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Experimental measurements have demonstrated high water gas shift (WGS) activity for molyb-
denum sulfide-based catalyst in the presence of hydrogen sulfide. The defect structure of the
catalyst, controlled by the sulfur activity in the gas phase, has a dominant effect on the reaction
rate. The reaction Kinetics are interpreted in terms of Langmuir-Hinshelwood surface reaction.
The mechanism is shown to involve a redox cycle with Mo(V) as an important species in WGS
catalysis. XPS measurements provide information on the reductive sulfidation of the catalysts from

the Mo(VI)-oxide state.

1. INTRODUCTION

In SNG? production from coal-derived
syn gas (H,/CO = 1), the water gas shift
(WGS) reaction plays an important role be-
cause it provides the additional hydrogen
required for subsequent catalytic methana-
tion (ME). The catalysts currently in use
for WGS, such as Fe;04/Cr,03 (1), Cu (2),
and Ru (3), readily catalyze the reaction be-
tween carbon monoxide and steam. How-
ever, their utility as well as that of the tran-
sition metal methanation catalysts (4) is
severely limited by their sensitivity to sul-
fur poisoning. As a result the production of
“sulfur-free’’ synthesis gas becomes an in-
tegral part of any process designed for se-
quential WGS and ME. Recently the devel-
opment of more sulfur resistant ME
catalysts has relaxed the stringent require-
ments for sulfur cleanup in the feed stream
to the catalytic reactor (5). At the same
time it has made desirable the development
of WGS catalysts of significantly greater
sulfur tolerance. In this study we wish to
report on the catalytic properties of molyb-
denum sulfide for the WGS reaction. In ear-
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lier publications from this laboratory we
demonstrated the close relationship be-
tween the electronic defect structure of this
material and such catalytic reactions as hy-
drodesulfurization (6) and hydrogenation
(7). We have extended the earlier studies to
the WGS reaction with supported molybde-
num sulfide catalysts.

II. EXPERIMENTAL DETAILS
A. Catalyst Preparation

The catalyst employed in this study was
prepared by impregnation to incipient wet-
ness of a high-surface-area alumina support
(y-alumina, 350 m?/g) with an aqueous solu-
tion of ammonium heptamolybdate. Its
concentration was adjusted to yield the de-
sired weight loading of molybdenum (10
wt%). The catalyst sample was dried in a
vacuum oven at 340 K, and calcined in
flowing oxygen at 1 atm and 773 K. Pre-
treatment of the catalyst involved exposure
for 17 hr at 773 K to a gas mixture of H,S,
H,, and He. The H,S/H, was varied over a
range of compositions in order to examine
the effect of sulfur activity on catalyst reac-
tivity.

B. Catalytic Measurements

For the studies of catalytic WGS activity
we employed a continuous-flow reactor
containing the catalyst (0.025 to 0.050 g) on
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a glass frit inside a small Pyrex glass cylin-
der. The reactor was heated to the desired
temperature by means of an external elec-
trical furnace. The steam generator con-
sisted of a pump that advanced the piston of
a syringe and displaced liquid water
through a fine needle onto a glass-enclosed
heater wrapped with fiberglass. The water
vapor so produced was carried away by the
CO/He gas (10 vol% CO) flowing over the
water vaporizer. The rate of water feed was
adjustable to provide the desired concen-
tration of steam in the gas mixture. Both
the inlet and product stream could be di-
verted to a sampling loop and subjected to
chemical analysis by gas chromatography
(GC) for CO and CO,. The GC column for
separation of CO from CO, contained
“‘Spherocarb’’ (80-100 mesh) and operated
at 315 K. In addition, gas aliquots were ana-
lyzed quantitatively for sulfur-containing
species (H,S, COS, CS;) by passage
through a *‘Chromosil/310” column at 315
K and detection by means of a flame photo-
metric analyzer.* The entire sampling sys-
tem was wrapped with heating tape and
heated to about 325 K to prevent condensa-
tion of water vapor.

III. RESULTS
A. Sulfur Incorporation into the Catalyst

As metal oxide the catalyst exhibited no
measurable WGS activity. However, signifi-
cant conversion of reactants became appar-
ent after the catalyst had been exposed to
H,S/H;. A series of measurements was car-
ried out to elucidate the process of sulfur
incorporation in the catalyst and its effect
on WGS activity. In these studies the cata-
lyst samples were exposed at constant tem-
perature to flowing gas mixtures of H,S and
H, containing various concentrations of
H,S (500 to 5000 ppm b - vol). The amount
of sulfur taken up by the catalyst was deter-
mined by measuring at regular time inter-
vals the difference in H,S concentration of
the gas entering and leaving the reactor. By

4 Manufactured by Tracor, Inc.
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integrating the sulfur uptake with respect to
exposure, we were able to calculate the to-
tal amount of sulfur retained by the catalyst
during a given exposure.

During exposure of the catalyst to H,S/
H, gas mixtures a rapid uptake of sulfur
was noted until the Mo/S ratio approached
approximately unity, assuming a uniform
distribution of sulfur throughout the cata-
lyst sample. This stage was followed by a
less rapid rate of sulfur incorporation with
the S/M ratio attaining values ranging from
2.0 to 2.4, at which time no more sulfur
uptake was detectable. This pattern of sul-
fur addition to the catalyst prevailed irre-
spective of the H,S level in the gas stream
within the range of our experimental mea-
surements (<5000 ppm H,S in H,).

B. WGS Activity

In the evaluation of the catalytic proper-
ties for WGS the following experimental
parameters were investigated: (a) conver-
sion at different H,S levels in the feed gas,
(b) catalytic activity as a function of H,0/
CO ratio in the inlet stream, and (c) conver-
sion at different temperatures.

For our studies of the role of sulfur activ-
ity on the rate of WGS, the H,S level was
kept at the same value during presulfidation
and catalytic reaction. The experimental
results (Fig. 1) demonstrate a strong influ-
ence of sulfur activity on the steady-state
WGS reactivity. A continuous rise in WGS
conversion was observed with increasing
sulfur activity.

As for CO, formation as a function of
H,0/CO inlet ratio at a constant H,S level,
the reaction rate was found to go through a
maximum (Fig. 2). In these experiments the
CO concentration in the feed stream was
kept constant but that of H,O was varied.
Similar behavior was exhibited by both cat-
alysts.

To identify the catalytic component ac-
tive in WGS, we compared with activity of
presulfided ALO; and MoO3/Al;O;. The
results shown in Table 1, demonstrate une-
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FiG. 1. Water gas shift conversion for different sul-
fur activities of catalyst pretreated in H,S/H,. Space
velocity = 1.4 x 10° hr~!; temperature = 723 K; CO
feed rate = 10 X 10~¢ mol/min; H,O feed rate = 2.5 X
10~* mol/min.

quivocally that the molybdenum sulfide
component is responsible for the observed
WGS activity.

IV. DISCUSSION

It is quite apparent that the molybdenum
sulfide-based catalysts provide excellent
WGS activity in the presence of hydrogen
sulfide. The typical WGS conversion rate of
3 X 10" molec - cm~2 - s~ (based on the
data of Fig. 2 with 0.05 g catalyst and a
BET surface area of 60 m? - g~! catalyst)
compares most favorably with the rates ob-
tained with chromia-alumina and iron ox-
ide—chromia catalysts (8).

As for the mechanism of the WGS reac-
tion the kinetic data are interpretable in

€O, FORMATION RATE —
{mol/min) x 104

0 1.0 2.0 3.0 4.0 5.0
WATER FEED RATE {mol/min} x 10* ~

F1G. 2. Rate of water gas shift reaction as a function
of water concentration at 733 K. (CO feed rate = 8.0 X
10~* mol/min; space velocity = 1.4 x 106 hr~!; 2500
ppm H,S.)
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terms of a surface reaction of the
Langmuir-Hinshelwood type. The reaction
rate ry is governed by the adsorption proba-
bility of each reactant, which in turn, is pro-
portional to the surface coverage of each
reactant (6):

ry = kfu,o00co, )

where k is the rate constant for WGS. Us-
ing the Langmuir adsorption isotherm, we
can write for the fractional surface cover-
age for each adspecies:

On,0 = Ki{H0JA1 + K,[H,0]
+ K[COL,  (2)

fco = KA[COIAL + K [H,0]
+ K,[CO}}. (3)

K, represents the equilibrium constant for
H,0 adsorption, and K, that for CO adsorp-
tion; the square brackets indicate the gas-
phase concentrations of each of the reac-
tants. By substitution into Eq. (1) one
obtains for the WGS reaction rate:

n= kKle[CO][Hzo]/
{1 + Ki[H,0] + K,[CO. (4

Thus, if the [CO] is kept constant and the
{H,O] is varied, the value of r; increases
linearly at first, then passes through a maxi-
mum at the point where K;jH,0) = 1 +
K;[CO] or K[H,0] = K,[CO] for K,[CO] »
1. Indeed, our kinetic measurements of
WGS exhibit a maximum (Fig. 2), indica-
tive of the displacement of CO adspecies by
the more strongly bound H,0O adspecies as
the [H,O] is increased. At low concentra-

TABLE 1

Water Gas Shift Activity? of Different Catalysts
Components at 723 K

Catalyst component Fractional conversion

(cation) (vol%)
Al 0
Mo/Al 58

s Experimental conditions: H,O/CO = 1.1; pressure
= 1 atm; VHSV = 27,000 hr'; H,S = 2500 ppm.
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tion of H,O relative to CO, the rate reduces
to

r = kK Ko[H,0][COIf1 + K5[COIP (5)
for K,{COJ? > 1 and one obtains
r = kK,[H,O)/K,[CO]

indicating that under these conditions the
WGS rate is proportional to the water con-
centration and inversely proportional to the
carbon monoxide concentration, as evi-
denced in our experimental measurements.
Conversely, at high [H,0] so that {1 +
Ki[H,0] + K5[CO] = K, [H,0O]}:

ri = kK,[COV/K,[H,0]. (]

From a series of rate measurements of
the type shown in Fig. 2, we were able to
obtain the variation with temperature of the
rate constants for the WGS reaction (Table
2), from which was derived an activation
energy of 53.6 kJ/mol (12.8 kcal/mol) for the
WGS reaction, a value comparable to that
observed for an iron oxide catalyst (2). Also
from the ratio of the equilibrium constants
Ki/K; (Table 2), we can calculate the differ-
ence in free energy of adsorption of water
and CO on the catalyst during WGS.

We employed X-ray photoelectron spec-
troscopy (XPS) to determine the oxidation
state of Mo in the fresh and sulfided cata-
lysts and the degree of interaction between
the various components in the sample. The
binding-energy values (BE) derived from

TABLE 2

Values of Kinetic and Thermodynamic Parameters
for WGS Reaction®

Temper- Rate constant &  K; Difference in
ature (mol/min) x 10* K, free energy
(K) of adsorption
A(;?{zo - AG%O
(kcal/mol)
648 0.45 3.2 -1.5
723 1.20 5.0 -2.3
773 1.86 4.0 =2.1

¢ Space velocity = 2.2 x 10° hr™1L.
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the XPS results (Table 3) were referenced
to the C(1s) peak (BE = 284.6 eV). We se-
lected for detailed analysis the following
lines: Mo(3ds,); Al(2p); O(ls); C(1s); S(2p).
In the interpretation of the oxidation of Mo
we used the results reported by Patterson et
al. (12).

The fresh catalysts, containing the oxides
of Mo and Al, indicated the prevalence of
Mo(1V) (BE = 232.9 eV), Mo(V) (BE =
231.5 eV), and Al(1II) (Table 3). After expo-
sure to H>S/H, the XPS results indicate the
presence of MoS, [BE Mo(IV) = 229.0 eV,
BE (S)>~ = 161.9 eV], and Mo(V) (BE =
231.3 eV). Apparently the pretreatment
and/or exposure to feed has resulted in the
disappearance of Mo(VI) and the formation
of Mo(V)® in admixture to Mo(IV). The
presence of a sulfur—oxygen bond (BE =
531.4 eV) in the sulfided sample may be due

0
to an S
\O
surface species formed by exposure to air.

Heating of the catalyst MoOs/y-Al,O; un-
der vacuum above 700 K leads to the for-
mation of Mo(V). Reduction in H, at these
temperatures yields Mo(IV), but not
Mo(I1I) or lower valence states. Thus the
ALO; support appears to stabilize the
Mo(V) valence state and limit reduction
(10). Also conversion of MoQO; to MoS, by
way of a Mo(V) intermediate is Kinetically
more rapid than prereduction of MoQ; to
MoO; and subsequent sulfidation to MoS,
(11).

A relationship may be sought between
the XPS-derived evidence for the presence
of Mo(V) and the interpretation of the elec-
tronic properties of the catalyst in terms of
its defect structure.

As shown by the data in Fig. 1 the cata-
lytic properties for WGS significantly im-
proved with increases in sulfur activity of

5 The formation of Mo(V) has been identified by
electron spin resonance during sulfidation of the cata-
lysts under study (9).
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TABLE 3

Selected Binding (eV) Energies Measured by XPS®

Sample Mo(3d;sp) Al(2p) O(ls) C(ls) S(2p)
Fresh catalyst {232.9 VD 73.9 529.7 {284.6 —
231.5 (V) 288.45
Sulfided catalyst* [231.1 W) 73.8 {529.6 [284.6 161.9
229.0 (IV) 531.4¢ 288.4%
MoOs¢ 232.5 (VD) — 531.1 284.3 —
MoOy* 229.4 (IV) — — 530.8 —
MoS;* 228.9 (IV) — —_ 284.8 162.2

2 Referenced to C(1s) peak (BE = 284.6 eV).
& C-0O bond.

¢ After 16-hr exposure to 2500 ppm H,S in H, at 823 K.

4 §~0 bond.

¢ T. A. Patterson et al., J. Phys. Chem. 80, 1700 (1976).

the solid, as brought about by pretreatment
in gas mixtures containing progressively
higher concentrations of H,S in H,. The
results exhibit a square-root dependence on
H,S/H, as shown by the broken curve in
Fig. 1. One may interpret these data in
terms of the solid-state defect structure (6,
7) of the molybdenum sulfide system which
is capable of forming a wide range of solid
solutions (Mo,;_,S,) in which the ratio of
Mo/S deviates from the stoichiometric
value of MoS; (x = 0). As a result, the solid-
state properties of the material can range
from n-type semiconductivity (x < 0) to p-
type conductivity (x > 0) depending on the
sulfur activity in the gaseous environment
with which the catalyst is in dynamic equi-
librium. For the layer-type crystal structure
exhibited by molybdenum sulfide, rapid
transport of sulfur ions would be expected,
so that at the temperatures of interest to
WGS the defect structure of the solid phase
would rapidly approach conditions of
steady state.

The WGS reaction mechanism in the

presence of molybdenum sulfide needs to
take into account the following observa-
tions made during the course of our study:
(1) as a hexavalent oxide molybdenum ex-
hibits little or no WGS activity, (2) during
sulfidation by exposure to H,S/H, mixtures
under our experimental conditions Mo ox-
ide is converted to a sulfide containing
Mo(1V) and Mo(V) depending on the ther-
modynamic sulfur activity at the gas/sur-
face interface, (3) the catalytic WGS activ-
ity of the sulfided catalyst is related to its
defect structure in terms of its electronic
hole density, or its equivalent in terms of
Mo(V) cation density, (4) with increasing
H,0/CO ratio the catalytic rate passes
through a maximum beyond which water
inhibits the WGS reaction.

Of special interest is the apparent corre-
lation between the Mo(V) cation density
and catalytic activity. We are led to suggest
that this valence state and coordination of
Mo(V) permit a rapid exchange of the sulfur
ligand (S™) by oxygen (O) in the coordina-
tion sphere of the Mo ion:

@ Y

s, o~
\ M05+/ + RZS
/S

(B)
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Indeed the reversible formation of H,S on
exposure to water of the sulfided Mo cata-
lysts has been observed under conditions
favoring the presence of Mo(V). For WGS,

S
+ CO

-\M05+/O
7/ N\
(B)

Species (B) is recycled by exposure of (C)
to water vapor:

In the case of molybdenum oxide, Mo(I1V)
is readily oxidized by water and the forma-
tion of Mo(V) has been observed by elec-
tron spin resonance spectroscopy (13). We
conclude that the unique property of mo-
lybdenum sulfide in catalyzing the WGS re-
action in the presence of sulfur-containing
feed gas is based on a redox cycle involving
Mo(1V)/Mo(1V).
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