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sulphide catalyst 
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In this study, a high surface area 4Co : 6Mo : 100,y-A1203 sulphide prepared using precipitation from homogeneous solution 
(PFHS) has been used for the catalytic splitting of hydrogen sulphide into H2 and elemental sulphur. The activity of this new for- 
mulation was significantly better than previously reported recipes. Kinetic data collected over a wide range of H2S partial pres- 
sures between 883 and 983 K revealed that, although the decomposition followed a first-order law, a mechanism involving H2S 
adsorption on co-ordinative unsaturation sites of the Co-Mo sulphide catalyst gave a Langmuir-Hinshelwood rate expression 
that yielded satisfactory model parameters. In particular, the scission of the surface H-S bond appeared to be the rate determining 
step. 
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1. Introduct ion 

The hydroprocessing of petroleum, coal and minerals 
yields large quantities of toxic H2S which must be 
removed or reduced to environmentally-acceptable 
levels before disposal. Annual H2S production from 
these sources is about 2.7 billion tonnes [1] and thus, in 
addition to H2S present in natural gas, the utilisation of 
H2S is a major objective of gas processing technology. 
Presently, H2S finds limited low level use in the manufac- 
ture of sulphides, various organosulphur compounds 
and heavy water. However, Raymont [2] has pointed out 
the beneficial economics of H2 recovery from H2S. 
Extant technology for removing H2S from industrial 
gaseous effluents depends primarily on either the Claus 
process in which H2S is burnt releasing water and sale- 
able sulphur, or the absorption of H2S into caustic or 
amine solutions such as the Selexol Process, Hot Carbo- 
nate Process or the Alkazid Process [3]. In the minerals 
processing industries, H2S may also be removed via a 
number of thermochemical cycles involving metal oxide 
sulphidation followed by revivification as in the Dry- 
Box Process. While the net energy released from these 
routes may be used for low grade process heat require- 
ments, it is evident that hydrogen utilised originally in 
the desulphurisation process (either for crude petro- 
leum, coal or mineral ores) is ultimately discarded as 
water. Consequently, the splitting of H2S into valuable 
H2 which can be recycled and sulphur has attracted 
investigation within the last two decades following Ray- 
mont's economic analysis. At least five possible routes 
have been proffered for the decomposition of H2S. These 
include 
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- direct thermolysis of H2S [4,5], 
- photo-assisted decomposition [6], 
-thermochemical open and closed loop processes 

[71, 
- electrolytic splitting [81, 
- catalytic decomposition [9-11]. 
Of these, the most promising appears to be the cat- 

alytic dissociation over transition metal sulphides. Zaz- 
higalov et al. [12] reported that activity decreases in the 
order 

CoS2 = NiS > WS2 > MoS2 > FeS2 > AgS2 

> CuS > CdS > MnS > ZnS. 

However, the stability and regenerability of these cat- 
alysts have been debated. Fukuda et al. [8] found that, 
while disulphides of Mo and W were efficient over long 
periods of use, monosulphides of Fe, Co and Ni experi- 
enced only short-lived activity (up to about 8 h) because 
they were converted to catalytically inactive higher sul- 
phides. The series Cr283, MoS2, WS2, VS and V2S3 has 
also been investigated by Chivers et al. [10,13]. They 
observed that MoS2 was the most effective above 873 K 
and XRD analysis of spent catalysts did not show any 
change in bulk composition. There is, however, a paucity 
of information on the catalytic kinetics of H2 S decompo- 
sition. Kaloidas and Papayannakos [14] reported a 
reversible Langmuir-Hinshelwood rate equation for the 
decomposition over an unsupported commercial MoS> 
They concluded that the cleavage of the H-S bond 
appeared to be the rate controlling step. 

Practically all H2S decomposition catalysts investi- 
gated in the literature are low surface area mono-metal- 
lic unsupported specimens. The role of 3'-A1203 
supported Co-Mo sulphide catalysts for hydrodesul- 

�9 J.C. Baltzer AG, Science Publishers 



168 S. C M o f f  at, A.A. Adesina / Dissociation kinetics o f  H2S 

phurisation is well established [15]. Topsoe et al. [16] 
extensively investigated the importance of cobalt in 
enhancing the ability of the CoS-MoS2/7-AI203 during 
desulphurisation. They suggested that the addition of 
cobalt to MoS2 led to the formation of a new Co-Mo-S 
type species which possess better catalytic ability than 
that of the pure sulphide. These catalysts are, however, 
often prepared via high temperature sulphidation of the 
metal or metal oxide [17,18]. Since H2S decomposition is 
essentially a desulphurisation reaction, the catalysts for 
this decomposition are often prepared by the same tech- 
nique. In general, reported activities appeared stymied 
by low surface areas [9-12], hence the development of a 
high surface area active Co--Mo/~/-A1203 would be 
desirable for future process design. In a recent paper, 
Rao et al. [19] reported the preparation of a new class of 
hydrotreating catalysts which has superior activity over 
those obtained from sulphidation of the metal oxide. 
The technique, termed precipitation from homogeneous 
solution (PFHS) ensured excellent dispersion over the 
high surface area support and is particularly well suited 
for the preparation of bimetal sulphides. Consequently, 
kinetics of the H2S decomposition reaction over a sup- 
ported Co-Mo catalyst obtained from the PFHS war- 
rant inquiry. 

2. Experimental 

Fig. 1 is a diagrammatic illustration of the experimen- 
tal rig. The gas manifold system consisted of three cylin- 
ders containing high purity argon, HaS and argon/HzS 
gases. Gas flow rates were regulated and metered by 
independent rotameters before mixing in a stainless steel 
chamber to the desired composition. The mixed gases 
were then sent to the reactor made from a quartz tube 
(i.d. = 5 mm) containing typically 0.2 g of 200-250 #m 
particles of the Co-Mo catalyst. It was placed axially in 
a pre-calibrated PID temperature-controlled furnace 

such that the position of the catalyst bed was always in 
the gradientless temperature zone. The reactor effluent 
was passed through an acetone/ice mixture condenser to 
remove the sulphur product as solid. Continuous on- 
line sulphur composition measurement is difficult with a 
TCD-gas chromatograph since the sulphur vapours will 
condense at temperatures below 717 K and block either 
the injector port (maintained at 403 K) or the column 
(kept at 360 K). Hence, it was necessary to remove the 
sulphur in an acetone/ice trap before the GC. The 
remaining gases were filtered before entering a Shi- 
madzu 8A gas chromatograph in which a Haysep-Q col- 
umn separated the H2 and H2S prior to identification 
on a TCD and peak area determination on an electronic 
integrator. The waste gases were then bubbled through 
caustic solution before atmospheric venting. A total feed 
volumetric flow rate of 2.5 ml s -a (measured at STP) 
combined with the relatively small catalyst particle size 
employed ensured that the kinetic data collected were 
free from heat and mass transport intrusions. 

Catalyst preparation 

Hydrodesulphurisation (HDS) catalysts are usually 
prepared from Co-Mo sulphide mixtures containing up 
to about 4 wt% Co [15]. In a recent investigation [20], we 
observed that for supported MoS2 catalysts, optimum 
H2S decomposition activity was obtained at 6-10% Mo 
loading. As a result, a 4Co : 6Mo : 1007-A1203 composi- 
tion is a logical choice for the present study. Two mono- 
metal sulphide catalysts, namely 4% COS/7-A1203 and 
6% MoS2/7-AI203, were also prepared for comparative 
purposes and to determine, if any, the extent of synergy 
in the Co-Mo system. 

All three catalysts were prepared using the PFHS pro- 
cedure. The 6% MoS2 catalyst was prepared from an 
aqueous solution (A) made from 10 ml of 0.1 M MoO3 
solution, 1 g urea, 1 ml 0.75 M HNO3 and 30 ml of thio- 
acetamide solution. 1.5 g of the "y-AlzO3 support (Nor- 
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Fig. 1. Experimentalapparatus. 
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ton, USA) was suspended in 100 ml of solution A in a 
250 ml conical flask and diluted with distilled water to 
the mark. The conical flask was then placed in continu- 
ous shaker water bath set at 110 rpm and 365 K for about 
3 h. At the end of this period, the solution was filtered 
and the resultant solids washed and dried at 383 K for 
14-16 h. The dried solid was further calcined at 1023 K 
in argon environment for 3 h. The 4% CoS specimen was 
produced in the same manner except that in the make- 
up of solution A, the 0.1 M MoO3 solution was substi- 
tuted with calculated amount of Co(NO3) 2 solution. 
However, the bimetal Co-Mo sulphide was prepared 
from a further suspension of 1.41 g of 6% MoS2 in 100 ml 
of the aqueous solution containing 10 ml 0.1 M 
Co(NO3) 2 with subsequent steps as previously 
described. 

3. Results and discussion 

3.1. Catalyst characterisation 

All catalysts were characterised using BET method, 
XRD analysis and ICP emission spectroscopy. The BET 
surface areas for the three catalysts were measured at 
liquid N2 temperature on an ASAP 2000 Micromeritics 
unit and found to be 187, 235 and 204 m z g-a for the Co, 
Mo and Co-Mo samples respectively. The surface area 
of the pure "~-A1203 support was similarly determined as 
221 m 2 g-1. The comparable surface areas between the 
pure support and the sulphide catalysts are consistent 
with the claims of Rao et al. [19]. Although chemisorp- 
tion studies were not conducted, it would seem that at 
the metal loading used, the relatively little change in sur- 
face area is indicative of small crystallites and hence, 
efficient dispersion of the metal sulphide. Ordinarily, as 
metal loading on the support increased, one would 
expect a corresponding decrease in total surface area due 

to pore blockage by the crystallites. However, the Co- 
Mo catalyst has an intermediate surface area between 
the two monometal sulphides in spite of its higher metal 
loading (10%). Under the catalyst preparation condi- 
tions, intimate interaction between the Co and Mo spe- 
cies is expected. Thus, the BET data suggest the possible 
formation of a new surface phase containing a Co-Mo-- 
S complex. ICPES analysis confirmed the expected cat- 
alyst composition. The X-ray diffractogram for the 
MoS2 gave the characteristic signal for MoS2 species at a 
double angle of about 14.7 ~ . As may be seen in fig. 2, 
this peak disappeared in the Co-Mo sample suggesting 
that this phase probably no longer existed and hence the 
possibility of a new unidentified Co-Mo phase. How- 
ever, the Co catalyst was essentially XRD amorphous 
either due to the low metal loading (ca. 4%) used or the 
formation of very fine crystallites. In an earlier 
MSssbauer spectroscopy study, Topsae et al. [16] 
reported a Co-Mo-S phase in their catalyst. 

Zdrazil [17] has pointed out that synergy is a common 
feature of many bimetallic desulphurisation catalysts. 
Synergetic effects may be due to an increase in the total 
number of active sites from the two original distinct sites 
(in this case CoS and MoS2 species) which retain their 
separate properties. This is termed textural synergy. 
However, in chemical synergy, intricate interaction 
between the two metal centres can lead either to the for- 
mation of completely new active sites or a co-operative 
action between the two metal centres. From the catalyst 
characterisation data, it would seem that chemical 
synergy is evident in the present Co-Mo sulphide sys- 
tem. Incidentally, both Co-Mo and Ni-Mo sulphide cat- 
alysts are known to exhibit chemical synergy for the 
HDS reaction [21]. 

3.2. Activity and kinetic studies 

Homogeneous thermolysis of H2S commenced at 
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about 1013 K [5], thus the standard catalyst activity test 
was carried out at 101 kPa total pressure in the quartz 
reactor over a temperature band of 883-983 K using a 
48% H2S/Ar mixture. Prior to activity measurements, 
the fresh catalyst was always pretreated in the HaS/Ar 
stream at 923 K until such a time when the reactor exit 
HaS composition remained constant. Although an initial 
overshoot in H2S consumption rate was always 
observed, the relaxation to steady-state rate was often 
achieved within 15-20 min. Furthermore, activity was 
routinely monitored after every six runs using the 48% 
H2S/Ar mixture to confirm stable catalyst performance 
over the experimental period. The catalyst was also left 
under an argon blanket when not in use. 

Using 48% H2S/Ar feed, the rates of HaS decomposi- 
tion as a function of temperature over the three catalysts 
are shown in fig. 3. As a comparison, the data for the 
unsupported MoS2 [14] and CoS [22] under the same 
experimental conditions are re-presented. As may be 
seen, the new Co-Mo catalyst exhibited the most super- 
ior activity at all temperatures investigated. Activation 
energy values for the supported catalysts were generally 
smaller (60, 64 and 95 kJ mo1-1 for Co-Mo, Mo and Co 
sulphide respectively) than the unsupported samples 
(120 and 106 kJ tool -1 for MoS2 and CoS respectively). 
Incidentally, the previous work on MoS2 was done with 
a commercial catalyst which has a surface area of 4-5 m 2 
g-1 [14]. Also, CoS employed in our earlier work [22] 
had a BET surface area of about 2.5 m 2 g-a. There 
appears to be a positive correlation between surface area 
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and activity for these sulphide catalysts. It is apparent 
that the superior activity of the PFHS catalysts is indica- 
tion that efficient dispersion (and hence small metal sul- 
phide particle size) ensured greater accessibility of H2S 
reacting molecules to more metal sulphide atoms (sites 
for the adsorption) than the unsupported samples. In 
fact Okamoto et al. [23] have found that the desulphuri- 
sation activity of transition metal sulphides increased 
with BET surface area. Thus, the higher H2S decomposi- 
tion activity of the PFHS catalysts may be attributed to 
its high surface area. 

Kinetic data were collected at five temperature levels 
using seven different feed compositions over the Co-  
Mo-S catalyst. Fig. 4 shows that the reaction rate 
increases almost linearly with H2S partial pressure up to 
about 40% H2S/Ar feed. In fact a fit of all rate data to a 
power law expression yielded 

-rn2s = 2.415 x 10 -3 e-S1336/RTp~76s3. (1) 

The mechanism for the decomposition of H2S has always 
been assumed to proceed via the thermochemical regen- 
erative cycle involving the sulphidation of the catalyst 
followed by the reversible decomposition of  the higher 
sulphide to release the lower sulphide [9-11] in accor- 
dance with 

MpSq + x H 2 S  --~ MpSq+x + x H 2  (2) 

MpSq+x --+ MpSy + (q + x - y)S (3) 

Evidently if y = q the original sulphide catalyst has 
been regenerated. However, non-stoichiometric sul- 
phides may be formed in which q q~ y. In particular, if the 
higher sulphide MpSq+x is not easily decomposed, cat- 
alyst activity would be lost over a relatively short period. 
In the present study, catalyst activity was constant over 
a three-week period of continuous use and was periodi- 
cally checked in between kinetic runs with the standard 
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H2S/Ar mixture to ensure reproducible activity. Thus, 
the formation of higher catalytically inactive sulphides 
was unlikely. Although sulphur was collected as solid 
product over the three-week run, the spent catalyst did 
not show any visible yellow coloration due to sulphur 
deposition in the catalyst pores or on the surface. This 
suggests that the catalyst did not act as a "sponge" for 
sulphur species during reaction. Sulphur balance could 
not be carried out since only steady-state H2 and H2S 
compositions were known. However, on a H2 basis, 
most runs gave a 96-99% closure. This calculation 
assumes that sulphane (H2Sx, X = 2, 3, .. .  ,8) species 
are negligible - a valid thermodynamic assertion at the 
operating temperature of 883-983 K [4]. 

Sugioka and Aomura [24] have also provided an alter- 
native explanation for the mechanism of H2S decompo- 
sition. They proposed that the co-ordinative 
unsaturation sites of the sulphide catalyst is responsible 
for the adsorption of the H2S and upon H-S bond cleav- 
age, this site can anchor the sulphur species which may 
then be released during the desorption step. According 
to Tanaka and Okuhara [25] transition metal sulphides 
may possess up to three different types of co-ordinative 
unsaturation sites (depending on the axis selected for the 
cleavage of the crystal structure) on which various types 
of ligands may be bonded and hence their effectiveness. 
Under reaction conditions (> 673 K), Chianelli and 
Pecorado [26] observed that transition metal, for exam- 
ple, ruthenium, exists as the sulphur-deficient Ru2-x 
rather than RuS2. With the PFHS technique interaction 
between CoS and MoS2 species can lead to sulphur-brid- 
ging between the Co and Mo atom centres to form a 
new sulphur-deficient Co-Mo-S surface species active 
for H2S decomposition. Hydrogen sulphide molecule 
adsorbs on this site via the sulphur atom [27]. The split- 
ting of the hydrogen-sulphur bond releases hydrogen 
and a labile sulphur atom which may then desorb to 
regenerate the vacant co-ordinative unsaturation site. 
As noted before, XRD data did not implicate the exis- 
tence of individual CoS and MoS2 in the Co-Mo cat- 
alyst. Again, the lower activation energy of the Co-Mo 
catalyst than either of the monometal sulphides indicates 
the possibility for chemical synergy between Co and 
Mo metal centres by way of co-operative action in a new 
surface entity such as the sulphur-bridged Co-Mo site 
proposed here. The extent of synergy, a, has been 
defined by Zdrazil [17] as 

a c o - M o  
a - -  , ( 4 )  

aco + aMo 

where a i is the specific activity of the particular catalyst. 
For chemical synergy, a >/1, For the supported catalyst, 
the specific activity was defined as the global H2S 
decomposition rate per unit surface area. Specific activ- 
ity on an areal basis was employed because all three cat- 
alysts were supported on the same material and with 
the high dispersion (also confirmed by the XRD data), 

the metal sulphide surface area would be proportional to 
the BET total surface area. Fig. 5 is a plot of the specific 
activity vs. temperature for the three catalysts. It is evi- 
dent that a is at least unity at the temperatures investi- 
gated and a mechanism involving H2S adsorption on a 
Co-Mo-S co-ordinative unsaturation site such as that in 
fig. 6 may be proffered. 

For this mechanism, the corresponding Langmuir- 
Hinshelwood steps may be written, 

H2S + X ~ H2S-X 

H2S-X # H2 + S - X  

S - X  # 1 $2 + X 

(s) 

(6) 

(7) 
where X is the active site. The formation of diatomic sul- 
phur species was proposed since this is the most thermo- 
dynamically predominant (about 95% is $2) allotropic 
form of sulphur species under reaction conditions [4]. 
The data described in fig. 4, was most adequately 
described by the rate model 

kKH~sPH2s (8) 
- - r H 2 S  - -  1 + K H 2 S P H 2 s  

which assumes an irreversible surface reaction involving 
the liberation of H2 from adsorbed H2S as the rate con- 
trolling step (rcs), where k is the intrinsic forward rate 
constant of the surface reaction requiring the cleavage of 
an H-S bond and Ko2s is the equilibrium adsorption con- 
stant for H2S. Other rate expressions (adsorption and 
desorption as rcs) were considered with no success either 
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Fig. 6. Proposed H2S dissociation mechanism. 

due to negative parameter estimates or failure to meet 
statistical criteria (using residual sum of squares) at all 
five temperatures. The solid curves shown in fig. 4 repre- 
sent the model prediction and suggest good agreement 
with the data. Additionally, the parameters, k and Kri2s 
could be described by 

k = 1.208 e -78580/RT (9) 

and 

KH2S = 2.088 • 10 -4  e -30990/RT . (10) 

As expected, the activation energy of the rate limiting 
step (eq. (2)) is higher (78.6 kJ mo1-1) than the global 
activation energy (previously evaluated as 61 kJ mo1-1 
from the power law model) since the rate constant in the 
power law model is a composite of the intrinsic kinetic 
and equilibrium ads orption/desorption constants. 

4. Concluding remarks 

The results of this study show that catalysts prepared 
via precipitation from homogeneous solution exhibited 
considerably greater activities than those derived from 
high temperature sulphidafion of the metal oxide. In 
particular, a Co-Mo sulphide catalyst gave the most 
promising HaS decomposition rates at all temperatures. 
Kinetic investigation over this catalyst suggested 
approximately first-order rate dependency on H2S at 
low partial pressure. A mechanism involving the adsorp- 
tion of H2S on the coordinative unsaturation site of the 

Co-Mo-S catalyst has been proposed. The cleavage of 
the H-S bond to release H2 appeared to be the rate con- 
trolling step. 
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