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Abstract: Three Co/SiO, catalysts doped with different amounts of Ru were prepared by incipient wetness
impregnation. These catalysts were characterized by N, physisorption, XRD, H,-TPD, DRIFTS, etc. ; their
catalytic performance in Fischer-Tropsch (F-T) synthesis was investigated in a micro fixed-bed reactor. The F-T
reaction results showed that the Co/SiO, catalysts doped with Ru exhibit higher CO conversion, higher turnover
frequency (TOF) , lower selectivity to CO, and CH,, as well as lower ratio of olefin to paraffin, in comparison
with undoped Co/SiO,. FT-IR spectra indicated that the Co-O bond in the as-prepared catalyst is weakened by
the addition of Ru, which facilitates the reduction of the Co/SiO, catalysts; such results are also supported by the
H,-TPR profiles and XRD patterns of the reduced catalysts. The main cobalt phase in the reduced catalyst with
0.5% (by weight) of Ru is in a hexagonal close packing (hcp) structure. CO-DRIFTS results revealed that the
peak of linearly adsorbed CO is red-shifted by the addition of Ru, suggesting an improvement on the dissociation
of adsorbed CO. CO-TPD results showed that the ratio of CO_/Co, and CO"/Co, on catalysts surface is
increased by the addition of Ru, which may contribute to the decrease of the selectivity to CH, in F-T synthesis.
Key words: Ru; cobalt catalyst; surface adsorption; F-T synthesis
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YEH .

CO FI H, £ Ak 75 2 18 19 T B2 F-T & Al
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1.1 EAFIH&E

Bl 7% B ( Si0,-W, 165 m?/g, K J5 IT i 1k
T A S i Ak )30k TS PR R 25, 0 A R
(NH,NO, , AR, Kt db & 77 1350 ) ) v o ek
FRAbERTS B T 50 g/L #9 NH,NO, (aq)
FIF7E 80 C FHEHE 2.0 ~3.0 h, ¥E& TS 1
500 C AR 8 h, 1525k Ak Si0,-C., M ffifi b4k ¥
Fivkr B 35— P JK-2 — % ( ethylene glycol, fij icl
EG, AR, L 504k T.) ) A W b 7" (H,0/
(H,0+EG) it bk 0. 92) , iR %l ( Co (NO, ), -
6H,0, AR, [H 24 5 A b 24380500 5 B2 ) ) 00 i 7k
MBR%T (Ru(NO)NO, ,Ru JLE &t K 5% (a5
0 At E RERHE A RA R R arakik, IR
BEH % Ru 584 0.0. 1% (JREDE ng/ne, =
0.003 85) #10.5% (JF 5, ne,/ne, =0. 019 26)
R4 A AL AR, L T B 15% (iR A
), 120 CHHE 10 h J5, & T 250 THESE 10 h,
PR AL FIICAE CoxRu/SiO, ,x 7 Ru HIJFH43%1 .

1.2 EUFHRER F-T REERE

A7 B9 FLIE 14 5 7F Micromeritics-ASAP 2420
YRR B AL b AT RAE, AR SN SE S 250 € LR
1.3 PaZ&fth T AL 8 h, SR J5 SR FH i A48 125 0 A e 1Y)
N, S5 BERE R £k . Ak 700 6 0 AH 2544 FH Bruker
AXS-D8 i X £k fif § {X ( XRD, Co #, A =
0.179 nm) #47FAE, #HE Scherrer 245 (d = KA/
Bcost, B JFUgE s JEARF K HL0.89) ,Co,0,
KRR e MR AT S04 (43, 1°) 13 &R Co” Hik:
A2 (d(Co%) ) HAT A d(Co’)=3/4d(Co,0,)
NG

FEF TH iR 52 5 78 Micromeritics ASAP 2920 1k
SEWG R E#Ef T, H,-TPR S286 75 10 . #REX 50 mg
HEAEF T U BLA SRS T SRJE 7E 10% H,/ Ar <
S (L 50 mL/min) ME IR AR P THE (FHE R
10 C/min) % 900 C, TPD 3% ( H,-TPD £ CO-
TPD) s #2400  FREX 200 mg L7 TAE S,
4li H, £ 350 °C FifJ& 6 h, SR J5 VI 1wl i Mk
HEFRM H 582 BHEFER 2 45 C, HU4 i H,
5% 5% CO/He (@) W B 40 A, 2 J5 7 FH 1 AU
W4T 30 min DABR 2555 W BEFN AR 2 43, 55 5 R 7 T+
M2 700 C, #4600 2% (TCD) A1 Y 4% 5T 3
(MS) AG JBEBF B 43, S m/z Ry 2 15 .28 44 18
EAEREN

i Honp AR e 20 Ab 6 3% SE B8 7E Bruker
VERTEX70 LM 4T, #:dh ] KBr #i B 5
FE R IS, AT AR A A A A 137 2D A
(FT-IR), CO iz 5} 21 4P 1% 5255 ( CO-DRIFTS)
R B 13 mg RES7EAE T 350 C R LR 6 h Je
FH He W1 2= F WM H 52 4 BB, P 2 %
(20 C) , P M 10% CO/He (D) W [t =2 )5,
FEYIHAE He K4 2 CO W FHE S 3 ATH K, SR
A3 57E 100,200 220 F1 300 C 2596 5 R HE47 W B B

F-T SN VAN TR 53 [ 5 R 0 i v 47,
L0 (GC, Agilent 7890A) #E4T B4 4%
Bro HL0.200 0 g AL FIH FE o 25 LB AN G5 4 I g
#8350 °C HE 50 mL/min 46 H, Fi48J5 6 h,
BRI 2 150 CJa, VIl Hy,/CO (R ) = 2 &
WS (Ar NFR, %554 30000 mL/ (g, -h) ), 212 A
%] 1.25 MPa 220 TR E2FZE(20h P L) .

2 FR5The
2.1 N, ¥I2WR B RAE



1232 woBk b 2= 2 il 43 4%

Si0,-W # AR FE 285 NH,NO, Ab# 5 bR m L JEAFBERT ,NO; F NHS 435 LL NO, 1 NH, JE=\#4 %
/N FUARAER, SRR Si0,-C a4l e, th i, 3 S R L8 Y, LA AR K, b 2 1w AR AR
TR FLABURFLAR S0 (0 Ru S & 3in it /ND ) fdks s 2 05, A BB A Ak B Rk 42
FIRFLIEYE R A A AL, BRI R 1, R NO;  KREAREI (WL 1(a) ), XL f 35 FE - DA 24
FINH, SEiA b g B BB 7 A 7 s, iR Rse MR Ry R I AR FLIRTRAIFLARARIE
BRI T B TR T ASER B S5, i 5

F 1 CoxRu/SiO, N FIMFLIE MR
Table 1 Textural properties of the CoRu/SiO, catalysts

BET surface area BJH pore volume BJH average pore

Sample A/(m?- g*l ) v/ (em? .g*l ) diameter d,/nm
Co05Ru/SiO, 127.8 0.67 21.0
Co01Ru/SiO, 131.1 0.64 19.2
Co00Ru/SiO, 128.7 0.64 19.7
Sio,-C 152.1 0.88 23.3
Si0,-W 164.7 0.89 21.6

2.2 XRD R1E Co(hep) &34 M, F-T KRLJ5 , BRI H CoO

B 1(a) WEALSHIFIG XRD §5E, K, % R, (B4 i Co (hep) 1 RERR EAFTE
JBLAT IR T Fd3m =S [AIHERY Co,0,. 1 AALASHEAL RN SohoRi A2 AR R 340 Ru BB Ik GE
R 2 G B A5 ) Co,0, MR R AR LY XL T AYEL A A EUEF . Co05Ru/SiO, fiEfk
10 nm, H4li H, 7F 350 C Ni&JR 6 h J5, fEfkil  FIA Co(hep) BB 2 FH AWM %, 360 — 2 i [l
Co00Ru/SiO, A W] i [ CoO i Hf WeAE AL, A NS UL 4 I8 51 AT LU 5 F2 € Co(hep)
Ru (AL A A & RS AT TR iR R BT SR fE 20 BT R, 45 1Y hep
SR T & 845 LS TT (Co(hep) ) FITLLSEL TS AR BMTIRECREE , BEBIAE F-T SO i Ak 0] o <6 I 4t
(Co(fec)) A IAE, (AFEE Ru & &M,  BREAETHSEME AR BT

(@ (b) Co05Ru/SiO 9 Co05Ru/SiO
_ Co0SRU/SIO, _ e MM CoOSRSIO, -~ RGeS
g s COOIRU‘/SIO’ < W
= Co01RU/SiO, = 2 = Co01Ru/SiO,
2 — 2 CoQORWSIO, Z CoOORUSIO
,g COOORH/SiO2 5‘_.; Co(hcp) ‘ % Co(hep) Ol o u/s10,
= = |Co(fec) | Co(fecc) |

CoO || . L, CoO, | | . . CoQ |, | ‘ L

20 40 60 80 40 60 80 40 50 60 70 80

20/(°) 20/(°) 260/(%)
Bl 1 HAE(a) JBJEA(b) LRNJE (¢) CoxRu/SiO, {7114 XRD 4]
Figure 1 XRD patterns of oxidized (a), reduced (b) and used (c) CoxRu/SiO, catalysts
2.3 FT-IR #1 H,-TPR &1E T, 0 5% 42 8 Ru BN A8 55 T Co-OlH] 14
XA CoxRu/SiO, RIMBEAFI TR G 1 Co—-O W Wi 14 ) 5 B AH 1L 8 BH 4 £k 75
AR 37 S 2T AN, HARDLEL 2, B2 R Co,O, BRIk AEAHY " EDIE T XRD Y44
T 805 Fl 473 em™ B WL W W S B Ak SiO, Y H 4R Kl 3 as AR H,-TPR 358, 84k Sio,-C
Si—O-Siflk 5y , Ho Mg W g e (37 158 B2 XF T4 AL 6 1, W5EE, LR R R N Ru J5 |, HLA JE 05 3 i B
PRI 2T 665 H1 568 cm™ ML AYLLAMIIIE B4R EG. Co00Ru/SIO, AL T HIRG h UG =V kE
WIFJE T Co-Of IR 3l ™ JLUE M BB AL 40 43 ) 09 8 9 Co,0, — CoO, CoO — Co
T Ru B i S In & A= 2088 H G588 5 TG BH I DX 1) Co.Si 0, Co M = A F™ | i T4 Ru 1L
R SiO, M E AR B TEAR AL, AR Ru ¥5 I0 A X %K s e
igwﬁiﬁ; uﬁcf_o%@ ﬂlittlﬁfﬂl% Fﬁ%hljimi b Co AR AT Rulna/ne,<0.02), BB =4
° W JFIEABET JE A RuO, —Ru f38 S F2 2 i
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NIHJE R 5 Ru B 4551 Co,0, L5 F] CoO 1Y
TEFR 85 A I S 2 e AR Hh IS 1Y Co, 0,
R B E] CoO i 2™ 5 25 = A~ i 0 32 2L )
CoO—Co IYif J5iid 2 , {H 1 A HEBR > i Co,Si 0,
(5£FRA(Co0) , - (Si0,) ) B BN EI &, &
Ru A6 1 348 D 068 [ (IR IR AL By, — B0k hy 2 S0 T
R s 2 BEYE H O Ru 136 7 246 A Ak
BN TR T HB R B e Al 5 S - A
4 %80, B AL R, B Ru & i i,
X R Bl b I 0 3 g SR, AT LA A W Ak R
Co05Ru/Si0, £ 300°C LA B Al 58 4 ik 5

473
. 805 662 566
Co05Ru/SiO, ‘ 1

CoOIRWSiO, 665 568

CoOORWSIO, | A4

1000 800 600 400
Wavenumber o /cm™!
&2 E4kA CoxRu/SiO, LTI FT-IR #£&
Figure 2 FT-IR spectra of oxidized CoxRu/SiO, catalysts
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FE 350C YR JFIRE T, H H,-TPR SE 56505
FEFVAIR B RE 25 2 B, & Ru A4k 70 138 R L
T8 100% ; 1 H,-TPD 25 5145 1 4 J@ Sk i fe
Bl L Ru A3% 2 ms R, BARILZ 2, fEfL )
CoO1Ru/SiO, H i fH Y H, I £, X FE ) Ti%
R TR A8 Ji R A o o 114 R A o R Wl o 2
T RIS ESHIE TR, WY HEZ, f#
fE37 Co0O5Ru/Si0O, H H, Mt bl Al , — 5 i, J&
F A ) A A 2 IR R 0 % Y Co
(hep) P05 53— T, AT Hh et 5 2 Ak 1) 1) 1 P
35, HAE IS JE T 2 A ok T SR 4 A R i, DT
i A3 EBORE R AT, 2 1HT W B H 2L

a /\ 290
184y
z Co05Ru/SiO,
S
= 208 264 372
) Co0IRWSIO,
g s 322
= 647 Co00RwSIO,
Si0,-C
L " L L L L 1
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Bl 3  CoxRu/SiO, fifk511¥ H,-TPR & &l
Figure 3 H,-TPR profiles of the CoxRu/SiO, catalysts

% 2 CoxRu/Si0, fEWLFIHIEREFI5 B EAE
Table 2 Degree of reduction ( DR) and dispersion of the CoxRu/SiO, catalysts

H, desorbed Percentage Corrected percentage Particle size d/nm

Catalyst DR/ % . . . . a
/(wmol-g.) ) dispersion (D) /%  dispersion (D) /% H,-TPD XRD
Co05Ru/Si0O, 100 53.3 4.5 4.5 16.4* 7.5
Co01Ru/SiO, 98.5 81.9 6.8 6.9 13.9 7.0
Co00Ru/SiO, 61.9 64.6 5.3 8.6 11.2 7.2

*. hexagonal close packing, d=74/D,; the other catalysts, d=96/D,

2.4 H,-TPD R{F

H,-TPD L5 (IR A 50 ~700 T ,{H 250 C LA
Je BRSO B LS
BREy B-T W IR EE AR T 250 C |, i R X ) AS i
WHE, XFTF 250 CLRARTAYMEES H BT i B
ZERULIE 4 R 3, ML H, DR R pEE Ru 3
Tk ) 348 ST e S /N (R 23R 3) , A
(73519 99.9 96.6 F186.4 T) & Ru 44 i1
R, H Gaussian 14 H, B % E 0115 o 8
oy =AU o o F1 B 15 PE ALY H, JiE B
TR BRI, W7 B ORI AR P 38 K 1) IR TR R A%
W RAE v A7 1 0 H, J B i 04 f57 W #E Co01Ru/ SiO,

AL B AIG ; = Fh 2R AU H, B & 7E CoO1Ru/
SiO, AbHi K (R 3) , X LB UL, Bl 45 A 1L 7
o Ru AN, DRSS T AR FR T HA IR
B Ru S9N SS T H-Co B EEA BE /7. Iglesia
SO0 T 4 R LT o 0 GRS, U R U R
B T PR Ru IIAEAES{di 428 Co 1)
ML B MG T By i e LA, TR
T8 H OB A5 (H, F1H,) B Ru & & 093
IR WAL FEZE H Ru I TR0 5 R F ;% F
57 5 BT FR) H 3 DR Ay 4 T i ot 784 %) A [ T A i b
# CoO1Ru/SiO, Ab it Bt & B 5 fIK'* . Co01Ru/
Si0, = H, AR i R UL AL 7 £ 1 4525 H
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AYE0) B 55 AR ] 4 VR PSS | 175 0 7 3 i
TR AR T IRAR TR T IR A %% B 17N O i A 1Y
FEAE (1AM B H 3L

CoxRu/SiO, Z ¥ L5 CO-TPD Hr CO Jit fff
FikfE S UL 5, CO 1 pf 44 H 7E 50 ~ 300 C Al
400 ~ 600 C, AL DX Il . s i B Ru J5 #1650 7Y
CO JIit B e 5k, 45 2%, o Co01Ru/SiO, Jt 24 W
55 Ru 83800, CO 114 A R B e Tt B T v (0
B3 h 93.6 . 113.4 F1119.4 C) , i Xk 4%
HEAL F) 1 Sk TR LI, CoO1Ru/SiO, U4 137 1 /&5,
Gaussian 155 , £ AT EAMRER X E2H =4~
AW (¢ m Al ) fHAE CoO1Ru/SiO, A —HH5 1 &
U s R X T LA — BRI () o & oo Fl e DUFREDL
AU B ¢ MR Ru 755 (9 39 0w 1a) = IR AR B2 A1
oA =0 401 G 0 I T 35 76 A K 7] Co01Ru/SiO, 4b
MBS (£ 4), i Galhenage 45 #7238 w] 1, %
I CO BT IR JE R 70 T34 CO(CO,,, ) B,
fe i DXL N 2 R S RS CT R O BEZE A R R Y
CO(CO™) AL Hh A A Ru g CO,, i B 5 2 T

T CO it ES . Co05SRu/SiO, HEALF [ FEEef 5 |
CO,q, 1Y T8 B U B ] {1 Uk A PR Sy HC T 1 42 i 32 2 2
Co(hcp) ,H5R% Co(hep) i CO A4 [t 68 1=
F Co(fec) Fmhi"™ , {HAE B4R A W 7 55 Co
AANFE R 2 ; B2 50 C™ 5L O™ Wifh iy it
BHBE 22 7E Co(hep) K TF Co(fec)

Co05Ru/SIO,

Co01RU/SIO,

TCD signal /(a.u.)

Co00RW/SiO,

| |
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Temperature ¢/C
Bl 4 CoxRu/SiO, fEfL5If) H,-TPD i
Figure 4 H,-TPD profiles of the CoxRu/SiO, catalysts

50

% 3 CoxRu/SiO0, #7# H,-TPD & &SR
Table 3  Fitted results of H,-TPD for the CoxRu/SiO, catalysts

H, desorbed peak /' C

H, desorbed / ( mol-g} )

Catalyst

«a B y a B Y
Co05Ru/SiO, 82.4 108.0 157.4 16.5 14.9 21.8
Co01Ru/SiO, 90.8 116.6 149.4 17.1 36.6 28.3
Co00Ru/SiO, 92.6 119.6 157.5 12.9 28.8 22.9
Lkl CO 452 CO-TPD H CO i1l B

13545 3 & i 7] CO,, FT CO™ 14 it B ( 36
4), CO,, M M Bff £ 7E 4 1 7] Co01Ru/SiO, Ab fi%
KT CO™ R F1 CO,,./ Co, N2 CO™/ Co, It
DIBEAE AL H Ru 57 2 0 389 00 38 K H B AT
B AT H,-TPD " H, MRRH (% 2), X
VLML RITE AT B-T SO i 252 ) TR i)
R IRDS . RIR X CO, M BfHE i 28 AL 34 5
H,-TPD (455 A N, 322 A A0 570 2 v Dt + 2
FEETEL, SR A CO™ WM — Tz B F
i S ZR R A RE A 5 53— J7 1, S22 CO 7E hep
1 foc PR i 2 19 il 2 1T 32E AT AS [R) T2 X0 1 Bf fi
25 .7 Co (hep) K1 CO fiil ) T~ I H 42 i 125, 76
Co( fec) KT H Bifif & GE 24K, CO™ ML
fi A1 CO,,/ Co, & CO*/ Co, kIt k5 p
Ru 7 1 4 18 KM 388 K, 136 B Ru 9 3 N2 2 7 Co

CoOSRu/SiO,

Lot s

i
30
S | & ,
i X i 4 ,
2 i A & 3 CoOlRu/SiO,
= i ) :
o i !
= Fomi =
N
AR Co00RU/SiO,
JAVIAN 2
.o\ O\
AAAAA S
150 300 450 600

Temperature ¢/C
K15 CoxRu/SiO, fiEfLiil CO-TPD Z CO f5*
Figure 5 CO signals of CO-TPD for the CoxRu/SiO, catalysts
2.5 DRIFTS
CoxRu/SiO, ZFMEAFIFEA AT CO
BFPEL AN ) i S ST AT WL 6



4510 1]

I % Ru B8INIXT Co/Si0, ZRATA MM AL ERE A9 52 R
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%* 4 CoxRu/SiO, L7 CO-TPD L& EHER
Table 4 Fitted CO signals of CO-TPD for the CoxRu/SiO, catalysts
Catalvst CO desorbed peak t/C CO desorbed /(wmol-g_}) CO,,/Co? CO"/Co,
atalys .
{ n L 6 = { m L 8§ &£(CO0") COu  /x10? /%10

Co05Ru/SiO, 90.5 123.6 165.2 - 501.6 1.4 2.9 4.5 - 3.9 8.8 8.3 3.7

Co01Ru/SiO, 85.9 124.5 177.3 260.7 530.2 3.7 4.0 2.8 0.7 3.3 10.5 6.4 2.1

Co00Ru/SiO, 79.7 101.1 139.7 - 503.7 1.0 2.2 3.0 - 2.6 6.2 4.8 2.0

*. Co,, surface cobalt from H,-TPD

K6 2175 F12 113 ecm™ J&S A CO RYLLAMK
Wil | i 4345 T2 090 ~2 000 cm™ 15 CO Wz Wig i Ju st
B CO i 28 20 W B FE IR B I (<
200 C), K% Ru & rHE 0, bR 2t co 1k
g ] I I8¢ K5 s A% 5 {H 76 B8 R T (>200C)
Co05Ru/SiO, £ %1% , 1fii CoOORu/SiO, £1.#% fx ik
%o BEEREF m S AR 2l co Mgty
IR ERAS | HAE T B2 1 o A rp S5 R AR
WA CO WL BR 7™ A=, HAR LR 5. AL s m
Ru J5 CO MMl 2s B i 3, DL 25 Ryl i
FEFIHER I Ru 23 Nil58 Co-CHEAY 45 4, 18 55 C O]
(PRSI0 %, A2 JF C—O ) fift 5, 3 M R il C ™ [ vk
J,iX 5 CO-TPD 43R —%, B e i 25 ik Ak
FIf CO LT AR I £T 7 | 136 I Ik 5 T ey 23 1 i
BB 1) CO WV AT B4 7= A 52 I 08 858 55 %) Wi A7
SUHIR I Co-CH I 25 & 1Y o, C-OfE Y 45 &
WES . TE IR TG ) W A A
DUBLES 4 i Ru (9 A AT 0 28 356 b 3 11 450 119
R 2 PN B T B Co05Ru/Si0, i 4k 7
(LRI 2% (3R5) o AL R i Ru J& CO 1 M ik

R R — 5T, 2 P Ru S A2 3E T 48 4k 550 1 1
L fof 2 T B R O I, 3 B s 5
—J7 T AT RESE U8 T CO 7 A 57 R T 1y 1 I
AP A 0, (I AR ) BB CO A By g 25, i
SN T2 CO,, MR &, BE T I T 2 C
W

2175

~~~~~~~~~~~~

2113

_______________________

nce /(a.u.)

Adsorbal

--------------------

Wavenumber
E 6 CoxRu/SiO, ffLFIEATRIE T
CO-DRIFTS W% Bt fn4h
Figure 6 DRIFTS spectra of the CoxRu/SiO, catalysts
at different temperatures in CO/He flow

&5 CoxRuwSiO, L FIH CO-DRIFTS $F7MR i C &
Table 5 Peak wavenumbers in the CO-DRIFTS spectra of the CoxRu/SiO, catalysts at different temperatures

Wavenumber ¢/cm”

Catalyst 20 C 100 T 200 C 220 C 300 C
Co05Ru/SiO, 2071 2068/1996 2 060 2059 2047
Co01Ru/SiO, 2079 2076/2017 2077/2 006 2073 2048
Co00Ru/SiO, 2088 2085 2079 2071 2040
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in the C, _, products for F-T synthesis
over the CoxRu/SiO, catalysts
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Table 6 Results of F-T synthesis test over the CoxRu/SiO, catalysts

CO conversion CO, selectivity

Hydrocarbon selectivity s/%

Apparent TOF

Catalyst % % CH, C.. 0/ Pcbg (102 /5!
Co05Ru/SiO, 14.33 0.44 10.99 90.01 2.07 11.53
Co01Ru/SiO, 12.58 0.47 11.66 88.34 2. 11 7.35
Co00Ru/SiO, 4.17 1.23 12. 19 87.79 3.85 3.09

reaction conditions; H,/CO/Ar=8:4:3, GHSV=30000 mL/ (g, +h), p=1.25 MPa, t=220 C;

steady-state CO conversion after running 20 h
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