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Methane is catalytically converted primarily to acetic acid in
concentrated sulfuric acid using a combination of Pd2+ and
Cu2+ in the presence of oxygen.

The conversion of methane to acetic acid has attracted recent
interest as a pathway for the synthesis of this important commodity.
Previous efforts have focused primarily on either the carbonylation
or carboxylation of methane in acid solutions.1,2 Periana et al. have
recently reported that acetic acid can be made directly from
methane without the addition of COx.3 The reaction is carried out in
concentrated sulfuric acid and is catalyzed by Pd(II). After 7 h of
reaction at 180 °C, 82 mM acetic acid and 38 mM methanol are
formed.4 The reaction is 90% selective to these products with the
only byproduct being CO2. The carbonylation of methane is posited
to occur via a “CO” species formed by the oxidation of methanol
derivatives. The overall stoichiometry of the reaction is 2CH4 +
4H2SO4 ? CH3COOH + 4SO2 + 6H2O. During the reaction
particles of Pd black are formed due to the reduction of Pd(II) to
Pd(0). It is hypothesized that Pd(II) may be regenerated by sulfuric
acid oxidation of Pd(0); however, this process is slow.

We recently showed that methanesulfonic acid (MSA) can be
synthesized by the reaction of methane with a mixture of SO2 and
O2.5 This reaction is catalyzed in either CF3SO3H or H2SO4 by a
mixture of Pd(II) and Cu(II) salts. The presence of O2 together with
a Cu(II) salt prevents the loss of Pd(II) species as Pd black. Here we
demonstrate that the addition of a Cu(II) salt and O2 to a Pd(II) salt
dramatically increases the production of acetic acid from methane
and inhibits Pd black precipitation.

In a typical reaction, CH4 and O2 were reacted at 180 °C in a high
pressure, glass-lined autoclave containing catalytic amounts of
PdSO4 and CuCl2 dissolved in concentrated sulfuric acid (96% w/
w).6 After a 4 h reaction time, an equal volume of water was added
to the product solution in order to hydrolyze any anhydrides.
Reaction products were analyzed by 1H NMR.7

In our autoclave and under reaction conditions identical to those
used by Periana et al. (i.e. no CuCl2 or O2), the products were 9 mM
CH3COOH and 7 mM CH3OH. This is about a factor of five lower
than that reported by Periana et al.3 We measured the carbon
selectivity to acetic acid and methanol to be 65%. SO2 was not
detected in the gas phase possibly due to relatively low amounts
produced and its high solubility in sulfuric acid. At the end of the
4-h reaction period, Pd particles were found at the bottom of the
reaction vessel. When Cu(II) and molecular oxygen were added to
the reaction mixture, acetic acid production increased to 49 mM but
the methanol concentration remained low at 4 mM. MSA was also
observed as one of the products (5 mM). However, in contrast to
what was found in the absence of Cu(II) and O2, the reaction
solution retained its light red color. The autoclave head space
contained both CO and CO2. The carbon selectivity to acetic acid
and methanol was determined to be 47%.

Reactions were also carried out with Hg(II) and Pt(II) – two other
electrophilic metal cations active for the oxidation of hydrocarbons.
As shown in Table 1, entries 1–2, neither metal is as effective as
palladium (entries 3–5). In agreement with earlier work,8 both
Hg(II) and Pt(II) catalyze the formation of methanol derivatives,
mainly methyl bisulfate, but do not contribute to the formation of
acetic acid. Table 1 also demonstrates that the anion of the Pd(II)

salt appears to have virtually no effect on the yields of acetic acid
and methanol.

Using the Pd/Cu/O2 mixture, we evaluated the effect of reaction
conditions with the aim of maximizing the acetic acid yield. Table
2 presents the results of varying Cu to Pd ratio, time, temperature,
oxygen pressure, and methane pressure. Entries 1 and 2 demon-
strate that Pd is required for the formation of products, whereas a
comparison of entries 1, 3, and 4 shows that the yield of acetic acid
decreases and the yield of methanol increases with increasing Cu to
Pd ratio. Entries 5–9 indicate that longer reaction times and higher
reaction temperatures increase the yield of acetic acid production
but do not strongly influence the yield of methanol. Comparison of
entries 1, 10, and 11 shows that the yield of acetic acid increases
strongly with increasing O2 partial pressure, as does the yield of
acetic acid relative to methanol, suggesting that methanol deriva-
tives are an intermediate in the formation of acetic acid. The effect
of methane partial pressure can be seen by examining entries 1, 12,
and 13. As one would expect, the production of both acetic acid and
methanol increases with increasing methane pressure. In fact, the
best acetic acid production, 132 mM, was achieved using 600 psig
of methane.

The effects of Cu(II) and O2 on the suppression of Pd black
formation can be explained in terms of reactions 1 and 2 below,
which are similar to those occurring in the Wacker process.9

Table 1 Effect of catalyst composition

Catalyst Co-catalyst AcOH (mM) MeOH (mM)

HgCl2 — 0 18
PtCl2 — 0 8
PdCl2 — 10 8
PdSO4 — 9 7
PdSO4 CuCl2 49 4

Reaction conditions: 3 mL 96% H2SO4; 20 mM catalyst and co-catalyst;
400 psi CH4; 30 psi O2 (only when co-catalyst is present); 180 °C; 4 h.

Table 2 Effect of varied reaction conditions on the product distributions

Entry
PdSO4

(mM)
CuCl2
(mM) t (h) T (°C)

O2

(psig)
CH4

(psig)
AcOH
(mM)

MeOH
(mM)

1 20 20 4 180 30 400 49 3.7
2 0 20 4 180 30 400 0 0
3 20 6.7 4 180 30 400 66 2.1
4 20 60 4 180 30 400 11 6.9
5 20 20 2 180 30 400 44 4.7
6 20 20 6 180 30 400 106 4.5
7 20 20 4 160 30 400 45 5.7
8 20 20 4 140 30 400 18 63
9 20 20 4 120 30 400 4.4 37

10 20 20 4 180 0 400 2.5 3.6
11 20 20 4 180 150 400 73 2.3
12 20 20 4 180 30 200 27 1.7
13 20 20 4 180 30 600 132 7.2

Reaction conditions (unless otherwise noted): 3 mL 96% H2SO4; 20 mM
PdSO4; 20 mM CuCl2; 400 psig CH4; 30 psig O2; 180 °C; 4 h.
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Pd0 + 2 CuII? PdII + 2 CuI (1)

2 CuI + 2 H2SO4 + 1
2 O2? 2 CuII + H2O + 2 HSO4

2 (2)

Since oxidation of Pd(0) by Cu(II) and O2 is faster than oxidation by
H2SO4, the formation of Pd black is suppressed relative to what is
observed in the absence of Cu(II) and O2. Preliminary analysis
using UV-vis spectroscopy shows that approximately an order of
magnitude more Pd(II) remains in solution when Cu(II) and O2 are
present ( ~ 3 mM) than when they are absent ( < 0.2 mM). These
results also indicate that Cu(II) and O2 slow Pd black formation but
do not eliminate it.

Although the reaction pathway to acetic acid is not clear, it is
reasonable to suppose that the reaction of Pd(II) with methane
results in the formation of a CH3–Pd(II) complex, as shown in
reaction 3. Periana et al.3 have proposed that a “CO” species
derived from methanol may then carbonylate this complex to
produce CH3CO–Pd(II) (reaction 4). Reaction of the acetyl group
with water (reaction 5) leads to the formation of CH3COOH and
Pd(0), which can then be reoxidized, as described above. The
proposed pathway is similar to that for the synthesis of MSA from
CH4, SO2, and O2 catalyzed by Pd2+.5 In that work it was proposed
that SO2 inserts into the CH3–Pd bond. Methyl bisulfate is formed
by the decomposition of (CH3)PdII(OSO3H), reaction 6. At the
water levels present in concentrated sulfuric acid this product does
not hydrolyze, and thus methanol is formed via reaction 7 only
upon addition of water at the end of the reaction.

PdII(OSO3H)2 + CH4? (CH3)PdII(OSO3H) + H2SO4 (3)

(CH3)PdII(OSO3H) + CO ? (CH3CO)PdII(OSO3H) (4)

(CH3CO)PdII(OSO3H) + H2O ? CH3COOH + H2SO4 + Pd0 (5)

(CH3)PdII(OSO3H) ? CH3OSO3H + Pd0 (6)

CH3OSO3H + H2O ? CH3OH + H2SO4 (7)

In summary, methane can be catalytically converted to acetic
acid in concentrated sulfuric acid using a combination of PdSO4,
CuCl2, and O2. Acetic acid yield is increased dramatically
compared to that obtained using PdSO4 alone. CuCl2 and O2 appear
to promote the rate of Pd(0) oxidation to Pd(II) during the catalytic
cycle and, thereby, inhibit the deposition of Pd black. The presence
of O2 also increases the selectivity to acetic acid relative to
methanol. Further work is in progress to understand the sources of
CO and CO2, and the factors controlling product selectivity.
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