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　　The conversion of methane and carbon dio xide

into useful products is a challenging subject in the

field of C1 chemist ry.The cataly tic dry reforming of

CH4 w ith CO2 at high temperatures(generally >1 073

K)yields syngas w ith a low H2/CO ratio[ 1] , 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 g roup Ⅷ metals are

resistant to deactivat ion of the cataly sts by the forma-
tion of coke.In particular , rhodium catalysts exhibit

superior activity and high stability[ 2 ～ 4] .On the other

hand , the refo rming react ion has to be carried out at

high temperatures because this reaction is not thermo-
dynamically favourable at low temperatures.In order

to f ind eff icient routes for the t ransformation 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

v aluable products[ 5 ～ 8] .For example , Huang et

al
[ 5 , 6] repo rted that the activi ty for the methane and

carbon dioxide reaction under mild conditions over

Cu-Co-based cataly sts is considerable , and they used a

tw o-step method to carry out the conversion of

methane and carbon dioxide into acetic acid at 523 K ,
in w hich a periodic operation is required to overcome

the thermodynamic const raint.However , relatively

less at tention has been paid to the mechanism of the

activation of CH4 and CO2 under mild condit ions.
　　Supported rhodium catalysts are active fo r the

activation of methane at low temperatures
[ 9]
.In this

communication , H-BEA type zeolite w ith a microp-
orous st ructure was used as the support and the acti-

vation of methane and carbon dioxide over Rh/H-
BEA at low temperatures(≤573 K)was investigated

by in situ
13C MAS NMR and in situ FT-IR.This

provides useful information for developing novel re-
forming cataly sts for operation under mild conditions.
　　Rh/H-BEA containing 2%Rh was prepared by

the incipient wetness impregnat ion method.H-BEA
(5 g , n(Si)/ n(Al)=12.5 , Nankai University)was

impregnated w ith 10 ml of RhCl3·3H 2O (98%,
Aldrich)solution (0.1 mol/L).After drying under

an infrared lamp , the catalyst was calcined at 573 K

in ai r w ith a flow rate of 100 cm
3
/min for 30 min and

then reduced at 773 K in H2 w ith a flow rate of 20

cm
3
/min for 60 min.The XRD patterns of Rh/H-

BEA show good crystallinity and featured peaks of the

BEA type zeoli te.
　　In a typical in situ

1
H-decoupling

13
C MAS

NMR experiment , a sealed NMR cell containing cata-
ly st and 1 ～ 3 molecules of 13C-labelled reactant(99%
13
CH4 or 99%

13
CO2 , Icon)w ith an equal amount of

unlabelled reactant (CO2 or CH4)was heated at the

desi red temperature for a certain time.After rapid

cooling of the cell in liquid nit rogen , the NMR spec-
t ra w ere reco rded on a Bruker Avance DSX-300 spec-
t rometer using a probe head w ith 7 mm zirconia ro-
to rs , operating at 75.45 MHz w ith 90°pulses and re-
cycling delays of 10 s.
　　For the cell w ith Rh/H-BEA that only contained
13CH4 or

13CO2 and treated at 473 and 573 K , the in

situ
13C MAS NMR spect ra show ed the 13CH4 or

13CO2 peak itself.No other species w as detected.In

the reaction system containing
13
CH4 and

12
CO2 in a
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molar ratio of 1∶1 , the spectra showed the 13 CH4

peak at around δ=-9 at ambient temperature and

when treated at 473 K(Fig 1).However , the carbon
atom exchange reaction between

13
CH4 and

12
CO2 oc-

curred when the cataly st was t reated at 573 K for 20

min.A peak of 13CO2 appeared around δ=125 and

i ts intensity increased significant ly w hen the reaction

time w as increased to 240 min.The intensi ty ratio of

the 13CH4 to
13CO2 finally reached a value of 1 , which

is consistent with that the equilibrium constant of this

carbon exchange reaction is equal to 1.

Fig 2　In situ 13C MAS NMR spectra for the reaction of 12CH4

and 13CO2(12CH4/ 13CO2 molar ratio=1)over 2%Rh/H-

BEA under different reaction condi tions

(1)RT;(2)473 K , 20 min;(3)573 K , 20 min;

(4)573 K , 240 min

Fig 1　In si tu 13CMAS NMR spectra for the reaction of 13CH4

and 12CO2(
13CH4/

12CO2molar ratio=1)over 2%Rh/H-

BEA under different reaction conditions

(1)RT;(2)473 K , 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
13
C MAS NMR spectra

only show the 13CO2 peak around δ=125 for the Rh/

H-BEA containing
12
CH4 and

13
CO2 in a molar ratio of

1∶1 at ambient temperature and treated at 473 K

(Fig 2).Carbon exchange betw een 12CH4 and
13CO2

was also observed after the system was t reated at 573

K for 20 min.The peak intensity of 13CH4 appeared

at around δ=-9 , and increased w ith increased reac-
tion t ime.During the w hole heating treatment , no
signif icant decrease in the to tal absolute intensity of

the
13
C labels w as observed.The NMR results ,

therefore , show a reversible carbon exchange betw een

CH4 and CO2 over Rh/H-BEA.However , the spectra
did no t give any peaks of any intermediates due to the

low time resolution of the NMR technique.
　　In si tu FT-IR w as used to study the formation

of intermediates.The experiments w ere perfo rmed on

a Bruker Vector 22 IR spectrometer equipped w ith a

DTGS detector and a homemade high temperature in

situ IR cell w ith quartz lining and CaF2 w indow s.
Self-suppo rting discs containing 10 ～ 20 mg catalyst

were used.The cataly st was reduced in situ in the

IR cell w ith H2(99.99%)at 723 K , cooled down to

room temperature in the H2 atmosphere , then kept in

He for 1 h fo r the removal of the physically adsorbed

H2.After that , the gas was switched to a flow of

CH4 and CO2 w ith a molar ratio of 1∶1 and at a total

f low rate of 35 cm3/min.Under this atmosphere , the
system w as 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.

Fig 3　In situ FT-IR spectra for the reaction of CH4 and CO2 over

2%Rh/H-BEA at different reaction temperatures

(1)343 K , (2)433 K , (3)523 K , (4)573 K , (5)623 K

　　As shown in Fig 3 , the FT-IR spectra exhibited

two bands at 2 111 and 2 047 cm -1 , which are as-
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signed to carbonyls fo rmed on isolated Rh+ and

Rh
0[ 10 ～ 13]

.Their intensity decreased with increasing

temperature.A new band at 2 044 cm-1 appeared

above 573 K , which may be due to the formation of

hydrocarbonyl RhH n(CO)(n =1 , 2 , 3)[ 11 ,13] in the

carbon atom exchange betw een CH4 and CO2.This
suggests that the intermediates formed on the cataly st

possibly are analogues of formaldehyde.
　　It is w ell know n that supported rhodium cata-
lysts are active for the decomposition of CH4 to give

CH x species at low temperatures[ 9 , 14] .Based on the

results above , we proposed a possible pathw ay for the

reversible carbon atom exchange between methane

and carbon dioxide show n in Scheme 1.

Scheme 1　Carbon atom exchange between CH4 and CO2 through

a possible intermediate of Hn(CO)(n=1 , 2 , 3)

　　The decomposi tion of
13
CH4 on the Rh surface is

considered as the initial step involving the formation

of the intermediates of 13CH x and H.Next , the ad-

sorbed species of 13CH x that have high activi ty reacted

w ith
12
CO2 and H to fo rm Hn(

13
CO)and Hm(

12
CO)

(n , m =1 , 2 , 3)on Rh observed in the IR study.
The reversible steps occurred by the decomposit ion of

H n(
13
CO)and Hm(

12
CO)on Rh into

13
C-labelled

and non-labelled intermediates that further convert to

12
CH4 and

13
CO2.

　　The carbon atom exchange between 12CH4 and
13CO2 can occur in the same way to form 13CH4 and
12
CO2.The carbon atom exchange between methane

and carbon dioxide molecules over Rh/H-BEA found

by the
13
C MAS NMR technique in this w ork pro-

vides useful information fo r the development of re-
forming cataly sts operated under mild condit ions.
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Rh/H-BEA催化剂上甲烷和二氧化碳的碳交换反应

钱林平 , 　曹　勇 , 　岳　斌＊ , 　任　瑜 , 　陈柏龄 , 　贺鹤勇＊

(复旦大学化学系上海市分子催化和功能材料重点实验室 , 上海 200433)

摘要:13C 原位魔角旋转固体核磁共振光谱研究发现 , 573 K 时甲烷和二氧化碳在 Rh/H-BEA 催化剂上发生碳交换反应.原

位红外光谱检测到 HnCO(n =1 , 2 , 3)中间体 , 说明甲烷与二氧化碳在 Rh/H-BEA 上可以发生低温活化.提出了发生碳交换反

应的可能途径.
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