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ABSTRACT 
 

Poisoning by Na is one of the major issues for the commercial SCR catalyst. In this study, Ce(SO4)2 was added to the 
catalyst system of V2O5/TiO2 to enhance its resistance to Na poisoning. The results show that the addition of Ce(SO4)2 
increases the NOx conversion of the V2O5/TiO2 catalyst at medium temperatures of 330°C–450°C. After being doped with 
sodium with a molar ratio of Na/V = 1/1, the V2O5-Ce(SO4)2/TiO2 catalyst still shows excellent DeNOx efficiency, about 
40% higher than the commercial V2O5-WO3/TiO2 catalyst. The fresh and Na-poisoned catalysts were characterized using 
XRD, SEM, NH3-TPD and H2-TPR. The results show that the Ce(SO4)2 addition remarkably strengthens the surface 
acidity and redox ability of the V2O5/TiO2 catalyst. Furthermore, the TPD results show that the V2O5-Ce(SO4)2/TiO2 
catalyst can maintain its surface acidity after being doped with Na, while the acidity of the V2O5-WO3/TiO2 catalyst 
dramatically decreases. The redox ability of the catalyst can also be retained more effectively when Ce(SO4)2 is added to 
the catalyst system. 
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INTRODUCTION 
 

Nitrogen oxides (NOx) are the main pollutants in air 
pollution, causing great harm to human health. Nitrogen 
oxides are also the main reasons for the formation of acid 
rain and haze (Su, 2009; Zhang et al., 2017). Selective 
catalytic reduction (SCR) technology has been widely used 
because of its high activity, high DeNOx efficiency and 
excellent selectivity (Madia et al., 2002). The catalyst is 
the core of the entire selective catalytic reduction DeNOx 
technology. At present, the common commercial catalyst is 
V2O5-WO3/TiO2. In practical engineering applications, the 
catalysts are usually arranged in a flue that is at a high 
temperature with a high dust level (Liu et al., 2012; Wang 
et al., 2018a). The deposition of alkali metals in fly ash 
such as K and Na can lead to catalyst poisoning and reduce 
the activity (Kamata et al., 1999; Tang et al., 2010; Du et 
al., 2017, 2018; Wang et al., 2018b). Thus, knowing how 
to adjust the formulation based on the existing catalysts to 
achieve better resistance to alkali poisoning is important 
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in extending the life of the catalyst. 
CeO2 has been widely studied for its outstanding oxygen 

storage capacity and excellent reduction property (Xu et 
al., 2008; Gupta et al., 2010; Fan et al., 2017; Guo et al., 
2017; Jiang et al., 2017). The excellent oxygen storage 
capacity of CeO2 (Ce4+/Ce3+ redox) (Ganduglia-Pirovano 
et al., 2007; Yang et al., 2011) and its abundant adsorption 
sites exhibit the potential marked performance on the redox 
reaction of NO. The element Ce has two valence states of 
Ce4+ and Ce3+, and each valence state can convert to the other 
by capturing or releasing oxygen atoms. As a result, cerium 
oxide can catalytically oxidize NO to NO2 under certain 
conditions. NO2 is more easily reduced to N2 by NH3 than 
NO, promoting the NH3-SCR reaction. At the same time, 
the alkali metals K and Na are more easily adsorbed on the 
CeO2 surface, instead of attaching to the V-OH sites, 
improving the overall SCR reaction characteristics (Gao et 
al., 2010; Huang et al., 2011; Peng et al., 2012). In practical 
application processes, CeO2 is susceptible to SO2 in flue 
gas and is easily sulphated. Jiang et al. (2008) argued that 
SO4

2– and metal oxides together promote the formation of 
large amounts of solid acids on the surface (Gao et al., 
2013, 2014). According to the SCR mechanism reported 
by Topsoe et al. (1995a, b) and Li et al. (2018), a surface 
rich in solid acids contributes to NH3 adsorption, which 
can improve the SCR activity of V2O5/TiO2 catalyst. Thus, 
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in the practical process, Ce sulfate will eventually form 
even Ce oxide is initially doped into the catalyst system. In 
this study, Ce sulfate is directly added into the V2O5/TiO2 
catalyst. The new catalysts were prepared by using Ce(SO4)2 
instead of WO3 in the catalyst to investigate the activity 
performance and catalytic mechanism of the new V2O5-
Ce(SO4)2/TiO2 catalyst before and after alkali poisoning. 
In this work, we use the experimental methods to research 
the activity based on a fixed platform in the laboratory. 
NH3-TPD adsorption-desorption and H2-TPR characterization 
were also carried out, and we finally obtained a novel 
catalyst with high resistance to alkali poisoning. 
 
METHODS AND MATERIALS 
 
Catalyst Preparation and Poisoning Method 

The V2O5/TiO2, Ce(SO4)2/TiO2, V2O5-WO3/TiO2 and 
V2O5-Ce(SO4)2/TiO2 catalysts with different loadings of 
Ce(SO4)2 were prepared by the impregnation method. The 
loading of V2O5 was 1 wt%, and the loadings of Ce(SO4)2 
were 7 wt%, 10 wt%, 13 wt% and 16 wt%. The content of 
Ce(SO4)2 in Ce(SO4)2/TiO2 is 10 wt%. WO3 accounted for 
3% of the total mass of the V2O5-WO3/TiO2 catalyst. 
Ammonium metavanadate (AR, Sinopharm chemical reagent, 
China), ammonium tungstate (AR, Sinopharm chemical 
reagent, China), and Ce(SO4)2·4H2O (AR, Sinopharm 
chemical reagent, China) were used as precursors. The 
specific steps are as follows: (1) Dry the TiO2 carrier (AR, 
Sinopharm chemical reagent, China) at 120°C for 1 h to 
remove excess water. Take a sufficient sample of the dry 
TiO2 carrier and determine its saturated water absorption 
value. (2) Calculate the proportional amount of ammonium 
metavanadate and ceric sulphate. Add a certain amount of 

oxalic acid to increase the solubility of the ammonium 
metavanadate. Slowly heat the mixed aqueous solution to 
60°C with magnetic stirring and hold until the solution 
becomes dark. (3) Mix the TiO2 nanopowders with the 
ammonium metavanadate, cerium sulphate, and oxalic acid 
solution. Vibrate the mixture for 30 min in an ultrasonic 
environment, and age for 2 h. Dry the sample at 120°C 
overnight. Finally, calcine the sample at 500°C in a muffle 
furnace for 5 h. 

Simulated alkali metal poisoning was carried out by the 
impregnation method in this experiment, and NaNO3 
poisoning was applied. The NaNO3 poisoning was carried 
out using a molar ratio of sodium/vanadium = 1. NaNO3 
was dissolved in deionized water and mixed with the 
catalyst. The sample was vibrated for 30 min in an 
ultrasonic environment and aged for 2 h. The sample was 
dried at 120°C overnight. Finally, the obtained products 
were calcined at 500°C in a muffle furnace for 5 h. 

 
Evaluation of Catalyst Activity 

The entire experimental system consists of a gas 
distribution system, catalytic reaction subsystem and flue 
gas analysis test system. Fig. 1 shows the SCR reaction 
system. Evaluation of the DeNOx activity of the catalyst was 
carried out in a fixed-bed reactor with an inner diameter of 
8 mm. During the performance tests, approximately 0.2 g 
sample with a particle size of 0.3–0.45 mm (40–60 mesh) 
was used, yielding a rather high weight hourly space 
velocity (WHSV) of 360,000 mL (g × h)–1. The gas flow 
volume was 1200 mL min–1. The gas composition is 
1000 ppm NO, 1000 ppm NH3, 6.7% O2, with the balance 
N2. The DeNOx performance of the catalysts is performed 
at a temperature of 150–450°C. The volume fraction of 

 

 
Fig. 1. SCR reaction system. 
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NO in the gas composition before and after the reaction was 
analyzed and measured by the ecom-J2KN multifunctional 
flue gas analyzer produced by RBR Germany. 

NO conversion efficiency and N2 selectivity are calculated 
as follows: 
 

   in out

in

NO NO
NO conversion efficiency 100%

[NO]


   (1) 

 

   
   

2 2out out
2

3in in

2 N O NO
N selectivity 1 100%

NO NH
 


  


 (2) 

 
where [NO]in and [NO]out are the NO concentrations in the 
inlet and outlet of the SCR reactor, respectively; [NH3]in is 
the inlet concentration of NH3; [N2O]out and [NO2]out are 
the outlet concentrations of N2O and NO2, respectively. 

The average efficiency is defined as the average of the 
NO conversion rates in the catalyst operating temperature 
range of practical application (300–450°C).  
 
Average Efficiency = (NO300 + NO350 + NO400)/3 (3) 
 
where the subscript indicates the temperature and NO300 
represents the conversion of NO at 300°C. 

 
Characterization Analysis Method 

Scanning electron microscope (SEM) was used to 
observe the surface morphology of the catalyst particles by 
TESCAN VEGA3 SBH. The steps of sample preparation 
are as follows: Double-faced conductive adhesive was 
stuck on the glass. A small amount of catalyst was stuck to 
the double-faced adhesive surface to observe. 

Power X-ray diffraction (XRD) measurements were 
carried out with a Rigaku D/max-2550 X-ray diffractometer 
using Cu Kα radiation. The applied current and voltage 
were 200 mA and 45 kV, respectively. During analysis, the 
samples were scanned from 5° to 90° at a speed of 4° min–1. 

Temperature-programmed desorption of NH3 (NH3-TPD) 
was carried out on a chemisorption apparatus (PX200A). A 
0.2 g sample of the catalyst was placed in a micro-quartz 
glass fixed-bed reactor. Before the experiments, the samples 
were pre-treated at 500°C for 30 min in a high-purity N2 
gas stream (45 mL min–1) and then cooled to 50°C and 
saturated with a 20 mL min–1 gas mixture of 2% NH3/N2 for 
30 min. The temperature of thermal conductivity detector 
(TCD) was 70°C, and the bridge current was 100 mA using 
balanced thermal conduction. The N2 purge was carried out 
until the baseline was stable. Finally, the temperature was 
raised to 600°C at the rate of 10°C min–1 and the desorption 
data was collected. The desorbed NH3 were measured and 
recorded by thermal conduction detector (TCD). 

Temperature-programmed reduction of H2 (H2-TPR) 
experiments were performed on the PX200A chemisorption 
apparatus the same as the NH3-TPD experiments. About 
0.2 g of samples were loaded and pre-treated at 500°C for 
30 min in a high-purity N2 gas stream (45 mL min–1). After 
cooling down to 50°C, 10% H2/N2 as the reducing gas was 

introduced at a flow rate of 50 mL min–1. The temperature 
was then raised to 600°C at a rate of 10°C min–1 and the 
desorption data was collected. Finally, the temperature was 
raised to 700°C at a rate of 10°C min–1 and the consumption 
of H2 that was detected by a thermal conductivity detector 
(TCD) was collected. 
 
RESULTS AND DISCUSSION 
 
Optimum Ce(SO4)2 Load Ratio 

Fig. 2 shows the comparison of the DeNOx efficiency of 
the new V2O5-Ce(SO4)2/TiO2 catalyst with different Ce(SO4)2 
loadings and the commercial V2O5-WO3/TiO2 catalyst. For 
both NO conversion and N2 selectivity, it is found that the 
optimum loading of Ce(SO4)2 is 10 wt%. 

The DeNOx efficiency of all the V2O5-Ce(SO4)2/TiO2 
catalysts is higher than V2O5/TiO2 and Ce(SO4)2/TiO2 
catalysts in the whole temperature range but slightly lower 
than that of commercial V2O5-WO3/TiO2 catalyst at a low 
temperature of 150°C to 330°C. However, the DeNOx 
efficiency of two catalysts tends to be equal at 330°C. At a 
medium-high temperature of 330°C to 450°C, the DeNOx 
efficiency of V2O5-Ce(SO4)2/TiO2 catalysts with 10 wt% and 
13 wt% loadings are always higher than the V2O5-WO3/TiO2 
catalyst. It is concluded that the V2O5-Ce(SO4)2/TiO2 
catalyst exhibits good DeNOx efficiency in the high 
temperature range, compared with commercial V2O5-
WO3/TiO2 catalyst. On the other hand, the industrial SCR 
systems are always operating under the condition of high 
temperature (300°C–420°C) and high ash arrangement, and 
the V2O5-Ce(SO4)2/TiO2 catalyst has practical value as it 
shows better DeNOx efficiency than V2O5-WO3/TiO2 catalyst 
at this temperature range. As a result, the DeNOx efficiency 
order of several catalysts is V2O5-10%Ce(SO4)2/TiO2 > 
V2O5-13%Ce(SO4)2/TiO2 > V2O5-WO3/TiO2 > V2O5-
7%Ce(SO4)2/TiO2 > V2O5-16%Ce(SO4)2/TiO2 in the high 
temperature range of 330°C to 450°C. Fig. 2 (inserted 
figure) shows the N2 selectivities in the temperature range 
of 300°C to 450°C. The V2O5-10%Ce(SO4)2/TiO2 shows 
the best N2 selectivity which has remained over 90%.  
 
Study on the Performance of Anti-Alkali Metal Poisoning 

Fig. 3 shows the DeNOx efficiency of the commercial 
V2O5-WO3/TiO2 catalyst and the V2O5-Ce(SO4)2/TiO2 
catalyst with different Ce(SO4)2 loadings after NaNO3 
poisoning. It is obvious that the V2O5-Ce(SO4)2/TiO2 catalysts 
with 10 wt%, 13 wt% and 16 wt% loadings maintained 
high activities after poisoning, while the DeNOx efficiency 
of the V2O5-WO3/TiO2 catalyst was severely inhibited. 
Compared to commercial catalyst, the NO conversion of 
the poisoned V2O5-Ce(SO4)2/TiO2 catalyst with 10 wt%, 
13 wt% and 16 wt% Ce(SO4)2 loadings still remain over 
80% while that of poisoned V2O5-WO3/TiO2 catalyst declines 
to less than 50% at 400°C. Fig. 3 (inserted figure) shows 
the N2 selectivities in the temperature range of 300°C to 
450°C. The replacement of WO3 by Ce sulfate in the 
catalyst will not decrease the N2 selectivity. In Table 1, the 
average efficiency of the poisoned V2O5-WO3/TiO2 catalyst 
decreased from 84.9% to 32.4%, indicating the catalyst 
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Fig. 2. NO conversion and N2 selectivity (inserted figure) of the fresh samples with different Ce(SO4)2 contents. 

 

 
Fig. 3. NO conversion and N2 selectivity (inserted figure) of the poisoned samples with different Ce(SO4)2 contents. 

 

Table 1. The average catalyst efficiency in 300–400°C before and after poisoning. 

Catalyst Fresh catalyst average efficiency (η/%) The average efficiency of poisoned catalyst (η/%)
V2O5-WO3/TiO2 84.9183 32.4048282 
V2O5-7%Ce(SO4)2/TiO2 77.5605 47.0204842 
V2O5-10%Ce(SO4)2/TiO2 83.5763 67.6966292 
V2O5-13%Ce(SO4)2/TiO2 83.2381 69.0217391 
V2O5-16%Ce(SO4)2/TiO2 76.0952 73.9010989 

 

was badly inactivated. However, the average efficiencies of 
the V2O5-Ce(SO4)2/TiO2 catalyst with 10 wt% and 13 wt% 
loading decreased slightly. Although the 16 wt% loading 
V2O5-Ce(SO4)2/TiO2 catalyst has a higher DeNOx efficiency 
than the other catalysts after poisoning as shown in Fig. 2, 

but according to Fig. 1 and Table 1, fresh 16 wt% loading 
V2O5-Ce(SO4)2/TiO2 catalyst has a low activity in the initial 
phase of the operation. As a result, the 10 wt% Ce(SO4)2 
loading V2O5-Ce(SO4)2/TiO2 catalysts showed the best 
activity and resistance to Na poisoning. The catalysts were 
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then further characterized by SEM, XRD, NH3-TPD and 
H2-TPR to investigate the microstructure, surface acidity 
and redox capacity. 

 
Microscopic Morphology of the Catalyst (SEM) Analysis 

Fig. 4 shows the microstructures of the fresh and poisoned 
catalysts, which were observed during SEM analysis. It 
was found that the particle size of the V2O5-WO3/TiO2 and 
V2O5-Ce(SO4)2/TiO2 catalysts were not significantly changed 
after poisoning, indicating that the doping with Na does 
not change the particle size of the catalysts. The effect of 
Na on the catalysts is not caused by the change of particle 
size but is mainly through chemical means. 

 
Structure (XRD) Analysis 

XRD was utilized to determine the bulk crystalline 
phases in the samples. Fig. 5 shows the XRD patterns of 
different catalysts. The anatase phase dominates on all the 
four samples. And traces of rutile phase which should be 
due to the 20% rutile phase in P25 were also detected. It is 
clear that Na doping does not change the crystalline 
structure of these catalysts. Besides, no crystalline V2O5 or 
CeO2 is found, indicating that V and Ce are highly dispersed 
and exist in an amorphous state on the TiO2 support. It can 
be concluded that the effect of the Na on the catalysts is 
not caused by the change of structure. Further researches 

need to be conducted to reveal the mechanism of the better 
alkali resistance observed with Ce(SO4)2. 
 
Catalyst Acidity (NH3-TPD) Characterization Results 

An NH3-TPD experiment was carried out in order to 
investigate the NH3 adsorption capacity of the fresh and 
poisoned catalysts. The results are shown in Fig. 6. There 
are two peaks at around 170°C and 275°C in both graphs 
(a) and (b), which can be attributed to the weak chemical 
adsorption peak and strong chemical adsorption peak, 
respectively. After using Ce(SO4)2 instead of WO3 to obtain 
the new catalyst, the desorption peak and the strength of 
the acid sites of the V2O5-Ce(SO4)2/TiO2 catalyst and 
V2O5-WO3/TiO2 catalyst are basically the same. However, 
the difference is the area of the catalyst desorption peak, 
which means the number of catalyst acid sites are changed. 
The additional Ce(SO4)2 changed the weak-acid sites and 
strong acid sites of fresh V2O5-Ce(SO4)2/TiO2 catalyst. In 
addition, the increase in the weak acid content was higher 
than that of the strong acid content. After the NaNO3 
poisoning, the structure of V2O5-Ce(SO4)2/TiO2 catalyst 
and V2O5-WO3/TiO2 catalyst were changed at the surface 
and the weak-acid sites were both reduced. However, the 
reduction of the acid sites of the V2O5-WO3/TiO2 catalyst 
was significantly higher than that of the V2O5-Ce(SO4)2/TiO2 
catalyst. It is widely accepted that NH3 will firstly adsorb  

 

 
(a) (b) (c) 

 
(d) (e) (f) 

Fig. 4. (a) sample of fresh V2O5-WO3/TiO2 catalyst, (b) sample of poisoned V2O5-WO3/TiO2 catalyst, (c) 10 wt% fresh 
V2O5-Ce(SO4)2/TiO2 catalyst sample, (d) 10 wt% poisoned V2O5-Ce(SO4)2/TiO2 catalyst, (e) 13 wt% fresh V2O5-
Ce(SO4)2/TiO2 catalyst sample, and (f) 13 wt% poisoned V2O5-Ce(SO4)2/TiO2 catalyst. 
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 (a) (b) 

Fig. 5. XRD patterns of the (a) V2O5-WO3/TiO2 catalyst and the (b) V2O5-Ce(SO4)2/TiO2 catalyst. 

 

  
 (a) (b) 

Fig. 6. NH3-TPD spectra of (a) fresh catalyst and (b) poisoned catalyst. 

 

on catalyst surface and then participate in the SCR reaction 
(Topsøe et al., 1994; Nova et al., 2006; Du et al., 2016; 
Wang et al., 2017). It could be hypothesized that the 
decrease of DeNOx efficiency of the V2O5-WO3/TiO2 catalyst 
after poisoning is due to the decrease of the surface acidity. 
At the weak-acid sites, the activity of the V2O5-Ce(SO4)2/TiO2 
catalyst was always higher than that of the V2O5-WO3/TiO2 
catalyst. At the strong acid sites, the decrease in the activity 
of the V2O5-Ce(SO4)2/TiO2 catalyst was not obvious, and 
the area of desorption peak is clearly higher than that of 
the V2O5-WO3/TiO2 catalyst. This is because the addition 
of SO4

2– promotes the occurrence of solid acid on the 
surface of the catalyst. A surface rich in solid acid contributes 
to the adsorption of NH3, which can improve the activity 
of the catalyst. 
 
Catalyst Redox (H2-TPR) Capability 

To verify the effect of Na on the redox properties of the 
catalyst, a H2 temperature-programmed reduction experiment 

was carried out on the fresh and poisoned catalysts. The 
experimental results are shown in Fig. 7. The reduction 
temperature of the fresh V2O5-WO3/TiO2 catalyst in Fig. 7 
was 469°C, and the reduction peak of vanadium oxide was 
covered by a higher peak at this temperature. The peak area 
of the V2O5-Ce(SO4)2/TiO2 catalyst is significantly larger 
than that of the V2O5-WO3/TiO2 catalyst, which indicated 
that the reducibility of the new V2O5-Ce(SO4)2/TiO2 catalyst 
is stronger than that of the traditional V2O5-WO3/TiO2 
catalyst. In Fig. 7(a), the V2O5-Ce(SO4)2/TiO2 catalyst has 
a high thin peak and a broad peak at high temperature of 
500°C to 600°C. The thin peak is probably assigned to the 
reduction of the surface oxygen of ceria and the broad one 
is due to the reduction of Ce4+ to Ce3+ (Liu et al., 2014). 
The reduction temperature of the V2O5-WO3/TiO2 catalyst 
after the addition of NaNO3 increased from 469°C to 485°C, 
illustrating a certain decline in the redox capacity. However, 
the decline in the reduction of the V2O5-Ce(SO4)2/TiO2 
catalyst is much less than that of the V2O5-WO3/TiO2 
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 (a) (b) 

Fig. 7. H2-TPR spectra of (a) fresh catalyst and (b) poisoned catalyst. 

 

catalyst and the V2O5-Ce(SO4)2/TiO2 catalyst shows good 
reducibility. In summary, the redox capacity of the V2O5-
Ce(SO4)2/TiO2 catalyst is greater than that of the V2O5-
WO3/TiO2 catalyst regardless of whether before or after 
poisoning. 
 
CONCLUSIONS 
 
(1) Testing the activity of the catalyst indicated that the 

optimum Ce(SO4)2 doping ratio for the V2O5-
Ce(SO4)2/TiO2 catalyst is 10 wt% in the case of the 
fresh catalyst. The novel V2O5-Ce(SO4)2/TiO2 catalyst 
shows a higher DeNOx efficiency than the commercial 
V2O5-WO3/TiO2 catalyst in the temperature range of 
330°C to 450°C, and the fresh catalyst delivered 
excellent DeNOx performance. 

(2) The new catalyst has excellent resistance to Na poisoning 
by NaNO3 when the loading ratio of sodium and 
vanadium is 1. The DeNOx efficiency of the poisoned 
V2O5-Ce(SO4)2/TiO2 catalyst is always higher than that 
of the poisoned V2O5-WO3/TiO2 catalyst, exhibiting a 
difference of 43.2% at 350°C. The V2O5-Ce(SO4)2/TiO2 
catalyst shows a high Na resistance. 

(3) NH3-TPD research revealed that the new catalyst 
surface is rich in acid sites. After being poisoned with 
Na via NaNO3, the V2O5-Ce(SO4)2/TiO2 catalyst is 
superior to the traditional V2O5-WO3/TiO2 catalyst in 
the number of acid sites and the range of reduction. A 
study on the redox performance of the catalysts using 
H2-TPR shows that the redox capacity of the new 
V2O5-Ce(SO4)2/TiO2 catalyst is superior to that of the 
V2O5-WO3/TiO2 catalyst before and after poisoning. 

(4) Na poisoning produces little effect on the surface 
particle size and pore structure of the catalyst, as 
determined by SEM, and can reduce the catalyst’s 
surface acidity and redox ability. The influence of Na 
on the catalyst mainly affects the surface acidity and 
redox capacity. 
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