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Abstract

The oxidation of methane to organic oxygenates over metallic palladium dissolved in oleum was studied. Methanol was obtained by the
transformation of methane into methyl bisulfate and dimethyl sulfate. Subsequently, methanol was formed as a result of ester hydrolysis. The
reaction conditions were temperature P&D) pressure of methane 3.5 MPa, time 2 h, content of sulfur trioxide in fuming sulfuric acid 30%.
Palladium can be recovered and used many times without reduction in the process yield. The byproducts formed in the process may b
reclaimed and reused.
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1. Introduction achievement of this goal is, however, not a straightforward
task. The C—H bond in the methane molecule is very strong
The reserves of global natural gas have doubled over the(438.8 kJmol). The reaction conditions which allow cleav-
past 20 years. Gas reserve estimates have grown particularhage of this bond and oxidation of methane are simultane-
rapidly in the former Soviet Union and in the developing ously favorable for the oxidation of methanol to formalde-
countries in the Middle East, South and Central America, hyde and to carbon dioxide, while the energy of the C-H
and the Asia—Pacific region. For January 1, 2001, the bondin methanol amounts to 373.5kdol.
confirmed world gas reserves were estimated at 5278 trillion  Although studies of methane oxidation to its oxygenated
cubic feet (149.37 TH) [1]. Most of the known world derivatives with solid catalysts and under elevated pressure
natural gas reserves are inconveniently located in remote anchave been carried out worldwide for several years, the results
thinly populated areas. The lack of infrastructure is the major are not satisfactory. Methane oxidation is usually carried out
barrier to increased worldwide gas consumption. Most of the at high temperatures of 400-70Q. The desired products
gas is currently sent by pipeline, which calls for proximity are obtained as a result of free-radical reactions with a yield
to the target areas and the possibility of laying pipelines over of several percent [2]. In the radical processes, methanol
reasonable terrain. Another transportation option is liquefied and other oxygenates are significantly more reactive than
natural gas (LNG), which needs a liquefaction plant. Both methane.
methods are expensive and potentially hazardous. Natural This problem can be bypassed by finding a different
gas resources are not fully utilized, mainly due to the reaction system whereby methane becomes more reactive
transportation costs. This situation could be changed by than its products. Gol'dshleger was the first who carried out
the development of a simple and inexpensive method of studies concerning the oxidation of alkanes to alcohols by of
conversion of methane into oxygenated derivatives, which platinum complexes in water [3],
have proved to be easily transportable liquid products.
Selective oxidation of methane to methanol or other oxy- 2CHy 4 [PtCls]?~ 4 Hp0 + 2CI~

genates is one of the problems unsolved up to now. The |picyj2- ”
— CH3OH + CH3Cl + [PtCL]“~ + 3HCI.

* Corresponding author. In recent years some methane oxidation reactions that utilize
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have been discovered. The reaction of methane and acid?. Experimental
leads to the methyl ester, which does not readily undergo
oxidation. Subsequently, as a result of ester hydrolysis, 2.1. Catalyst
methanol is formed:
In the studies concerning methane conversion to metha-

methanet oxidant+ acid nol, Pd—oleum, PdS@oleum, Pd—HSOy, PASQ—H,SOy
— methyl ester of acid- reduced oxidant catalytic systems were used. The following reagents were
methyl ester of acig- water used: powdered Pd (Merck), PdsMerck), oleum-30 wt%

— methanol+ acid SOs (Merck), HSOr (POCHh).
Such a process is currently of immense interest. The objec-2.2. X-ray diffraction

tive of the studies is the selection of a catalyst for the first

reaction, as well as an acid and an oxidizer. Periana et al. We used X-ray diffraction to characterize the catalyst af-
[4] claim that the catalyst may be one or more metals from ter the reaction. The powder X-ray diffraction measurements
group B of the periodic system, which readily undergo two- were carried out on an HZG-4 diffractometer using Co-K
electron reduction, but hardly undergo one-electron reduc- radiation. The X-ray tube was operated at 30 kV and 35 mA.
tion. The acids recommended by these investigations includeThe 2 angle was scanned at a rate of 0.05

HNO3, H2SOy, CRSOsH, H3POy, HoSeQy, HBr, HCI, het-

eropolyacids, and anhydrides or salts of the acidB.; 2.3. Product identification
and BS07. An oxidizing agent may be £ H>SOy, SGs,
HNO3, and BSeq,. The identification of the reaction products was achieved

The systems mercury(ll) bisulfate—sulfuric acid [5—7] and using natural abundané&C NMR measurements performed
bis(2,2-bipirimidine)Pt(11)Ch—fuming sulfuric acid [7-10]  on a Bruker DPX 400 spectrometer, equipped with a 5-mm
have been of particular interest. 1H/BB-inverse probehead, operating at 100.62 MHz, us-

In the case of the catalytic system containing mercury ing 20,480-25,600 transients, spectral width 31,850 Hz, ac-
in the form of bisulfate dissolved in sulfuric acid [5-7], the quisition time 1.03 s, delay time 1 s, and digital resolution
mercury ions catalyze the methane oxidation by sulfuric acid 0.97 Hz per point. DMSO-+lwas used as external lock and
to methyl bisulfate, water, and sulfur dioxide. The authors reference. All measurements were performed with a 5-mm
are of the opinion that in such a reaction methyl bisulfate coaxial tube.
can be obtained with a selectivity of 85% at a methane  The products were quantified by gas chromatography
conversion of 50%. The methyl bisulfate is subsequently (Fisons). Separation of the components HCHO,30H,
subjected to hydrolysis, as a result of which methanol is CO», and HO was achieved using a Porapak T-packed
formed. column. CH,, N2, and CO were separated by a molecular

Bis(2,2-bipirimidine)Pt(I)Ch—fuming sulfuric acid [7—  sieve 5A packed column. The effluent of both columns was
10] has turned out to be the best catalytic system. Perianaconnected to a TCD.
et al. [10] achieved a 90% conversion of methane at a
selectivity of 81% to methyl bisulfate. 2.4. Reactions

Taylor et al. [11], Sen and co-workers [12,13], and Var-
gaftik et al. [14] have studied catalytic systems contain-  The oxidation process was carried out in an autoclave
ing metals such as Mn, Fe, Co, Cu, Pb, and Pd, together(Berghof 200) equipped with a magnetic stirrer, charged
with fluoroacetic acid. As a result of the reaction with with 100 ml of acid and with a solid catalyst. Methane was
methane, methyl fluoroacetate, which can be subsequentlypressurized up to 3.5 MPa from a gas cylinder equipped
transformed into methanol, was obtained. The best cat-with a reduction valve. The temperature of the reaction
alytic system in this investigation was palladium acetate— mixture was measured by a thermocouple connected with
fluoroacetic acid [11,12]. a temperature controller. The reaction temperature was

Other examples for such a type of catalytic system are 160 °C. After 2 h the reactor was cooled with water to
mercury, cerium, or palladium sulfates in sulfuric acid [15], 20°C. The gaseous reaction products were sampled through
mercury and palladium sulfates in fuming sulfuric acid [16], a septum for gas chromatography analysis. The reaction
peroxytrifluoroacetic acid—palladium [17], and Eg&Xn— products were monitored by recording’ NMR spectra
CRCO;H [18,19]. of the crude liquid reaction mixtures.

Our studies related to the catalytic system palladium—  The reaction mixture (ca. 100 ml) was subjected to
fuming sulfuric acid for methane-to-methanol conversion. hydrolysis in distilled water by dropping it very slowly into
Palladium in the metallic form, as well as palladium sulfate, the water while maintaining a temperature no higher than
was used. The aim was to prove that metallic palladium can40°C in order to avoid the evaporation of methanol.
be used in the catalytic system for the methane conversion Subsequently 50 ml of post-hydrolytic liquid was sub-
process and that the form of Pd can be used optionally. jected to slow distillation. The distillate was analyzed with
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a gas chromatograph to determine the content of methanolrable 1

and formaldehyde. The13C NMR signals of the measured mixtures

Item Measured mixture Observed signals
(ppm)
3. Resaults 1 Crude sample (Fig. 2) 60.8; 65.7; 91.0
2 H2S0Oy4 4+ CH3OH 60.7
Methanol and trace amounts of formaldehyde were ob- 3 H2S0, + (CH30RSO, 60.6; 62.0
. ) 4 HoSOy + HC(OCHg)3 61.F
tained in the systems Pd$@H;SQi, Pd-oleum, and ¢ HpSOy + HCOOCH; 61
PdSQ-oleum. 6 HpSOy + HaC(OCHs) 61.8:91.3
After the methane esterification the reaction mixture was 7 HpSO4 + HCHO 91.0
analyzed by'3C NMR spectroscopy. In all samples the 8 HaSO4 + HCOOH No signd

main product gave an inte_nSive signal at 60'8 ppm i_n the  a |;helsc NMR spectra of the mixture of methanol with 95%${,
13C NMR spectrum. This intense signal coexisted with a the signal at 58.1 ppm was observed.

very small signal at 65.7 ppm and with a small signal at  ® In the 13C NMR spectra of the mixture of dimethyl sulfate with 95%
91.0 ppm. After a longer time palladium was precipitated, HZCSO4 the signal at 58.0 ppm (major) and 59.6 ppm (minor) was observed.
the signal at 91.0 ppm disappeared completely, and the The spectrum was recorded when gas (CO) was completely evacuated.
formation of a metallic mirror was observed. Fig. 1 presents

an example of the spectrum which contained the three NMR methy| hydrogen sulfate was also mentioned in the litera-
signals. Considering the difficulties in the interpretation e [5). Determining the contaminated product, responsible
of the NMR spectra measured in fuming sulfuric acid for the presence of the signal at 65.7 ppm (Fig. 1, Table 1,
due to its high acidity and reactivity [20], the signals jtem 1)is not quite incontrovertible. However, since the mix-
were assigned and the reaction products were identifiedyre of fuming sulfuric acid with methanol gave a signal at
by comparison of the analyzed spectra with the spectra of g 7 ppm (Table 1, item 2) and the mixture of fuming sul-
reference samples. Thus, we perfornlgréd NMR spectra  ric acid with dimethyl sulfate gave two signals (major at
of mixtures of fuming sulfuric acid with ca. 5% addition g5 g ppm and minor at 60.6 ppm) (Table 1, item 3), the signal
of methanol, dimethyl sulfate, formaldehyde, formaldehyde 4 55 0 ppm in the later case could be attributed to dimethyl
dimethylacetal, methyl formate, trimethyl orthoformate, and g itate. Based on the above experimental observation and
formic acid. The resulting®C NMR signals are summarized taking into account the dependence of the chemical shift in

inTable 1. . _ thel3C NMR spectra of the compounds measured in sulfuric
The addition of methanol to sulfuric acid results in acid media on concentration, acidity, and3@ntent, caus-
the formation of methyl hydrogen sulfate (reaction (1)), inq 4 slight shift in resonance positions (Table 1, item 2 and
(Table 1, item 2): note a, item 3 and note b), the signal at 65.7 ppm of contam-
1) inated product of a crude sample (Table 1, item 1) could be
assigned to dimethyl sulfate. These products indicated that
Based on the above analyses it can be concluded that thenethanol was the main product of the oxidation of methane.
main signal (60.8 ppm) represents sulfuric acid monomethyl A further analysis was conducted as follows. The addition
ester CHOSQH (1), which is the predominant product of trimethyl orthoformate (Table 1, item 4) or methyl for-
of the reaction mixture. The same resonance position for mate (Table 1, item 5) to fuming sulfuric acid caused the
evolution of gas. Thé3C NMR spectrum exhibited a signal
at ca. 61 ppm. In th&3C NMR spectrum of the mixture of

H2SOy 4+ CH30OH = CH30SG3H + H20.

g g & 22535 fuming sulfuric acid and formaldehyde dimethyl acetal (Ta-
1501 a ”’\r %l aRAAR ble 1, item 6), apart from a signal at 61.8 ppm, a signal at
L 91.3 ppm was observed. The latter signal was also observed
100- I for the mixture of formaldehyde and sulfuric acid (Table 1,

item 7) and in the spectrum of a sample taken from the au-
toclave. These observations led to a conclusion that sulfuric
50 acid caused an exchange of methoxy groups, yielding methyl

m 1 hydrogen sulfatel §:
11
J

T
100 9 80 70 60 50 40 30
(ppm)

HoSOs + HCOOCH — CO+ CH30SOsH + HoO,  (2)
3H2SOs + HC(OCHg)3 — CO+ 3CH3;0SGsH

+ 2H,0, 3)
Fig. 1.13C NMR spectrum of the crude reaction mixture from the autoclave R
after 2 h at 160°C, methane pressure 3.5 MPa, 0.2 g Pd in 100 ml oleum. 2HSOy + 2503 + HZC(OCHS)Z — HZC(OSQH)Z

(I CH3OSG3H, (11) (CH30)2SOy, (111) HoC(OSG3H)o. + 2CH;OSGsH. (4)
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In the case of the reaction mixture of formaldehyde, dimethyl
acetal, and/or formaldehyde and sulfuric acid, the formation
of sulfuric acid monosulfooxymethyl ester,HB(OSGH),
(111) could be postulated:

2H,SO + HCHO =2 HoC(OSQH), + H20. (5)

In our opinion compountll| is responsible for the signal at
ca. 91 ppm and indicative of formaldehyde as a byproduct
of the oxidation of methane. The disappearance of the signal
at 91.0 ppm after a longer time at atmospheric pressure is
the result of the subsequent oxidation of formaldehyde or
[11 leading to formic acid, which is unstable in sulfuric acid
and decomposes to CO and®l

The GC analysis indicated that carbon dioxide was the 24+
only gaseous product after methane oxidation. The following
reactions proceeded in the autoclave:

Yield of CH,0SO;H [mol %]

CHs+S H2S CH30SGH + S H20, 6 0 f t t t t t
zcil:r gg 2H 0340_4) C3H OQéQ,ZH 02 :S(; ©) 0 02 04 06 08 1 12 14
+ + + . .
2 s 3 Weight of Pd in 100 ml of oleum [g]
+ 2H0, (7)
Fig. 2. The effect of the palladium content on the yield of methanol. The

CHa +25Q; 4 2H,SQr —~ CHZ(OSO‘SH)Z +25G reaction conditions: 169C, pressure of methane 3.5 MPa, time 2 h, content

+ 2H50, (8) of sulfur trioxide in fuming sulfuric acid 30%, catalyst in the fori)(Pd
CHg 4 4SQ3 — CO, + 4S50 + 2H,0. (9  Mewlic, ©)PdSQ.

In order to prepare methanol from esters, the reaction
mixture should be subjected to hydrolysis according to the
reactions

fuming sulfuric acid. The presence of metallic palladium in
the reaction mixture was not determined when the amount of
palladium used at the start was smaller than 0.2 g. Palladium
CH30S03CHs + HpO — CH30OSO;H + CH3OH, (10) which did not undergo dissolution was identified by XRD

(Fig. 3) and maintained for reuse. In the experiments with the
CH30SGH 4 Ha0 — CH30H + HoSG. (11) recycled catalyst we did not observe a difference in the yield

After hydrolysis, esters were not detected g NMR spec- of the methanol formation or in the methane conversion in
troscopy. The reaction mixture contained methanol, water, relation to the experiments in which “fresh” palladium was
sulfuric acid, and traces of formaldehyde. Formaldehyde is used.

produced according to the equation Palladium which underwent dissolution was also recov-
_ ered. We have observed that metallic palladium precipitated
H2C(OSQH)2 + H20 = 2H2S0y + HCHO (5a) 24 h after the hydrolysis has been accomplished. In this way

which is the opposite of Eq. (5). Formaldehyde is an unstable 70 to 80% of the metal was recovered depending on the type
product in sulfuric acid. It may be oxidized to carbon oxide Of experiment. Recovered palladium was not different from
and water through formic acid:

100
HCHO 2% (HcooH "23™ co+ H,0. (12) S
>
The effect of increasing the content of palladium in the 2
reaction mixture on the formation of methanol is shown in 2

Fig. 2. Palladium was used both in the metallic form and as
palladium sulfate. It can be seen that only the metal content
in the reaction mixture is significant, whereas the form in
which it was introduced was not important. The largest yield
enhancement was observed up to 0.2 g palladium in 100 ml
oleum. A further increase of the catalyst amount results in
small increases of the ester amount. Solubility of palladium i } } .

in oleum is limited. That is why a further increase of the 10 30 50 70 20
catalyst amount in acid does not much influence the ester 20
yield. The mass of metallic palladium recommended s in the Fig. 3. x-ray diffractogram. Vertical dashed line—Pd reflections by JCPDS
range 0.1-0.2 g or 0.22—0.45 g palladium sulfate in 193.5 g No. 5-681.
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that one used in the reaction, as was confirmed by XRD. Thecatalytic properties of metallic palladium as well as the
reuse of the metal as a catalyst influences neither the yield ofoccurrence of multiple reoxidation of palladium.
methanol formation nor the methane conversion. The same In every experiment a mass balance of methane has been
palladium was recovered and used repeatedly as a catalyst iraccomplished. The differences between the mass of carbon
the methane oxidation process. The ester was obtained with(originating of course from methane) before the reaction and
the same yield even after 10 times. Thus the multiple utiliza- the mass of coal products after the reaction were not large
tion of the same catalyst in successive syntheses is possible(from 1 to 8%).
One can ascertain that this catalytic system is long-lived and
does not deactivate with time. This is particularly worth em-
phasizing on account of the high price of palladium. 4. Discussion

Fuming sulfuric acid with various contents of free $0
has been used in our studies. A decrease in the content of

sulfur trioxide in sulfuric acid leads to a reduction of both sulfate with oleum [16] or as palladium acetate [11,12]
tEe degree 0:; metgane dc;or!\(/jerslror? ('.:'g' 4) anq thﬁ yields 0fwith trifuoroacetic acid. The catalytic system Pd(0)—fuming
the ester and carbon dioxide. The increase in the contenty, i acid proposed by us, where palladium occurs in the
of free sulfur trioxide causes an increase in the selectivity form of palladium powder dissolved in fuming sulfuric acid

of met.hfane oxidation to carbon dioxide .and a d(.acllne'ln the has not been described until now. There is a great difference
selectivity to methanol. When the reaction medium did not between using palladium(0) powder, utilized by us, and

contain free 5@} the methane conversion did not proceed palladium(ll) sulfate, used by Basickes et al. [16]. Pd(ll) is

over metallic Pd. - . : .
S . . . a good 2~ oxidant but Pd(0) is not. It is worth noting that
The apphcatlon of PdSDan.d sulfu'nc acid permlttedo Periana at al. [10] mentioned palladium as one of the metals
the formation of the ester_wnh a y|gld of abqut 8.0A’ which was used in combination with sulfuric acid, but the
ivqi /(r: ;legu:ﬁt?ga?igr:h; trir?s:;aor:e??llf:Iggértw;gsfhglghnli catalyst Iife.as WeII' as the reactior) selectivities were poor
because of irreversible bulk-metal, i.e., Pd(0) formation that

fﬁg%&}??of;pnalTrﬁZlCt:ggeT:;)gff Zﬂ;?nﬁqnp:"?ﬁg?;:; occurs with the use of noble metals. Palladium is not soluble
: ' P P iumin su in sulfuric acid even after heating. We were able to dissolve

was confirmed by XRD. The precipitated metal comprised palladium in hot fuming sulfuric acid. Fuming sulfuric acid

0 . :
SO%OI/O.OlfdthefR[ﬁ”ad'u.;n E[J'sed '? thetﬁulfatet fotrk:n. ter i containing free sulfur trioxide is a stronger oxidant than
€ yield ot Ihe oxidation of methane 1o e esterin o ¢ e acid. As a result of the reaction of Pd(0) with

relation to palladium amounted to 4700% (18D, 3.5 MPa, o U L ) .
. . sulfur trioxide, palladium is oxidized to Pd(ll); therefore it
0, —
2 h, 30 wt% SQin oleum, 0.005-2 g Pd) when the catalytic ay be used in any form. Fig. 5 presents the consecutive

system contained fuming sulfuric acid. This confirms the stages of the oxidation and reduction to which palladium
was subjected during the methane conversion to methyl
bisulfate. The catalytic process relies on the formation of the
unstable metalloorganic complex$d-CHs~, which reacts
with sulfuric acid. The carbon atom undergoes oxidation to
methyl bisulfate while palladium is reduced to Pd(0). The
sulfuric trioxide present in the reaction mixture causes the
reoxidation of Pd(0) to Pd(Il). As a result of the reaction of
CH,OH 0%~ (product of stage 1) with two #H (products of stages 2
and 3), water is formed.

The methane conversion could not proceed in the case of
metallic Pd without free S@because the first stage of the
catalytic process will not take place.

Until now palladium has been applied as palladium

8

=y
[&)]
1
T

-
o
I
T

[¢)]
!
T

CH,OSO.H+H" 50,
Pd(0)
H,S0~7 3 1>s0,+0*

K3 Pd*— CH,” Pd*
Free SO, [% wt.] 2

Methane conversion, yield of products [mol %]
®
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Fig. 4. The effect of the free SQin oleum content on the methane H* CH,
conversion and yield of the products. The reaction conditions: 60
pressure of methane 3.5 MPa, time 2 h, 0.1 g Pd in 100 ml oleum. Fig. 5. Redox transformation of palladium.
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When PdSQ@ and sulfuric acid were used as catalysts the reused. Palladium can be recovered and used many times
conversion of methane proceeded up to the moment whenwithout a reduction in the process yield. The diluted sulfuric
the oxidized form of palladium was used up. Palladium acid may also be recycled after the concentration of sulfuric
reoxidation could not take place due to the lack of sulfur acid.
trioxide. There was no carbon dioxide in the product because
reaction (9) did not proceed due to the absence of sulfur
trioxide. Acknowledgment
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