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Promotional effect of H>O introduction on the NH3;-SCR
activity of the gas-phase sulfated CeO; catalyst by

organic CS;+COS: Influence of H,O concentration
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Abstract: Herein, as an indispensable key reactant for the hydrolysis of organic sulfur, H.O was
firstly introduced to optimize the NH3-SCR activity of CeO by providing the adsorption and
reaction spots of catalysis for organic CS,+COS during the low-temperature gas-phase sulfation.
The results demonstrate that the introduction of 0.33 vol.% H»O is beneficial to enhance the
interaction between organic CS;+COS and cube fluorite CeO,, which not only increases the
concentrations of Ce*" ions, chemisorbed oxygen (Og) and oxygen vacancies on CeQ,-CS,+COS
surface, but also effectively enhances the redox cycle of Ce*/Ce*" ion pairs and the
medium-strong acid sites of catalyst. These all help enhance the promotional effect of organic
sulfur low-temperature gas-phase sulfation on the NH3-SCR activity of CeO, and further
improve NOy reduction over the CeO,-CS>+COS catalyst. However, the introduction of 5.0 vol.%
H>O shows a certain inhibitory effect due to the competitive adsorption of excess water and
COS+CS; on the cube fluorite CeO: surface, which weakens their interaction during the
low-temperature gas-phase sulfation, thereby decreases the promotional effect of low
concentration water introduction on the NH3-SCR activity of the CeO,-CS,+COS catalyst.
Therefore, the results of this research provide a scientific reference for developing the NH3-SCR

Ce0Os-based catalyst in practical applications.

Keywords: NH3-SCR, CeO,, Organic sulfur, Low-temperature gas-phase sulfation, H,O
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1. Introduction

The rapid development of global economy inevitably leads to an intense demand of energy
or/and fuel, thus the traditional fossil fuels (coal, oil, and natural gas, etc.) have been extensively
utilized in power generation, transportation and industry [1-3]. However, large fine particulate
matter (PM 2.5) and greenhouse gases (CO», CHy, etc.) are discharged during the utilization of
fossil fuels and 3 million tons of CO; can be emitted for a SOOMW coal-fired power plants per
year, and the concentration of CO; in the atmosphere is expected to exceed 500 ppm by 2050
[4,5]. In addition, the toxic and harmful gases such as nitrogen oxides (NO,, mainly NO and NO,)
and sulfur-containing compounds (SO», COS, CS,, etc.) are also produced during the combustion
of fossil fuels, which brings many environmental problems [6,7]. For example, the emission of
nitrogen oxides and sulfur compounds are prone to oxidation reactions, causing acid rain,
photochemical smog, ozone holes and other environmental disasters [8-10]. Therefore, it is
necessary to develop an effective method to reduce nitrogen oxide and sulfur compounds.

Compared to inorganic SO», organic carbonyl sulfide (COS) and carbon disulfide (CS,) are
linear triatomic molecules similar to carbon dioxide (CO.), which are less reactive and difficult
to be removed [11,12]. At present, catalytic hydrolysis [13,14], hydrogenation [15,16],
adsorption and absorption [17-19] have been developed to reduce the emission of organic sulfur.
Among them, catalytic hydrolysis has the advantages of low energy consumption, less side
reactions and high efficiency, especially when dealing with high levels of organic sulfur. Wang et
al. found that the synthesized (Co+Ni)/Al catalyst derived from various hydrotalcite-like
compounds presented a good catalytic hydrolysis activity of COS, and the introduction of Ce
additive effectively improved its catalytic performance due to the alterations of the structural
properties, oxidation properties and surface defect sites [20,21]. At present, the development of
the low temperature hydrolysis catalyst to reduce organic sulfur has attracted widespread
attention, especially the metal oxide catalysts with a rich pore structure, a good thermal stability,
abundant basic sites and a strong anti-poisoning ability. For instance, the introduction of 3DOM
structure via the colloidal crystal template method is beneficial to the extraction of the hydrolysis

product H>S from the aluminum-based and titanium-based hydrolysis catalysts, inhibiting the
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deposition of sulfate species on catalysts surface [22].

Generally, the hydrolysis of organic sulfur is an alkali-catalyzed reaction process: H,O
firstly adsorbs and dissociates on metal oxides surface to form -OH groups, and then CS;
preferentially adsorbs on the surface basic sites of catalyst and generates thiocarbonate (HSCO»")
or COS intermediates via the interaction of -OH group and M-O pair (M: Ti, Al Fe, Ce, etc.).
Subsequently, the formed COS can further be converted into HSCO, through the above
hydrolysis reaction pathway, and the intermediate of HSCO» finally decomposes into CO> and
H>S under the action of -OH group and M-O pair to complete the catalytic hydrolysis of organic
sulfur [23-27]. Therefore, the surface basic sites of catalyst play a dominant role on the
hydrolysis activity of organic sulfur. It should be noted that the active -OH groups on the catalyst
surface can serve as an alkaline site for the adsorption and activation of organic sulfur, thus
promotes the hydrolysis reaction. A large number of literatures had also investigated the effect of
H>O on the hydrolysis efficiency of organic sulfur. Gao et al. [28] pointed out that the absorbed
H>O could dissociate into generate active -OH groups for the hydrolysis reaction of COS on
catalyst surfaces, thus ensured the stable and efficient hydrolysis of organic sulfur. Wang et al.
[29] found that the presence of H,O on the alumina catalyst surface slowed down the
deactivation process of organic sulfur hydrolysis by promoting the deposition and adsorption of
sulfur and sulfate species at different sites. It is worth noting that the presence of H>O also has a
negative effect on the hydrolysis removal of COS/CS,. Gu et al. [25] reported that the excessive
H>O on catalyst surface led to a competitive adsorption with COS, which inhibited the hydrolysis
reaction and reduced the COS removal efficiency. This phenomenon had also been found in the
hydrolysis process of CS, [30]. Furthermore, the presence of H>O could promote the formation
of sulfur-containing species (sulfates), which had been considered to be the main reason for the
deactivation of organic sulfur hydrolysis for catalysis [26]. Because the accumulation of
sulfur-containing species on the catalyst surface led to the blockage of pore structure, and also
reduced the basic sites of catalyst due to the formation of surface sulfates, resulting in the
deactivation of organic sulfur hydrolysis [23,31]. Therefore, H>O plays an essential role in the
formation of sulfur-containing species during the hydrolysis process of organic sulfur.

Owing to the unique 4f electronic structure, CeO, presents an excellent oxygen storage

capacity (OSC) and redox ability [32], which has been used as the main active components or
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doping additives in the selective catalytic reduction of NO, with NH3 (NH3-SCR). However, pure
CeO; exhibits bad NH3-SCR performance due to the poor surface acidity and NH3 peroxidation
at high temperatures, which limits its application in engineering. Interestingly, the formed
surface sulfates during the hydrolysis of organic sulfur might retain Lewis acid sites and enhance
Bronsted acid sites of CeO,, thus contributes to the adsorption and activation of NH3 on it
surface [33,34]. Actually, the formed sulfate species can serve as the reducible species to
promote redox reactions and improve the NH3-SCR activity of cerium-based catalysts [35,36].
Therefore, the sulfation treatment, including the gas-phase sulfation of the traditional SO, and
the liquid-phase sulfation of H>SO4/(NH4),SO4/CS(NH>)2, have been regarded as the effective
strategy to improve the de-nitrification activity of cerium-based catalysts mainly via optimizing
the surface acidity [37-42]. Our previous study [33] showed that the gas-phased sulfation of
organic sulfur (CS; or COS) at 300 °C presented a better improvement on the NH3-SCR activity
of CeOx than the traditional SO». Recently, we have found that the gas-phased sulfation of CS;
or/and COS under the low-temperature hydrolysis conditions can further improve the catalytic
performance of NO, reduction over the CeO, catalyst. The above references indicated that the
presence of H,O contributed to regulating the formation of sulfur-containing species on the
catalyst surface during the low-temperature hydrolysis process, thus might affect the surface
acidity of the used cerium-based catalyst, which had been widely proven to improve the
NH3-SCR activity of CeO,. However, the promotional effect of low-temperature hydrolysis of
organic CS, or/and COS on the NH3-SCR activity of CeO; catalyst has rarely been studied,
especially under the presence of H>O.

Furthermore, H,O widely co-present with organic sulfur in blast furnace gas, which can
affect the hydrolysis of CS; or/and COS over catalysts. Meanwhile, cerium oxide had been
verified to improve the anti-oxygen poisoning of catalyst for the hydrolysis of organic sulfur by
avoiding the sulfation of active species due to its better adsorption of sulfates [21,24]. Therefore,
as an indispensable key reactant for the hydrolysis of organic sulfur, H,O is proposed for the first
time to improve the NH3-SCR catalytic activity of CeO, during the low-temperature gas-phase
sulfation of organic CS, and COS, which is more conducive to the synthesis of catalysts with
excellent performance in practical engineering. The results demonstrate that the introduction of

H>O further enhances the promotional effect of CS,+COS gas-phase sulfation on the NH3-SCR
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activity of CeO; catalyst at the simulated low-temperature for the hydrolysis of organic sulfur.
Furthermore, a series of characterization techniques were employed to investigate the sulfuric
acid optimized strategy of the "CS,+COS+H,0" gas-phase sulfation on the physicochemical

properties, reduction properties, sulfate species, and NH3-SCR performance of CeO,.

2. Experimental

2.1. Catalyst preparation

Pure CeO, was synthesized via a one-pot hydrothermal method [33,43], and the used
cerium nitrate (Ce(NO3)3-6H,0, AR), ammonium bicarbonate (NH4HCO3, AR) and hydrogen
peroxide (H20,, AR) were purchased from China Pharmaceutical Group Chemical Reagents Co.,
Ltd. According to the preparation of CeO; in Scheme 1, 0.005 mol Ce(NO3)3-6H2O was firstly
dissolved in deionized water and stirred violently for 2 hours until a clear and transparent
solution was obtained. Next, a certain amount of ammonium bicarbonate was added into the
mixed solution with a milky white suspension formed. After being stirred for 30 minutes, 9 mL
of H>O, (10 mol/L) was dropped and the milky white solution quickly turned into orange. Finally,
the mixed solution was poured into a 100 mL of polytetrafluoroethylene and transferred to
stainless steel autoclave. After being hydrothermally heated at 200 °C for 24 hours, the resulting
precipitate was washed with deionized water and anhydrous ethanol until the pH reached 7. The
obtained precipitate was dried at 80 °C for 12 hours and calcined at 400 °C for 5 hours in a
temperature-programmed muffle furnace to obtain pure CeO; catalyst.

11 NH,HCO,

1 CoNO,),-6H,0 TP Calcination treatment
e : ,0, s
i — Hydrothermal treatment a0 Cor ok

at 200 & for 24h
Cooling
= J Stirring sharply Fﬂlel ing
.~ —_—
m’ Transferred to Wabhmg, O
the autoclave Drying

Scheme 1. Schematic diagram for the preparation of pure CeOz by the one-pot hydrothermal method.

The gas phase sulfation of CeO, was carried out in a tube furnace according to the
following sulfation conditions (Scheme 2): the total gas flow rate of the simulated COS and CS»
(the molar ratio of 7:3)is 500 mL/min by ensuring the concentration of S element being 200 ppm
[33]. A certain concentration of H,O was introduced into the vulcanization test bench via an

injection pump and N> was used as the equilibrium gas. The gas-phase sulfation was carried out
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at 50 °C for 3 hours. For convenience, the pretreated samples were labeled as CeO,-CS,+COS
without water, CeO,-CS,+COS-H>O(x), where x represents the concentration of water (x =

0.33%, 1.5%, 5.0%).

Injection pump

Temperature controlled

Rotameter

‘:ﬂ:%? o
L}

Catalyst

e — Gas outlet

i I

Tube furnace

rvE
=

¢ [L8
i

Exhaust bottle

Gas mixer

Scheme 2. The low temperature gas-phase sulfation of CeO: catalyst by organic sulfur.
2.2. Catalytic activity test
The fixed bed reactor was used to test the NH3-SCR catalytic performance of catalysts. The
dosage of sample and the total gas flow rate are 0.45 g (40~60 mesh) and 1500 mL/min with the
gas hourly space velocity (GHSV) being 200,000 mL/(g-h). The flue gas reaction conditions are
as follows: 600 ppm NH3, 600 ppm NO, 5 vol.% O> and 99.999 vol.% N, used as the equilibrium
gases. The concentration of inlet and outlet flue gas (O,, NOx) was continuously monitored by
T-350 flue gas analyzer (Testo, Germany). Then, the NO, conversion rate (1) is calculated
according to the following formula: 1 = (1-[NOx]ou/[NOx]in)x100%, where [NO,Jin and [NOx]out
represent the inlet and outlet concentrations of gaseous NO, (NO and NO»), respectively.

2.3. Catalyst characterizations

The surface morphology and structure of catalyst were observed through scanning electron
microscopy (SEM) using the ZEISS SIGMA HD instrument. The N, adsorption-desorption
curves were measured at -196 °C using a powder technology ASAP 2460 system instrument. The

specific surface area was calculated through the Brunauer-Emmett-Teller (BET) method, while



164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

the Barrett Joyner-Halenda (BJH) method was used to determine the pore volume and pore size
distribution. X-ray diffraction (XRD) patterns were obtained using Cu Ka radiation on a 6100
X-ray diffractometer (Rigaku, Japan) at a scanning rate of 5 °/min from 26=10 ° to 80 ° and the
composition of the diffraction peaks was analyzed using MDI Jade 6.0. Raman spectra of
samples were collected on a Raman spectrometer (InVia Reflex, Renishaw), where a laser with a
wavelength of 532 nm was used as the excitation source. Fourier transform infrared (FTIR)
spectra ranging from 400 to 4000 cm™' were recorded using a Nicolet iS5 FTIR spectrometer,

with a resolution of approximately 4 cm’!.

The X-ray photoelectron spectrometer (XPS, Thermo Fisher Scientific Escalab 250 Xi)
utilizes Al Ko radiation with an excitation energy of 1486.7 eV. The photoelectron spectroscopy
was calibrated with the Cls signal with a binding energy of 284.8 eV and the spectrum was fitted
with the Gaussian-Lorentz function using XPSPEAK software. H,-temperature programmed
reduction (H»-TPR) and NHs-temperature programmed desorption (NH3-TPD) analyses were
performed using the AutoChem II 2920 instrument from Micromeritics, along with a thermal
conductivity detector (TCD). In the Ho-TPR detection process, 100 mg samples were pretreated
in an Ar atmosphere at 300 °C for 30 minutes, and then cooled to room temperature. The TPR
curves were obtained using a heating rate of 10 °C/min, ranging from 50 to 900 °C in a 10%
Hy/Ar flow. For NH3-TPD analysis, 100 mg samples were subjected to heating at 500°C for an
hour in the presence of Ar flow and then cooled to 35°C. A continuous flow of 10% NHs/He (50
mL/min) was directed through the sample tube for a purge time of 2 hours and the desorption of
NHj3 species was carried out in a helium flow to obtained the data at temperatures ranging from
35 to 900 °C. Thermogravimetric analysis (TGA) was conducted using PerkinElmer STA6000 in
an a-AlOs crucible under a nitrogen atmosphere. Thermogravimetric curves in the temperature
range of 30-900 °C were recorded with a heating rate of 10 °C/min to investigate the thermal

properties and thermal decomposition of the sulfated samples.

3. Results and discussion

3.1. Evaluation of catalytic activity
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Fig. 1. (A) The effect of H20 concentration on the NH3-SCR activity of CeO: during the gas-phase sulfation
process. Sulfated conditions: COS:CSz = 7:3 with the total amount of S element being 200 ppm; the sulfation
temperature 50 °C; the sulfation time 3 h; H2O (water vapor) concentrations 0.33 vol.%, 1.5 vol.% and 5.0 vol.%.
(B) H20 and SOz resistance study of CeO2-CS2+COS-H20(0.33%) catalyst and (C) the long time stability test of
Ce02-CS2+COS-H20(0.33%) catalyst.

The influence of H,O introduction on the NH3-SCR activity of CeO,-CS,+COS catalyst was
investigated during the gas-phase sulfation at 50 °C, and the results are given in Fig. 1(A). It can
be found that the gas-phase sulfation of COS+CS; at 50 °C effectively enhances the NH3-SCR
activity of CeO», and the highest NO; conversion of catalyst is increased from 31% to higher
than 90% at the GHSV of 200,000 mL/(g-h). The main reason for the poor catalytic performance
of CeO, might be attributed to the low concentrations of Ce** ions, active oxygen and acid sites
on its surface [44,45]. And the low-temperature gas-phase sulfation of COS and CS, optimizes
these defects and improves the surface concentrations of Ce*" ions, active oxygen and acid sites
of CeO,, thereby increases its NH3-SCR activity effectively. This promotional effect of organic
sulfur gas-phase sulfation had also been verified by our previous research [33], and COS or CS;
presented a better enhancement on the NH3-SCR activity of CeO; than the traditional inorganic
SO, when the gas-phase sulfation was carried out at 300 °C. Interestingly, as depicted in Fig.

1(A), the introduction of H>O during the low-temperature gas-phase sulfation of COS and CS,
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can further increase the NH3-SCR activity of the CeOx+CS;+COS catalyst, and
Ce0,-CS,+COS-H20(0.33%) presents good catalytic performance with a 100% NO, reduction
obtained at the temperature range of 250 ~ 400 °C. However, the enhancement of water
concentrations from 0.33 vol.% to 5.0 vol.% decreases this promotional effect. In order to
validate the disadvantageous effect of high H>O concentration during the low-temperature
gas-phase sulfation, 1.5 vol.% H>O had also been introduced and the NH3-SCR activity of
Ce0,-CS,+COS-H20(1.5%) is between the wvalues of Ce0,-CS;+COS-H,0(0.33%) and
Ce0,-CS+COS-H20(5.0%). This implies that the introduction of H>O during the
low-temperature gas-phase sulfation can optimize the catalytic performance of CeO,+CS,+COS
catalyst, but large concentration of water decreases this promotional effect. The previous
researches about the sulfated CeO; and other metals catalyst for NH3-SCR had been summarized
in Table S1, and it can be found that compared to other sulfated catalysts in recent years,
Ce0,-CS,+COS-H20(0.33%) exhibits excellent low-temperature performance and a wide
temperature window even at a high GHSV of 200,000 mL/(g-h). Meanwhile, the influence of
CS»/COS molar ratio (7:3, 5:5, 3:7) on the NH3-SCR activity of CeO,-CS,+COS-H>0(0.33%)
catalyst was also examined, as shown in Fig. S1. Under the CS,/COS molar ratios of 7:3 and 3:7,
the sulfated CeO,-CS,+COS-H,0(0.33%) catalysts present similar denitrification performance,
which are better than that of the catalyst treated at the CS,/COS molar ratio of 5:5. Meanwhile, it
is generally believed that the organic sulfur in blast furnace gas is mainly composed of COS and
the molar ratio of COS/(COS+CSy) is about 70% [24]. Therefore, 7:3 of COS/CS, molar ratios
was chosen for the subsequent research and characterization.

H>,0 and SO, that commonly present in the denitrification process and potentially influence
the NH3-SCR activity of catalyst, therefore it is necessary to study the anti-poisoning of H,O
or/and SO; for the CeO,-CS,+COS-H>0(0.33%) catalyst. As shown in Fig. 1(B), when 100 ppm
SO; is introduced into the simulated flue gas, the NO, reduction of catalyst slowly decreases to
93% and then remains stable, and CeO,-CS;+COS-H»0(0.33%) exhibits excellent resistance to
SO, poisoning. When further introducing 10.0 vol.% HO, the NO, conversion rate of
Ce0,-CS,+COS-H20(0.33%) rapidly decreases to 53%, which might be due to the competitive
adsorption of H>O and the deposition of sulfate species [39,40]. After removing H>O, the activity

is promptly recovered to 85%, which indicates that the catalyst deactivation caused by H>O is
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reversible. After further stopping the introduction of SO,, the activity is not further recovered,
indicating an irreversible deactivation of catalyst caused by the deposition of sulfate species. In
the meantime, the long-term stability of the NH3-SCR activity over the
Ce0,-CS,+COS-H20(0.33%) catalyst was also investigated and the results are given in Fig.
1(C). It is found that CeO,-CS;+COS-H20(0.33%) presents a good stability of the NH3-SCR
activity, and more than 90% of NO;, reduction can be maintained after a 60 h test, although its
NO; reduction decreases from 100% to about 95% at 25~27 h.

Previous studies had shown that an appropriate amount of H>O could promote the
hydrolysis and conversion of organic sulfur (CS; or/and COS) via optimizing the formation of
active -OH groups on catalysts surface, but excessive H,O inhibited the catalytic hydrolysis due
to the competitive adsorption and the introduced concentration of H>O could regulate the
formation of sulfur-containing species on the catalyst surface during the low-temperature
hydrolysis of CS, or/and COS [29,46]. Meanwhile, the formed sulfur-containing species, mainly
sulfate, were proven to optimize the concentrations of Ce*" ions, active oxygen and acid sites on
CeO, catalyst surface, which are closely related to its NH3-SCR activity. Therefore,
Ce0,-CS,+COS-H20(0.33%) and CeO»-CS,+COS-H>0(5.0%) were chosen to be characterized
to investigate the influence of H»O introduction on the physical-chemical properties of
Ce0,-CS,+COS catalyst in the following sections.

3.2. Morphological analysis

Scanning electron microscopy (SEM) was applied to investigate the influence of H,O
introduction on the morphology of CeO- catalyst during the low-temperature gas-phase sulfation
of organic CS; and COS, and the particle size distributions were also calculated. According to the
results in Fig. 2 and 3. CeO, presents an irregular morphology composed of dispersed
nanoparticles and exhibits a maximum particle size of 2.33 um. Meanwhile, the low-temperature
gas-phase sulfation of CS; and COS decreases the crystallinity of nanoparticles on CeO» surface
and inhibits the occurrence of agglomeration, although CeO,-CS,+COS also exhibits a
disordered granular morphology. Furthermore, the introduction of H>O seems to further reduce
the agglomeration of surface nanoparticles and causes the particle size to shift towards smaller
direction. In particular, the introduction of 5.0 vol.% H>O significantly enhances the dispersion

of CeO, nanoparticles and reduces the average particle size to 0.281 pm. Therefore, the
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gas-phase sulfation of organic sulfur at 50 °C decreases the crystallinity of nanoparticles on CeO»
surface due to the formation of surface sulfur-containing species, and the introduction of H,O
further improves the dispersion of nanoparticles on catalysts surface. Furthermore, the
nanoparticles on CeO;-CS;+COS-H,0(5.0%) surface are more evenly dispersed (Fig. 2(D), Fig.
3(D), Fig. S2(D)), which might be due to the inhibition of excess H,O on the aggregation of

sulfate species during the low-temperature gas-phase sulfation of CS, and COS.

- (o 2, &«
‘\’.Q:‘ A P E‘l%)

Fig. 2. SEM images of (A) CeOs, (B) CeO2-CS2+COS, (C) Ce02-CS2+COS-H20(0.33%) and (D)

Ce02-CS2+COS-H20(5.0%) catalysts.
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Fig. 3. Particle size distributions of (A) CeOz2, (B) CeO2-CS2+COS, (C) CeO2-CS2+COS-H20(0.33%) and (D)
Ce02-CS2+COS-H20(5.0%) catalysts.

3.3. Texture and structure characterization
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Fig. 4. The N> adsorption-desorption isotherms (A) and the pore size distributions (B) of the as-prepared
catalysts.

Herein, N, adsorption-desorption, XRD and Raman were carried out to reveal the influence
of H>O introduction on the texture and structural properties of the sulfated CeO, catalysts by CS,
and COS at 50 °C. As shown in Fig. 4(A), the adsorption-desorption isotherms of CeO, and
Ce0,-CS,+COS catalysts belong to type IV with the hysteresis loop of H3 type in the relative
pressure range of p/p°® = 0.05~1.0 according to the IUPAC classification, indicating the presence
of mesoporous structures composed of non-rigid aggregates of nanoparticles [47,48]. In addition,
the rapid increase in nitrogen adsorption capacity at the p/p°® of 0.8 demonstrates the presence of
a macroporous structure [22,49]. Thus, both CeO, and CeO,-CS,+COS catalysts have
mesoporous and macroporous hierarchical porous structures, which is confirmed by the BJH
desorption pore size distribution calculated from the desorption isotherm of N». From Fig. 4(B),
it can be observed that CeO, has a narrow and sharp single peak in the range of 2-10 nm
belonging to the typical mesoporous structure, and the gas-phase sulfation of CS, and COS at 50
°C widens the pore size distribution of CeO,. However, the introduction of HO during the
gas-phase sulfation makes the low-pressure closure point of nitrogen adsorption and desorption
for Ce0,-CS>+COS shift to the right, and both CeO,-CS,+COS-H,0(0.33%) and
Ce0,-CS,+COS-H20(5.0%) present more concentrated pore size distribution than CeO; and
Ce0,-CS,+COS although they also exhibit the mesoporous and macroporous hierarchical porous
structures. This indicates that the presence of water might affect the sulfation degree of
nanoparticles and the formation of sulfur-containing species on CeO>-CS,+COS surface during

the gas-phase sulfation of CS, and COS at 50 °C, which are in accordance with the results of the
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morphology. Previous studies had pointed out that an abundance of mesopores could provide
more active sites and internal surface area for the NH3-SCR reaction over P-W/CeQO,, and the
hierarchical porous structure helped to reduce the mass transfer resistance and facilitated the
contact between the reactant gas molecules and the active sites on the inner surface of catalyst
[50,51]. Therefore, CeO>-CS>+COS-H20(0.33%) and CeO:-CS>+COS-H>0(5.0%) exhibit
slightly worse mesoporous and macroporous hierarchical porous structures than CeO, and
Ce0,-CS,+COS. In addition, they have smaller specific surface areas (Table 1). These all
demonstrate that the introduction of H>O affect the sulfation degree of nanoparticles and the
accumulation of the formed sulfur-containing species during the gas-phase sulfation of CS; and
COS at 50 °C, but the pore structure and specific surface area might not be the determining factor
for the NH3-SCR activity of the sulfated CeO; catalysts by organic sulfur at low-temperatures.

Table 1 The physical structural parameters of the as-prepared catalysts

BET surface area ? Pore volume ® Pore diameter ©
Samples
(m?/g) (cm’/g) (nm)
CeO2 119.62 0.199 6.44
Ce02-CS2+COS 127.86 0.280 8.34
Ce02-CS2+COS-H20(0.33%) 113.31 0.155 6.43
Ce02-CS2+COS-H20(5.0%) 107.25 0.156 6.71

2 BET surface area

® BJH desorption pore volume

¢ BJH desorption pore diameter

According to the X-ray diffraction (XRD) patterns in Fig. 5 and Fig. S3, pure CeO> presents
the typical lattice diffraction peaks attributed to cubic fluorite CeO, (PDF#34-0394) [40,52], and
the low-temperature gas-phase sulfation of CS;and COS effectively reduces the intensity of the
diffraction peaks ascribed to cubic fluorite CeO,. Furthermore, a broad peak at the low scanning
angle range of 15 ~ 26 ° appears over the CeO,-CS,+COS catalyst, which is attributed to the
sulfur elements or/and the sulfur compounds dominated by hydrated metal sulfates
(PDF#37-0762; PDF#24-1250; PDF#24-1216). Interestingly, the introduction of 0.33 vol.% H,O

might slightly suppress the sulfation of cubic fluorite CeO, by CS, and COS at 50 °C, but



329  Ce0,-CS,+COS-H20(0.33%) still presents a similar broad peak of sulfur elements or/and
330  compounds to CeO,-CS,+COS. However, the enhancement of H>O concentration from 0.33 vol.%
331 to 5.0 vol.% increases the intensity of this peak, indicating that higher crystallinity sulfur
332 elements or/and compounds are formed in CeO,-CS;+COS-H,0(5.0%). Mu et al. [53] pointed
333 out that the hydrolysis of COS led to a new XRD pattern peak emerging at 20 = 24.2 ° in
334 10Cu-Co304 catalyst, which was attributed to elemental sulfur. This phenomenon was also found
335  in the CeO2-R catalyst after the catalytic selective oxidation of HS [54]. In addition, the
336  hydrated metal sulfates could gradually become amorphous during the slow heating process,
337  which further thermally decomposed into the anhydrous sulfate species such as Cez(SO4); and
338  Ce(SO4)2 [55]. Therefore, the low-temperature gas-phase sulfation of organic CS,+COS
339  contributes to the formation of sulfur element or/and compounds in the CeO; catalyst under the
340 condition of low concentration water, but the enhancement of H>O concentration from 0.33 vol.%

341  to 5.0 vol.% further improves the crystallinity of the formed sulfur-containing species.

- Cubic CeO,
4- Sulfur Elements&Compounds

0o

 Ce0,-CS,+COS-H,0(5.0%)
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1
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342 20 (degree)

343 Fig. 5. The XRD patterns (Left) and the locally enlarged XRD (14~27 °) (Right) of as-prepared sulfated
344 catalysts.

345 Fig. 6 gives the Raman spectra of CeO,, CeO,-CS,+COS, Ce0,-CS,+COS-H,0(0.33%)

346  and Ce0,-CS,+COS-H20(5.0%) catalysts, and it can be found that three peaks are detected at
347 464 cm!, 600 cm! and 1180 cm™! for pure CeO; catalyst, respectively. The first prominent peak
348  is related to the symmetric stretching vibration of Ce-O-Ce, which is assigned to the Fa,

349  characteristic vibration of cubic fluorite CeO,, while the last two vibration peaks are attributed to
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the surface oxygen defects [56,57]. It is evident that the low-temperature gas-phase sulfation of
CS,+COS makes the Fa, characteristic peak of CeO; shift to a lower wave number via altering its
Ce-O-Ce structure [58-60], and the introduction of H,O further improves the FWHM (full width
at half-maximum) and peak intensity of F», vibration peak significantly. This indicates that the
introduction of H>O strengthens the influence of CS,+COS low-temperature gas-phase sulfation
on refining the grain size of nanoparticles on CeO, surface, which is in accordance with the
results of SEM and XRD. Jang et al. [61] found that the introduction of SiO; refined the particle
size of CeO; with a wider FWHM of the F», vibration peak detected for the core/shell CeO,-SiO».
Furthermore, the relative concentration of oxygen vacancies on the catalyst surfaces could be
obtained by calculating the integral area ratio of the peaks at 600 cm'+1180 cm™! and the peak of
F2, characteristic vibration [62]. As shown in Fig. S4, the introduction of H>O improves the
promotional effect of organic CS,+COS low-temperature gas-phase sulfation on the relative
concentration of oxygen vacancies on CeO; surface, but high concentration H>O decreases this
promotional effect. And the calculated relative concentrations of oxygen vacancies are as follow:
Ce02-CS+COS-H20(0.33%) > Ce02-CS2+COS-H20(5.0%) > Ce02-CS,+COS > CeO,, which
is consistent with the NH3-SCR activity of catalysts. Therefore, the introduction of H,O further
helps to the generation of oxygen vacancies during the gas-phase sulfation process of organic
CS,+COS at 50 °C, thus accelerating the conversion frequency between the chemisorbed oxygen
and lattice oxygen via the Ce**/Ce*" ion pair, which might be beneficial to promote the oxidation

of NO to NO; and improves the NO; conversion through the 'fast SCR' reaction [63-65].
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Fig. 6. Raman spectra of the as-prepared CeO: catalysts.

The FTIR spectra of Ce0,-CS;+COS, Ce0,-CS,+COS-H20(0.33%), and
Ce0,-CS+COS-H20(5.0%) catalysts are given in Fig. 7. The vibration peaks located at 1627
cm! and 3417 cm™! are attributed to the bending vibration and stretching vibration of -OH group,
respectively [66]. When the content H,O increases to 5.0% during the low-temperature gas-phase
sulfation process, a new weak vibration peak attributed to H,O appears at 847 cm’ in
Ce0,-CS+COS-H20(5.0%) [67]. Meanwhile, the formation of sulfate species during the
low-temperature gas-phase sulfation results in the detection of multiple vibrational bands at
900~1300 cm™'. Among them, the vibration peaks at 979 cm™' and 1043 cm™! are attributed to the
characteristics of inorganic chelated bidentate sulfates, caused by the S-O and S=O bond
vibrations of surface sulfate species, while the bands at 1116 and 1190 ¢cm™! are caused by the
formed bulk sulfates on catalysts surface [65,68]. However, the enhancement of H,O content
from 0.33 vol.% to 5.0 vol.% weakens the intensity of the vibrational band caused by sulfate
species, which is reasonable due to the enhanced interaction between the groups of -OH and

SO [69].
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Fig. 7. FTIR spectra of the sulfated CeO: catalysts by COS+CS; at 50 °C.

3.4. Surface active components analysis

In this section, XPS (X-ray Photoelectron Spectroscopy) technique was employed to
investigate the influence of H>O introduction on the dispersion of elements on catalysts surface.
As shown in Fig. 8(A), the Ce 3d XPS spectra could be deconvoluted into eight peaks via the
Lorentz/Gaussian method. Among them, u' and v' are attributed to Ce3" species (3d'? 4f1), and the
other peaks are ascribed to the Ce*' electronic state (3d'® 4% [49]. In addition, the
low-temperature gas-phase sulfation of organic CS;+COS increases the molar ratio of
Ce**/(Ce*+Ce*") on CeOs surface and makes the Ce 3d spectra of catalyst shift to a higher
binding energy direction by approximately 0.6 eV, indicating the electron-induced effect between
Ce, O and S species, which alters the electron cloud density around Ce [70,71]. Interestingly, the
introduction of H,O improves this electron-induced effect and further increases the molar ratio of
Ce*/(Ce3™+Ce*") on Ce0,-CS2+COS surface. However, as shown in Table 2, the enhancement
of H>O concentration from 0.33 vol.% to 5.0 vol.% reduces this promotional effect and makes
the surface Ce*"/(Ce3™+Ce*") molar ratio of CeO»-CS>+COS-H,0(0.33%) decrease from 36.42 %
to 33.15%. Generally, the generation of oxygen vacancies is associated with the electron transfer
of Ce*"/Ce*" ion pair, and the presence of Ce*" can aggravate the charge imbalance and promote
the redox cycle of Ce*"/Ce**, thus heightens the activation of oxygen on the catalysts surfaces
and results in the generation of more oxygen vacancies [72,73]. Therefore, the further

enhancement of HO introduction on the surface Ce**/(Ce*+Ce*) molar ratio of
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Ce0,-CS»+COS might be an important reason for increasing the NH3-SCR activity of catalyst.
However, the introduction of higher concentration H>O (5.0 vol.%) results in a stronger
competitive adsorption between H,O and organic CS,+COS, which might affect the conversion
of the adsorbed CS>+COS on cubic fluorite CeO, surface, thus decreases the Ce**/(Ce’*+Ce*)
molar ratio of CeO,-CS,+COS-H20(0.33%).

As shown in Fig. 8(B), the O 1s spectrum of pure CeO; can be fitted into three peaks, which
belongs to the lattice oxygen existing in cubic fluorite CeO2 (Oq, 529.1 eV), the chemisorbed
oxygen (Ogp, 530.0 eV) and the lattice oxygen bonded with Ce;Os3 (Oy, 531.8 eV), respectively
[74]. Meanwhile, the low-temperature gas-phase sulfation of CS,+COS leads the O 1s XPS
binding energy of CeO; shifting to a higher value, while only O, and Op are detected for the
sulfated CeO; catalysts due to the formation of Ce-O-S bonds [75]. Interestingly, the introduction
of H,O further increases the binding energy of O 1s of CeO,-CS;+COS catalyst. Furthermore, as
shown in Table 2, the presence of H,O during the low-temperature gas-phase sulfation of
CS,+COS improves the concentration of chemical adsorption oxygen (Op) on catalyst surface,
but excessive water leads to a decrease of this value. The regular pattern of H>O introduction on
the surface Og concentration is in accordance with that of Ce*/(Ce**+Ce*") molar ratio. A large
number of studies had demonstrated that the surface chemisorbed oxygen had a higher mobility
than the lattice oxygen, which was easy to be activated and played an important role in the
oxidation reaction. Consequently, higher surface molar ratio of Op/(O,+Op+O,) are generally
regarded to be beneficial to improve the oxidization of NO to NO, and the 'fast SCR' process
(NO + NOz + 2NH3 = 2N> + 3H,0) [76,77].

From Fig. 8(C), it can be found that the S 2p spectra of the sulfated CeO, catalysts can be
fitted into three peaks located at 163.8 eV, 168.3 eV and 169.3 eV (£0.3 eV), and the last two
peaks belong to S® species. Meanwhile, the peak located about 163.8 eV is attributed to sulfur,
which is different from the formation of sulfate species (SO4%, etc.) in CeO; catalyst during the
gas-phase sulfation of inorganic SO» [54,78]. However, the introduction of H,O decreases the
intensity of S 2p spectra of CeO,-CS;+COS, thereby reduces the concentrations of the formed
S and S species on catalyst surface. As shown in Table 2, the introduction of H>O during the
low-temperature gas-phase sulfation of CS;+COS helps to increase the surface molar ratio

S*/(S**+S), and the enhancement of H,O concentration from 0.33 vol.% to 5.0 vol.% not only



437  increases the formed surface total concentration of S and S, but also further improves the molar
438  ratio S®/(S*"+S) on CeO,-CS,+COS-H>0(0.33%) surface. Therefore, it can be included that
439  lower concentration of sulfur-containing species might be helpful to the NH3-SCR activity of the

440  sulfated CeO; catalyst.
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442 Fig. 8. (A) Ce 3d, (B) O 1s, and (C) S 2p XPS spectra of the as-prepared catalyst.
443 Table 2 Surface composition and atomic ratio of the as-prepared catalysts calculated from XPS
]
Atomic
Atomic ratios (%)
Catalysts concentrations (%)
Ce (0] S Ce*/(Ce*+Ce*)  Op/(0u+Opt0Oy)  SE/(SE+S)
CeO2 36.16 63.84 - 31.34 44.16 -
Ce02-CS2+COS 32.15 6324 4.61 31.75 44.69 80.60
Ce02-CS2+COS-H20(0.33%) 3273 63.94 3.33 36.42 46.79 82.20
Ce02-CS2+COS-H20(5.0%)  33.25 6273 4.02 33.15 45.19 85.98

]
444 *The sum of S and S°".
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3.5. Thermogravimetric analysis

Thermogravimetric analysis was done to further investigate the influence of H>O
introduction on the formed sulfur-containing species over CeO,-CS,+COS-H,O catalyst. The
results are shown in Fig. 9. It can be clearly seen that there exists an apparent weight-loss for the
TG-DTG curves as the temperature increases, which can be divided into three parts. The weight
loss peak observed in the range of 30-200 °C is attributed to the desorption of physically
absorbed water and dehydroxylation [52,72], and the desorbed values in this stage are 2.14%,
244% and  237%  for  CeO,-CS,+COS, Ce0,-CS,+COS-H»0(0.33%) and
Ce0,-CS,+COS-H20(5.0%), respectively. Consequently, the introduction of H,O slightly
increases the content of physically adsorbed water and hydroxyl groups in the sulfated CeO>
catalysts by organic CS;+COS at 50 °C, which might be beneficial to the NH3-SCR activity of
catalyst. Guo et al. [79] claimed that SO4%, O>> and hydroxyl-like (-OH) species could function
as Brensted acid sites to enhance the adsorption of NH3 and consequently improved the NO,
removal efficiency of catalyst. Peng et al. [80] also mentioned that sulfate species promoted the
ionization of water adsorbed on the catalyst surfaces, resulting in the formation of more hydroxyl
group and more Bronsted acid sites. In addition, the XRD and XPS analyses validate the
formation of sulfur element in the sulfated CeO,-CS;+COS, CeO,-CS,+COS-H20(0.33%) and
Ce0,-CS+COS-H20(5.0%) catalysts. Thus, the slight weight losses observed between 200-600
°C might be ascribed to the emission of SO, due to the oxidation reaction of sulfur and
oxygen-containing functional groups in this temperature range. Finally, the third stage of weight
losses began at 650 °C is attributed to the thermal decomposition of sulfate species [37,38], and
approximately 5.44 %, 4.07 % and 3.07 % were calculated for CeO,-CS,+COS,
Ce0,-CS,+COS-H20(0.33%) and CeO2-CS,+COS-H20(5.0%) catalysts, respectively. Therefore,
the introduction of H>O decreases the formed amount of sulfate species in the sulfated CeO>
catalysts, although they had been reported to adsorb NHj3 as a stable acidic site and presented a
strong thermal stability. And it can be inferred that there exists a competitive adsorption of H,O
and CS,+COS on cubic fluorite CeO, surface, which reduces the formation of sulfate species, but
the hydroxyl groups dissociated by H>O enhances the interaction between organic CS,+COS and
cubic fluorite CeO», which affects the physical and chemical properties of catalyst. Furthermore,

the appropriate amount of -OH group as the additives for Brensted acid sites enhances the
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adsorption capacity of NH3 [46]. However, excess water significantly inhibits the chemical
adsorption of CS; and COS on catalyst surfaces due to a stronger competitive adsorption among
them and depresses the hydrolysis of organic sulfur, thus further reduces the production of
sulfate species in CeO; catalyst. This demonstrates that the positive impact of hydroxyl groups
might be outweighed by the negative effect of the competitive adsorption of H>O and COS/CS;
under the condition of excess water [26,81], although the enhancement of H,O concentration
from 0.33 vol.% to 5.0 vol.% further improves the molar ratio of S®*/(S®*+S) on CeO: surface

calculated from the results of XPS spectra.
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Fig. 9. The TG-DTG curves of CeO2-CS2+COS, Ce02-CS>+COS-H20(0.33%) and CeO2-CS2+COS-H20(5.0%).

catalysts.

3.6. The properties of redox ability
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Ce0:-CS2+COS-H20(5.0%) catalysts.

H>-TPR was carried out to investigate the influence of H>O introduction on the reducibility
of CeO,-CS,+COS catalyst and the results are shown in Fig. 10. It is reported that two reduction
peaks of pure CeO; at about 495 °C and 830 °C belongs to the reduction of surface Ce*" to Ce**
and bulk Ce*" to Ce*" [61], respectively. Meanwhile, the low-temperature gas-phase sulfation of
CS2+COS makes the reduction peak of CeOsat 495 °C shifting to left and disappearing due to
the formation of surface sulfate and the interaction of Ce and S species in the catalyst [70,82].
Furthermore, this treatment also leads the reduction peak of bulk CeO> at 830 °C shifting to a
lower temperature owing to the enhanced mobility of the lattice oxygen for cubic fluorite CeO,
by the gas-phase sulfation of reductive organic CS,+COS [83], thus improves the reducibility of
bulk CeO,. It should be mentioned that a new high peak attributed to the reduction of surface
sulfate species appears at 605 °C, 585 °C and 571 °C for the sulfated CeO,-CS,+COS,
Ce0,-CS,+COS-H20(0.33%) and CeO,-CS;+COS-H20(5.0%) catalysts, respectively [34].
According to previous studies, the formation of sulfate species increased the surface active
oxygen concentration, thus enhanced the adsorption of NH3 and promoted the low-temperature
oxidation of NO [40,65]. This indicates that the gas-phase sulfation of organic CS;+COS

increases the reducibility of CeO; catalyst effectively. Furthermore, the introduction of H,O
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makes the reduction peak ascribed to sulfate species of CeO,-CS,+COS moving to the low
temperature direction, which implies that the gas-phase sulfation of organic CS;+COS at the
presence of water helps to further improve the reducibility of sulfate species although their
formed amounts also decrease. Therefore, the introduction of H,O further contributes to improve
the reducibility of CeO,-CS+COS, which is beneficial to the NH3-SCR activity of the catalyst.
3.7. The properties of surface acidity

Similar to the redox ability, the surface acidity is regarded as another critical factor of
influencing the NH3-SCR activity of catalyst. Therefore, the NH3-TPD test was carried out to
investigate the effect of H>O introduction on the surface acidity of CeO,-CS,+COS during the
low-temperature gas-phase of organic CS,+COS. According to the NH3-TPD spectrum in Fig. 11,
a wide desorption peak of NH3 species was observed at 50-450 °C, which was attributed to weak
acid sites and medium-strong acid sites via fitting it into five desorption peaks (labeled as I, I,
III, IV and V) [84]. Previous studies indicate that there exists a positive correlation between the
surface acid sites and the desorption temperature of NHj3 species for the NH3-SCR catalysts
[85,86]. Therefore, the relative ratio of the integrated area for these five NH; desorption peaks
were calculated, as summarized in Table 3. Pure CeO; has a considerable proportion of weak
acid sites (74.83 %), but the low-temperature gas-phase sulfation of CS,+COS significantly
increases the proportion of medium-strong acid sites, which is further enhanced by introducing
H>O during the sulfation process, although the introduction of H>O decreases the formed amount
of surface or/and bulk sulfation species according to the results of XPS spectra and TG-DTG
curves. Jin et al. [87] pointed out that the inclusion of HSiW resulted in an increase of the surface
acid sites of CeO,, especially the number of medium-strong acid sites, thus improved the
NH3-SCR activity of catalyst. This phenomenon was also reported in the Cu-SSZ-13 catalyst
[88]. Therefore, the intensity of medium-strong acid sites plays a significant impact on the
NH;3-SCR activity, and the formation of sulfate species helps to enhance the intensity of
medium-strong acid sites for CeO, catalyst, which has also been proven by the gas-phase
sulfation of CS,+COS at 50 °C. Furthermore, the introduction of 0.33 vol.% H>O makes the
Ce0,-CS,+COS-H20(0.33%) catalyst presenting the best medium-strong acid intensity, although
it decreases the formed amount of surface or/and bulk sulfation species. The increase of H,O

content from 0.33 vol.% to 5.0 vol.% increases the amount of sulfate species detected on
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Ce0,-CS,+COS-H20(0.33%) surface according to XPS results, but slightly reduces its
medium-strong acid sites. This may be one of the reasons for the decrease of the catalytic
performance of CeO,-CS,+COS-H>0(0.33%), and thus both the surface sulfate species and the

bulk sulfate species can affect the NH3-SCR acidity of CeO; catalyst.
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Fig. 11. The fitted NH3-TPD curves of CeO2, CeO2-CS2+COS, CeO2-CS2+COS-H20(0.33%) and
Ce02-CS2+COS-H20(5.0%) catalysts.

Table 3 The surface acidities of the as-prepared catalysts

Relative ratio of Relative ratio of
desorption sub-peaks (%) different acids (%)
Samples
Peak  Peak Peak Peak  Peak Weak Medium-strong

I I I v v acid acid
CeO2 4449 3034  9.67 6.89 8.61 74.83 25.17
Ce02-CS2+COS 31.18  32.65 18.18 1022 7.77 63.83 36.17
Ce02-CS2+COS-H20(0.33%) 29.25 3332 2027 948 7.68 62.57 37.43
Ce02-CS2+COS-H20(5.0%) 3090 31.76 21.43 11.56  4.35 62.66 37.34

As an essential reactant for the hydrolysis of organic CS; or/and COS, the introduction of
appropriate H>O could enhance the adsorption and conversion performance of organic sulfur on
the surface of metal oxide catalysts [89,90]. Therefore, water was introduced into the
low-temperature gas-phase sulfation of CS>+COS over CeO; catalyst in order to further improve
its NH3-SCR activity for the first time, and the introduction of 0.33 vol.% H>O promotes the

adsorption of CS,+COS on cubic fluorite CeO, surface and the interaction among them, thus



550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

further enhances the optimization effect of reducing organic CS;+COS on the electronic state of
CeO,. This increases the content of Ce** ions, chemisorbed oxygen (Og) and oxygen vacancies
on Ce0,-CS,+COS surface. Furthermore, the introduction of appropriate amount of H>O
effectively enhances the redox cycle of Ce*/Ce*" ion pairs, and further increases the
medium-strong acid although it decreases the formed amount of surface or/and bulk sulfation
species for the sulfated CeO; catalyst by organic CS,+COS at 50 °C. These all help to improve
the NH3-SCR performance of CeO» catalyst. However, excess water (5.0 vol.%) enhances the
competitive adsorption of H,O and COS/CS,, which is slightly unbeneficial to the promotional
effect of water introduction on the NH3-SCR activity of CeO; catalyst during the gas-phase

sulfation of CS,+COS at 50 °C.

4. Conclusions

In summary, as an indispensable key reactant for the hydrolysis reaction of organic sulfur,
H>0O was introduced during the low-temperature gas-phase sulfation of CS,+COS, which has
been verified to be a simple and effective method to improve the NH3-SCR performance of CeO»
catalyst. The formation of hydroxyl groups dissociated from H,O are beneficial to the adsorption
of CS; and COS on CeO; surface, and enhances the interaction among them, although the
introduction of H>O decreases the formed amount of surface or/and bulk sulfation species.
Furthermore, the introduction of H>O increases the concentrations of Ce*' ions, chemisorbed
oxygen (Op) and oxygen vacancies on CeO,-CS»+COS surface, which also effectively enhances
the redox cycle of Ce*"/Ce’" ion pairs and increases the medium-strong acid sites. These all
contributes to further improving the promotional effect of CS,+COS low-temperature gas-phase
sulfation on the NH3-SCR activity of CeO,. However, it is imperative to be noted that the
introduction of excessive H,O might result in a reduced diffusion of COS and CS; on the
hydrolysis center of CeO, and weakens their interaction during the low-temperature gas-phase
sulfation, negating the promotional effect of H>O introduction on the NH3-SCR activity of the
Ce0,-CS,+COS catalyst. The study can provide a scientific reference for the development of the

CeO»-based catalysts in the practical application of NH3-SCR technology.
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