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Abstract

Synthesis of acetic acid from methane catalyzed R/ Rehtions dissolved in sulfuric acid was investigated to determine the effects of reaction
conditions and the mechanism. Acetic acid yield was found to be a strong functionycdiftH> partial pressures. High£)CHj ratio and high
total pressure delivered the highest yield of acetic acid (14.2 turnoversdf Rdd the highest retention of Pl in solution (96%). Byproducts
were sulfur containing compounds (most notably methyl bisulfate) and 6@ the acetic acid selectivity was maximized (82%) by lowering the
reaction temperature. Methane is activated by Pd(¢¥§@ forming (CH;)Pd(OSQH). CO, generated from the oxidation of methyl bisulfate,
inserts into the ChH-Pd bond creating a (G3€O)Pd(OS@H) species. Reaction of this complex withh 80, produces acetic acid. Pt is
reduced to PYduring the oxidation of methyl bisulfate or CO, and’Rslreoxidized to P&#" by HySO, and G.
0 2005 Elsevier Inc. All rights reserved.
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1. Introduction acid from methane has been reported by Periana ¢6.4l,

who describe the oxidation of methane to acetic acid catalyzed

The conversion of methane to acetic acid is currently carriethy P?* cations in 96 wt% sulfuric acid. The only other prod-

out in a three-step procegs|. Methane is first reformed in @ ycts observed are methyl bisulfate (a precursor to methggjol)
heterogeneously catalyzed process that is energy- and capitghd carbon dioxide. Whereas the selectivity to the liquid-phase
intensive to produce syntheS|_s gas, a m|xt_ure of CO apd H products is reported to be as high at 90%2Pis observed
The CO and H then react at high pressure in a second step 19, e cinitate from solution as Pd-black, causing the reaction
produce methanol, and finally, in the third step, acetic acid |§P stop. Zerella et al[9] reproduced these observations and

Q

produced by homogeneous-phase carbonylation of methan showed that the addition of €tiand & to the reaction mixture

Because of the strong demand for acetic acid (3.1 million . . o . .
enhances the yield of acetic acid without dramatically increas-

tong/year[1]) by the plastics, textiles, paper, paints, and ad- _ ) . L
hesives industries, there is considerable interest in finding way89 the yield of methy! bisulfate or decreasing the selectivity.

to synthesize acetic acid directly from methane. Several stud- 1he @im of the present study was to investigate the effects
ies have recently shown how this might be done. For exampl&f CHs and G partial pressure, temperature, and sulfuric acid
methane will undergo oxidative carbonylation in either waterconcentration on the synthesis of acetic acid and on the reten-
or strong acid catalyzed by RB] or Cu[3] cations, and the tion of Pd* in solution. The pathways leading to the formation
carboxylation of methane has been demonstrated in both watef CO and CQ were examined, as was the mechanism by
and strong acids using soluble V-based cataligts]. A par-  which the carboxylate group in GGEOOH is formed. A fur-
ticularly interesting approach for the direct synthesis of acetigher aim of this study was to identify the effects of reaction

conditions on the formation of sulfur-containing acids, such as
" Corresponding author. Fax: +1 510 642 4778, methanesulfonic acid, methane disulfonic acid, and sulfoacetic

E-mail address: bell@cchem.berkeley.edi.T. Bell). acid.
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2. Experimental the gas head space in the autoclave and the volume of liquid in
the autoclave liner are taken into account.

All reactions were carried out in a 50-mL Parr autoclave 1he concentration of Pd retained in solution after re-
made of Hastelloy C. To minimize problems with reproducibil- 2ction (but before water addition) was determined by UV-
ity due to trace amounts of water retained in crevices of th&/iS Spectroscopy. The peak located at 440 nm, ascrllbed to
autoclave head, all parts of the reactor were cleaned and dridef(OS@H)2 [10], was used to determine the concentration of
thoroughly before each run. The temperature of the reactE)der cations in solution. A solution of known_concentraﬂon of
ing mixture was measured with a thermocouple located in £F*+ was used as a standard for the comparison of peak areas.

well made of Hastelloy C, wrapped with Teflon tape to min-
imize exposure of the metal to the reaction mixture. The re3. Results
action mixture was contained in a glass liner. In a typical run,
0.0121 g (20 mM) of PdSg(Aldrich) and 3 mL of 96% HSOy The effects of Cld and Q partial pressures were explored
(Aldrich) were added to the liner. After the glass liner wasto determine the influence of these variables on the yields of
placed in the autoclave, it was sealed and purged withTRe ~ acetic acid and methyl bisulfate, the selectivity of methane con-
autoclave was pressurized at room temperature with 400 psi #€rsion to these products, and the retention GffFid solution.
CHy (99.97%, Praxair) and then with the desired pressure o¥nless specified otherwise, all reactions were carried out in
0, (99.993%, Praxair). The reactor was brought to 453 K in96 wt% HSO; containing 20 mM of PdS@at 453 K. The
~15 min and then held at this temperature for 4 h. On complelnitial partial pressures of CHand G were chosen to avoid
tion of the reaction, the autoclave was quenched in ice water t8omMpositions that would result in an explosive mixture during
<308 K and then vented. On opening the autoclave, the soll@ny part of the reactiofiL1]. The results of these experiments
tion was chilled further before 3 mL of water was added. are given inTables 1 and 2Table 1shows that for an initial
Liquid-phase reaction products were analyzed usihy CH, partial pressure of 200 psi, the yield of acetic acid rose
nuclear magnetic resonance (NMR®was used in a cap- from 65.7 to 181 mM as t_he initial partial pressure of —
ilary as the lock reference. A known amount obutanol ~Ccreased from 0 to 125 psi. Over the same range ppartial
was added to each sample and used as an internal stand&@ssures, the yield of methyliblsulfate increased from 25 to
for quantification. The liquid-phase products observed weré-8 MM, whereas the production of methanesulfonic acid in-
acetic acid (CHCOOH), methanesulfonic acid (GBOsH), creased from 3.0 to 29.4 rr_lM. The other two ;ulfur-gontgmmg
methanol (CHOH), methyl bisulfate (CHOSQ;H), sulfo- byproducts, sulfoacetic acid and methane disulfonic acid, re-
acetic acid (H@SCH,COOH), and methane disulfonic acid
(CH2(SGsH)2). The chemical shifts for these products wereTable 1
as follows: acetic acid, 2.0 to 2.1 ppm; methanesulfonic acidEffect of O pressure at 200 psi GfA

2.8 to 2.9 ppm; methanol, 3.3 to 3.4 ppm; methyl bisulfate, Oy pressure (psi)

3.6 to 3.7 ppm; sulfoacetic acid, 4.0 to 4.1 ppm; and methane 0 30 60 75 125

disulfonic acid, 4.4 to 4.5 ppm. CH3COOH (mM) 657 521 136 154 18D
For analysis of the gas products, a sample of the autoclaveHzOSQ;H (mM) 2.5 17 31 39 48

head-space gas was taken using a gas-tight syringe on ventifr§sSCsH (mM) 80 77 189 253 294
. : HO3SCH,COOH (mM) 59 6.2 116 9.9 9.3
the autoclave. Analysis of the sample was carried out by gas,

A ¢ >(SO3H), (MM) 182 651 31 31 329
chromatography to determine the concentrations of;,GEO, SCHsCOOH (%) 46 22 41 37 39
and CQ. The concentrations of liquid-phase products were desco, (%) 44 60 50 54 53
termined from theé!H NMR analyses, and these measuremen#d retained (%) 6 1 13 48 96

were combined with the gas chromatography analyses of the au? Reaction conditions: 3 ml 96%4%0y; 0.0121 g (20 mM) PdSg 200 psi
toclave head space to determine the amount of GO=1,2)  CHa; X psi Oz; 180°C; 4 h.
produced.
The yield of each liquid-phase product is reported in termsrable 2
of the concentration of that product observed after a fixed readzffect of Oz pressure at 400 psi GA

tion period. Even though water is added to the reaction mixture O pressure (psi)

before the'H NMR analysis, the reported concentrations are 0 30 100 150
calculated on the basis of the volume of liquid present in the aueH;cooH (mm) 785 118 191 284
toclave liner before the addition of water. In this prehydrolizedCHzOSO3H (mM) 32 5.1 54 6.8
state, no methanol is observgg]. Only after the addition of ~CHsSO3H (mM) 9.2 82 270 535
water is some of the methyl bisulfate hydrolyzed to methanolggg(ssﬁc);)&':ﬂ()mm 422 ;g; ;éi égg
Because methanol derives from methyl bisulfate, any methanq,lCHSCOOH (%) 51 57 50 44
measured is reported as methyl bisulfate. The carbon selectivityq_ (%) 27 31 41 47
to acetic acidSacon, is the moles of carbon in acetic acid di- Pd retained (%) 3 33 16 40

vided by the sum of the moles of carbon appearing in all liquid- 2 Reaction conditions: 3 ml 96%4$0,; 0.0121 g (20 mM) PdSg 400 psi
and gas-phase products. In calculati$igon, the volume of  CHa; X psi Oz; 180°C; 4 h.
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mained relatively constant at about 9 and 30 mM, respectivelythe presence of §the conversion of methyl bisulfate increased
Notably, the overall selectivity of methane conversion to acetito 44%, with CQ becoming the major product. When®dvas

acid decreased only slightly, from 46 to 39%. The most remarkpresent in the absence obQOmethyl bisulfate was consumed
able effect of Q partial pressure, however, was on the retentioncompletely to form primarily methane and some £ ®ut no

of initially dissolved Pd in solution at the end of the reaction.CO. Introducing @ led to total conversion of methy! bisulfate
Table 1shows that this value rose from 6.5 to 96% as the ini-to CO,. These data demonstrate that methyl bisulfate is highly
tial O, partial pressure increased from 0 to 125 psi. Raising theeactive, particularly when Bd is present. CO is observed as
initial CH4 pressure to 400 psi increased the yields of acetia product, and in the presence ofPdt assumed to be the pre-
acid and, to a much lesser degree, methyl bisulfate, as shovdursor to CQ. However, under normal reaction conditions, the
in Table 2 Here again, increasing the initial partial pressurerate of CO reaction (to COor CH;COOH) is rapid, so that

of Oz increased the yields of acetic acid and methanesulfoniqery little of it accumulates in the gas phase.

acid, slightly increased the yield of methyl bisulfate, slightly  Because CO is established to be an intermediate in the re-
decreased the selectivity to acetic acid, and significantly inyction and is incorporated into acetic acid, we explored the
creased the percentage of Pd retained in solution. The yielQsfects of adding CO into the gas phase. At very low pressures
of sulfoacetic acid and methane disulfonic acid also increase(ivo_oz atm), CO had a beneficial effect, boosting the acetic
slightly. Comparing t_he results_, rFabIeg 1 ano_l 2gveals thatfor 4cig yield from 78 to 109 mM. However, as shownFiy. 1,

the same @/CHy ratio, operation at higher initial pressures of rther increasing the CO pressure inhibited the reaction. Once
both reactants resulted in an increased yield of acetic acid thgte partial pressure of CO reached 1 atm, acetic acid produc-

was essentially proportional to the increase in total initial presg;, dropped to 20 mM. The effect of CO partial pressure on
sure and to only a small increase in the yield of methyl bisulfate he yield of methy! bisulfate was similar to, but less dramatic
The overall selectivity of methane conversion to acetic aci han, that on the yield of acetic acid for pressures below about
and methyl bisulfate increased slightly for operation at highelb_2 atm. Note, however, that raising the CO partial pressure to

pressure, but rt_etent|on of the initially dissolved Pd a%m' .1 atm produced a small increase in the yield of methyl bisulfate
mained essentially the same. Note that although reaction wit eeFig. 1)

Oz and Chy pressures of 250 and 400 psi would be expecte It was hypothesized that the decrease in acetic acid yield at

tq _result in complete retention of % n sqlutlon, thes_e con .high CO partial pressures may be due to Pd-catalyzed CO ox-
ditions were not used, because this reaction mixture lies within,~ . L )

) . idation to CQ, resulting in the reduction of Bd to Pd. To
the explosive regiofil1].

Periana et a[6] reported that the carboxylate group of acetictest this hypothesis, the autoclave was pressurized with 1 atm
acid derives from a “CO species” produced in situ. Reactioné)f CO, t_)Ut no _CH or O was ad_ded tq t_he gas phase. After
conducted with the addition dfC-labeled methanol (which is proceeding as in a normal reaction (raising the temperature to
methyl bisulfate in solution) showed th&C is transferred only 453 K_for 4_h)’ all of the P&#" was reduced to P_d-b_lack. In_con-
to the carboxylate group of acetic acid (viz., as£4€O0OH), trast, inan inert atmosphere, all of the?Pdemains in solution.
leading to the suggestion that the “CO species” is produced b{ficréasing the CO pressure to 2-3 atm caused the Ratiuc-
oxidation of the adde#8CHzOH. As a part of the present study, jon to procged more rapidly. Analysis of the reactor headspace
we have confirmed that methyl bisulfate is oxidized to CO (seéter reduction of P shows that C@was the only gaseous
below) and have observed that adding a small amout@® product; thus, it is reasonable to conclude that acetic acid for-
to the feed gas results in the formation of £BCOOH. mation is limited by CO reduction of Bd to Pd-black.

Several experiments were carried out to confirm the forma- Fig. 2 illustrates the effects of the initial concentration of
tion of CO from methy! bisulfate. For these experiments, 0.09 °dSQ on the yields of acetic acid and methyl bisulfate. The
of methanol was added to the sulfuric acid solution (where iP€rcentage of the initially charged Pds@tained in solution at
was converted to methyl bisulfate) normally used for the synihe end of the reaction, and the number of moles of acetic acid

thesis of acetic acidlable 3shows the effects of the presence ,,, 20
or absence of PdSQn the solution and the presence or ab- ° [ 18
sence of @ in the autoclave head space. Sulfuric acid itself 1004 \ [ 16
converted 16% of the methyl bisulfate to ¢HCO, and CQ. In s * F14 o
E 80y o\ 12 E
5 . 10 T
Table 3 8 604 o’
Methy! bisulfate conversion to produéts (I; — r8 8
- 6 &
Methyl bisulfate conversion 40“7. ~ : 5
Reactant(s) Chi(%) CO (%) CO (%) ol 4o
HoSOy 6 2 8 } } i ; : ; : : : 0
H2504 Pd2+ 91 0 9 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
HySOy, Op 14 4 26 CO Pressure (atm)
HoSOy, P, Oy 0 0 100

Fig. 1. Effect of CO pressure on acetic acid and methyl bisulfate yields. Reac-
@ Reaction conditions: 3 ml 96% 3$0y; 0.0121 g (20 mM) P&" (when tion conditions: 3 ml 96% HSOy; 0.0121 g (20 mM) PdSg 400 psi CH;
added); 0.090 g (94 mM) C#DH; 30 psi @ (when added); 180C; 4 h. 180°C, 4 h.
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1001 P T8
% ] L4 180°C 160°C
gl ° L2 E CH3COOH (mM) 284 266
S ] / L10T,  CHgOH (mM) 6.8 158
o, 1 . Is Q CH3SO3H (mM) 555 17.0
5 40__f/\ 6 & HO3SCH,COOH (mM) 163 43
] T8 I
] . 5 CHy(SO3H)2 (MM) 36.8 11
] S +
20 Y N ScH;COOH (%) 44 82
] T2 Sco, (%) 47 13
0 —t 0 Pd retained (%) 40 51
0 10 20 30 40 50 60
Initial [Pd] (mM) @ Reaction conditions: 3 ml 96% 3$0,; 20 mM PdSQ; 400 psi CHi;
150 psi Q; 4 h.
Fig. 2. Effect of initial palladium concentration. Reaction conditions: 3 ml 96%
H2SOy; X mM PdSQy; 400 psi CHy; 180°C; 4 h. 100 —— —7-5m 5 250
{ —A—MSA Anhydrous
20 14 S g0l —*—sAA 200 =
18 £ ---m--- MeOH —e s =
TR +12 < ~-+-- MDSA E
16|} — & 604 -150
144 1105 < 1 S
- o %)
g 121 g & = 404 L100 ¢
— 1 ) T = - (o)
§ ot gz g
€ .1 +6 @ £ 204 ! 50
= ST = 14 = "
4 —-— A\ 5 0 1!' L T L L AL A | T T L T 0
] o 42 F 14 15 16 17 18 19 20 21
2 T SO, Concentration (M)
] ] ] ] ]

o

T T T T
0 10 20 30 40 50 60

Initial [Pd] (mM) Fig. 4. Impact of S@ concentration. AcOH, acetic acid; MSA, methanesulfonic

acid; SAA, sulfoacetic acid; MeOH, methanol and methyl bisulfate; MDSA,
Fig. 3. P&+ Retention and TON. Reaction conditions: 3 ml 96%S@y; methane disulfonic acid. Reaction conditions: 3 ml X M$30.0121 g PdS@,
X mM PdSQ; 400 psi CHy; 180°C; 4 h. 400 psi CH; 180°C; 4 h.

produced per mole of PdS@harged to the reaction (TON), noticeable increases in the yield of methyl bisulfate and Pd
are shown irFig. 3. The yield of acetic acid increased with the retention, and significant decreases in the yields of methanesul-
initial charge of PdS@but with a decreasing slope, which led fonic acid, methane disulfonic acid, and sulfoacetic acid. The
to a decrease in TON. In contrast, the yield of methy! bisulfatéligh selectivity of acetic acid at 16@ is due primarily to the
changed to a much lesser degree with an increasing charge (v production of CQ at this temperature. The strong increase
PdSQ. Fig. 3shows that the percentage of Pd retained in soluln the yield of acetic acid relative to sulfur-containing acids
tion at the end of the reaction decreased as the magnitude of theflects the higher activation energies associated with the lat-
initial charge of PdS@increases. These latter results suggester products. The increase in the methyl bisulfate yield and Pd
that <1 mM of P+ was retained in solution after reaction for retention on temperature reduction can be attributed to less ex-
the reaction conditions chosen, independent of the initial chargé@nsive combustion of methyl bisulfate, with the resulting lower
of PdSQ. To test this hypothesis, a reaction was carried oufcO:x production.
starting with Pd-black12]. Acetic acid was formed (a yield of The effect of the concentration of the sulfuric acid solution
37.9 mM after 4 h), and the final concentration ofPdn so-  on the distribution of products was also investigated. 4
lution was 0.45 mM. These results support the proposition thaghows the yields of acetic acid, methyl bisulfate, methane-
only a limited amount of P& can be maintained in solution Sulfonic acid, methane disulfonic acid, and sulfoacetic as a
during reaction. However, as demonstrated by the results giveiinction of the concentration of SOBelow 18.7 M, all of
in Tables 1 and 2the percentage of Pd retained in solution the SQ was present as 3$04, and above this molarity an
is a strong function of the ratio of {to CH, partial pressures increasing fraction of the SQwas present as free SQ@lis-
and, to a lesser extent, the total system pressure. Taken togethg®jved in 100% HSO,. The yield of acetic acid increased
these results suggest that under reaction conditions, the cot¢ up to a maximum value of 78.5 mM at 18.0 M §Gaf-
centration of P&t retained in solution is dictated by a balance ter which it decreased to nearly zero. In contrast, the yield
between the rates of Pt reduction and PYoxidation. of methyl bisulfate was negligible for SOmolarities below
The reaction temperature was found to affect the distributiori8.0, but rose rapidly thereafter. Below an $S€oncentra-
of products and the retention of £din solution. As shown in  tion of 18.0 mM, the yields of methanesulfonic acid, methane
Table 4 decreasing the reaction temperature from 180 t@60 disulfonic acid, and sulfoacetic acid were very small. How-
resulted in only a modest decrease in the yield of acetic acicever, above this S§ concentration, the yield of methane-
This was accompanied by a dramatic increase in selectivitysulfonic acid increased from 6.7 up to 18.8 mM; the yields
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Pd(OSO3H
of methane disulfonic acid and methyl bisulfate increased CH3COOH (05O

sharply from 44.6 and 3.2 up to 238 and 201 mM, respec- SO, + H0
tively; and the yield of sulfoacetic acid increased from 8.3 up2 H,s0, sto4
to 14.1 mM.

The decrease in the yield of all products at low concen-
trations of SQ is attrlbutgble to char?ges in the solubility of (CHaCOIPAIOSOsH (CHG)Pd(OS%H) 3 sto4
methane in sulfuric acid and the oxidation potential of the so- Pd(OSO3H)2
lution. As shown inFig. 4, the acetic acid yield decreased by a ’2 ©2 ;do(ofzo?_"*)cz)
factor of 2.4 when the S concentration was decreased from 2 1,50, co . So3k 2 B
18.0 to 16.7 M and by a factor of 71 when the $S&ncentra- 7,0,
tion was decreased from 18.0 to 14.1 M. Over the correspond- CH30SO3H
ing ranges of S@ concentrations, the solubility of methane
decreased by factors of 1.9 and about 3.1, respectjidy % ons+o4OPd(oso3H)2
Thus the very large decrease in the yield of acetic acid ob- 2+ e
served when the S{concentration was reduced to 14.1 M is Fig. 5. Reaction pathway.

only partially attributable to the decreased methane solubility.
The balance is very likely due to a loss in the oxidizing power
of the solvent, which causes a decrease in the rate at whith P
is reoxidized to P#t.

The methyl bisulfate yield as a function of sulfuric acid con-
centration shown ifrig. 4 merits some comment. In contrast to
the acetic acid, the yield of methyl bisulfate remained low for
sulfuric acid concentrations18.7 M, but beyond this thresh-
old increased rapidly to 201 mM at 20.4 MxBO, (27 wt%
free SQ). This dramatic increase in methyl bisulfate formation
is attributed to a fundamental change in the reaction mechanisin
once the reaction system is anhydrous and freg iS@resent.

methanesulfonic acid, methane disulfonic acid, and sulfoacetic
gmd relative to acetic acid are favored by high reaction temper-
atures, high S@concentrations, and high (artial pressures.
The effects of reaction conditions on the observed yields
of acetic acid and methyl bisulfate and on the retention of
P&t in solution can be interpreted in terms of the scheme
shown inFig. 5. Although our scheme is similar in some as-
pects to the mechanisms proposed by Periana &, @].and by
Zerella et al[9], there are some significant differences, includ-
ing (1) identification of CO as a reaction intermediate, (2) iden-
Two possible pathways for this have been proposed in the lite t'giagfgo%fcg?ézst?g d)ang %(2”?? Craetdéj:lgfgtﬁgfgltg ;?réthe
ature. In the first, palladium catalyzes the reaction of methangon\verston ot  (3) entincatior .
and SQ to form methanesulfonic acifi4]. At 180°C, SGs in the reoxidation of PY and (4) identification of an intermole-
oxidizes the methanesulfonic acid to methyl bisulfdtéb]. In cular process in the formation of GROOH and CHOSGsH.

the second proposed mechanisn? Pdatalyzes the direct for- be 'Lf:jeg;sjecies anol\(/jed in t_ze acti;/ation \c;f QH; taken to
mation of methyl bisulfate, in the process reducing t8 ). (OS@H)2, based on evidence from UV-vis spectroscopy

Because methyl bisulfate is stable under anhydrous condition@nd @ theoretical analysis of Pd speciation as a function of
it is not oxidized to CO, an essential intermediate in the for-2Cid strength. As noted above, the band in the UV-vis spec-
mation of acetic acid. However, low yields of acetic acid aretrum associated with Bt cations shifted from 394 nm for 10%

still observed, because CO can be generated via oxidation &t-1 M) H2SOs to 440 nm for 96% (18.0 M) b50y. A simi-
the small amount of formaldehyde produdéa]. lar shift was reported by Rudakov et §L0] and assigned to
the progressive displacement op® by OSQH™ in the lig-

4. Discussion and sphere Pd. To obtain a clearer picture of the speciation
of Pd?*, we carried out an estimate of the concentrations of

The results presented in the preceding section clearly demofgQuilibrium distribution of these species as a function of acid
strate that the yields of acetic acid and methyl bisulfate arstrength. The equilibrium constants required for these calcula-
strongly dependent on the initial partial pressures of,GBp,  tions were taken from a combination of experimental data and
and CO; the concentration of Pdg®harged to the reaction theoretical estimatiofiLl1,16,17] On the basis of these calcu-
solution; and the strength of the; 804 solution. For a partic-  1ations, we estimate that in 96%2804, >99% of the Pd is
ular charge of PdS§) the yield of acetic acid is maximized by Present as Pd(OS8)».
using a high ratio of @CHj, partial pressures and a high to- ~ The oxidation of methane is assumed to begin via the re-
tal pressure of Ciland G. These conditions also increase the action of CH, with Pd(OSQH). to form (CHz)Pd(OSQH)
selectivity to acetic acid versus methyl bisulfate and the retenand HSOy. The bisulfate anions associated with Pd(QBE®
tion of P&* in solution after reaction. The presence of a smallare critical, because they act as nucleophiles for the proton ab-
amount of CO in the gas phase enhances the yield of acetRfracted of from Cl at the same time that P acts as the
acid, but higher CO partial pressures have the opposite effeatlectrophile for the methylide anion.

A high yield of acetic acid also requires that the concentration Recent theoretical calculations (unpublished results of
of SOs in the solution be~18.0 M. Sulfur-containing acids S. Chempath and A.T. Bell) indicate that @BISG;H is pro-

are also formed from methane, with the yield of these productduced not via an intramolecular process, as was proposed previ-
strongly depending on the reaction conditions. The formation obusly[6,7,9], but rather via an intermolecular process, as shown
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in Fig. 5 This process is assumed to be reversible, becaudermed (sed-ig. 5), the critical difference being that S@ather
adding methyl bisulfate to the reaction mixture results in thehan CO inserts into the Pd—GHbond of Pd(CH)(OSG;H).
formation of CHy, as well as CO and COFig. 5shows that This process is very similar to that proposed to explain the syn-
CO is formed via the oxidation of G#0SG;H. This step leads thesis of CHSOzH from CH4 and a mixture of S@ and Q
to the reduction of Pd cations to P8, which then precipitate  catalyzed by P& in fuming sulfuric acid18]. Consistent with
from solution (sedable 3. The reduction of P& can also oc-  this reasoning, the yield of methanesulfonic acid is small for
cur via reaction with CO (see above), leading to the formatior6O; concentrations below 18.0 M, then rises rapidly with in-
of CO,. Additional CG is formed via the reaction of CO with creasing S@ concentration, because an increasing fraction of
O, when the latter species is present. Th8 fadmed as a con-  the dissolved S@is present as free SOather than as 50
sequence of Pd reduction by CHOSQsH or CO is reoxidized  (seeFig. 4). Previous studies have also shown that methanesul-
by O, and HSOy. fonic acid can be readily oxidized by $Gn acid medium to
The formation of acetic acid starting from (G#Pd(OSQH)  form methyl bisulfatg14b]. The sharp rise in methyl bisulfate
involves two steps. The first reaction is CO insertion intoformation above an S§concentration of 18.0 M seen Fig. 4
the Pd—CH bond of the complex. Clear evidence for this is attributed to this phenomenon. The formation of methane
step is given by studies carried out withC-labeled CO and disulfonic acid and sulfoacetic acid via reactio® and (3)
CH3OH [6]. In the second step, (JEO)PA(OS@H) is shown  are very likely initiated in the same manner as the sulfonation
to react with BSQy, resulting in the formation of CsCOOH.  of methane. The high yields of these products suggest that the
Acetic acid formation via an intermolecular, rather than an in-C—H bond of methyl group in methanesulfonic acid and acetic
tramolecular, process is suggested by theoretical calculationgid is easier to activate than the C—H bonds of;Glider
showing that the latter process is thermodynamically unfavorconditions of high S@concentration. Consistent with this rea-
able. Although the scheme ifig. 5 shows the formation of soning, the yield of methane disulfonic acid was found to rise
acetic acid to be irreversible, the formation of sulfoacetic acidelative to the yield of methanesulfonic acid in studies of the
indicates that secondary reaction of acetic acid can occur (s&§nthesis of methane sulfonic acid from methane conducted in
below). The high selectivity of acetic acid relative to sulfur- fuming sulfuric acid.
containing products suggests that CO insertion is much more The effects of temperature presentedable 4merit some
facile than SQ insertion into the Pd—Cgibond. In addition,  comment. It was shown there that a reduction in the reaction
the data suggest that the rate of CO insertion must be as |eaStt@$nperature from 180 to 16 caused a small decrease in the
fast as the rate of C4#0SQsH formation. Both of these conclu- yield of acetic acid and a significant decrease in the yield of
sions are supported by recent theoretical calculations. sulfur-containing acids. These trends suggest that the apparent

The scheme presented ifig. 5 shows that the final steps activation energy for the formation of the latter class of products
of acetic acid and methyl bisulfate formation do not involvejg higher than that for the formation of acetic acid.

the reduction of P# to Pd, as had been proposed previ-

ously[6]. The present study demonstrates that'Paduction 5 conclusion

occurs during the oxidation of GG®SG;H and CO; therefore,

maintenance of Pd in solution requires a balance betweenthe  The results of this study show that the selective oxidation

rate of Pd* reduction and Plioxidation. As shown ifables 1 of methane to acetic acid catalyzed by?Pdations in sulfuric
and 2 this can be achieved by adjusting the/OH, ratio and  a¢iq js strongly affected by the dCH, ratio of the feed gas, the
operating at a high total pressure of £Bind G. For similar  5t5| pressure of the feed, the concentration of $0the sul-
reasons, high partial pressures of CO should be avoided; howgyic acid, and the concentration of #dpresent in solution at
ever, a small amount of CO added to the feed can have a befsg gnset of reaction. The yield of acetic acid, the primary prod-
eficial effect on the yield of acetic acid, because this facilitateg,t of methane oxidation, increases with increasing @,
the insertion of CO in the Pd—Gbond of (CH)PA(OSQH) (410 for a fixed CH partial pressure and with increasing to-
to form (CH;CO)Pd(OS@H). Yet another potential detrimen- 5 yeactant pressure for a fixedQCH, ratio. The increase in
tal effect of CO is its interaction with Pd(OS8)2 to form  ,ceiic acid yield as a consequence of increasipgBls ratio
Pd(CO)(OS@H)., a process that then competes with the for-is 4ccompanied by only a modest loss in selectivity to oxygen-
mation of Pd(CH)(OSQH): . ) containing organic products, and the increase in total pressure
The elementary steps involved in the formation of sulfur-of CHs and G at a fixed Q/CH; ratio results in a slight rise

containing acids were not investigated in the course of thig, e yield of acetic acid. A significant finding of this work is
reaction; however, the observed effects of reaction condltlon&at the retention of initially dissolved B4 can be raised to as

s_uggest.that these products involve the following stoichiomethigh as 96%, by raising the £0CHj ratio and total feed pres-
ric reactions: sure. The reducing agents for the reduction o3Pt P are

CH4 + SO3 — CH3SO3H, (1) found to be CHOSGsH and CO, both of which are produced
CHsSOsH + SO3 — CHa(SOsH)2, ) as intermediateg in'the oxidgtion. of gHCO is a'lso established

to be an essential intermediate in the formation oCBOH
CH3COOH + SO; — HSO3;CH,COOH. (3)  and is the source of the carboxylate group in this product. The

It is envisioned that the formation of methane sulfonic acidyield of acetic acid is also a strong function of the concentra-
occurs in a manner analogous to that by which acetic acid ifon of SO in the sulfuric acid. Maximum acetic acid yield
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