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125 —WIITHI, ZBERIIKE (5 4 CNTs)H 1991 FERURBLLLR, AT
XPE R HARSYS  IX 28 B 9K G IR G5 R I T B KRR AL 2R ik 7 TC IR
IR A S P $ BT NS A N RAT AR B BE . 9K RN
J B spP-C KRR THT i 1 5 r/ T AR R LB SRR B35 Ak R 3k B
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TEM/EDX, SEM, XRD, XPS, Hy-TPR J% Hy(or CO)-TPD Z5)XH AL FIBEAT T
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INEUE A R ARBRIE (AL TEVEAE T LU s IR IR, 15— S0 AR G -
TEVER(AC) y-ALO; Z5) T [RI R A B R A1 B 55 AN CNTs (3L DT X
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I. CNTs E# 3 5188 S H{RikEE MoCoK T &L FIF R
I-1. CNTs Fl Co-1&4fi CNTs A4} ) ] £ F1 R AL

CNTs WHl&  FARLUEATIRIE I 715 BL CHy YR 412K Ni-MgO A
T AEH T ] 7 R e N EEAT %, FrilfS CNTs & TEM/SEM/HRTEM
H XRD SEHAR/TPVERAL, UESH A i B2 BEGR AR, SMEAE 15~45 nm I
B, WAk 3~5nm, HLRE~140 m/g.

Co-f51fi CNTs FIHl#&  FH FHATHI% 1 CNTs /E R 3L, 28 th 4k 2l JR iR
4%, FTHSAEIGE A y%(O5 & 1 43 20 Co/CNTs)Z: TEM/EDX. SEM A1 XRD
BARBATRAE, SFS: &8 Co T8 A AifE CNTs FEREIH, Co’ b
RIRIARLE 4~7 nm JEH ;. CH Co &+ B fem PR R T TC R, HS 500 52.66
atomic% A1 35.08 atomic%, Pd 7 7E EDX A MIFKFRLLT .

1-2. 53R Mo-Co-K FrAb Y B4 AL 57 AT i

Co/Mo BE/RELHIPUAL: TE[E Mo H1#i&Eh 6.2%. K Hdli&EN 1.5%, &)
Co/Mo FE/REL(H1 0/1, 0.5/1, 1/1,2/1 & 3/1)i 6 B CNTs 724k 7] L, 2.0 MPa,
583 K, V(Hy)/V(CO)N(Ny)= 45/45/10, GHSV= 2400 mlgrp*h™* g o IR N 46T
BEAT LR A A, S9N, BRI G AT R b Co/Mo BE/RLLHT 0 B8 T
EFE, 7E Co/Mo = 1/1(BER L) MR BIROK, Bl S 4IM F R, M CNTs gk i
AU Cow Mo HIXIEHLL CoMo = 1/1(BE/RLL) Jdk, AHMEALFIIILL % A
11.6%Mo;Co,K¢/CNTs.

Mo;Coy BN EIL CoMo FBER ELIERN |-, {4 Co/Mo = 1/1(FE
IRHANAS, 7E Bk VA T % 2 AL FIEYE S Mo, Coy Srgk & A GHE, 2521
KH MoiCor, FTH%5E S Bhi b7 EARBREE S R Y 3 Pk =R F R 11.6%
Mo,CoKos/CNTs > 13.3% Mo;C0;Kos/CNTs > 17.4% Mo,;Co;Ko¢/CNTs > 9.9%
Mo;Co;K¢/CNTs > 5.8% Mo;C0,Kos/CNTs, LA 11.6% Mo;CoKos/CNTs K £k,

K/Mo ARkl etk CoMo JFEIRELFN (MojCoy) 1725 & I LAl
b, S KRN KCOs)A IR FIE R, 2531 3EH, K/Mo =

II
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0.6(BE 7K L) IR A I 5 BS54 3 AR KA o

AR B A FE MoiCoKy FRALWEMEALT EIRBRRTE B R NEME S0 4
REIR: £ CNTs fug L7 11.6%Mo,CoKos/CNTs -, 2.0 MPa, 583 K,
V(H>)/V(CO)N(N,) = 45/45/10, GHSV = 2400 mlsrpeh 'egco ' RN ST, CO
AL ZRIE 3.34%, AHNGEE C-REIEFEMEN 83.7%(ILrh Cou- B AL Bk 511 N
62.3%), AHMIRILE S M A RT: BRI [A) P o BT T i MoiCojKy 21 73 (DA
R Mo Ex) b CO M # 4 & (LA AE R CO X x)] 5 0.69
umol-COss 's(mmol-Mo)"' , & y-ALOs;. AC 1 SiO, 435l 412 A [7)(Mo;CoiKo)
B (RI 11.6%) fHEAL 7] EAH Y b S B ) 5.31 % 2.30 51 6.90 fif, /2 3 #
Z Wk % B Bt MoiCoKy 41 B K& A N f1 2k & i 46 B
26.1%Mo;Co Ko g/y-ALOs+ 50.3%Mo,Co Kos/AC H1 22.2%Mo;Co Ko g/SiOy) | Lt
RN 3.45 £, 3.45 f5 A1 2.88 fi.

I-3. Co-&1fi CNTs 5135 Mo-Co-K A Y5 HEAL TR L ARBRER-& R ) S B Ak

SRR, F Co-f21Mi CNTs AF KRB 41 CNTs BiE R (AC)E A
Mo-Co-K BAL I Ak 71 (1 8% 18 5 55 CO INAUBE AL L W] B e AT Cou- 2 1 A2 7K
RO Bt . 7R AL AL 11.6%(Mo1Co1Ko6)/(6.4%Co/CNTs) AL 5
I, 5.0 MPa. 613 K. V(H,)/V(CO)/NV(N>) = 45/45/10. GHSV = 3600 mlsrpsh 'eg.cor '
RGN S BARE(C - BT 45 P2 A 5] 154.1 mgeh ' egea | (IR CO $EALR
) 12.6%), &4l CNTs il AC #% HEE MoiCojKy 21 18 S AH B 57 8 5 b A4 71
[11.6%(Mo;Co1K6)/CNTs £ 50.3%(Mo;Co Ko s)/AC] AN WMIE 7.7 F1 66.1
mgeh g AR 176 Il 233 fi5. ZEEMCH CO ARG B B =4), 3L
C-HEEFENEIR 31.6%, AN IR C-HEEFENENR 70.5%, Coi-lE/Cy-IiF= 3.6(C-JE
HFEPELL).

I-4. CNTs-ZE AR} 513 Mo-Co-K B A3 48 Ah 31 i R AL

SEUS RN, T Co-1&4M 1) CNTs(EN 6.4%Co/CNTs)A 4l CNTs 5t AC 1K
Mo-Co-K Bt FEMEATIEAAIEA T CO MNEUH AL N 12 T Ak g K AE
B, HHSECAES M RIR TR TE Mo )R (Mo*)7E S H# Mo &

I
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W R B A, X Ho-TPR A XPS AL 45 5 Bk SZ o # 53— J7 1, Hy-TPD
Wos o oR . W W OW JE N 64%Co/CNTs 1 # I i b
[11.6%(Mo0;C01K6)/(6.4%Co/CNTs)] X Ha I it 75 8 /& H4li CNTs 5k AC 1135
FEbAA &R [11.6%(Mo;CoiKo6)/CNTs F1 50.3%(Mo;Co 1Ko g)/AC] 1£] 2.17 1 2.86 1i%;
P v DLHEWT, PEARBREE & ORIV AT, 8 TAESHAGTIR AR A B S
(R IR A, XA B T IR S AR SR B TR IR AU R T AU, X 280 A
YIMh s oy I BR AR R B I S I, AR R Mo-Co-K IR TELL, T2 8l
TR AR B S R b — R AR N A R s RO R

II. CNTs @i & B S H{RFREZ I TUE R Mo-Co-K TRIL B FIFAR
II-1. CNTs {2 HE I PT3E B Mo-Co-K TP ZEAEAL T D ARBREE A B i) S S 4

HI BAT 45 1) 22 BERR K A (CNT) /1 W e gt 51, 46— 328 CNTs fedE 3Ly
4 Mo-Co-K fALPIBEAMEAL /. SR 45 R WoR, i@ s n/b & CNTs 3] Mo-Co-K
Tt ) HE PR A 70 v i S 25 Hl B v CO T PR e A 3 P R I (1 A s P » 71
HA & Ak 1 MoiCoiKos-10%CNTs #E {1k 51 |, 5.0 MPa. 623 K.
V(CO):V(H,):V(N,) = 45:45:10. GHSV = 3600 mLgrp*h 'sg.co ' RN 44T F, CO
AL 21.6%, AP BEE(C oy B 257758 N 241.5 mgeh 'eg oy 'y AR
CNTs JEHEF 6 R 4(Mo1CoiKo ) FIXEEAE (17.1%F0 131.0 mgeh " eg e )53 51 1
1.26 F1 1.84 f%; FI#H Cou-FE/Ci-BE = 2.0 (C-ILEFRMELL), EBUIAE MR R4
) 3 RRAS INFAFI AL LRl J5URL SN HI T 5, TR Cou-BE/Cr-BEE KA 1.6,

11-2. CNTs {23t FLUTIE B Mo-Co-K BB b7 M R AR A

S RAE LS R WoR, /b CNTs R EEFIIE 4 I A A T2 Mo, CoiKo s il
PIHEAEAL ] T CO MR N RS A e R A B AR B2 AT CNTs R Y
PV %, CNTs {22 1AL A SE 5 T 7R BRI B 38 B 5 A (7R A SC Ho-TPR Ik
ZAFR, A ONT 4R R AL TR Moy Co Ko s 38 JR [ ELFE AR 2 AR5 ONT X A
4.1 £ A8 AE 448 KL FITIRIE ), 1N 623 K, Ja#8 JliETH &2 648 K
AFFUIER, Wl 685 K), I SEUTAEA MR Z AT PE Mo #1Fh(Mo™)

v
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TE4 Mo = T iy B A i [LAESMEALAIN XPS 2047 R, & CNTs /AR
I Mo W K BEIR 3 B0E 88.1%, AN CNTs Xt N NAK (77.3%)11) 1.14
8] o 69— J7m, CNT e bR Hy 338 W BT AL fE J1(H-TPD
SFLEI R R, R R R & CNTs AR Hy ML 2AI R 25 L&A S CNTs
XN 4.5 45) s FHFRELEAR KRR A KR AR 3 ) Jse 3 52 B4 I(FE AR SL 5.0
MPa J& 3 205 i SN 44 7E 573~633 K MV, & CNTs 1A & Ll B v =
Y CO, I FEMEARERAE 16.5 C% ~ 12.5 C%/KF-; AR &F FEEAT CNT (X}
N L, COy IR Rk 33.9 C% ~ 28.5 C%; A& ARG &) Lidix
L PR S0 A RN P P4 e RMEC BB I A2 e b 6 1) b #4872 iR

& it

KRR R, CNTs-JEM BHEEE .4l CNTs Fl g Co-f&1fi CNTs) AU AE
B R MR BREE Mo-Co-K B b Al Rl dctde, o S0 R AR Ad 5o
fE ERBREIE R, AR A CoB Ml CNTs, B4 Ay {17 ) 2
4l CNTs, 1& 405 e 1131 Mo-Co-K b 5L it Ab 1l h IE A 5 12 CO In&ls% 1k
SN FEME A it A A2 W] i A2 GBI 7R CO N AL IR 5 22 S W IR A2 B 3R
PO B R, ARHN S SRS MR A TE Mo W1l (Mo™*)7E &
Mo S P AT 7 A A5 0 LA B2 S Al (L)) R4 3 R A i v o X7
JT T NAEETE CO NG TS 1 PRI v A I A ibiade 426 M 1 et i g T
R EEE M MEAh, ONTs-JAPRHEIER A6 AR AR LR A B SR
B () A7 AE A KRR AR He ) S AT AT M KRR R B 52 B4, IR B I = 2 1)
P A — 5Tk N RN TR CNTs-JERD R AT, oIl e ik ms
A B DR 75 DA e (R P LB, 10— B IR ST A « R S0 R A 2
JREAAE N AR AT LR R AR R S IS o [ A0 1) SR A A R, AL i 7

I

KA TEERYCKE, &BEEVBURIRACKE, BRACKA AR, AR (et
7, Mo-Co-K Btk W3tiik 7], CO &, RmREE A L.
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Extended Abstract

The higher alcohols (C,-alcohols) have been considered as one kind of the most
important species among coal-based clean synthetic fuels and chemical feedstocks.
These C,:-oxygenates have been confirmed to be a better and cleaner automobile fuel
with high octane number, and lower emissions of NOy, ozone, CO, and aromatic
vapors. Higher alcohol synthesis (simplified as HAS) on MoS;-based catalysts has
been extensively studied since the mid-1980s. A number of pioneer works have been
published on this subject. Progress in this field has considerably contributed to the
growing understanding of the nature of these catalytic reaction systems. Nevertheless,
the existing technology of HAS is still on a small scale. The single-pass-conversion of
the feed syngas and selectivity to C,s-alcohols both were relatively low. Under the
used reaction conditions, most systems produce methanol as the main product instead
of Cji-alcohols. Development of catalysts with high efficiency and selectivity to
Ca;-alcohols has been one of the key objectives for R&D efforts.

To the other front, multi-walled carbon-nanotubes (CNTs, simplified as CNTs)
have been drawing increasing attention recently. This new form of nanostructured
carbon has a much higher degree of structural perfection, and possesses several
unique features, such as, highly graphitized tube-wall, nanosized channel and
sp?-C-constructed surface. They also display high thermal and electrical conductivity,
and excellent performance for adsorption and spillover of hydrogen, which make this
kind of nanostructured carbon materials full of promise as a novel catalyst support or
promoter.

In the present work, the supported or co-precipitated catalysts of Mo-Co-K
sulfide based on CNT-based materials or promoted by CNTs were prepared and
characterized through a series of physico-chemical techniques, such as TEM/EDX,
SEM, XRD XPS, H,-TPR (temperature-programmed reduction) and Hx(or CO)-TPD
(temperature-programmed desorption) measurements. The catalysts displayed higher

catalytic activity and selectivity for HAS from syngas, as compared to the reference
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systems, including the catalysts supported by AC (a conventional activated carbon
support), and the CNT-free co-precipitated counterpart. The results shed some light on
understanding the nature of promoter action by the CNT-support/promoter and the
prospect of developing highly active catalysts. Several significant results are
described as follows:

I. Study on Mo-Co-K sulfide catalysts supported by Co-modified CNTs for HAS

With the home-made CNTs (“Herringbone-type”, with the outer diameter of
15~45 nm, the inner diameter of 3~5 nm, and specific surface area of 140 m2°g71) as
substrate material and using chemical reduction-deposition method, a type of metallic
cobalt-decorated CNTs, noted as Y% (mass percentage)Co/CNTs, was prepared.
TEM/EDX, SEM and XRD measurements demonstrated that the metallic cobalt was
evenly coated on the CNT substrate, with granule-diameter of the Co,’-crystallites of
4~Tnm. Carbon and cobalt were the predominant two elements, with the content at
52.66 atomic% and 35.08 atomic% respectively, and Pd surface-content was under
detection limit by the EDX.

Using the y%Co/CNTs as support, a type of supported Mo-Co-K sulfide catalysts,
noted as X% (MoiCoiKy)/(y%Co/CNTs), for HAS was developed. It was
experimentally shown that using the Co-modified CNTs in place of simple CNTs or
AC or y-Al,O; as the catalyst support led to a significant increase in activity of CO
hydrogenation-conversion and improvement in the selective formation of C,:-alcohols.
Under the reaction condition of 5.0 MPa, 613 K, CO/H,/N,= 45/45/10 (v/v) and
GHSV=36OOmISTp°h'1°g_cat_'1, the observed STY of C,-4-alcohols reached 154.1 rng-h'1
*g_ca{l at 12.6% conversion of CO over the catalyst of 11.6%( Mo;Co,K)/(6.4%Co/
CNTs), which was 1.76 and 2.33 times as high as that (87.7 and 66.1 mg°h71°g_ca[1) of
the reference systems supported by simple CNTs and AC respectively. Ethanol
became the predominant product of the CO hydrogenation, with carbon-based
selectivity ratio of C,_4-alcohols to CH3OH reaching 3.6 in the products.

It was experimentally found that using the Co-modified CNTs in place of simple

II
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CNTs or AC as the catalyst support caused little change in the apparent activation
energy for the hydrogenation conversion of CO, but led to a significant increase in the
molar percentage of catalytically active Mo-species (Mo*") in the total Mo-amount at
the surface of the functioning catalyst (as shown by XPS measurements of the
functioning catalyst), and pronounced enhancement of the dissociatively adsorbed
hydrogen H(a) and chemisorbed CO(a) at the surface of the functioning catalyst (as
evidenced by Hy(or CO)-TPD tests). It could be inferred that, under the reaction
condition of HAS, there existed a considerably larger amount of adsorbed H-species
and CO-species on the functioning catalyst of 11.6%(Mo;Co0;K)/(6.4%Co/CNTs),
thus in favour of increasing the rate of a series of surface hydrogenation reactions in
HAS. Those factors mentioned above all play important roles in promoting the
enhancement of activity of CO hydrogenation-conversion and the improvement of the

selectivity of HAS.

I1. Study on co-precipitated Mo-Co-K sulfide catalysts promoted by CNTs for
HAS

Using the home-made CNTs as promoter, a type of sulfurized Mo-Co-K catalysts
(symbolized as MoiCojKi-x%CNTs) was prepared by co-precipitation method. Their
catalytic performance for HAS from syngas was evaluated and compared with that of
the CNT-free counterpart MoijCojKy. It was experimentally shown that appropriate
incorporation of a minor amount of the CNTs into the Mo;jCojKy led to a significant
increase in the catalyst activity for CO hydrogenation-conversion and an improvement
in the selective formation of the higher alcohols. Under the reaction conditions of 5.0
MPa, 623 K, V(H,)/V(CO)N(N,) = 60/30/10, GHSV = 3600 mlsrpeh 'sgcs ', the
observed space-time-yield (STY) of total (C,-4) alcohols reached 241.5 mg°h71-g_cmf1 at
CO percent-conversion of 21.6% over the catalyst of Mo;CoK¢3-10%CNTs, which
was 1.84 times as high as that (131.0 mg°h71°g_ca[1) of the CNT-free counterpart,
Mo, Co;Ky3; ethanol became the dominant product of the CO hydrogenation-conversion.
It is also experimentally found that the water-gas-shift (WGS) side-reaction was

inhibited to a greater extent over the CNT-promoted catalyst.
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The results of catalyst characterization indicated that addition of a minor amount of
the CNTs into the Mo;CoKy 3 caused little change in the apparent activation energy for
the catalyzed hydrogenation-conversion of CO, but led to a significant increase in the
molar percentage of catalytically active Mo-species (Mo*") in the total Mo-amount at
the surface of the functioning catalyst.

The results of H,-TPD (temperature programmed desorption) measurements
showed that significant difference existed between the CNT-promoted coprecipitated
Mo,Co;Ky3 catalyst and the CNT-free counterpart, in their adsorption/desorption
behavior towards hydrogen. The observed relative area-intensity of the H,-TPD peak
associated with the strongly adsorbed species (perhaps dissociatively chemisorbed
H-species) on the CNT-promoted catalyst was 4.5 times as high as that of the CNT-free
counterpart. Thus, it could be inferred that, under the conditions of the HAS, there
existed a considerably larger amount of reversibly chemisorbed H-species at the
functioning surface of the CNT-promoted catalyst, which would generate surface
micro-environments with high stationary-state concentration of H-adspecies on the
catalyst, thus increase the rate of a series of surface hydrogenation reactions in HAS. In
addition, high stationary-state concentration of H-adspecies on the surface of catalyst
would effectively inhibit WGS side-reaction. These factors mentioned above contribute
considerably to an increase in the product yields.

In conclusions, the present work shows that the CNT-based material could serve
not only as carrier, but also as an excellent promoter, for the sulphided
MoiCojK«-based catalyst for HAS from syngas. In the two cases mentioned above,
either for Co-modified CNTs as support or for simple CNTs as promoter, their
incorporation into the sulphided MoiCojKy host catalyst caused little change in the
apparent activation energy for the catalyzed hydrogenation-conversion of CO (likely
implying that the major reaction pathway of the CO hydrogenation-conversion was
not significantly changed), but led to a significant increase in the molar percentage of

catalytically active Mo-species (Mo*") and pronounced enhancement in the
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concentration of chemisorbed hydrogen-species at the surface of the functioning
catalyst. These factors all play important roles in promoting the enhancement of
activity of CO hydrogenation-conversion and the improvement of the selectivity of
higher alcohol synthesis. For better understanding of nature of the promoting action
by CNT-based materials, especially the mechanism of improving selective formation
of the higher (C,:) alcohols, further studies, especially in-situ characterization of

reaction intermediates under the HAS reaction condition, are highly needed.

Key words: Multi-walled carbon nanotubes, Co-modified carbon nanotubes,
sulphided Mo-Co-K catalyst, CO hydrogenation, higher alcohol

synthesis.
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