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Abstract

The water-gas shift (WGS) is a reversible, exothermic reaction of steam with
carbon monoxide (CO) to produce carbon dioxide (CO,) and hydrogen (H,). The
supported cobalt-molybdenum catalyst is mainly employed in the water-gas shift
reaction of many industrial processes, such as ammonia synthesis, methanol
synthesis and hydrogen production. Compared with iron-chromium-based shift
catalyst (the optimal reaction temperature is 400°C) and the copper-zinc-based
low-temperature shift catalyst (the optimal reaction temperature is 200°C),
Co-Mo catalyst is of some excellent catalytic characteristics, namely a higher
catalytic activity at low temperature, a wider temperature range from 160°C to
500°C at which a perfect catalytic activity can maintain, and a better ability of
sulfur tolerant. Recently, this type catalyst has been used extensively and now
gained wide industrial acceptance.

Two classes of the Co-Mo catalyst are used in industry: one is the
Co-Mo-K/y-Al,O5 catalyst, which is suitable for use under low pressure (0.8 to
2.0MPa), low steam-to-gas ratio (about 0.3) and particularly in the shift system
by connecting the medium-temperature stage with low-temperature one, however,
its catalytic lifetime is only two years because the catalyst is very susceptible to
lose potassium during the reaction therefore resulting in anti-sulfidation of the
catalyst; the other is Co-Mo/MgO-AlL,O;3 catalyst, which is mainly employed in
the shift system under high pressure (about 8MPa) and high steam-to-gas ratio
(about 1.4), what is better, the catalytic lifetime is over 5 years. In China, more
than 30 manufactories produce the former type of the catalyst, only the Qilu
Institute of Petroleum Chemical Industry is producing the latter type named QCS
series that have been put into industrially use. The market was occupied by K8-11

type catalyst produced by BASF (German company) in this field. As the content
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of Cobalt in both two commercial catalysts is as much as 3.5% and the
preparation of them is the two-step calcining method at high temperature, in
particular, these catalysts are only fit for the shift system under high pressure and
high steam-to-gas ratio reaction condition, they are found to be not suitable for
the shift system under medium or low pressure condition, what is worse, the price
of these catalysts are very expensive because of monopoly. The goal of our
research is to develop a highly active potassium-free Co-Mo supported shift
catalyst, which is suitable for the shift system no matter what the reaction
condition is under high or medium pressure, high or low steam-to-gas ratio
condition.

The preparations of the catalysts are as follows. Firstly, a mixing-kneading
method is used to prepare a complex support of the magnesium-alumina spinel,
and then impregnate the complex support with the Co-Mo solution followed by
calcination to produce the catalyst. The influence of both magnesium-to-alumina
ratio (molecular molar ratio) and cobalt-to-molybdenum ratio on the catalytic
activity has been investigated. The characteristics of both supports and catalysts
have been investigated by means of BET, X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), Electron spin resonance (ESR), Laser Raman
(LR) and H,-Temperature-programmed reduction (H,-TPR). The results are listed
below:

(1) The support with the magnesium-to-alumina ratio of 1.05 has the highest
mechanical strength and catalytic activity. The state of the complex support exists
as an irregular spinel form of MgAl,O4-xMgO-yAl,Os.

(2) The catalyst with the composition of 8wt% MoO; and 1.8wt% CoO,
namely the catalyst Co(1.8)-Mo(8)/MgO(1.05)-Al,0;, was found to have higher

catalytic activity in comparison with the same type of catalysts such as German

v
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K8-11 and Chinese QCS, especially at low steam-to-gas ratio.

(3) The results of the characterizations of supports and catalysts are presented
below:

a. When Mg/Al (molar/molar) is close to 1.05 and CoO/MoOs(weight/weight)
is close to 1.8/8, the composition of the catalyst is found to be beneficial to
increase the amount of octahedral molybdenum species which is easy to reduce
and simultaneously decrease the content of tetrahedron molybdenum species
which is very hard to reduce in the oxide state of catalyst.

b. A mixed valence species of the molybdenum with Mo®", Mo’ and Mo*" was
observed to coexist in the sulfided state of the catalyst and sulfur species exist in
the form S®" and S*. The characterization of ESR indicated that oxo-Mo™" species
(Mo’" species was surrounded by oxygen), thio-Mo> " species (Mo " species was
surrounded by sulfur) and Co-Mo-S exist in the catalyst at the sulfided state.
When Mg/Al (molar/molar) is smaller than 1.05 and CoO/MoOs(weitht/weight)
is less than 1.8/8, with the increasing of both values, the contents of Mo species
in low valence, S species in low valence, thio-Mo’" and Co-Mo-S are all
increasing. A contrasting observed result can be obtained when the values
mentioned above are beyond the optimal ones.

c. The characterization of ESR indicates that the peak-intensities of thio-Mo®*
and Co-Mo-S are the strongest for sulfided state of the catalyst when
Co/Mo=1.8/8. The characterization of Raman represents, at the same time, the
peak-intensity of MoS, species is the strongest. All of these species probably
make up of the active phase of the catalyst.

Keywords: Water-gas  shift, Co-Mo shift catalyst, Potassium-free,

Magnesium-alumina spinel (MgA1,O4)
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KIS AR [ Y. (water-gas shift reaction) +& %Lk (CO) FI/KZEIR
(H0) FEMEAFIMAEH N AE R U (CO FIES (Hy) MIRM, %
SRR TR RN . N T R A -

H,O(g) + CO(g) = CO(g) + Ha(g) AH%0g =-40.6kJ/mol

N CLE Tl B2 M (D A REGHIE Tk (2 S
s PR B A 7 v, G s R R A — A S A L), DA A2
TAMESR: (3) Ak, b TR b Ui & i, thalid g
A5 R s

TEE A, KRR A A2 ER N —2&HT CO RAE
AR, DRI EAT 28 A UR Y. BT A0 F s KRR (R 25
ARG AT, HAERESVT, FrUANR W ReRICE 2 WA =R R
ISR 55— =) C O, it J e B AL R 35 W B2 JsUR o DRI bl J L4725 [ 2 3
H— ELAEANWTHIAT R O A AR, DASR s AR T, AR A 7 AR
UBAh, A5 Cy Attt KRR AR i SN IR A AR 2 — AN BT R
iR

A R RS R T2 R 2 M 2R, B3 Ok R
CO S HRAAH, hn, DUREERAER A R, R )l = e S U A
JrAIAF KBS, & CO N 25% ~28%, LIRIRSNIERL, R
DA KIS B CO 13%~18%,  LLTE A JFURHEIFF RS & CO Hy 45
%~49%, DUER IS CO T 30%~40% . AN, —4
AR A e S N A AN T 2R . 50 SRR ART, 765 s N hIBCA i 5op
A, AR Z R RAER IR N T, WS, JUIHE 60 EARLUR, A&
JEURISUA AR S A AN LA Fds, SEAel Tk rite,

1



JE TR B A 18 S

HE TR 2 R N I 28R A, A4 AR I N 2E4T, — A 4.0MPa
PAF o B A8 ORI I as <), RS n A8 4, DRSS
REFE, FPMMREIN AR RV, AR ) —MAE 5.5MPa LT, DLl
N R HR R 3k 8.5MPall,

1.2 KESEREXTIREZR
FAT, Tl SR AR A AR BT =R (1) k-
B TR S B (2) H-FE RAGRAHAE AL (3) B4 R ikt

7l

1.2.1 BR-BR PR BAEL T

Fe-Cr RARHMAMEAMTIAES B FHIE) iR e b — B
ZAEH, SR, & EEKII A ], LD E 5k 300°C ~
530°C. ER-4% R PR AR H AL R 3 22 FeoO3 I CroOs A LA S HoAth— 4%
Bhfdi . 1912 48, EFEFR2ES W, Wied® FIH] FeO-ALO; fi—4 AL i AL #i
AT, MK P BIEES, 1913 4E, A, Mittascht45 A Zh Fe-Cr
AR, TEAEE ) BASF ARG HE) H IR AL,

Fe-Cr AL PR il EAG 1), T8 3L = 2 P 70 /2 Fey O3 (70~80%)
I Cr05 (5~15%), LA IN—1 MgO. AlLO; Fl K,COs 25 #IP), 21y #
SO T FeaOs it BN} Fe-Cr il AR AL 3 MR, JF FLIE R XRD
FTTEM S [ P~ A7) Brog A1 BLHEAT 204, ACHH B AEAL 7 o T AAAH Ay B —
[f) y- FeaO3, 1M1 Biog WK v- Fey03 Ml 0- Fe,Os (IR AW, &G, &
PLEL— y- Fe,O5 11 BI {4k SIS M AN AV 5 TS LG Boop Uf o XT3
C12-1 BGHAT AT, P EES v- Fe03 M1, 1B a- Fe,O5 4, FibeAsE
2164 o-FeOOH %59 (JB/KJG £33 a- Fey03) JERLLA b A0 AL
SR AL I I T, AL AR 250~400°C R IE IR, 6 A2
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