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Solvent effect on the activity of Ru-Co;0, catalyst for liquid-phase hydrogenation of
CO; into methane

SONG Ying-jian”, CUI Xiao-jing" , DENG Tian-sheng', QIN Zhang-feng', FAN Wei-bin"’
(1. State Key Laboratory of Coal Conversion, Institute of Coal Chemistry, Chinese Academy of Sciences,
Taiyuan 030001, China;

2. University of Chinese Academy of Sciences, Beijing 100049, China;

3. Department of Chemistry and Chemical Engineering, Taiyuan Institute of Technology, Taiyuan 030008, China)

Abstract: Ru-Co;0, catalyst was prepared by the co-precipitation method. Its catalytic performance in liquid-phase
hydrogenation of CO, into methane was investigated, and compared with those of the conventional Ru-based catalysts
(Ru/Si0,, Ru/CeO,, Ru/ZrO,, Ru/Ti0,) prepared by impregnation method. The solvents including H,O, n-butanol,
1,4-butyrolactone, DMF, n-nonane, decalin, cyclohexane and isooctane had significant solvent effects on the catalytic
performance. Compared with other solvents, the catalyst showed higher activity and selectivity catalytic perfor-
mance when decalin and isooctane was applied as the solvent. At 200 °C and H,/CO,=3:1 (v/v, 4 MPa) and with decalin
as the solvent, the conversion of CO, and the selectivity of CH,reached 45.6% and 97%, respectively. The isotope
labeling experiments and in-situ diffuse reflectance infrared spectra showed that the hydrogen atoms of the tertiary
carbon in decalin and isooctane were active for CO, hydrogenation reaction, thus improving the catalytic activity.
Key words: carbon dioxide; liquid-phase hydrogenation; methane; solvent effect; hydrogen supply
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(CioHus, BT T A BRA R, 52 86 (CsHys, K
BT R R AL AR ), NN-2 Y 3 Y i ( DM,
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8.5 mg i RuCl; i& fi# 7E 20 g Y 2818 K v, SR 5 A
30°C & 20 min PPRAAWR NME] 100 mL 1 0.5 mol/L
Na,CO; I 1, AkZLAHE 1 h; TUIEY) @ 8.0 5 5
135, I HZE IR I 2 Pk, ELRAERR4R (0.1 mol/L)
WA AN B aUiE . R, KT 0 TTE 76
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Z3FE ) ISM-6700F #1137 % 5 v+ il L kA7
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Figure 2 XRD patterns of calcined catalysts
(@): C0304; (b): Ru-Co304; (¢): Ru-SiOy; (d): Ru-CeOy;
(e): Ru-ZrO,; (f): Ru-TiO,
1: Co304; 2: Si0Oy; 3: Ru; 4: CeOy; 5, 6: the characteristic peaks
of TiO, with different crystal forms (5 is auatase and
6 is rutile); 7: ZrO,

£ 200 °C, 4 MPa(H,/CO, = 3:1) B B 5514 F,
K BE 1 h i, Ru-CosO4 Y CHy i #5724 97%, CO,
AN 45.6% . FHHLELTH, Co-Pt/ALO;, 7E 220 °C,
1.9 MPa, Hy/CO, = 1:1 BT, H CO, b FA
) 10%"". & 2 ] A1, Ru7E Si0,. CeO,. ZrO, fil
TiO, & 1 /Y 70 8 W AR &, 2 A Ru/SIo, &

SEM images ((a), (b)) and TEM images (c) of Ru-Co;04

44°4h B — AR BB g™ R 1 Rl 2
A RN 3 PR R T i 2 . Rw/SiO, fiE 4 7 19 CO,
IS E AR, CO, bR AR 2.3%; Ru/CeO,
PEALTRIEPERERAIR, CO, FEAERAUN 5.4%; Ru/ZrO,
H1 Ru/TiO, AL (4 16 PEIR B 119%-15%. # AR F
JEXF 7 ) 1 B B T R R R, O R R 3R ) CH,
PEHEVETE 97%-99%. BR CH, ok, it A D&t Cos )
BTRAR . K25 G PR, —H
fit . ZBESEY)

#* 1 AFE Ru-BELFIEE CO, MEH RN IERE

Table 1 Catalytic results of various supported Ru catalysts for
liquid-phase hydrogenation of CO, to CH,
CO, Selectivity of
Entry  Catalyst conversion hydrocarbons/mol%
1% CH, Cos (6[0)
1 Ru/SiO, 23 97.1 2.9 0
2 Ru/CeO, 5.4 98.8 1.2 0
3 Rw/ZrO, 11.3 97.9 2.1 0
4 RwWTiO, 15.2 97.1 29 0
5 Ru-Co;0;4 45.6 97.0 29 0.1
6 Co304 34.0 97.7 22 0.1

reaction conditions: 100 mg of catalyst, 5 g decalin, 200 °C,
initial pressure: 4 MPa of H,/CO, gas (v/v=3:1), 1 h
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4T Ru-Cos04 16 77 275t AL B A% A 6 1
AE, T M L Ru-CosO. i 1 71 S F 58 AN [R] ¥ 77 % Sz
NPERE RS LA, R 2 K IETEE. 1,4-T N
fi . —H L HI BERE (DMF) | T4 S b fl &
ZE R, Ru-CosO4 HYHEAL K2 N 45 5 o A [ 15 771
H1 Ru-CosO, AL 77 1= B 32 2 i 07 ) 4 04 CH,
FAE R VEAE 87%-99%; Bk CH, A, ib A1 D HR I3 Coos
SRt 7/ i P o

*2 FEAEFH Ru-Cos0, HEWFE CO, BAEMEH
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Table 2 Catalytic results of Ru-Co;0, for liquid-phase
hydrogenation of CO, to CH, in different solvents

co, Product ¢ 1 bility
Solvent conversion/% gfllfctlwtv(/:‘i (mmol- Lil)
Water 8.3 88.7 11.0 28.9
Butyl alcohol 21.4 88.7 11.1 87.2
1,4- 26.2 95.7 4.2 42.6
butyrolactone
DMF 31.0 89.4 10.4 432
n-Nonane 31.9 98.5 1.5 93.5
Decalin 45.6 97.0 3.0 67.5
Cyclohexane 34.0 98.8 1.2
Isooctane 42.0 98.2 1.7

*: reaction conditions: 100 mg of 1% Ru-Co;0s, 5 g of solvent,

200 °C, initial pressure: 4 MPa of H,/CO, gas (v/v=3/1), 1 h;

*. calculated by considering H, filled in the reactor as standard
gas

Hy 2 2 AL, % H % Ru-CosO, i 46 771 14 156
HABEZW ., KAVERER Ru-Co0, I H HAK
BT M, A 8.3%; T AEIE T B rp, LA Ak 1 P 42
LS AT, CO, # A Rak 3] 219% 22475 LA 1,4-
T N g A1 DMF Ry i 500, HC A b 76 vl sk — 2B 4
i, CO, AL Ry 3k 3] 26% M1 31% LAy . — ik
Sk Uk, 22 HH A Ak TR 4 o &R R T R R AR
TG R AR MR B o A Ak 7R 2 T I P SR
T, IO RGP, [ B R B A TR R AR
SRR R R, B8R A A A TR AR R
T P 995 e Sl R, 0 T 4R v A AR 1 i T
552 AR 2, FE VRO BN R, 1 50 A H 1Y RE
T3 e, DR A R B v Ak R 3 TR A TR
BE . I, VB HEN, Ru-Cos0, 4L I 7EA ML
RIS P FE AR K R R, BRI T RN Y H, 4
TAEA LI 3R B A O g 1 i T

H ik, %27 H, 5 F 7 Lk i 5 5w i

FE o b T LT M AR R S N A, ARV
SCE R, Hy B9 5 RN B A AR TR . fR R 2
AT, R KA, Hy B9 B B AIK, S 28.9 mmol/L;
H, 761 T B, 1,4-T PG i1 DMF 4595 77 v i) %5 i
JEJRK A 1.5-3.0 ffF . X —Z5 R PUE L T HE
FRHED, B A ALY ) s A e 18R T Ru-
CosO4 M EALTE R o b T HE— 2D IR SEAE 2 A A5,
VEIUIE T-BEAE R R R 7o & 3 H, 76 1E T- i
M B R (32 2) o MEALTTF M 45 R B 7R, Ru-
Cos0, ML 18 1F Tt Hh il St SR B T 4 i 1)
WM, L CO, AL Rk 32% £ . B TEZERN
SIS, BAR H, 76 T & 58 T i i B AR T 7
IE T v (R U i B, (R AR TS PRI & T 50% 42
Fi, CO, b KRB T 46% LE41 (2 2) .
2.3 BFIERLE

S T WG FRUAE 5 BOIE T A A 2R E
JAFFEXT 4. LA D BUR H, 78 200 °C % 55 T 1 7
AR R . A ZERIE T he i GC-MS 2 #r (T F
WE RS W) a5 R W, A 250 mAtx
K 4.8%, i IE T LM AR A 3%, TEZEST
G5 K6y v [ B A BB B s TR R iR T, R [
e B - I A SR A 3R R 0 i b 2 6 S AH
UL, NG X 4o R T R A E B 7 B ARG B
() & Gy AR, A AT R B SR T 1 3R O
Tt T A U ) S B AR R L JE T e
DI WrAA 478

H 3¢ 2 Al A1, O el CO, S fb R X f
34%, MFESEFE R CO, FALRIKBN T 42%., 1E&
M B R b R R A S R AT
PRI, B Ji 1] B A 2 46 A 32 17 M A ) O
B o FERRESE IR F IS T b2 R A 2 K =
FREM AR LI UE I T X — . B 3 2Rt R
Jot A TR 5 2 ot 1 SR R LR % 5 4 . T
DL B, S AE AR b0 IR R i m, 3K 7.3%, ik
FRETFEIRRERZ, R 6.0%, MMiffibm b & F
BIRARRAA 0.6%. X —25F 5 FA 220 mAR s
B 25 S AR W) A, Uk B BURR 2 28 4 A% 38 5 P S 1Y)
T R A Ao BRABUR A1, Pt B AT 28 e A
o 15 P A RE

T A ZEHA BRI IE R A B RE ) (<AL
A7), IR S A A) LUK AS B 1) S i 1 S AT
InE R, B LS A W7 X — A 2
SR A U281 S AR N Ak 2 R R 38 A b 7R 2 T
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Je 1 B AE 2851 F1 2922 em 3k A + A 25 —C-H

FI—CH,—1 {1 45 $i= sh i 15 A4 T Ru-SiOo, L) 3

IR T %) S0 2%, 3k S AR A 08 ) 0 i 1 6K D0k K00 B

K7 em’, P+ A ZE L 2A W B T Cos04 Al Ru-

Cos0, Y 1l . Cos04 I 1 E 25 F1 Ru-Cos0, 1 1k

b S 25 Y W B 0 457 A ], DA Ru 8951 A
TR0 b2 W BB A B A R

(a) Standard isooctane {_\ (b) Deuterated isooctane {—_\
i 9p Lo -1 10000 i"'""""?;"""""""""""l"'“-:_"_"]
i E i _: 9000 E D on tertiary carbon: 7.3% E i | 8000
H i H : D on secondary carbon: 6.0% H - 7000
! (I -18000 D on primary carbon: 0.6% H |
: | i | ! : 1 -4 6000
H i -: 7000 | i :
i ! 46000 | i 1 5000
i | 15000 | i ! 4000
1 98 I 1 1 1! 1
i [ E 44000 | i 1 3000
i 100 110 N 13000 | 100 110 i .
i ] 1 ' H 12000
LI TE T 13 18135 T 105 0% 0% 42000 WLp Lsh 15 L4 T35 I LI L0y 09 U6 |
T (pco) | 11000 1l (pce) ! I |4: 1000
A0 EA=FN 0
. . . . . . . . ~1000 — . . . . . . .
8.5 7.5 6.5 5.5 4.5 35 2.5 1.5 8.5 7.5 6.5 5.5 4.5 35 2.5 1.5
f1 (pce) f1 (pce)
3 F¥behAE (a) FURIUSR R (b) ROREREILR (3%
Figure 3 Nuclear magnetic resonance chromatograms of standard isooctane (a) and of deuterated isooctane (b)
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