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Reaction Mechanism for Partial Oxidation of Methane to Synthesis Gas
over Rh/SiO, Catalyst
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Alcohols, Ethers and Esters, Department of Chemistry, College of Chemistry and Chemical Engineering, Xiamen University,
Xiamen 361005, Fujian, China

Abstract: The partial oxidation of methane (POM) for the production of synthesis gas over Rh/SiO, catalyst was investigated by in situ Ra-
man spectroscopy characterization, continuous flowing and pulse reaction evaluation focusing on the reaction mechanism of synthesis gas
formation in the oxidation zone, i.e., the catalyst zone where O, is still available in gas phase. It was found that when a flow of CH4:05:Ar =
2:1:45 at 600 °C was passed through the pre-reduced 4% Rh/SiO, catalyst, no bands associated with rhodium oxide could be detected on the
catalyst by Raman spectroscopy. While Raman bands related to carbon species that originated from methane dissociation could be detected
at the catalyst oxidation zone under working conditions. The results of pulse reaction of POM as well as steam reforming and CO, reforming
of methane at 700 °C with a contact time less than 1 ms over the catalyst indicate that the formation of CO and H; is mainly resulted from the
direct partial oxidation of CH4 while the steam reforming and CO, reforming reactions play only a minor role in the oxidation zone of the
catalyst bed. The pulse reaction with an isotopic gas mixture of CH:'®0,:H,"*O:He = 2:1:2:95 over the R/SiO; catalyst further indicated that
the C'%0 percentage was higher than 92% of the total CO produced in the reaction. Based on these results, the conclusion, that the major
reaction responsible for synthesis gas formation in the oxidation zone of Rh/SiO; catalyst bed is the pyrolysis of methane on reduced rho-
dium sites to form hydrogen and carbon adspecies followed by the coupling of two surface hydrogen atoms to H, and partial oxidation of
surface carbon species to CO, is suggested.
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Table 1 Specific surface area, Rh dispersion and average Rh particle
size of Rh/SiO, catalyst and different SiO, samples

Surface area ~ Rh dispersion (%) Particle size
Sample ) N
(m’/g) 0, Hy-O; titration (nm)
SiO, 434 — — —
Sio;* 403 — — —
Rh/SiO, 402 23.1 22.5 47

Calcined at 600 °C for 4 h.
®Calculated using the Rh dispersion datum of O, chemisorption.
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Fig. 1.
reaction at 700 °C for 2 h.
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TEM images and Rh particle size distribution of Rh/SiO, catalyst. (a) After reduction with H:Ar = 5:95 at 600 °C for 0.5 h; (b) After POM
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Fig. 2. Raman spectra of Rh/SiO, catalyst recorded at 600 °C under O, (1), Hy:Ar = 5:95 (2), and CH4:0,:Ar = 2:1:45 (3) flows. (a) Original spectra;
(b) All the spectra related with SiO, were subtracted. Before switching to O, or CH4:0,:Ar, the catalyst was reduced with H,:Ar at 600 °C for 0.5 h.
All the Raman spectra were taken on the catalyst at the entrance of the catalyst bed.

%2 AEIRET Rh/SIO, T £ POM N T4H&E
Table 2 Reaction performance of POM over Rh/SiO, at different
temperatures

Furnace Conversion (%) Selectivity (%) H,:CO
temperature (°C)  CH, 0, CO H, CO,
200 0.0 0.0 — — — —
250 1.0 4.9 0.0 0.0 100 0.0
300 6.0 32.0 0.0 0.0 100 0.0
340 18.9 94.0 0.0 0.0 100 0.0
350 20.5 99.3 42 45 958 21
360 21.7 99.7 11.1 137 889 25
400 284 100 345 415 655 2.4
450 40.9 100 594 738 40.6 25
500 564 100 747 902 253 2.4
550 71.3 100 88.9 937 11.1 2.1
600 82.0 100 97.6 95.1 2.4 1.9

Reaction conditions: CH4:0,:Ar = 2:1:97, 15.0 mg catalyst, S.V. = 2 x
10° ml/(h-g), data collected after 20 min on stream. POM—partial
oxidation of methane.

600 °C I, FGE s {4 ik 82.0%, CO Fl H, [IE#%
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I 2y 3 A
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=R B8 RO Bkt ST
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WA, AT — DRk s R T
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A 65%, 1fii CO Fl Hy HIIEFEAE 2 3 1A 60%
M1 37%. XU RIELE Oy A7 AL IS HL R, MR AT LA
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(1) FE, 70 A X B ET T CO,, HyO, CO Al H, 554
Tl 1R AR 45 52 () AR AR Al AE 34, (0 C Oy IR FE AT 22 AN
S DX P 8 4 T AR B AP HAR AR BE AN K, DAL
AT LLIACh, CO, I 3 S 3 5 48 AKX Py CO Fl Hy A=
B DTERAR . AR X TR 5 30, B O, 1R K it v
¥E, CO Fll Hy M FE B IR 2 B 18 I L 2 B 2k |
Tt AH HyO B PRI T . 18 B A X S 3 HLO
WIE R BRI RN v B8 (1) Bl ALK 2 K
B0, EOEHSH O 1R B B W B AR, BRI TR K 2 S
0, CHy MR SN B JL38 43 S8 A0 s N AR A1 H B
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KRG CH, 75K )2 5 3 R 4B T H A I B, F 3L
WRET B

h TR CHy K 28U E HE A CO, HHE [ W)
Rh/Si0, IR JZ2 40 X P A BRI ok, Attt —
%% Ar B BE 9 CH,4-H,0, CH,-CO, F1 CH,-
H,0-CO, 85 IR A UAEAS A B2 1R e A0 7R R 22 1) Je
RO, 45 s T 4. tHIE WL, Joit /& CH, 17K
AR ERE, COy HAEIE LA /K28 CO, HAE [R] 1)
FEAE S DL, CHy I FE & LA S CO FT Hy 14 B
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Fig. 3. Plots of CHa4, O,, CO, Hy, CO,, and H,O concentrations (a) as a function of catalyst amount along with the corresponding values for CH, and
O, conversion and syngas selectivity (b) for the pulse reaction of CH4:0,:Ar = 2:1:97 mixture over Rh/SiO, catalyst at 700 °C. Flow rate of Ar =120

ml/min.
L L 116 L 425
20+ (@ Jg 20+ (b) 20+ ©) 1

0 0 _ 0 :

: | i '\I\.‘.\. L l—\_.\.\.\._ 20
~15L — 1638 ~15[ 1125 ~qs5L 1 <
Q\QI.S_ /u 6@/ Q\QI.S_ S Q\QI.S_ ] %
< K I} i = ~ 0 = ~ N
s Lo s & - L
= -_ 44 5 = R / -8 b5 = L D/ ] 5}
£ 10 e E10 - g E10 1 z
g 18 8 & 5 3 0", qi08
=) i < = [m} > = / 4 <
s} 3 42T O 14 = s} o ] jas)
O 05} T Q0s5F @ S Qosf @ S

2 | ]
vanana M e = @
0.0L 0.0L 3) 40 0.0L 3) 1o
RN SR N SR SR (ST ST SN S S S | RN SR N SR SR (ST ST SN S S S | RN SR N SR SR (ST ST SN S S S |
03 06 09 1.2 15 03 06 09 1.2 15 03 06 09 1.2 15
Catalyst amount (mg) Catalyst amount (mg) Catalyst amount (mg)

4 TREEERESSEFRELTEZESH RSO KB LHBKH R EER
Fig. 4. Plots of CH,, CO, H, and CO, concentrations as a function of catalyst amount along with the corresponding values for CH, conversion for
the pulse reactions of CH4:H,O:Ar = 2:2:96 (a), CH4:CO,:Ar = 1.8:0.5:97.7 (b), and CH4:H,0:CO,:Ar = 1.8:1.8:0.5:95.9 (¢) mixtures over Rh/SiO, at

700 °C. Flow rate of Ar =120 ml/min. (1) CH, concentration; (2) H, concentration; (3) CO concentration; (4) CO, concentration; (5) CH,4 conversion.

IEA B RE IR KB 3 2k B TE. HAE AL
7% 5 [[ 4 1.50 mg R 2 b, L CH4:0p:Ar =
2:1:97 A J5URHI, CHy 86 4k R 231 70% (WL K 3(b));
MK 28RN 1 A 6%, CO, 558 [ W 1 A
10%, BPAS7E — 2% [ I A7 76 1 DL 1, CH, 35 A2 4
A 16%, Y% T Kl 3(b) H A S, k)
W, 2 3 S 4T, CHy 5 H,0 8k CO, 1
HEI VAN JE RO/SIO, IR J2 A X & B O
BIRE.
2.3.3 Rh/SIO, L5 £ POM FAkESER RN
BY B & TR BR

h T HIR A T fi# Rh/SiO, AL 7] POM

BN HLER, AT — 25 R 1°0-"%0 [AIf FE R R A
#5257 Rh/SiO, IKJZHALIX W CO A R 12, 7
700 °C T In] ¥ B F AL 3 A Si0, 1 WY 2% Bk e
CH.,:"°0,:H,'80:He = 2:1:2:95 &4, R I3 JUk}
I CH,, '°0, F1 1,0, & & 9 # ¢'°0, 'O,
C'0,, C'0"™0 M1 C"0, %=1y, B 5 4 700 °C [iy
Rh/SiO, f# 4k #) K 2 b Bk v CH4:'%0,:H,'*0:He =
2:1:2:95 YA G ROV R 0 1 e JL B 43 A
AT CH,:'%0,:H,'80:He = 2:1:2:95 J & B 1E
& S I /K 255 L 48 (CH4:H,'0 = 2:2) B4 %Ak
(CH4:"%0, = 2:1) e N IR A7, M B Scwl 4, 4 52
B4 T, Rh/SiO, AL E ¥ Rh P 3 BE4L T3k



www.chxb.cn

WRAEAS 55 Rh/SiO, AL T L B BE 38 43 48 A0 il A <18 e B AL 2

1189

(a)
Té ' Cléo
an
‘@ x 2 18
c | | | J | cro
| | L2 | coo,
L X L x2 | ___ C*0"0
x5 N C*0,
L L L 1 L L L 1 L L 1 L L L 1 L L L
8 10 12 14 16 18
Time (min)

5 CH4:**0,:H,%0:He = 2:1:2:95

Concentration (%)

(b)

< o o -
N N [ee] [w]
| B — T

=
[\
T T

i B

CISO (216()2 C160180

——

0.0
"o,

c*o

BESBKREEEY P EAAERIC CO Ml CO MRIEFES RERE

Fig. 5. MS signals (a) and concentrations (b) of the isotope labeled CO and CO, in the products for the pulse reaction of CH,:'°0,:H,"%0:He =

2:1:2:95 mixture over Rh/SiO, catalyst. Reaction conditions: 1.50 mg catalyst, 700 °C, flow rate of He = 120 ml/min.
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