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ABSTRACT: A carbonyl sulfide (COS) hydrolysis catalyst can play an efficient role in
blast furnace gas (BFG), but the life of the catalyst is greatly shortened due to the
presence of O2 and H2S in the atmosphere, so improving the sulfur resistance of the
catalyst is the key to application. In this work, alkali metals Na and K modified γ-Al2O3
catalysts to improve COS hydrolysis efficiency and sulfur resistance by adding an
alkaline center. Compared with γ-Al2O3 catalysts, the COS hydrolysis efficiency of the
modified catalysts in the experiment was improved by 12% in the presence of H2S and
O2. The main cause of catalyst sulfur poisoning is the presence of O2, which intensifies
both the total amount of sulfur deposition and the proportion of sulfate. It is found that
the NaOH/Al2O3 catalyst shows better sulfur resistance than the KOH/Al2O3 catalyst
for two reasons: first, the support of Na can significantly improve the medium-strong
alkaline site, which is the adsorption site of H2S. This is equivalent to increasing the
“sulfur capacity” of H2S adsorption and reducing the impact of sulfur deposition on the
main reaction. Second, the elemental sulfur is more easily produced on the NaOH/Al2O3 catalyst, but the sulfur is further oxidized
to sulfate and sulfite on the KOH/Al2O3 catalyst. The molecular diameter of elemental sulfur is smaller than that of sulfate.
Therefore, the NaOH/Al2O3 catalyst has better sulfur resistance.

1. INTRODUCTION
The blast furnace iron-making process accounts for 70% of the
total carbon emissions of the whole steel process with the
implementation of reducing pollution and carbon emissions in
China.1−5 The blast furnace gas (BFG) desulfurization facilities
are necessary before the carbon capture, utilization, and
storage (CCUS) process since the existence of sulfur will cause
the deactivation of the carbon capture catalyst.6−8 According
to the online test results from HBIS Group, Tangshan, Hebei
Province, China in 2022, COS concentration is 150−450 mg/
m3, H2S concentration is 80−150 mg/m3, O2 concentration is
0.1−0.6 vol %, and H2O concentration is 5−10 vol %. The
total sulfur content in BFG is about 150−400 mg/m3, of which
more than 80% is carbonyl sulfide (COS), and the rest is
hydrogen sulfide (H2S).

9,10 The properties of COS are stable,
and the removal methods include a catalytic hydrogenation
method, a catalytic hydrolysis method, an alcohol amine
adsorption method,11 and a combustion method, in which SO2
is generated and removed by direct combustion and oxidation,
as given in eqs 1−4.

+ +COS H H S CO2 2 (1)

+ +COS H O H S CO2 2 2 (2)

+ +COS RNH RNH COS2 2 (3)

+ +2COS 3O 2SO 2CO2 2 2 (4)

The catalytic hydrolysis method is selected for the blast
furnace gas desulfurization due to the low desulfurization
temperature (100−150 °C), low COS concentration (150−
450 mg/m3), and containing water vapor (5−8%). The H2O
vapor in the gas can be used as the reaction gas, and the
original H2S in the gas and the H2S product can be removed
together.12 COS hydrolysis is an alkali-catalyzed reaction on a
catalyst, as given in eq 2. γ-Al2O3 is an amphoteric oxide with
both acidic and alkaline sites.13−17 Although COS hydrolysis
catalyst can play an efficient role in BFG, the life of the catalyst
is greatly shortened due to the presence of O2 and H2S in the
atmosphere, so improving the sulfur resistance of the catalyst is
the key to application.
Previous studies have shown that the alkaline center is the

active center of the COS hydrolysis reaction.12,20 The alkalinity
of the catalyst surface can be adjusted to accelerate the reaction
rate.18,19 The alkaline sites on the surface of γ-Al2O3 catalyst
are divided into three kinds of sites: strong alkaline sites,
medium-strong alkaline sites, and weak alkaline sites.21−23
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When the total alkalinity (H0 = pKa = −lg Ka) of the hydrolysis
catalyst is 4.8−9.8, it can obviously promote hydrolysis; while
if the total alkalinity is too high or too low, it will play an
opposite role.12,24 Currently, there are many theories on COS
hydrolysis reaction, including the alkali catalysis mechanism,
Eley−Kideal mechanism, thiocarbonate intermediate mecha-
nism, etc. It is generally believed that COS adsorbs on the γ-
Al2O3 surface to form hydrated COS and further interacts with
−OH or adsorbed H2O to generate CO2 and H2S.25−31 These
theories are usually based on clean gas with low O2 less than
0.1%. The content of O2 ranging from 0.1 to 0.3% in BFG is
higher than that in water gas used for COS hydrolysis catalyst
at present. Therefore, research on the interaction between
COS and the alkaline center of catalyst in the presence of O2 is
urgently needed.
The results of the pilot-scale plant for BFG desulfurization

show that the service life of conventional γ-Al2O3 is less than 3
months far from the demand of 2 years. The deactivation of
the hydrolysis catalyst mainly comes from the deposition of
sulfur-containing products on the catalyst surface.32,33 H2S can
be oxidized to produce sulfur deposition. The type and amount
of deposition products are closely related to the content of H2S
and O2 and reaction temperature, as well as the intensity of
alkaline sites on the catalyst surface.33,34 Increasing the
alkalinity of the hydrolysis catalyst by supporting alkali metals
is an important way to improve the sulfur resistance of the
catalyst.35 The modification of alkali metal can effectively
increase the alkaline sites on the catalyst surface, but the
mechanism of the modified catalysts on H2S and O2 is still
unclear, so it is necessary to systematically study the sulfur-
resistant mechanism of the COS hydrolysis catalyst.
CO2 has an inhibitory effect on the hydrolysis reaction of

COS due to its acidity. Carbon accumulation also is one of the
main causes of catalyst deactivation. In order to provide a
clearer explanation for the influence of sulfur deposition on the
hydrolysis reaction, only COS, H2S, H2O, and O2 were
introduced in the complex atmosphere.
In this work, the alkali metal-modified γ-Al2O3 was designed

and prepared. The effect of alkali sites on COS hydrolysis
activity was investigated, and the hydrolysis efficiency was
improved by controlling the alkali sites of the catalyst. The
effect mechanism of H2S and O2 on the sulfur deposition was
revealed, which helps to improve the sulfur resistance of the
catalyst.

2. EXPERIMENTAL SECTION
2.1. Catalyst Preparation. NaOH, Na2CO3,

CH3COONa, KOH, K2CO3, and CH3COOK-modified γ-
Al2O3 catalysts with a mass fraction of 3% (calculated
according to the mass of alkali metal) were prepared by the
impregnation method. All reagents are of analytical grade and
from Sinopharm Chemical Reagent Co., Ltd. with analytical
purity. The specific preparation steps are as follows: 0.052 g of
NaOH, 0.069 g of Na2CO3, 0.107 g of CH3COONa, 0.043 g of
KOH, 0.053 g of K2CO3, 0.075 g of CH3COOK, and 1 g of γ-
Al2O3 (0.25−0.83 nm) were accurately weighed, and then, 10
mL of distilled water was added and stirred for 1 h to make
them fully and evenly mixed. Then, excess water was removed
by rotating evaporation. After spinning, the sample was put
into an oven at 120 °C and dried at a constant temperature for
12 h. The dried samples were calcined at 500 °C for 5 h in a
muffle furnace to obtain the hydrolysis catalysts NaOH/Al2O3,

Na2CO3/Al2O3, CH3COONa/Al2O3, KOH/Al2O3, K2CO3/
Al2O3, and CH3COOK/Al2O3.
2.2. Characterization. The surface ratio of metal elements

to total metal elements was characterized by X-ray fluorescence
(XRF, PW4400/40, PANalytical B.V., the Netherlands).
Inductively coupled plasma atomic emission spectroscopy
(ICP-AES, OPTIMA 7000DV, PerkinElmer) was used to
characterize the bulk ratio of metal content to total element
content in the samples. For each test, samples were added to
nitric acid for digestion until the metal ions were completely
dissolved in the nitric acid solution.
The total alkali content of the catalyst was determined by

Boehm titration. First, 0.5 g of samples were soaked in 50 mL
of 0.1 mol/L HCl solutions, stirred for 24 h, filtered, and then
fully washed. 10 mL of the filtrate was titrated with calibrated
0.1 mol/L NaOH solutions, and bromocresol green-methyl
orange was used as an indicator to obtain the total base
amount of catalyst according to the amount of NaOH solution
and HCl solution.
An automatic specific surface area and porosity analyzer

(NOVA3200e, Quantachrome) was used to detect the pore
structure. The specific surface area was calculated using a
multipoint Brunauer−Emmett−Teller (BET) equation. When
p/p0 = 0.95, the total pore volume (VT) is determined by the
nitrogen adsorption capacity at 77 K.
The surface morphology was characterized by scanning

electron microscopy (SEM, SU8020, Hitachi, Japan), accom-
panied by energy-dispersive X-ray energy spectroscopy (EDX)
and elemental mapping. The sample particles after sputtering
gold were evenly dispersed on the conductive adhesive and
magnified 5000 times for observation.
X-ray photoelectron spectrometry (XPS, ESCALAB 250Xi,

Thermo Fisher) was used to test metal valence states with Al
Kα rays at 15 kV and 10 mA. The test pass energy was 50 eV
with a step size of 0.05 eV, and the combined energy standard
C 1s at 284.80 eV was used for charge correction.
The basic center on the catalyst was characterized by CO2

temperature-programmed desorption (CO2-TPD) using a
chemical adsorption apparatus (AutoChem II2920, Micro-
meritics). An 80 mg sample was adsorbed in a CO2
atmosphere with a 30 mL/min air flow rate at 50 °C for 30
min, pretreated in N2 at 200 °C for 2 h, and finally desorbed in
N2 at a heating rate of 5 °C/min to 800 °C. Based on the CO2-
TPD curves, the content of corresponding alkaline centers
could be obtained by integrating the area of the curves at a
given temperature window.
The total weight loss caused by sulfur desorption was

measured by thermogravimetric analysis (TG, DTG-60H,
Shimadzu, Japan). 1.0 g of sample was adsorbed in 100 mL/
min mixture gas with 140 mg/m3 H2S and a balance of He, at
50 °C for 2 h, and then, temperature-programmed desorption
was performed in a He atmosphere at a heating rate of 10 °C/
min. The final desorption temperature was 900 °C.
The gas from the outlet of the reaction tube entered the

mass spectrum (MS, GAM200, InProcess Instruments,
Germany) through the capillary sample tube. The vacuum
degree of the mass spectrum was maintained at 10−7 Pa, and
the voltage of the electron multiplier was 1390 V. The MID
method was used to continuously monitor the changes of
signals with the mass/charge ratio (m/z).
In situ diffuse reflectance infrared Fourier transform (in situ

DRIFT) spectra were collected from the 1000−4000 cm−1

wavenumber range using the ZnSe window on an FTIR
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spectrometer (Nicolet 6700, Thermal). The IR spectra were
recorded at a spectral resolution of 4 cm−1.
2.3. Activity Tests. The hydrolysis activity of COS on the

catalyst was evaluated in a quartz fixed bed reactor with an
inner diameter of 6 mm under atmospheric pressure. Test
conditions included a reaction temperature of 120 °C, gas flow
rate of 300 mL/min, and gas hourly space velocity (GHSV) of
220 000 h−1. The gas mixture contained 400 mg/m3 COS, 140
mg/m3 H2S (if used), 7 vol % H2O, and 0.3 vol % O2 (if used),
with a balance of N2. Water vapor was brought into the
reaction atmosphere using a water vapor generator controlled
by N2 through a constant temperature water bath. All of the
pipes were heated at 80 °C to prevent water vapor
condensation. A gas chromatography analyzer (GC, GC-
2010PLUS, Shimadzu, Japan) was used to detect the outlet
concentrations of COS and H2S. The hydrolysis efficiency of
COS is shown in eq 5

= ×C C
C

COS conversion 100%in out

in (5)

where Cin is the inlet concentration of COS, mg/m3, and Cout is
the outlet concentration of COS, mg/m3.
The amount of sulfur deposited on the catalyst surface is

given in eq 6

= ×
MQ C C t

m
H S deposition

( )d
60

t

2
0 in S out S

(6)

H2S deposition is the amount of sulfur deposited on 1 g of
catalyst, mg/g. Cin‑S is the total concentration of S mg/m3,
Cout‑S is the outlet concentration of S, mg/m3, t is the reaction
time, h, M is the atomic mass of a sulfur element, g/mol, Q is
the gas flow rate, mL/min, and m is the catalyst amount, g.

3. RESULTS AND DISCUSSION
3.1. Precursors on COS Hydrolysis Catalysts. In order

to screen COS hydrolysis catalysts with higher activity, ICP
and XRF tests were conducted on samples prepared from
different precursors, and the results are shown in Table 1. The

actual loading content of alkali metals on γ-Al2O3 supports
follows the order: MOH > MCO3 > CH3COOM (M stands
for K or Na), consistent with the alkaline sequence of
precursors. The metal loading amount obtained by the XRF
test is much larger than that by the ICP test because XRF tests
the surface phase of the catalyst, while ICP tests the bulk phase
of the catalyst, showing that the loading of alkali metal is
mostly concentrated on the surface of the catalyst. After the
alkali metal is supported, the total alkalinity of all of the

catalysts is significantly increased by about 25−38%, and the
total alkalinity of the catalysts supported by Na and K both
conform to the characteristics of MOH > MCO3 >
CH3COOM, which is also positively related to the alkalinity
of the precursor. And then, the alkalinity of the catalysts loaded
with K is also slightly higher than that of the catalysts loaded
with Na. The loading content of K is slightly higher than that
of Na due to the higher alkalinity of K. Therefore, all samples
can be regarded as successfully loaded with corresponding
alkali metals.
The hydrolysis efficiency of COS on various catalysts was

investigated, and the results are shown in Figure 1. The

hydrolysis efficiency of COS on NaOH/Al2O3 and KOH/
Al2O3 significantly increased up to 90% during the 8 h reaction
time. The other four alkali metal-supported catalysts have no
obvious difference in the COS hydrolysis efficiency, but the
efficiency is about 7% higher than 80% of γ-Al2O3. The COS
hydrolysis efficiency on KOH/Al2O3 is higher in the early stage
but gradually decreases close to that on NaOH/Al2O3,
indicating that the two catalysts may have different
mechanisms of COS hydrolysis. Based on Figure 1 and
Table 1, it can be concluded that COS hydrolysis efficiency has
no positive relationship with the total alkalinity. It may be
related to the type of alkaline center. In view of the excellent
COS hydrolysis efficiency of NaOH/Al2O3 and KOH/Al2O3
catalysts with high total alkalinity, these two catalysts were
used in subsequent analysis.
The hydrolysis efficiency on 2−5 mm spherical γ-Al2O3

catalyst was only 51% when the initial concentration of COS
ranged in 84−110 mg/m3 at atmospheric pressure, 200 °C,
and gas hourly space velocity of 3000 h−1.3636 The hydrolysis
efficiency was ∼91% at the initial COS concentration of 200
ppm, 120 °C, and gas hourly space velocity of 2400 h−1 with
5% NaOH supported by Al/Ti.37 In this work, the COS
concentration and the gas hourly space velocity are higher, and
the hydrolysis efficiency can still reach about 90% after 8 h
reaction time. Therefore, the prepared catalyst in this work has
an excellent hydrolysis performance.
3.2. Alkali Sites of COS Hydrolysis on the Catalysts.

The pore size distribution and specific surface area of γ-Al2O3,
NaOH/Al2O3, and KOH/Al2O3 catalysts before and after the
COS hydrolysis reaction are shown in Figure 2. The pore size
of the three catalysts mainly ranges from 3 to 50 nm. The most
probable pore size is 7−10 nm, and the proportion increases
significantly after metal loading. The developed pore structure

Table 1. Content of Metal Load (wt %) and Total Alkalinity
of Catalyst (mmol/g)

actual metal load
(wt %)

samples ICP XRF total alkalinity (mmol/g)

γ-Al2O3 7.21
NaOH/Al2O3 2.82 4.31 9.76
Na2CO3/Al2O3 2.67 4.30 9.45
CH3COONa/Al2O3 2.12 3.81 9.01
KOH/Al2O3 2.89 5.24 9.92
K2CO3/Al2O3 2.74 4.44 9.55
CH3COOK/Al2O3 2.14 3.90 9.11

Figure 1. COS hydrolysis efficiency on various catalysts.
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is more conducive to the adsorption of COS and promotes the
mass transfer process. The specific surface area of the catalyst
decreases only by about 2% due to the metal loading, so this
effect is negligible. The changes of the pore structure before
and after the reaction is more obvious. The specific surface
area of KOH/Al2O3 decreases by 12.7% after the reaction, and
the proportion of the most probable pore size decreases by
27.0%. Although the specific surface area of NaOH/Al2O3 also
decreases by 11.9%, the proportion of the most probable pore
size is almost unchanged. The results further indicate that the
types of reaction products or deposition sites of NaOH/Al2O3
and KOH/Al2O3 catalysts are different.
The SEM surface morphology of γ-Al2O3, NaOH/Al2O3,

and KOH/Al2O3 catalysts is shown in Figure 3. The metal

components Na and K are uniformly distributed on the catalyst
surface. After the COS hydrolysis reaction, the sulfur element
is deposited on the catalyst surface, and some sulfur aggregated
on the γ-Al2O3 surface. The sulfur deposition on the NaOH/
Al2O3 and KOH/Al2O3 surface is more uniform, which may be
caused by the increase of hydrolysis active sites due to the load
of alkali metals.
To explore the role of alkaline centers on the catalysts, CO2-

TPD was used to characterize the distribution of alkaline
centers. The results are shown in Figure 4. Three obvious CO2
desorption peaks can be seen from the CO2-TPD curve. The
temperature of the first desorption peak is 50−200 °C, which
belongs to the weak alkaline site and comes from the −OH
group. The temperature of the second desorption peak is 200−

Figure 2. (a) Pore size distribution and (b) specific surface area and total pore volume of catalysts.

Figure 3. Mapping images of catalysts before and after reaction for γ-Al2O3, NaOH/Al2O3, and KOH/Al2O3 catalysts ((a) Al element in γ-Al2O3;
(b) Na element in NaOH/Al2O3; (c) K element in KOH/Al2O3; (d) S element in γ-Al2O3; (e) S element in NaOH/Al2O3; and (f) S element in
KOH/Al2O3).
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350 °C, which belongs to the medium-strong alkaline site and
comes from the M−O group. The temperature of the third
desorption peak is 550−700 °C, which belongs to the strong
alkaline site and comes from the O2− group.38−40 Compared
with γ-Al2O3, the weak, medium-strong, and strong alkaline
centers on the NaOH/Al2O3 catalyst increased by 62, 42, and
24%, respectively; for the KOH/Al2O3 catalyst, the corre-
sponding volume is 53, 1, and 18%. Therefore, the loading of
Na increased three kinds of alkaline centers, while the loading
of K only increased the weak alkaline centers but reduced
strong alkaline centers with unchanged medium-strong alkaline
centers. It is generally believed that the weak alkaline centers
are the active centers of COS hydrolysis.12 The support of K
and Na greatly increases the weak alkaline center on the
catalyst, so the hydrolysis efficiency of COS has been
significantly increased.
After hydrolysis, the weak, medium-strong, and strong

alkaline centers on the surface of γ-Al2O3 decreased by 84,
68, and 28%, respectively; decreased by 57, 52, and 24% on
NaOH/Al2O3, respectively; decreased by 46, 88, and 34% on
KOH/Al2O3, respectively. The weak and medium-strong
alkaline centers of the three catalysts simultaneously decreased.
The weak alkaline center is the reaction site of COS hydrolysis,
and it can be inferred that the medium-strong alkaline center is
the H2S adsorption site. The CO2-TPD curve after H2S
adsorption was detected with results shown in Figure 4b. After
H2S adsorption, the medium-strong alkaline centers on γ-

Al2O3 and KOH/Al2O3 catalysts are almost exhausted, and the
efficiency of COS on the two catalysts declines significantly
over time, while the efficiency of COS on NaOH/Al2O3 is
relatively stable. It is speculated that the amount of medium-
strong alkaline center is greatly increased by the support of Na.
At the same time, it is mainly elemental sulfur deposited on the
surface of NaOH/Al2O3, so the deposition of elemental sulfur
has little impact on the NaOH/Al2O3 compared with γ-Al2O3
and KOH/Al2O3. The sulfur deposition includes the
deposition of elemental sulfur and sulfate deposition; one of
the main causes of catalyst poisoning is from the sulfate
deposition, so the influence of the deposition of elemental
sulfur is small. The NaOH/Al2O3 catalyst can maintain high
activity for a long time, which is significantly different from
KOH/Al2O3.
3.3. Sulfur-Containing Products in the Presence of

H2S and O2. The main components affecting COS hydrolysis
are H2S and O2. H2S can also be oxidized by O2 in the gas in
addition to being oxidized by the alkaline center on the catalyst
surface. The influence of O2 and H2S content on COS
hydrolysis efficiency and H2S adsorption was explored, and the
results are shown in Figure 5.
The hydrolysis efficiency of COS was the highest in the

absence of H2S, which were 78, 90, and 90% on γ-Al2O3,
NaOH/Al2O3, and KOH/Al2O3 catalysts, respectively. With
the increase of H2S concentration, the hydrolysis efficiency of
COS decreases linearly. The decrease of efficiency on NaOH/

Figure 4. (a) CO2-TPD curves of catalysts before and after reaction of COS hydrolysis and (b) H2S adsorption on γ-Al2O3 loading with 8% NaOH.

Figure 5. COS hydrolysis efficiency and H2S adsorption under different (a) H2S contents and (b) O2 contents.
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Al2O3 and KOH/Al2O3 catalysts is significantly smaller than
that on γ-Al2O3, indicating that alkali metal modification
improves the antisulfur poisoning ability of the catalysts.
However, with the increase of H2S concentration, the
adsorption amount of H2S in the three catalysts increases
significantly, and sulfur deposition on the samples after alkali
metal loading is more obvious than that on γ-Al2O3. This is
because alkali metal loading increased the alkalinity of the
catalyst, so more H2S is adsorbed. However, the hydrolysis
efficiency of COS is only slightly reduced because the increase
of alkaline centers can partially offset the negative effects
caused by sulfur deposition.
From Figure 5b, the existence of O2 has a significant

inhibition on the hydrolysis efficiency of COS. The efficiency
of COS hydrolysis on γ-Al2O3, NaOH/Al2O3, and KOH/Al2O3
catalysts decreased by 18, 11, and 18%, respectively, when the
O2 concentration increased from 0 to 3%. The amount of H2S
adsorption in the presence of O2 is significantly increased
compared with that in the absence of O2. The alkali metal
loading increases the sulfur deposition, and there is little
difference between NaOH/Al2O3 and KOH/Al2O3. The
difference of COS hydrolysis efficiency on NaOH/Al2O3 and
KOH/Al2O3 may be from the sulfur species.
In order to determine the sulfur deposition form, sulfur

species on catalysts after the COS hydrolysis reaction were
investigated through XPS. The sulfur element distribution
diagram is shown in Figure 6. The sulfur element 2p peak was

decomposed into three peaks: elemental sulfur (163.90−
165.60 eV, S 2p3/2 and S 2p1/2), SO32− (166.40−167.00 eV),
and SO42− (167.00−168.50 eV).11 Before the reaction, there is
no sulfur component on the catalyst. After the reaction, SO32−
and SO42− are the main forms of sulfur deposition on the
catalyst surface, accompanied by elemental sulfur. Compared
with γ-Al2O3, the content of sulfate species on NaOH/Al2O3
and KOH/Al2O3 catalysts decreased significantly, but the
content of elemental sulfur increased, indicating that the alkali
metal loading inhibited the oxidation of H2S on the catalyst
surface, making more sulfur elements deposited on the catalyst
surface in the form of elemental sulfur. Since the volume of
sulfate (76.9 cm3/mol) per mole is larger than that of
elemental sulfur (13.6 cm3/mol), this may be the reason why
the specific surface area of γ-Al2O3 catalyst, as shown in Figure
2b, decreases more significantly after the reaction. NaOH/
Al2O3 has more elemental sulfur than the KOH/Al2O3 catalyst,

which is also mutually verified by the pore size distribution of
both. In the presence of O2, the sulfate increases greatly by up
to 37%, especially on KOH/Al2O3, which is an important
reason why O2 inhibits the hydrolysis of COS. The presence of
O2 increases the oxidation of sulfur to generate the sulfate
deposition on catalysts, covering the active site, which greatly
reduces the hydrolysis efficiency. However, NaOH/Al2O3 still
has a certain proportion of elemental sulfur, and the proportion
of sulfate is smaller on NaOH/Al2O3 than that on γ-Al2O3 and
KOH/Al2O3. The molecular diameter of elemental sulfur is
smaller than that of sulfate, so it has less inhibition on COS
hydrolysis, which is consistent with the higher hydrolysis
efficiency on NaOH/Al2O3.
In order to further explore the influence of H2S on COS

hydrolysis, the transient experiment of COS hydrolysis was
carried out, and the results are shown in Figure 7a. In the
absence of H2S, the hydrolysis efficiency of COS on γ-Al2O3,
NaOH/Al2O3, and KOH/Al2O3 catalysts are 87, 98, and 97%,
respectively. In the presence of H2S for 6 h, the hydrolysis
efficiency decreased to 67, 85, and 82%, respectively. When the
flow of H2S is interrupted, the hydrolysis efficiency continues
to decline on γ-Al2O3. The presence of H2S in the COS
hydrolysis reaction can accelerate the poisoning of the catalyst.
If H2S is stopped, the poisoning of the catalyst will still exist,
indicating that the process of sulfur poisoning is irreversible. At
the reaction temperature of 120 °C, sulfur deposition products
will not decompose, and the amount of sulfur deposition
increases with the increase of the reaction time. From Figure
7b, the breakthrough time for H2S is 390 min on NaOH/
Al2O3, much longer than that on γ-Al2O3 and KOH/Al2O3.
The advantage of NaOH/Al2O3 is reflected in the reduction of
sulfur deposition products and its high adsorption capacity for
H2S. Since the medium alkaline centers of NaOH/Al2O3 are
obviously higher than that of the other two samples, it further
proves that medium-strong alkaline centers are the adsorption
site of H2S, so NaOH/Al2O3 has stronger sulfur resistance.
To further explore the forms of sulfur species on the catalyst

surface, three catalysts were pretreated in H2S and H2S + O2
atmospheres, and then, thermogravimetric analysis was carried
out. Since DTG characterization uses samples dried at 120 °C
for 12 h, the effect of H2O is not considered. The results are
shown in Figure 8. The catalysts show significant weight loss
peaks at 150−800 °C in the absence or presence of O2. The
release of SO2 is mainly due to the decomposition of sulfite
and sulfate, and the desorption of H2S is mainly in the form of
chemical adsorption. Since the sulfur vapor from the
sublimation of elemental sulfur is difficult to detect, the sulfur
content was calculated by subtracting the contents of SO2 and
H2S from the total weight loss based on the thermogravimetric
curve. The total weight loss of NaOH/Al2O3 and KOH/Al2O3
catalysts is significantly higher than that of γ-Al2O3, due to the
higher H2S adsorption capacity. In the H2S and O2 coexisting
atmosphere, the total weight loss of the three catalysts is about
1.5 times higher than that in the H2S atmosphere, indicating
that the presence of O2 promotes sulfur deposition. In the H2S
atmosphere, the proportion of SO2 produced by sulfate or
sulfite decomposition exceeds 50% on the γ-Al2O3 catalyst,
while the content of elemental sulfur is greatly increased in
NaOH/Al2O3 and KOH/Al2O3 catalysts, which is basically
consistent with the results in Figure 6. In the H2S + O2
atmosphere, the elemental sulfur content of the three samples
decreased significantly while the sulfate content increased

Figure 6. Sulfur element distribution diagram after the COS
hydrolysis reaction for various catalysts (a in COS + H2O, b in COS
+ H2O + 0.3% O2).
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significantly, indicating that the presence of O2 increases the
oxidation of sulfur.
3.4. Mechanism of COS Hydrolysis in the Presence of

H2S and O2. In order to explore the mechanism of COS
hydrolysis on alkali metal-supported γ-Al2O3 catalysts, in situ
DRIFT tests were conducted in four atmospheres of N2, H2S,
O2, and H2S + O2. The results are shown in Figure 9. The
adsorption peaks are as follows: −OH (3748−3740 cm−1),
H2O (3427 cm−1), CO2 (2360 cm−1), COS (2070 cm−1), and

HCO3− (1637 cm−1�antisymmetric stretching vibration peak,
1412 cm−1�symmetric stretching vibration peak), S2− (1440
cm−1), SO42− (1128 cm−1), HSO3− (995 cm−1), and reaction
intermediate HSCO2− (1540 cm−1). The wide adsorption peak
of H2O on γ-Al2O3, NaOH/Al2O3, and KOH/Al2O3 catalysts
increases in N2, H2S, and O2 atmospheres, indicating that the
catalyst surface has a certain adsorption of H2O and gaseous
H2O is continuously adsorbed on the catalyst surface to ensure
efficient hydrolysis. The adsorption peaks of HSCO2−

Figure 7. (a) Transient experiment of the H2S effect on COS hydrolysis efficiency and (b) H2S breakthrough curve.

Figure 8. DTG curve of catalysts (a) γ-Al2O3, (b) NaOH/Al2O3, and (c) KOH/Al2O3; and (d) adsorption capacity and weight loss (a H2S; b H2S +
O2, “Blank” means unreacted sample weight loss).
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appeared in the reaction under different atmospheres and
catalysts, which proved that HSCO2− was the intermediate
product of the reaction.
In the atmosphere of COS + H2O in Figure 9c, it can be

clearly seen that the HSO3− and SO42− amounts of the KOH/
Al2O3 catalyst are the highest, while as shown in Figure 9b, the
S2− amount of the NaOH/Al2O3 catalyst is the highest, and the
sediments of catalyst γ-Al2O3 are the least, which is consistent
with the previous conclusion: the addition of alkali metals
increased the strength of the alkaline center, resulting in the
intensification of sulfur deposition. At the same time, the

elemental sulfur was more easily produced on the NaOH/
Al2O3 catalyst, and sulfur was further oxidized to sulfate and
sulfite on the KOH/Al2O3 catalyst.
When H2S or O2 was added to the atmosphere, the reaction

of the three catalysts was the same, that is, HSO3− and SO42−

amounts increased significantly, while S2− amounts did not
have obvious change. However, the mechanism of H2S and O2
is obviously different. The addition of H2S increases the
content of total sulfur, indicating that H2S has no obvious
oxidation effect on the generation of sulfur deposition but only
increases the content of sulfate due to the increase of total

Figure 9. DRIFT spectrum of catalysts (a) γ-Al2O3, (b) NaOH/Al2O3, and (c) KOH/Al2O3.
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sulfur in the inlet. The addition of O2 did not increase the total
sulfur content in the inlet, but the total amount of sulfur
deposition and the proportion of sulfate increased significantly,
indicating that the presence of O2 had an obvious oxidation
effect on sulfur deposition.
Alkali metals Na and K have similar electronic structures,

but the NaOH/Al2O3 catalyst show better sulfur resistance,
which may be due to the different existing forms of Na and K
on the catalyst surface. Therefore, the forms of the active
components were investigated by mass spectrometry in a CO
atmosphere, and the results are shown in Figure 10. Na and K
may exist on the catalyst surface in the form of M−OH or M−
O. In the presence of CO, it reacts with −OH and lattice
oxygen to generate CO2 and H2O, and the reactions are shown
in eqs 7 and 8. The proportion of M−OH can be determined
by the signal of H2O, and the proportion of M−O can be
determined by the difference between the signal value of CO2
and H2O. The area of the blank curve represents the substrate
value of the catalyst, and the shaded area represents the
amount of H2O and CO2 produced after CO oxidation.
According to the proportion of H2O and CO2 generated on
the catalyst surface, the proportion of Na−O and NaOH on
the NaOH/Al2O3 catalyst surface is about 65 and 35%,
respectively. The proportion of K−O and KOH on the surface
of the KOH/Al2O3 catalyst is about 30 and 70%, respectively.
The NaOH/Al2O3 catalyst surface is dominated by Na−O, and
the KOH/Al2O3 catalyst surface is dominated by KOH.

+ + +MO CO CO M2 (7)

+ + + +2MOH CO CO H O 2M2 2 (8)

Based on the above analysis, a possible COS hydrolysis
mechanism is proposed, as shown in Figure 11. COS adsorbs
on the weak alkaline center on the catalyst surface to generate
intermediate product HSCO2−, which continues to react with
the adsorbed H2O to generate adsorbed H2S and CO2. The
elemental sulfur is further oxidized to SO42− on the surface of
NaOH/Al2O3 under the action of Na−O and O2, or elemental
sulfur reacts with KOH on the surface of KOH/Al2O3 to form
HSO3−, which is further oxidized to sulfate and deposited in
the catalyst surface. The mechanism discussed in Figure 11
belongs to the alkali catalysis mechanism. Increasing the

proportion of strong alkaline centers on the catalyst surface is
conducive to inhibiting the further oxidation of H2S and
improving the sulfur resistance of the catalyst. The under-
standing helps to develop better catalysts for removing COS
from blast furnace gas.

4. CONCLUSIONS
The addition of alkali metals Na and K increases the strength
of the weak alkali center on the catalyst surface, and the weak
alkali center is the active center of the COS hydrolysis reaction,
so the hydrolysis efficiency of the catalyst is significantly
improved. COS adsorbs on the weak alkaline center on the
catalyst surface to generate intermediate product HSCO2−,
which continues to react with the adsorbed H2O to generate
adsorbed H2S and CO2; H2S can be oxidized to elemental
sulfur by free oxygen on the catalyst surface. The elemental
sulfur is further oxidized to SO42− on the surface of NaOH/
Al2O3 under the action of Na−O and O2, or elemental sulfur
reacts with KOH on the surface of KOH/Al2O3 to form
HSO3−, which is further oxidized to sulfate and deposited in

Figure 10. Analysis of CO oxidation products of catalysts (a) NaOH/Al2O3 and (b) KOH/Al2O3.

Figure 11. Mechanism of COS hydrolysis in the presence of H2S and
O2.
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the catalyst surface. The main cause of catalyst sulfur poisoning
is the presence of O2, which intensifies both the total amount
of sulfur deposition and the proportion of sulfate. The NaOH/
Al2O3 catalyst shows better sulfur resistance than the KOH/
Al2O3 catalyst for two reasons: first, the support of Na can
significantly improve the medium-strong alkaline site, which is
the adsorption site of H2S. This is equivalent to increasing the
“sulfur capacity” of H2S adsorption and reducing the impact of
sulfur deposition on the main reaction. Second, the sulfur was
more easily produced on the NaOH/Al2O3 catalyst, and the
sulfur was further oxidized to sulfate and sulfite on the KOH/
Al2O3 catalyst. The molecular diameter of elemental sulfur is
smaller than that of sulfate. Therefore, NaOH/Al2O3 catalyst
has better sulfur resistance.
In this work, the relationship between the oxidation sites of

H2S and the alkaline centers of COS hydrolysis has been
further revealed. Moreover, the effects of alkali metal species
on the sulfur-containing species were illustrated. Increasing the
content of medium-strong alkaline centers on the catalyst
surface improves the sulfur capacity of the catalyst, and
reducing the content of −OH groups inhibits further oxidation
of H2S. Therefore, much better catalysts can be developed by
regulating the distribution of various alkaline centers.
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