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Abstract

In this work, the SO, resistance characteristics of CeO,-WOj3 catalysts in ozone assisted selective catalytic reduction (O;-
SCR) and SCR systems were comparatively studied. Firstly, a series of CeO,-WOj catalysts with different Ce/W ratios
were prepared by the co-precipitation method and evaluated for the selective catalytic reduction of NO, by ammonia over
a wide temperature range. These catalysts were characterized by XRD, BET, XPS and H,-TPR analysis. The experimental
results demonstrated that Ce3W1 catalyst exhibited the best activity toward NH3;-SCR reaction over a broad temperature
range of 100—450 °C at the gas hourly space velocity (GHSV) of 25,000 h™'. The O3-SCR results proved that its NO,
removal performance was significantly higher than that of SCR in the low temperature range (< 200 °C). A comparison
of SO, resistance performance in O3-SCR and traditional SCR was conducted. Results showed that the NOx conversion
of 03-SCR was better than that of SCR under the presence of SO, for 5 h at 150 °C. It is worth noting that the results
obtained through FTIR, XPS and TG characterization indicated that the sulfate content on the surface of SO, poisoned
catalyst in O3-SCR system was remarkably lower. Therefore, O3-SCR could greatly improve the NO, conversion at low
temperatures and SO, durability, thereby achieving the purpose of extending the service life of the catalyst.
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1. Introduction

As one of the main air pollutants, nitrogen oxides (NO,) emitted from stationary sources such as thermal power
plants and cement plants have caused serious environmental pollution and human health problems [1]. In recent
years, stricter regulations, and policies to limit nitrogen oxide emissions have been required, and it is urgent to
develop and promote efficient and stable NO, emission control technologies [2]. Ammonia selective catalytic
reduction technology (SCR) has been considered as the most dominant technology for controlling NOy
emissions [3]. The major reaction is

4NO + 4NH; + O, — 4N, + 6H,O  (standard SCR) (1)

Besides, a fast SCR reaction can occur when NO/NO; is 1, which has a faster reaction rate than the standard
SCR [4]. The fast SCR response is shown in Eq. 2 [5].

NO +NO, + 2NH; — 2N, + 3H,0  (fast SCR) )
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The partial oxidation of NO to NO» by the oxidation method to achieve a rapid SCR reaction can improve the
efficiency of flue gas denitration [6]. To approach this purpose, Oz oxidation with the advantages of quick
response, high selectivity and no secondary pollution is usually considered as an efficient method [7]. Currently,
one of the most widely used technologies to generate Os is the dielectric barrier discharge method which is
also utilized in this work with the benefits of wide gas source (dry air, oxygen, or oxygen-containing gas),
large output of Oz and low cost [8—9].

However, in the practical situation, industrial flue gas or tail gas usually contains high concentration of
sulfur dioxide which can have side reactions with the catalyst and result in a large amount of ammonium sulfate
and ammonium bisulfate [10—11]. These by-products subsequently result in the problem of catalyst blockage
and equipment corrosion, which directly affect the stable emission of nitrogen oxides to meet the standard and
the long-term operation of the device [12—13]. Mechanism and method to inhibit the sulfur poisoning of the
catalysts need to be paid attention in the field of denitration technology. Therefore, the effect of the O; assisted
SCR compared with the standard SCR on the sulfur resistance should be carried out and give a further
understanding.

At present, researches on fixed-source SCR catalysts are mainly focused on transition metal oxides. The
doping of transition metal can protect the active component and enhance the catalytic activity [14]. Due to the
different physical and chemical properties of various metal elements, there will be different effects on the
surface crystal structure, microscopic specific surface area and active site of the denitration catalyst. Especially
the active acid site on the surface of the catalyst is closely related to the type and surface density of the metal
oxides compound [15]. It is important to find the appropriate metal doping to improve the performance of the
catalyst. Commonly used low-temperature catalysts are mainly manganese-based (MnQO,) catalysts [16—17],
vanadium-based (VOy) catalysts [18] and some other metals such as copper-based (CuO) [19], iron-based
(FeO,) [20]. Among these, studies have found that Ce**/Ce*" redox of cerium has a reversible redox reaction
under milder conditions, and has good oxygen storage and release capabilities [21]. Guo ef al. [22] investigated
Ce0,-CuO catalyst prepared by citric acid method, results showed that the abundant oxygen storage capacity
of CeO, and the emergence of Ce** may be the main reason why CeO,-CuO had good SCR performance at
low temperatures. Wang et al. [23] found that under the optimal condition, the NO conversion of Ce-Co
composite catalyst at 230 °C was as high as 93%. On the other hand, researches have reported that as a stabilizer
and accelerator, W can significantly increase the specific surface area of the catalyst, and the highly dispersed
W element is conducive to the improvement of the catalytic effect of the catalyst [24]. Kobayashi et al. [25]
found that the WOs-TiO; catalyst prepared by coprecipitation exhibited a higher SCR activity and thermal
stability at high temperatures. Zhang et al. [26] reported that WO3 could improve the reducibility and enhanced
the amount and strength of the surface Bronsted acid sites. Therefore, in this experiment, a synergism between
Ce and W oxide surface species is performed to broaden the reaction temperature window of the catalyst and
improve the denitration effect of the catalyst at low temperature.

In this work, we prepared a series of CeO,-WOj3 catalysts with different Ce/W to investigate their activity
in the low temperature SCR in the temperature range of 200—450 °C. The effects of O3-SCR on NO, conversion
and sulfur resistance of CeO,-WOs catalyst were also investigated. Catalysts were characterized by XRD, XPS,
FTIR and TG to explore the deactivation principle of the catalyst.

2. Experimental system
2.1 Catalyst preparation

The CeO,-WOs catalysts were prepared by using the co-precipitation method. Appropriate amounts of cerium
nitrate and ammonium metatungstate were dissolved in an oxalic acid solution and mixed evenly. Excess urea
solution was added with stirring, resulting in complete precipitation of a solid. The precipitated solids were
collected by suction filtration, then washed with deionized water and dried overnight. Finally, after being
calcined at 500 °C for 5h, the catalysts were crushed and sieved to 20—40 mesh before the activity tests. The
samples are denoted as CeW, indicating the ratio of Ce to W atoms.

2.2 Catalyst characterization

Quantachrome QuadraSorb evo system was performed to measure N, adsorption-desorption isotherms of five
Ce0,-WOs composite oxides samples at 77 K. The surface area (Sger) was defined on the basis of Brunauer-
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Emmett-Teller (BET) method to the adsorption isotherm in the relative pressure P/P, of 0.00—0.32. The pore
volume (Vpore) Was calculated by the Barrett—Joyner—Halenda (BJH) method from the desorption isotherm.

The chemical composition and crystalline structure of samples were determined by X-ray diffraction (XRD,
D/MAX2400, Rigaku Corporation) with Cu K, radiation and in the range of 10°-90° (2 theta). X-ray
photoelectron spectrometer (ESCALAB 250X, Thermo Fisher) was performed to record the X-ray
photoelectron spectroscopy data of samples, using Al Ko X-ray source. The binding energies were calibrated
using the Cls peak at 284.6 eV. For temperature programmed reduction (H,-TPR) analysis, 50 mg catalyst
was heated to 200 °C and purged with He for 1 h. After that, a mixture of 5% Ha/Ar (60 cm® min') was purged
into the reaction tube for TPR reaction. The temperature was increased at a rate of 10 °C min', and the H,
consumption was monitored by TCD detector. The thermogravimetric (TG) analysis of the materials which
can be decomposed by heat was carried out by NETZSCH STA449F3 instrument. During the test process, N»
was used as the carrier gas. The test temperature increased from room temperature to 900 °C, the rising rate
was set as 10 °C min~'. For Fourier transform infrared spectroscopy (FTIR) characterization of the catalysts,
Nicolet5700 Fourier transform spectrometer was used in this work to characterize the sample.

2.3 Experimental setup

The schematic diagram of the experimental device is presented in Fig. 1. The typical inlet gas component was
500 ppm NO and 500 ppm NH3, 3 vol% O, N, balance, 6 vol% H,O (when used), 200 ppm SO, (when needed).
In order to determine the influences of operating temperature on each process, the mixing units and SCR
reactor were placed in the tubular furnace. The NH3-SCR activities were measured in a fixed-bed quartz reactor
with 16 mm inner diameter under atmospheric pressure from 100 °C to 450 °C. The total flow rate of the gas
was maintained at 1.0 L min~', with the GHSV was approximately 25000 h™'. The ozone generator structure
used in the experiment was a coaxial cylindrical dielectric barrier discharge reactor. Power supply used in this
experiment was a high frequency AC power supply (CTP-2000K). Mention that in this system the
concentration of NO was excessive with respect to ozone, therefore ozone was consumed by the excessive NO
before entering the catalyst system. A flue gas analyzer (Testo 350) was used to online monitor the
concentration of NO and NO, in the simulated flue gas. Ozone was monitored by an ozone analyzer (2B
Technologies). SO, and the composition of gas phase were determined by Fourier transform infrared
spectroscopy (Nicolet 6700).

;{-{ Temp
Hygrometer Controller

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

| —
)| e l l
cooll B — P
\ P //
‘ 2 Exhaust b 4
Ozone Generator e

Ozone
Analyzer

\

\

\

\

| Flue Gas
Oscilloscope | — Analyzer

FTIR

0, B Water Bath Circulating
Cooling Water

Fig. 1. Schematic of the experimental setup for Os assisted SCR system.

The NO oxidation rate and the NO, removal efficiency were calculated according to the following equations:

_INOJ, ~[NO]

Noconversion (%) [NO] ot X 1 00% (3)
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%) — [Nox]in — [Nox]out X 100% (4)

Xremoval ( [NOxlin

NO

where [NOJin, [NOy]in and [NO]out, [NOxJou represent the concentrations of NO and NO; in the inlet and
outlet gases respectively.

3. Results and discussion
3.1 Materials characterization
3.1.1 Structure characterization

In order to investigate the surface areas of mesoporous CeO,-WOs, we characterized the catalysts by using
BET analysis. As shown in Table 1, it was found that the surface area of mesoporous CeO, was 18.93 m? g',
which was smaller comparing to those of mesoporous Ce3W1 (28.22 m* g!), CelW1 (22.02 m*> g') and
mesoporous CelW3 (22.74 m? g"). The surface area apparently increased when CeO, was doped with WO:;.
The order of the surface area was Ce3W1 > CelW3 > Cel W1 > CeO,, which was accordance with the catalytic
activity. This result implies that the BET area is the main factor leading to the high activities of different mixed
oxides [27].

Table 1. Physical parameters of the catalyst samples.

Samples Specific area (m? g ') Pore diameter (nm) Pore volume (cm® g ')
CeO, 18.93 0.48 0.14

Ce3W1 28.22 3.72 0.29

CelWl 22.02 3.94 0.15

CelW3 22.74 3.94 0.16
WO; 7.20 1.76 0.08

Intensity / a.u.

2 theta/°
Fig. 2. XRD patterns of the CeO,-WOjs catalysts with different ratios of Ce/W.
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The XRD patterns of the catalysts are shown in Fig. 2. The reflections of pure WO3 and CeO, have provided
typical diffraction patterns for the monoclinic WOj structure (PDF-ICDD 24-747) and the cubic CeO: structure
(PDF-ICDD 34-394), and all peaks of different ratios of Ce/W catalysts can be designated as the cubic fluorite
structure of CeO, [28]. With the results obtained through the XRD analysis, it can be concluded that the doping
of WOs did not change the lattice structure of the CeO; catalyst. The diffraction peaks of WO; were not
observed by XRD. This phenomenon can be caused by the reason that the entry of W®" into the cubic fluorite
structure of CeO; to form a solid solution since the ionic radii of Ce*" and W®" are respectively 0.92A and
0.65A, or another reason can be that WO is highly dispersed on the surface of CeO[29].

3.1.2 Redox properties

To obtain the information about the behavior of the catalyst in a reductive atmosphere and study the
interaction between Ce and W species, H,-TPR was performed. Fig. 3 shows the H,-TPR profiles of the CeO,-
WO; catalysts with different ratios of Ce/W, pure CeO, and WOs3 in the temperature range of 200—900 °C.
Three peaks were observed in the H,-TPR spectrum of WOs3, with the maximum values at 604 °C, 703 °C, and
756 °C, respectively [30]. The H,-TPR profile of CeO, at approximately 500 °C, 582 °C and 798 °C are
associated with the stepwise reduction [31]. The onset consumption order was CeO, < Ce,W, < WO3, indicating
that due to the high thermal stability of WO3, the reducible surface oxygen was suppressed or covered by WOs;.
The H,-TPR curves of the CeO,-WO; catalyst with different ratios of Ce/W were similar to each other. The
peak in the low temperature range of 500—600 °C was attributed to the reduction of CeO- to Ce,O3; another
distinctly broad peak observed in the high temperature range of 750—800 °C represented the gradual reduction
of W to W° [32]. In addition, the doping of W caused the reduction peak of CeOQ,-WOj catalyst to change to
high temperature, which indicated that there was a synergy between Ce and W. Therefore, the difference in
redox behavior between CeO,-WOj; catalyst and pure WO3 and CeO, may be due to the interaction between
Ce and W species.
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Fig. 3. H2-TPR patterns of the CeO,-WOj catalysts with different ratios of Ce/W.

Intensity (a.u.)

3.1.3 XPS analysis

XPS spectra were employed to further characterize the surfaces. The Ce3d, W 4f and Ols photoelectron
profiles of Ce3W1, CelW1, Cel W3, pure CeO, and WOs are shown in Fig. 4. The atomic concentrations and
ratios are presented in Table 2.

Fig. 4 (a) shows the Ce3d spectra of Ce3W1, CelW1, CelW3 and pure CeO,. The curve was divided into
eight peaks by peak fitting [32]. From high binding energy to low binding energy, they were labeled v (916.7),
vi (907.3), v2 (903.7), v3 (900.8), u (898.3), u; (888.6), uz (885.8), us (882.7). Generally, regions with binding
energy below 898.0 eV generally belong to Ce 3ds,, while regions with binding energy above 900.4 eV belong
to Ce 3ds2; vi (907.3) and u; (888.6) correspond to Ce*", and the remaining peaks belong to the characteristic
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peak of Ce** [32]. Therefore, Ce in different proportions of CeO,-WO; catalyst existed in two valence states:
Ce*" and Ce*". Besides, WOj; can play an important role in CeO,-WO; catalyst, following the reaction (5) as
below,

Ce*-NH; — Ce* —NH," (5)

the addition of W contributes to the transformation from Ce*" to Ce *" [33], which can result a higher
Ce**/(Ce**+Ce*") ratio in Ce0,-WOj catalyst compared with pure CeO,. Studies showed that Ce** and Ce**
could form redox electron pairs on the surface of the catalyst, while a high proportion of Ce** can lead to lattice
defects on the catalyst surface, which can accelerate the redox process between Ce*" and Ce**, promote the
storage and release of active oxygen, and finally increase the NO, removal efficiency in the SCR process [34].
It can be seen from the figure 4 (a) that most of the Ce element in the CeQ,-WO; catalysts existed as Ce*".
Therefore, the higher Ce®" content in the catalyst indicated that imbalanced charges, vacancies, and unsaturated
chemical bonds are formed on the catalyst surface, which was conducive to the adsorption and activation of
NH; and NO [35]. According to Table 2, the Ce**/(Ce**+Ce*") ratios in the catalysts was in order of Ce3W1 >
CelW1 > CelW3, which proved that the Ce3W1 catalyst can provide more oxygen vacancies.

Fig. 4 (b) shows the W 4f spectra of Ce3W1, CelW1, CelW3 and pure WO;. Two peaks belong to W 4f;,,
and W 4fs), exist for all samples at 37.3—37.7 eV and 35.4-35.5 eV, respectively, which is correspond to the
oxidation state W®" of W. This is very close to the value reported by other researchers [36]. With the increase
of the W doping amount, no significant change in the peak position was observed among these samples. This
finding suggests that W®" does not undergo a chemical change in these three catalysts, which is accordance
with the XRD results.

The spectra of Ols for the five catalysts were investigated and the results are shown in Fig. 4 (c). The Ols
peaks can be fitted into two peaks, the peak with high binding energy of 530.7—531.7¢V were attributed to the
surface chemisorbed oxygen (O,) and the peak with low binding energy of 528.5-530.5 eV were assigned to
the surface lattice oxygen (Og). As is well-known, O, is highly active in oxidation reactions due to its higher
mobility than the lattice oxygen Og[37]. From Table 2 it can be obtained that identifying with the trend of the
Ce*'/(Ce*"+Ce*") ratio, the O, ratio in Ce3W1 was the highest, followed by the CelW1 and CelW3. It also
indicates that when WO; was added to the pure CeO, catalyst, the O, ratio of the CeO,-WOj3 catalyst increased
significantly, which can be ascribed to the increase of Ce**/(Ce**+Ce*") ratio. It has been reported that once
Ce’" presents in the CeO,, oxygen vacancies will be generated to maintain electrostatic balance according to
the following process [38]:

4Ce" + 0% — 4Ce* +2¢7/0+0.50; — 2Ce* +2Ce™ + 0+ 0.50; ©)

Where O represents an empty position, which originates from the removal of O* from the lattice. In this
situation, the generation of additional chemisorbed oxygen or weakly adsorbed oxygen species could occur on
the surface of the catalyst. In addition, W"" could form vacancies and unsaturated bonds such as W = O on the
catalyst surface, which leads to oxide defects and the increase of hydroxyl-like groups. Subsequently, the
increase of hydroxyl group on the catalyst surface was conducive to the adsorption of ammonia gas and the
formation of NH*" and therefore, more Bronsted acid sites can be formed [39].

Table 2. XPS results for various catalysts.

Sample Ce*/(Ce*+Ce*") (%) Ou/Ogotal (%)
Ce 13.5 21.9
Ce3W1 19.2 62.4
CelWl1 16.5 32.7
CelW3 16.0 24.6
W - 92.7
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Fig. 4. XPS spectra of the CeO,-WOj catalysts with different ratios of Ce/W:
(a) Ce3d; (b) W4f; (¢) Ols.

3.2 SCR catalytic activity

Fig.5 shows the SCR activity of pure CeO,, pure WO; and CeO,-WO;3 mixed oxides catalysts in the
temperature range of 100—450 °C under a GHSV of 25 000 h™'. For pure CeO; catalyst, the NO, conversion
rate is low in the low temperature and shows a high NO, conversion of 71.8% in the temperature of 350 °C.
For pure WOj3 catalyst, there is almost no denitration efficiency below 200 °C. However, the SCR denitration
efficiency reached 83.1% at 450 °C, and the catalytic activity of the catalyst gradually increased with the
increase of temperature over 200 °C. It can be indicated that WOs3 presents a higher activity than CeO; at high
temperature, which indicates WOs; possesses a better resistance to high temperatures. When WOs is doped in
the pure CeO; catalyst, the activity of the catalyst is significantly improved. Compared with pure CeO,, the
activation temperature window of CeO,-WOs catalysts with different Ce/W molar ratios was widened. The
NO, removal rate of Cel W1 gradually increased with the increase of temperature, and the best effect was
88.6% when the temperature reached 400°C. The activity of Cel W3 catalyst increases rapidly at 200 °C, and
NOx is close to 100% in the temperature range of 250—350 °C. Among these, the Ce3W1 catalyst supplied the
best catalytic activity and the widest active temperature window. Compared with other catalysts, the NO,
conversion for Ce3W1 shows the highest conversion performance before 200 °C and can reach nearly 100%
at 250—400 °C. It has been reported that as a stabilizer and accelerator, W can significantly increase the specific
surface area of the catalyst [40]. The highly dispersed W element is conducive to the improvement of the
catalytic effect of the catalyst and broaden the reaction temperature window of the catalyst [41]. However, the
load of W could also affect the catalyst activity as illustrated in the BET and XPS analysis and subsequently
influences the catalytic performance. Herein as the same result from foregoing analysts, the highest catalytic
performance of NO, conversion and the largest surface area and Oa ratio were simultaneously obtained when
the ration of Ce/W reaches 3:1. Therefore, due to the superiority of Ce3W1 catalyst in the NO reduction, it is
used in all the following experiments.

3.3 Ozone assisted SCR catalytic activity

The operating temperature is a critical parameter for ozone assisted SCR. At higher temperatures, O3 can be
decomposed to O, and O, which leads to a reduction in the conversion rate of NO [42]. The denitration
efficiency of the O3-SCR process at low temperatures (< 200 °C) is shown in Figure 6. It can be seen that the
denitration effect of O3-SCR process was significantly higher than that of standard SCR. For example, the
denitration efficiency of SCR at 150 °C is only 63.9%, while the O3-SCR flue gas denitration efficiency reaches
90.3%, which exists an increase of 26.4%. The results suggest that the SCR process of O3-SCR could
significantly improve NOy removal efficiency in a lower temperature window.
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3.4 Effect of SO, on NO, removal efficiency

3.4.1 Comparison of SO, poisoning effects on NO, conversion between 0;-SCR and SCR
processes

As mentioned above, SO; poisoning is currently a major problem in the field of low temperature denitration.
Therefore, this paper investigated whether the catalysts have different performances and mechanisms against
SO, poisoning in the O3-SCR process and the standard SCR process. Fig.7 shows the influence of SO, on NO,
conversion for Ce3W1 at 150 °C. When SO, did not exist in the system, NO conversion efficiency of SCR and
0;3-SCR could be maintained at about 63% and 90%, respectively. After 200 ppm SO, was introduced, the NO
conversion of SCR and O3-SCR dropped to 40% and 69% within 5 hours, and then gradually decreased over
time. The result shows that with the introduction of SO», the change of NO removal efficiency is controlled by
different reaction mechanisms. The catalysts in O3-SCR and SCR were poisoned by SO, but the efficiency of
0;-SCR denitration was still significantly better than that of SCR. It has been found that the gradual decrease
in NO conversion in SCR was due to the deposition of ammonium sulfate [43]. However, few studies have
focused on the effects of O3-SCR on catalysts' resistance to SO, poisoning. Therefore, the subsequent studies
used various catalyst characterization methods to explore the mechanism of catalyst resistance to SO,
poisoning in two processes.



Int. J. Plasma Environ. Sci. Technol. 15 (2021) e02014 Z.Liu et al.

100
80 -
S
T 60-
g
o
% b /
é 40 802 on
o
(]
O><
Z 207 —=— Ce3W1+S0,
—e— 0, +Ce3W1+S0,
0 T T T T T T T T T T T T
0 1 2 3 4 5 6
Time( h)

Fig. 7. Effect of SO, on NO, conversion.

3.4.2 XRD and FTIR results

In order to identify the change of crystalline phases for the fresh and sulfur poisoned Ce3W1 catalyst. XRD
measurements were carried out and the patterns are shown in Fig. 8. For the fresh Ce3W1 catalyst, sharp
diffraction peaks are obtained. After poisoned with SO», the intensity of each peak decreases, especially for
the catalyst after SO, treatment in SCR, indicating the obvious crystal structure damage of Ce3W1 after adding
SO, for 5hat 150 °C..

v VC602
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Fig. 8. The XRD pattern of catalysts before and after SO, atmosphere reaction.

To investigate the SO»-poisoned mechanism further, IR analysis of product species in SO poisoned catalysts
were performed. Fig.9 shows the results of IR analysis of the sample after 5 h reaction in sulfur-containing flue gas.
The weak peaks observed in Ce3W1 catalyst at 1132 cm™' and 1043 cm™! are corresponding to the characteristic
band of sulfate ion [44]. Meanwhile, it was reported that the massive sulfate produced by the oxidation of SO, on
cerium is characterized by a very wide band around 1000—-1200 cm™' [45]. The peak at 1385 cm™! was attributed to
the monodentate nitrite species, as intermediate product generated from the SCR [46]. The absorption bands at 3420
cm ' and 1640 cm™! corresponded to the O—H stretching vibration peak of the adsorbed water and the bending
vibration band of the surface O—H groups, respectively. In particular, the N—H vibration band of coordinated NH3
and ionic NH*" in the range of 3000-4000 cm™! may overlap with the O—H stretching vibration band [47].
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Additionally, sulfite was not detected by IR characterization. Based on these results, it was deduced that SO, was
firstly adsorbed on the catalyst and then reacted with the support or active ingredient. Eventually, sulfate deposits
were generated in the active center, which blocked the active channel of the catalyst and resulted in catalyst
deactivation.

Intensity (a.u.)

Ce3W1 + S0,
O+ Ce3W1 + S0,

T T T T T T T T T T T T T T
3600 3200 2800 2400 2000 1600 1200 800
-1
Wavenumbers (cm )
Fig. 9. The FTIR spectrograms of catalysts after SO, atmosphere reaction.

3.4.3 XPS analysis

The XPS technique was performed to explore the transformation of the surface chemical composition of the
Ce3W1 catalyst in the presence of SO,. Results of XPS analysis for the samples are reported in Fig. 10. The
resultant surface elemental concentration and surface atomic ratio are summarized in Table 3. Figs. 10 (a) and
10 (b) show that the binding energy of Ce3d and O1s in the catalyst after SO, poisoning was basically the same
as that in Fig. 4 (a). The valence composition of Ce and O elements did not change. Ce** (v1 and ul) and Ce**
(v, v2,v3, u, u2, and u3) were the valence states of the Ce element, and surface chemisorbed oxygen (O,) and
lattice oxygen (Og) were also the valence states of the O element. For the SCR and ozone assisted SCR
processes, after 5 hours under 200 ppm SO, conditions, the Ce3W 1 catalyst had a slight increase in Ce**/(Ce**
+ Ce*") ratio from 19.2% to 25.7%, 25.2%, respectively. However, the proportion of Oy in SO, poisoned
catalyst decreased significantly from 62.4% to 38.8% and 30.4%, respectively.

Meanwhile, the XPS spectrum of S2p detected on the catalyst surface after reaction is shown in Fig. 10 (c).
It can be obtained that sulfur element existed in the form of sulfate and sulfite. The peak at 168.1 eV was
designated as the formation of surface SOs*~ species, while the higher binding energies included 168.6 eV and
169.5 eV was assigned to the formation of surface SO4>~ species [45]. The increase of Ce*" content and the
presence of SO4*~ species on the surface indicated that Ce,(SOs); was produced after the reaction of SO, and
Ce3WI [48]. It is worth noting that Fig. 10 (c) and Table 3 clearly show that the sulfur content of Ce3W1 in
SCR was significantly higher than that of the O3-SCR, which means that the addition of ozone could reduce
the formation of sulfate species.

Table 3. XPS results for various catalysts.

Surface composition/mol.% Ce¥/(Ce*+Ce*) 0./0
Samples (%) OE‘V 3"“‘1
Ce o S ° )
Ce3Wl1 - - - 19.2 62.4
Ce3W1+S0; 20.02 75.42 4.56 25.7 38.8
0;+Ce3W1+S0; 21.34 75.87 2.79 252 30.4
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3.4.4 TG results

Fig. 11 shows the weight loss of the catalysts before and after the SO, test in the TG. The catalysts included
the fresh Ce3W1, SO, poisoned Ce3W1 (5 h) in SCR and SO; poisoned Ce3W1 (5 h) in O3-SCR, here the
Ce3W1 (5 h) refers to a spent catalyst tested in a SO»-contaning flue gas for 5 hours with the temperature of
150 °C. The TG curve presented three major weigh losses and the DTG curve displayed three corresponding
valleys for SO, poisoned catalyst. The first stage is between 30 °C and 100 °C, which is mainly caused by the
evaporation of water adsorbed on the catalyst surface [49]. The second stage between 200 °C and 400 °C could
be owed to the thermal decomposition of NH4sHSO4 and (NH4),SO4, which was similar to the thermal
decomposition temperatures of (NH4),SO4 and NH4HSOy4 reported in the literature at 230 °C and 350 °C,
respectively [45]. The third stage between 580 °C and 800 °C could be attributed to the decomposition of
cerium sulfate [50]. The fresh Ce3W1 catalyst only showed significant weight loss before 100 °C, and the
weight loss was relatively gentle in the temperature range of 200—400 °C and 580-800 °C. However, the peak
mass loss of the ammonium sulfate (hydrogen) ammonium salt on the catalyst in the SCR and the catalyst of
the O3-SCR was respectively 0.29% and 0.22%. Meanwhile, for the weight loss peak of cerium sulfate, the
mass loss was 2.37% and 1.16%, respectively. From the above TG results, it could be seen that when SO, was
contained in the flue gas, the Ce3W1 catalyst inevitably produced ammonium sulfate (hydrogen) sulfate and
cerium sulfate. Apparently, O3-SCR produced less sulfate than SCR. The TG/DTG results further proved that
the O3-SCR process could reduce the toxic effect of SO, on the catalyst and extend the service life of the
catalyst.

4. Conclusion

Ce0,-WO:s catalysts with different proportion of Ce/W were prepared by co-precipitation method and Ce3W1
was screened for the optimization of the high NH3-SCR activity in a wide temperature range. The NO,
conversion performance of the O3-SCR was investigated, and it was found that the O3-SCR could significantly
improve the NO, removal efficiency at low temperature. SO, resistance performance of CeO,-WOj3 catalysts
was compared in O3-SCR and standard SCR two systems. In a simulated flue gas containing 200 ppm SO,,
the catalytic activity of the O3-SCR and SCR process catalyst decreased obviously at 150 °C after 5 h of
continuous test. XPS, FTIR and TG analysis of SO, poisoned catalysts depicted that a small amount of sulfate
species (NHsHSO4, (NH4)2SO4, Ces(SO4)3) were formed and deposited on the surface of the O3-SCR compared
with the standard SCR. It was further clarified that O3-SCR could obviously improve NO, removal at lower
temperatures, and could also reduce the poisoning effect of SO, on the catalyst. Therefore, the technology of
03-SCR has broad prospects for practical application.
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