2O, 0.36 0 0 0
15 PdCl2, 0.33 0.06 0.27 8
16 PtCl2, 0.33 0.64 3 10
17 CuCl2, 0.33 0 0 0
18 VOCl3, 0.33 0 0 0

[a] Reaction conditions: 650 psig (179 mmol) methane, 1.7 g (21.26 mmol) SO3 (mol ratio methane:SO3=8.4), 0.74 mmol urea/H2O2, 5.67 g fuming
sulfuric acid (30 wt% SO3), 3 h, 65 8C. [b] Ratio of the moles of SO3 converted to MSA to the total moles of SO3 taken initially in the reaction mixture.
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The reaction was studied with different amounts of RhCl3
(Table 2, entries 9–12). With an increase in the amount of
RhCl3, the conversion of SO3 to MSA increased marginally. A
maximum SO3 conversion of 95% was achieved with
0.14 mmol RhCl3 for a methane pressure of 650 psig. The
conversion of methane to MSA under this reaction condition
was 11%.

The conversion of SO3 to MSA increased from 86 to 91%
(3 h reaction time) when the temperature was increased from
65 to 75 8C. However, with a further increase in temperature
to 85 8C, the conversion decreased to 54% (Table 2, entries 4,
13, and 14) and a small amount of CH3OSO3H appeared as a
product. When the reaction temperature was increased to
130 8C, CH3OSO3H became the major product. At 160 8C, the
total conversion of methane was 24%, of which 0.86% was to
MSA, 1.26% to CO2, 1.2% to methanedisulfonic acid, and
the balance to CH3OSO3H (entries 15 and 16).

The highest conversion of methane to MSA, 36%
(Table 2, entry 17), was obtained after 72 h of reaction. In
this case the initial methane pressure was 100 psig, the
temperature was 85 8C, the amount of urea/H2O2 was
0.65 mmol, and the amount of RhCl3 was 0.3 mmol. Since
the selectivity to MSAwas 99.99%, the overall yield of MSA
was 36% based on methane. Comparison of entries 12 and 18
in Table 2 shows that the conversion of methane to MSA can
be raised by increasing the initial amount of fuming sulfuric
acid. When the amount was doubled, the methane conversion
increased from 10% to 18%.

The effectiveness of K2S2O8, K4P2O8, CaO2, Br2, Cl2, and I2
as initiators was examined in the presence of RhCl3. It was
found that the combination of RhCl3 and urea/H2O2 was the
most effective combination of promoter and initiator under
the reaction conditions used (Table 2, entries 19–23). The
order of reactivity of the initiators in the presence of RhCl3 as
the promoter was urea/H2O2>CaO2>K2S2O8>K4P2O8>

Br2>Cl2. With iodine as the initiator, 3% of the SO3 in the
reactor was converted to CH3OSO3H but no MSA was
detected (Table 2, entry 24), which is consistent with recent
reports.[8]

The mechanism by which H2O2 either alone or in
combination with RhCl3 promotes the sulfonation of methane
is not understood. In previous studies[5,6] of methane sulfona-
tion utilizing inorganic peroxide initiators, e.g., K2S2O8,
K4P2O8, CaO2, it was suggested that decomposition of the
initiator produces methyl radicals, which then react with SO3

to form CH3SO3C radicals and then CH3SO3H. Inhibition of
the reaction by O2 together with the appearance of small
amounts of ethane in the gas phase suggest that a free-radical
mechanism may be operative in the systems investigated in
this study. The initiating species in the present case could be
OHC radicals formed by decomposition of H2O2, or RhClO2 or
RhCl2OOH formed from the reaction of H2O2 with RhCl3.

The increase in the conversion of SO3 from 23% to 86%
(after 3 h reaction time) when a small amount of RhCl3 is
added to the synthesis mixture together with urea/H2O2

strongly suggests that the activation of methane is initiated
not only by H2O2 but also by a metal–peroxo or metal–
hydroperoxo species[9] produced in situ by the reversible
reaction between urea/H2O2 and RhCl3. Consistent with this

logic, Table 2 shows that the maximum conversion of SO3 to
MSA (86–95%) is obtained when the molar ratio of urea/
H2O2 to RhCl3 is between 2.24 and 5.28. Furthermore, when a
fresh amount of urea/H2O2, methane, and SO3 was added to
the reaction mixture after 3 h, the reaction proceeded in the
same way as the initial reaction with fresh reaction mixture.
This strongly suggests that the promoter, RhCl3, is recycled in
situ in the acidic solution. The importance of RhCl3 is further
supported by an experiment in which a fresh batch of urea/
H2O2, methane, and SO3 was added to a reactionmixture after
3 h, but one to which RhCl3 had not been added. In this case,
no additional reaction was observed.

When the reaction mixture is cooled to 0 8C, most of the
Rh salt can be separated from the reaction mixture by
precipitation. The separation of MSA from the reaction
mixture is straightforward, as MSA can be used as a solvent
instead of H2SO4.

In conclusion, we have developed a highly effective, low-
temperature reaction protocol for sulfonating methane to
give methanesulfonic acid at low methane pressures. For a
methane pressure of 100 psig, the conversion of methane to
MSA is 29–36% and the selectivity to MSA is 99.9%. RhCl3
enhances the initiation of the reaction by urea/H2O2, pre-
sumably through the formation of a metal–peroxo or metal–
hydroperoxo species in situ. Most of the RhCl3 can be
recovered from the reaction mixture by precipitation at 0 8C.
The separation of MSA from the reaction mixture is
straightforward as MSA can be used as a solvent instead of
H2SO4. At higher temperatures (160–170 8C) the same
reaction scheme can be extended to synthesize CH3OSO3H,
which can be easily hydrolyzed to methanol.
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