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The conversion of methane and carbon dioxide
into useful products is a challenging subject in the
field of C1 chemistry. The catalytic dry reforming of
CH4 with COz at high temperatures (generally™ 1073
K) yields syngas with a low Ha/CO ratiol!, which
can be used as the feedstock for Fischer-Tropsch syn-
thesis. A large number of catalysts have been tested
and it has been shown that most group Vlimetals are
resistant to deactivation of the catalysts by the forma-
tion of coke. In particular, rhodium catalysts exhibit
superior activity and high stability!>™* . On the other
hand, the reforming reaction has to be carried out at
high temperatures because this reaction is not thermo-
dynamically favourable at low temperatures. In order
to find efficient routes for the transformation of syn-
gas to oxygenates and higher hydrocarbons at low
temperatures, research has been carried out on the di-

rect conversion of methane and carbon dioxide into

valuable products ™9 .
alt> 9

For example, Huang et
reported that the activity for the methane and
catbon dioxide reaction under mild conditions over
Cu-Co-based catalysts is considerable, and they used a
twostep method to carry out the conversion of
methane and carbon dioxide into acetic acid at 523 K,
in which a periodic operation is required to overcome
the thermodynamic constraint. However, relatively
less attention has been paid to the mechanism of the
activation of CH4 and CO3 under mild conditions.
Supported thodium catalysts are active for the
activation of methane at low temperaturesl I In this
communication, H-BEA type zeolite with a microp-

orous structure was used as the support and the acti-
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vation of methane and carbon dioxide over Rh/H-
BEA at low temperatures (<573 K) was investigated
by in situ °C MAS NMR and in situ FT-IR. This
provides useful information for developing novel re-
forming catalysts for operation under mild conditions.

Rh/H-BEA containing 2% Rh was prepared by
the incipient wetness impregnation method. H-BEA
(5g n@si/nAD=125, Nankai University) was
impregnated with 10 ml of RhCL °3H20 (98%,
Aldrich) solution (0. 1 mol/L). After drying under
an infrared lamp, the catalyst was calcined at 573 K
in air with a flow rate of 100 em’/min for 30 min and
then reduced at 773 K in H> with a flow rate of 20
em’/min for 60 min. The XRD patterns of Rh/H-
BEA show good crystallinity and featured peaks of the
BEA type zolite.

In a typical in situ 1H*olecoup]ing BC MAS
NM R experiment, a sealed NM R cell containing cata-
lyst and 1 ~3 molecules of *C-labelled reactant (99%
PCHaor 9% "CO2 Tcon) with an equal amount of
unlabelled reactant (CO, or CH4) was heated at the
desired temperature for a certain time. After rapid
cooling of the cell in liquid nitrogen, the NM R spec-
tra were recorded on a Bruker Avance DSX-300 spec-
trometer using a probe head with 7 mm zirconia ro-
tors, operating at 75.45 MHz with 90" pulses and re-
cycling delays of 10 s.

For the cell with Rh/H-BEA that only contained
BCHy or *CO2 and treated at 473 and 573 K, the in
situ *C MAS NMR spectra showed the BCHs or

3C0, peak itself. No other species was detected. In

. N & 12 .
the reaction system containing ~CH4 and “CO2 in a

First author: QIAN Linping, male bornin 1977, MS student.

Corresponding author; HE Heyong, YUE Bin. Tel; (021)65643916; E-mail: heyonghe @fudan. edu. cn, yuebin @fudan. edu. cn.
Fowndation item: Supported by the National Natural S cience Foundation of China (20025310, 20371013, 20273017, 20421303), the Na-
tional Basic Research Program of China (2003CB615807), and the Shanghai Science and Technology Committee (03D J14004).



456

26

molar ratio of 1 *1, the spectra showed the B CHy4
peak at around 0= — 9 at ambient temperature and
when treated at 473 K (Fig 1). However, the carbon
atom exchange reaction between PCH4and CO2 oc-
curred when the cataly st was treated at 573 K for 20
min. A peak of *CO, appeared around &= 125 and
its intensity increased significantly when the reaction
time was increased to 240 min. The intensity ratio of
the *CHa to °CO; finally reached a value of 1, which
is consistent with that the equilibrium constant of this
catbon exchange reaction is equal to 1.
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Fig1 Insitu '>*C MAS NMR spectra for the reaction of “CH,
and '2CO,(BCH,/ 2CO, molar ratio= 1) over 2% Rl H-
BEA wnder different reaction conditions
(1) RT; (2) 473K, 20 min; (3) 573 K, 20 min;
(4) 573 K, 240 min; (5) 573 K, 400 min; (6) 573 K, 800 min

Similarly, the in situ “C MAS NMR spectra
only show the *CO2 peak around &= 125 for the Rh/
H-BEA containing "’CHa and "CO2 in a molar ratio of
11 at ambient temperature and treated at 473 K
(Fig 2). Carbon exchange between “CHg4 and ©CO,
was also observed after the system was treated at 573
K for 20 min. The peak intensity of '*CHy appeared
at around 3=—09, and increased with increased reac-
tion time. During the whole heating treatment, no
significant decrease in the total absolute intensity of
the ” C labels was observed. The NMR results,
therefore, show a reversible carbon exchange betw een
CH4 and CO2 over Rh/H-BEA. However, the spectra
did not give any peaks of any intermediates due to the
low time resolution of the NM R technique.

In situ FT-IR was used to study the formation
of intermediates. The experiments were performed on

a Bruker Vector 22 IR spectrometer equipped with a

Bco, “CH,

A ,l (6)

J\ l (5)
A J
A\, M‘_‘

h JLA
)
L 1 1 1 4
150 100 50 ] -50

s

Fig2 In situ ®C MAS NMR spectra for the reaction of '>CH;
and 1300, (12CH,/ 13Q0, molar ratic= 1) over 24 Rl H-
BEA under different reaction conditions
(1) RT; (2) 473 K, 20 min; (3) 573 K, 20 min;
(4) 573 K, 240 min

DTGS detector and a homemade high temperature in
situ IR cell with quartz lining and CaFz windows.
Self-supporting discs containing 10 ~20 mg catalyst
were used. The catalyst was reduced in situ in the
IR cell with H2(99. 99 %)) at 723 K, cooled down to
room temperature in the H atmosphere, then kept in
He for 1 h for the removal of the physically adsorbed
H2. After that, the gas was switched to a flow of
CH4 and CO; with a molar ratio of 1 °1 and at a total
flow rate of 35 em”/min. Under this atmosphere, the
system was heated to the desired temperature at a rate
of 5 K/min, and maintained at this temperature for
1 h prior to recording the IR spectra.

As shown in Fig 3, the FT-IR spectra exhibited
two bands at 2 111 and 2047 em ', which are as-
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Fig3 In situ FT-IR spectra for the reaction of CH, and CO, over
2% RW H-BEA at different reaction temperatures
(1) 343 K, (2) 433K, (3) 523 K, (4) 573K, (5) 623 K
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signed to carbonyls formed on isolated Rh™ and
R 10131
temperature. A new band at 2044 cm '

. Their intensity decreased with increasing
appeared
above 573 K, which may be due to the formation of
hydrocarbonyl RhH, (CO) (n=1, 2, 3)' """ in the
catbon atom exchange between CH4 and CO;. This
suggests that the intermediates formed on the cataly st
possibly are analogues of formaldehyde.

It is well known that supported rhodium cata-
lysts are active for the decomposition of CHy4 to give
CH, species at low temperatures * 'Y . Based on the
results above, we proposed a possible pathw ay for the
reversible cartbon atom exchange between methane
and carbon dioxide shown in Scheme 1.

(4-0)H + 3CH, «— H,’C—0---"C=0+ (4-H

”CH4 12CO2
H,(1*C0), H,(*CO) (n, m=1,2, 3)

IZCH4 13CO2

(4-x)H + '2CH, =— H,'*C---0—"C=0+(4-)H

Scheme 1  Carbon atom exchange between CH, and CO, through

a possble intermediate of H,(CO) (n—=1, 2, 3)

The decomposition of “CHs4on the Rh surface is
considered as the initial step involving the formation
of the intermediates of " CH, and H. Next, the ad-
sorbed species of '*CH, that have high activity reacted
with ?CO2and H to form Ha (°C0) and Ha ("*CO)
(n, m=1, 2, 3) on Rh observed in the TR study.
The reversible steps occurred by the decom position of
Hx(PCO) and Hn (*CO) on Rh into ' C-labelled

and non-labelled intermediates that further convert to

Rh/ H-BEA

B#F. ¥ B, EF &,

“CHs and “CO2.

The carbon atom exchange between '*CHy and
3C0, can oceur in the same way to form " CHy4 and
"’C02. The carbon atom exchange between methane
and carbon dioxide molecules over Rh/H-BEA found
by the ’C MAS NMR technique in this work pro-

vides useful information for the development of re-

forming cataly sts operated under mild conditions.
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