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Abstract:

The oxygen poisoning mechanism of the catalytic hydrolysis of carbonyl sulfide (OCS) over alumina at room

temperature was investigated using in sifu diffuse reflectance infrared Fourier transform spectroscopy (in situ DRIFTS), XRD, BET,

and ion chromatograph (IC). The surface hydroxyl (—OH) species triggered the catalytic hydrolysis of OCS on AlOs, with the

formation of surface hydrogen thiocarbonate (HSCO;) species as a key intermediate. Surface SOF was identified with in situ

DRIFTS and IC. It was found that the accumulation of sulfate on catalyst led to the poisoning of Al,Os in the presence of oxygen.
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Carbonyl sulfide (OCS) is commonly existed in coke oven
gas, coal making gas, natural gas, petroleum refining exhaust
gases, the flue gas, vechicle exhaust and Claus tail gases' .
In the processes of manufacturing, OCS not only leads to cor-
rosion of the reaction equipments but also results in the deac-
tivation of catalysts"*!
stratosphere, where it is converted into sulfate aerosols
through photooxidation, and thus it has an important impact

on the environment™. The main technologies for OCS re-

. OCS can be transported into the

moval include catalytic hydrolysis, oxidation conversion, and
hydrogenation conversion, etc”’. Among these methods, cata-
Iytic hydrolysis was the most principal technology for the re-
moval of OCS in the tail gases'"\. Catalytic hydrolysis of OCS
follows the reaction:
OCS+H,0—CO,+H,S @)
Recently, hydrolysis catalyst with high activity for the re-
moval of OCS at low temperature or normal temperature has
attracted considerable interest of researchers!”" %, The previ-
ous researches showed that at high temperature, the formation
of elemental sulfur and sulfate on the surface of catalyst is the
main reason that leads to the deactivation of catalyst for OCS
hydrolysis; the higher the temperature, the faster the deactiva-
tion of catalyst"' . Alumina (Al,0;) is a common catalyst
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carrier and activate component for the catalytic hydrolysis of
OCS "] Therefore, it is of great significance to study the
sulfate formation mechanism of OCS over Al,O; to improve
the resistance of catalyst to sulfate poisoning. The catalytic
hydrolysis of OCS over AL,O; at room temperature has a po-
tential in application. In this study, different crystal types of
AlL,O; samples were chosen to investigate the hydrolysis of
OCS at room temperature. The products and intermediates of
OCS catalytic hydrolysis over Al,O; at room temperature were
inspected using in situ diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS), ion chromatograph (IC),
etc. The effects of the calcination temperature of the AL,O; on
the oxygen poisoning of catalyst in the catalytic hydrolysis of
OCS at room temperature were studied. By combining the re-
sults of the experiments, the oxygen poisoning mechanism of
the catalytic hydrolysis of OCS over Al,O; was proposed.

1 Experimental
1.1 Preparation and characterization of catalyst

The samples of A,Os-A, ALO;-B, and AL,O;-C were pre-
pared directly from boehmite (AIOOH) powder (Shandong
Aluminum Corporation, China), stirred with deionized water
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for 2 h, dried at 373 K for 3 h, and calcined at 573, 873, and
1473 K for 3 h, respectively. The catalyst was crushed into
20—40 meshes particles for experimental use.

The X-ray diffractometry of samples was implemented us-
ing a computerized Rigaku D/Max-II Diffractometer (Cu K,
radiation sources, the tube voltage of 40 kV, the tube current
of 80 mA, the scanning speed of 4 (°)min "', scanning range of
10°-90°). The Brunauer-Emmett-Teller (BET) surface areas of
the samples were obtained using Micromeritics ASAP 2010
automatic equipment.

1.2 Evaluation of the catalytic hydrolysis activity of OCS
over Al203

The evaluation reactions of OCS catalytic hydrolysis over
Al,O; were conducted in a fixed-bed quartz reactor (¢6
mmx150 mm). The concentrations of OCS were determined
by an infrared spectroscopy (Nicolet NEXUS 670) equipped
with a 2 m optical path gaseous chamber. Prior to the activity
evaluation test, the AL,O; catalyst samples were pretreated by
heating in an oxygen flow at 373 K for 3 h. The OCS used in
the experiments was the 2% OCS (OCS/N,) standard gas
(Scott Specialty Gases Inc., American). The other reactant
gases were the cylinder gas, which has purity higher than
99.999%. The water vapor was introduced by N, pass through
a water saturated generator in a water bath.

The reaction conditions were as follows: ¢(OCS)=0.03%,
»(H,0)=0.24%, ¢(0,)=0, 2%, 10%, balanced with N,. The
masses of the catalysts used in the activity evaluation experi-
ments were 0.6 g, and the total gas flow rate was 100
mL-min~' (GHSV (gas hourly space velocity) was 2500 h™").
The reaction temperature was 298 K.

1.3 Analysis of the sulfate generated over Al20s by IC

The sulfate formed over Al,O; from OCS was converted
into water soluble sulfate and the quantitative analysis was
determined using ion chromatograph (IC). 1.2 g of the Al,O3
sample was placed in the reactor, preoxidized by heating at
573 K in a 100 mL-min"' O, flow gas for 3 h, cooled to 298 K,
and exposed to 100 mL-min"' 0.05% OCS + 21% O, flow gas
for a given time. The reacted Al,O; sample was washed with
100.00 mL deionized water and transported into a 500 mL
dried conical flask, ultrasonically extracted for 30 min. The
extracted liquid was filtered through a 0.45 pum filter. The
concentration of water soluble sulfate in the filtrated solution
was analyzed by IC.

The eluant consisted of 3.5 mmol'L™" Na,CO,/1 mmol-L™
NaHCO; passed through the IC system (Dionex, CA) at a flow
rate of 1.2 mL-min"'. The injection volume of the liquid sam-
ple was 25 pL. The solution was filtered through a 0.2 pm fil-
ter before entering the analytical column. The concentration of
sulfate was in linear correlation with its peak area in the con-
centration range of 1-40 mg-L™" (R’=0.9997); thus, we can

calculate the concentration of sulfate on the basis of its peak
area.

1.4 In situ DRIFTS experiment

In situ DRIFTS consists of in situ DRIFTS spectra appara-
tus equipped with a MCT detector (NEXUS670, Nicolet Co.
USA), an in situ diffuse reflection chamber, and attachments.
The component, pressure, and temperature of gas in the in situ
diffuse reflection chamber can be precisely controlled through
the mass flow controllers and a temperature controller'.

The procedures of catalyst preoxidized treatment are de-
scribed as follows: the Al,0;-A sample was heated in the in
situ infrared cell in 100 mL-min ' O, at 573 K for 3 h. The
AlO3-B and Al O;-C samples were pretreated in the in situ
infrared cell by heating in 100 mL-min"' O, at 873 K for 3 h.
The prereduced treatment of catalyst: the Al,O3-A sample was
pretreated in the in situ infrared cell by heating in 100
mL-min"' H, at 573 K for 3 h. The reference spectrum was
recorded after the pretreated sample cooled to 298 K and the
absorption of water vapor was subtracted as background. The
sample was exposed to 100 mL-min ' reactant gas at room
temperature, and the information of the surface species was
detected using NEXUS670 in situ DRIFTS spectra apparatus
in the wavenumber range of 6504000 cm ' with 4 cm ' of
resolution and 100 scan times.

1.5 Quantitative analysis of gas-phase OCS concentration

When the concentration of OCS gases in the IR gaseous
chamber of the activity evaluation test reached an equilibrium,
the integrated areas of the absorption peak of gaseous OCS
located at 2071 cm™' and 2052 cm™' have a linear correlation
with the concentration of OCS gas (R2=0.9990) in the range of
0—-0.1%, to achieve the quantitative analysis of OCS concen-
tration.

2 Results and discussion
2.1 Sample characterization

Fig.1 shows the XRD patterns of the crude AIOOH and
Al)Oj; calcined at different temperatures. It can be seen that the
AlL,O3-A sample still exists mainly as AIOOH after the AIOOH
was calcined at 573 K for 3 h. The crystal type of the sample
changed gradually with rising calcination temperature. The
AlLO; samples mainly exist as the crystal type of y-AlL,Os
(26=67°, 46°, and 379" and a-ALO; (26=43°, 35°, and
57980 after AIOOH was calcined at 873 and 1473 K, re-
spectively. This transformation of crystal structure is consis-
tent with the report in the literature®”.

The results of BET measurement showed that the surface
areas of AIOOH, Al,0s-A, Al,O3-B, and Al,0;-C samples
were 318, 277, 257, and 12 mz-gfl, respectively. After the cal-
cination treatment, the surface structure and the bulk structure
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Fig.1 XRD patterns of samples for AIOOH and Al,Oj; calcined at
different temperatures
ALOs-A: 573 K, ALL,O3-B: 873 K, AL,03-C: 1473 K

of the samples were reframed owing to the crystal transforma-
tion, and thus the surface area of the samples changed.

2.2 Effect of oxygen on catalytic hydrolysis activity of OCS
over Al203-A at room temperature

Previous studies showed that oxygen in the reactant gases
was the main factor for the catalyst poisoning in OCS hy-
drolysis at high temperature!"' !, In this study, the influence
of oxygen concentration on the catalytic hydrolysis activity of
OCS was investigated over the Al,O3-A sample at room tem-
perature (Fig.2). In Fig.2, we can see that the hydrolysis activ-
ity of OCS declines dramatically in the initial 1 h. This de-
crease was mainly because of the saturated adsorption of OCS
over catalyst. When oxygen exists in the reactant gases, the
catalytic activity of the AL,Os-A sample for the OCS hydroly-
sis decreased evidently. 2% oxygen led to the decrease of the
hydrolysis activity (represented by the conversion ratio of
OCS after reacting for 3 h) from 0.549 (without oxygen) to
0.380, and the hydrolysis activity descended to 0.308 when
10% oxygen was present in the reactant gases. The sample did
not change evidently after reacting in the absence of oxygen,
while a thin yellow material was obviously found on the sur-
face of catalyst after OCS reacted in the presence of oxygen.
The light yellow color on the surface of catalyst faded away
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Fig.2 Effect of oxygen concentration on catalytic hydrolysis of
OCS over Al,Os3-A sample
(0CS)=0.03%, p(H,0)=0.24%, GHSV=2500 h”', 7=298 K

after depositing for a period of time. The products of OCS hy-
drolysis are H,S and CO,. H,S can be oxidized readily by
oxygen to activated elemental sulfur.

2.3 In situ DRIFTS study of OCS catalytic hydrolysis over
the Al20s sample

2.3.1 Catalytic reaction of OCS over the preoxidized
Al20s-A sample in a closed system

The preoxidized Al,0;-A sample (AIOOH calcined at 573
K for 3 h), which was pretreated in the in situ DRIFTS cham-
ber, was cooled to 298 K, and then exposed to a flow rate of
100 mL-min"' 0.05% OCS + 95% O, at 298 K for 5 min, and
then the inlet and outlet of the in situ DRIFTS chamber were
closed. The in situ DRIFTS spectra for the Al,O;-A sample
were recorded as a dynamic change with time (Fig.3). It can
be seen from Fig.3 that the addition of OCS gives rise to a se-
ries of IR absorption peaks in the range of 2800—1200 cm .
The strongest absorption peaks at 2071 and 2052 cm™' can be
attributed to the characteristic absorption of gas-phase
0CSP"* The 2071 and 2052 cm™' bands are the R and P
branches of rotational bands coupling with the antisymmetric
stretching vibration spectra of OCS™™, respectively. When the
supply of OCS was stopped, the intensity of the above two
peaks for OCS diminished rapidly. Meanwhile, a pair of char-
acteristic absorption peaks of gas-phase carbon dioxide (CO,)
was observed at 2361 and 2337 cm ', and increased in inten-
sity with time™**. Furthermore, the absorption peaks for the
symmetric and antisymmetric stretching vibration of the sur-
face HCO; species at 1647 and 1412 cm ' also became
stronger apparently”***%. In addition, the characteristic ab-
sorption peak of the surface SOj species at 1354 cm ' also
grew faintly in intensity™ >\ The generation of H,S was de-
tected on line by mass spectrometry (MS) during the reaction.
However, no absorption peaks of gas-phase or the adsorbed
H,S were detected in the in sifu DRIFTS. The change of the
gas-phase OCS and CO, concentrations with time is shown in
Fig.4. It can be seen that the concentration of OCS only re-
duced slightly with the extension of the reaction time over the
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Fig.3 Insitu DRIFTS spectra of the preoxidized Al,O3-A
sample in closed system after exposure to reactant gases
@(0CS)=0.05%, p(0,2)=10%, T=298 K
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Fig.4 Concentrations of gas-phase OCS and CO, versus time over

the preoxidized Al,O3-A sample or gold mirror at
298 K in closed system

surface of the reactor (a gold mirror used as a background).
This indicates that the contribution of the reactor surface to
the catalytic activity can be ignored. In contrast, the concen-
tration of gaseous OCS decreased drastically with the reaction
time over the surface of the Al,O3-A sample and diminished at
about 20 min. Meanwhile, the intensity of gas-phase CO,
reached a maximum at about 10 min. This can be ascribed to
the balance between the gaseous CO, and the adsorbed HCO;
species on the surface. These experimental results indicated
that a catalytic reaction of OCS occurred over the ALOs-A
sample and gas-phase CO,, and surface HCO; and SO;
species were formed. However, the quantity of surface SO;
species is very low because the amount of OCS in the in situ
DRIFTS chamber is very limited.

2.3.2 Catalytic reaction of OCS over the preoxidized
Al203-A sample in a flow system

Fig.5 shows the in situ DRIFTS rate spectra of the preoxi-
dized Al,0;-A sample reacted in a flow rate of 100 mL-min "'
0.05% OCS + 95% O, at 298 K. The intensities of the absorp-
tion peaks ascribing to surface HCO; (1639 and 1412 cm ")
and SO; (1333 cm™) species increased with time within 2 h.
It was different from Fig.3 that the peak at 1242 cm™' could be

assigned to the surface HSO; species”™”, and the intensities
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Fig.5 In situ DRIFTS spectra of the preoxidized Al,O3-A
sample in flow system
P(OCS)=0.05%, p(02)=95%, T=298 K

increased with time. At the same time, in the range of
4000-3200 cm ', the consumption of surface hydroxyl (—OH)
species was observed at 3740 and 3666 cm ' ®'*!. This indi-
cates that the hydrolysis reaction of OCS is closely related to
the surface —OH species on catalyst. The accumulation of a
little water in flow gas on catalyst led to a strong broad band
nearby 3543 em’' (voy), and its scissors mode (dop) also par-
tially contributed to the peak at 1639 cm .

2.3.3 Catalytic reaction of OCS over the prereduced
Al203-A samples in a flow system

Some other important intermediates, which will help to un-
derstand the hydrolysis process of OCS, were not detected in
the above experiments owing to the high reaction activity of
catalyst. Oxygen containing surface species on catalyst may
play an important role in the formation of surface HSO; and
SO; ™ species. It is generally believed that the prereduction of
Al,O5 using hydrogen can reduce the surface oxygen species,
and then weaken the oxidized reactivity of Al,Os. Therefore,
we investigated the catalytic reaction of OCS over the
prereduced Al,O3-A sample.

Fig.6 is the in situ DRIFTS spectra of the prereduced
Al,O3-A sample reacted in a flow rate of 100 mL-min "' 0.05%
OCS + 95% H, at 298 K. When compared with the oxidized
system in Fig.5, the surface HCO; species (1653 and 1390
cm ') still formed over the surface of the prereduced Al,O3-A
sample; however, the peak intensity was considerably weaker
than that in Fig.5. The consumption of surface —OH species
can also be observed at 3724 and 3668 cm '. However, the
production of surface HSO; (1248 cm ') and SO; (1300 cm ™)
species reduced significantly. In contrast, a strong absorption
peak appeared at 1574 cm', which was assigned to the char-
acteristic absorption of the surface hydrogen thiocarbonate
(HSCO,) species as an intermediate of the OCS hydroly-
sis®"#** The experimental results indicated that OCS was
oxidized to surface HSO; and SO} species via surface
HSCO, species over the Al,O; sample. It can be deduced that
further oxidation of the intermediate surface HSCO, species

B S0 1300
HSCO;

L

HCO1653] 1300
3 8 05
g 5 248
< =

WA
4000 3500 2000 1800 1600 14001200
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Fig.6 In situ DRIFTS spectra of the prereduced Al,03-A
sample in flow system
9(0CS)=0.05%, p(H2)=95%, T=298 K
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into the final product surface SO?[ species was blocked on the
prereduced AL,Os. As a result, the surface HSCO, species was
accumulated. It can be concluded that the surface oxygen spe-
cies plays an important role in the catalytic reaction of OCS.

2.3.4 Catalytic reaction of OCS over the preoxidized
Al203-B and Al203-C samples

The surface HSCO; species is the product of OCS after re-
acting with surface —OH species. Therefore, the surface —OH
species is probably an important active site for the hydrolysis
of OCS. Considering that the different calcination temperature
has a great influence on the surface —OH groups on ALO,"***),
the hydrolysis activities of OCS over the preoxidized samples
in a closed system were investigated. Fig.7 shows the change
of the gas-phase OCS concentrations with time over preoxi-
dized Al,O; samples in a closed system. It is apparent that the
order of the consumption rate of OCS is Al,O;-A > Al,03-B >
Al,O53-C. Generally, it is thought that the specific surface area
is an important factor that affects the reaction. However, the
AlLO3-A and Al,O3-B samples have a similar surface area, but
they have very different reaction rates. This indicates that
there are other factors that affect the catalytic hydrolysis of
OCS. On the other hand, the crystal types of Al,0;-A, Al,05-B,
and Al,O;-C were transported from an amorphous structure
via y-Al,05 to a-Al,Os, with the specific surface area and the
quantity of surface —OH species decreasing, and then the cata-
Iytic reaction of OCS over Al,O; was slowed down. This fur-
ther illustrates that the surface —OH species plays an important
role in the catalytic reaction of OCS.

The above experimental results indicate that the surface
—OH species is the key species of the OCS catalytic hydroly-
sis over Al,O; at room temperature. The catalytic reactions of
OCS over the Al,0;-B and AlLO;-C samples were slowed
down with the decrease of the surface —OH species. It enables
the observation of the catalytic reaction intermediate being
possible. Fig.8 shows the in situ DRIFTS spectra of the pre-
oxidized Al,O;-B sample reacted in a flow rate of 100
mL-min"' 0.05% OCS + 95% O, at 298 K. When compared
with Fig.5, the surface HCO; (1653 and 1423 cm'') still

012

@ (OCS) (%)

0 — ALOFA
0 200 40 60 80 100 120
t/ min

Fig.7 Concentrations of gas-phase OCS versus time over the

preoxidized Al,O; samples at 298 K in closed system

formed on the surface of the preoxidized Al,05-B sample, and
the negative peaks of the surface —OH species can also be ob-
served at 3770, 3732, and 3683 cm '. However, the formation
of surface SO; (1333 cm™ ") species was reduced significantly
when compared with that of the Al,0;-A sample. The charac-
teristic absorption peak of surface HSCO, species at 1576
cm ' increased at the beginning of the reaction and then de-
creased. Meanwhile, the absorption peaks at 1996 and 1938
cm ' owing to the physical adsorption of OCS also showed
similar change®"*. The surface HSCO, species, which
formed from the reaction of OCS with the surface —OH spe-
cies, was accumulated since the further oxidation to the final
products (SO; ) was inhibited significantly by the decrease of
surface hydroxyl at higher pretreatment temperature.

For the Al,O3-C sample calcined at 1473 K, the hydrolysis
of OCS did not occur except for the IR absorption peak of
water"”!, which indicates that the catalytic hydrolysis of OCS
is extremely weak over the ALO;-C sample that has few sur-
face —OH species. This agrees with the results in Fig.7. These
experimental results indicate that surface —OH species plays a
key role in the formation of the surface HSCO, species for the
hydrolysis of OCS, and also participates in the conversion of
the surface HSCO, species to the surface HSO; and SO spe-
cies.

2.3.5 The sulfate formation of catalytic OCS over the Al-O3
samples

The above experiments showed that the catalytic hydrolysis
of OCS occurred over the Al,05-A and Al,0;-B samples under
aerobic conditions at room temperature and the surface SOj
species was formed finally. However, it is difficult to quantita-
tively analyze sulfate by in situ DRIFTS experiments; the
quantitative analysis of the sulfate formed from OCS over the
Al,O3-A and Al,O;-B samples was investigated using IC.

The quantity of sulfate formed from OCS over the A1,05-A
and Al,03-B samples varies with the reaction time as shown in
Fig.9. The quantity of sulfate increased rapidly at the begin-
ning stage of the reaction and slowed down gradually after 2 h
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Fig.8 In situ DRIFTS spectra of the preoxidized Al,O3-B
sample in flow system
9(0CS)=0.05%, p(02)=95%, T=298 K
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Fig.9 Sulfate formed on the preoxidized Al,Os-A and ALOs-B

samples versus the reaction time at 298 K

and 4 h for Al,03-A and Al,O;-B, respectively. This indicates
that the formed sulfate occupies the reactive sites on the Al,O5
sample. This phenomenon is consistent with that in the in situ
DRIFTS experiments (Figs. 5B and 8B). In addition, the con-
tent of accumulated sulfate over the AL,Os-A sample is higher
than that over the Al,Os;-B sample, which indicates that the
catalytic oxidization of OCS over the Al,O3-A sample is easier
than that over the A1,05-B sample.

2.3.6 Oxygen poisoning mechanism of the catalytic
hydrolysis of OCS over Al203

On the basis of the above experimental results, we proposed
the following possible oxygen poisoning mechanism for the
catalytic hydrolysis of OCS over Al,O; at room temperature as
shown in Fig.10. OCS first reacted with the surface —OH spe-
cies to form the intermediate surface HSCO, species on Al,O;
at room temperature. When oxygen was absent, the hydrolysis
reaction of surface HSCO, species proceeded to generate H,S
and CO,. When oxygen was present, the surface HSCO, spe-
cies was converted to the surface HSO; and HCO; species by
the surface oxygen species and surface —OH species at room
temperature, and then surface HSO; could be further oxidized
to the surface SO~ species. On the other hand, H,S could re-
act with the oxygen containing surface species to generate
high activity elemental sulfur. H,S or elemental sulfur could
be converted into surface SOj species by the surface oxygen
species. When the surface oxygen species was consumed, O,
in the gas-phase activated by the Al,0; sample could supple-

—[HCOT]  + [11807] ——

[0]
RNCUI [OH]Tm
ALO, \
[0]

—_— (SO
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[0] (o]

L [HSCOZ]

(0]
s — L o s

Fig.10 Oxygen poisoning mechanism of the catalytic
hydrolysis of OCS over Al,03; sample

ment it so that the oxidation reaction could be continued until
the surface was fully covered by the surface HCO; and SOAZf
species. Thus, both the surface oxygen species and the surface
—OH species play important roles in the oxygen poisoning of
OCS.

3 Conclusions

The main reason for the oxygen poisoning of the catalytic
hydrolysis is that OCS can undergo catalytically hydrolysis on
Al Oj5 surface to produce gas-phase CO,, elemental sulfur, and
surface HCO;, HSO5, and SO~ species at room temperature.
The absorbed OCS can react with the surface —OH species to
form the key intermediate for the catalytic hydrolysis and
oxidation of OCS: the surface HSCO, species. Both the sur-
face oxygen species and the surface —OH species play impor-
tant roles in the oxygen poisoning of OCS. When the quantity
of the surface —OH species was reduced (by the thermal pre-
treatment of the Al,O; sample) or the quantity of oxygen con-
taining surface species was reduced (by the prereduction of
the Al,O; sample), the catalytic oxidation ability of Al,O; for
OCS was weakened. Further oxidation of the intermediate
surface HSCO, species was inhibited, which can prevent the
oxygen poisoning of OCS over Al,Os;. Thus, the prereduced
treatment and the reducing atmosphere in reactant gases are
the available ways to restrain the OCS oxidized into the sur-
face SOﬁf species over AL O;.
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