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Abstract: The structure and catalytic desulfurization characteristics of CeO2−TiO2 mixed oxides were investigated by means of 

X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and catalytic activity tests. According to the results, a CeO2−TiO2 

solid solution is formed when the mole ratio of cerium to titanium n(Ce):n(Ti) is 5:5 or greater, and the most suitable n(Ce):n(Ti) is 

determined as 7:3, over which the conversion rate of SO2 and the yield of sulfur at 500 °C reach 93% and 99%, respectively. 

According to the activity testing curve, Ce0.7Ti0.3O2 (n(Ce):n(Ti)=7:3) without any pretreatment can be gradually activated by reagent 

gas after about 10 min, and reaches a steady activation status 60 min later. The XPS results of Ce0.7Ti0.3O2 after different time of 

SO2+CO reaction show that CeO2 is the active component that offers the redox couple Ce4+/Ce3+ and the labile oxygen vacancies, 

and TiO2 only functions as a catalyst structure stabilizer during the catalytic reaction process. After 48 h of catalytic reaction at 

500 °C, Ce0.7Ti0.3O2 still maintains a stable structure without being vulcanized, demonstrating its good anti-sulfur poisoning 

performance. 
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1 Introduction 
 

Sulfur dioxide (SO2), nitric oxide (NO) and carbon 

monoxide (CO) as by-products of combustion processes 

from industry, transportation and domestic activities are 

major components of atmospheric pollution. With the 

increasing environmental awareness, more and more 

researchers are committed to the development of 

efficient flue gas treatment technology. However, there is 

currently no widely accepted technology for the 

simultaneous treatment of NO, SO2 and CO. 

The catalytic reduction of SO2 and NO to valuable 

sulfur and harmless N2 by CO has been receiving much 

attention. ZHUANG et al [1,2] studied the reaction of 

NO−SO2−CO on γ-alumina-supported sulfides of 

transition metals including CoMo and FeMo. They 

observed that stoichiometric catalytic reduction of NO 

and SO2 to N2 and elemental sulfur was achieved at 

400 °C on the sulfided CoMo/Al2O3 and the sulfided 

FeMo/Al2O3. But both of them need sulfurization 

pretreatment before reaching the active phase. The 

resulting oxidized CoMo/Al2O3 regained its activity by 

in situ sulfurization with elemental sulfur produced by 

the reaction of SO2 and carbonyl sulfide (COS). In 

contrast, the sulfided FeMo/Al2O3 was easily oxidized by 

NO but hardly re-sulfided under the test conditions. 

ZHANG et al [3] investigated the simultaneous catalytic 

reduction of SO2 and NO by CO over TiO2-promoted 

cobalt sulfides, and found that 71% NO conversion and 

84% SO2 conversion were achieved at 250 °C. The 

conversion rates of both NO and SO2 were improved 

with the increase of temperature. However, much COS 

formed at higher temperature, resulting in a decrease of 

SO2 selectivity to sulfur. ZHANG et al [4,5] had also 

studied the simultaneous catalytic reduction of SO2 and 

NO by CO over titanium−tin solid solution catalysts. 

Experimental results showed that the conversion rates of 

SO2 and NO at a temperature above 350 °C were greater 

than 91% and 99%, respectively. In the TiO2−SnO2 solid 

solutions, the stability of Sn was poorer than that of Ti, 

and Sn could be sulfided during the reaction process. HU 

et al [6] reviewed the efficient conversion of SO2 and NO 

on rare earth mixed compounds at 600 °C, but the 

conversion of SO2/NO decreases greatly with the 

decrease of reaction temperature. 

As well known, cerium is the most abundant 

element in rare earth family [7], and cerium oxide (CeO2) 

is one of the most reactive rare earth metal oxides [8]. 

Due to its ability to store/release oxygen as an oxygen 
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reservoir via the redox shift between Ce4+ and Ce3+ under 

oxidizing and reducing conditions, CeO2 has attracted 

much attention in the field of catalysis [9−11]. However, 

being poorly thermostable, pure CeO2 will undergo rapid 

sintering at high temperatures, thus greatly decreasing its 

oxygen storage capacity. A common measure to 

overcome this problem is to introduce other metal ions 

into the ceria cubic structure, which can increase the 

temperature stability and oxygen storage capacity (OSC) 

of CeO2. 

In addition, CeO2 can form solid solutions with 

ZrO2, MnO2, TiO2, SiO2 and PbO2 [12]. Among them, 

TiO2 has attracted strong attention due to its outstanding 

mechanical, thermal, electrical and photocatalytic 

properties [13−16]. The CeO2−TiO2 nanopowders have 

been used in not only the photocatalyst field [17−19], but 

also other catalytic applications [20−26]. 

However, there are few references about the 

application of CeO2−TiO2 mixed oxides in the 

simultaneous catalytic reduction of SO2 and NO by CO. 

Compared with NO, SO2 is usually more difficult to 

reduce, yet it is easy to cause the poisoning of catalyst. 

Therefore, the catalytic desulfurization activity of 

CeO2−TiO2 mixed oxides was studied. 

 

2 Experimental 
 

2.1 Preparation of catalyst 

The catalyst was prepared via sol−gel method [27]. 

In a typical procedure, a certain amount of cerium nitrate 

(Ce(NO3)2·6H2O) solid was dissolved in 20 mL of 

anhydrous ethanol, then stoichiometric butyl titanate 

(Ti(OC4H9)4) was dropped into alcohol solution under 

stirring to form a mixed solution with a total cation 

concentration of 0.02 mol/L. In the following process, 

acetic acid (CH3COOH) was added to adjust the pH to 

0.8 and 5 mL of deionized water was added to support a 

hydrolysis condition. After 30 min of reaction, the sol 

was aged at 40 °C to form gel. The obtained wet gel was 

dried at 105 °C for 12 h, and finally roasted in subsection 

at 600 °C for 4 h to obtain the TiO2−CeO2 mixed oxides 

catalyst. 

 

2.2 Measurement of catalytic activity 

A packed-bed reactor made of quartz (10 mm in 

inner diameter and 14 mm in outer diameter) was used 

for the activity test. 0.5 g of catalyst powder was put in 

the middle of the reactor. The reactor was laid in a tube 

experimental electrical furnace of which the  

temperature could be controlled automatically, and the 

temperature difference of the catalyst bed was controlled 

within the range of ±2 °C. The activity testing 

temperature was fixed at 500 °C, slightly higher than the 

boiling point of sulfur. After the catalyst was heated in 

air at 500 °C for 30 min, a gas mixture of 0.3% SO2 and 

0.6% CO (both in volume fraction, gas mixture supplied 

by Changsha Gao-Ke Gas Co. Ltd.), diluted with N2, was 

fed to the reactor as reactants at a constant flow rate of 

200 mL/min. The inlet and outlet gases were analyzed by 

an on-line flue gas analyzer (MRU VARIO-plus) and the 

conversion rate of SO2 was calculated based on the 

intensity difference between the inlet SO2 and outlet SO2. 

The data for steady-state activity of the catalysts were 

collected after 2 h of testing. 

 

2.3 Characterization of catalyst 

The catalyst structure was determined by X-ray 

diffractometry using a Rigaku D/max 2000 XRD 

analyzer. Conditions of analysis were as follows: target 

Cu (0.15415 nm); scanning speed 10 (°)/min; scanning 

range (2θ) 10°−80°. In addition, the X-ray photoelectron 

spectra (XPS) were acquired on a VG ESCALAB5 

electron spectrometer equipped with a Mg Kα radiation 

source (hv=123.6 eV). The main C 1s peak (Binding 

energy=284.6 eV), was chosen as an internal standard to 

calibrate the energy scale. 

 

3 Results and discussion 
 

3.1 XRD analysis of catalysts 

Figure 1 shows the XRD patterns of CeO2−TiO2 

oxide composites with different mole ratios of cerium to 

titanium. Pure TiO2 and CeO2 display the pure anatase 

phase structure (JCPDS 21−1272) and cubic fluorite 

phase structure (JCPDS 34−0394), respectively. All 

CeO2−TiO2 oxide composites with Ce to Ti mole ratio 

≥5:5 exhibit the pure cubic fluorite phase structure, 

indicating the formation of CeO2-like solid solutions. 

Their diffraction peaks become broader and weaker with 

the increase of TiO2 content. The CeO2−TiO2 oxide 

composites (5:5>n(Ce):n(Ti)>1:9) are mixtures of 

anatase TiO2 and cubic CeO2. With the further decrease 
 

 

Fig. 1 XRD patterns of CeO2−TiO2 oxide composites with 

different Ce to Ti mole ratios  
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of Ce to Ti mole ratio (n(Ce)/n(Ti)≤1:9), the diffraction 

peaks of cubic CeO2 disappear and the CeO2−TiO2 oxide 

composites are all pure anatase TiO2, indicating the 

formation of TiO2-like solid solutions. However, the 

diffraction peaks of a monoclinic phase mentioned in  

Ref. [28] have not been found, which may be attributed 

to the different preparation methods and procedures. 

 

3.2 Activity of catalysts under different Ce to Ti mole 

ratios 

CeO2−TiO2 mixed oxides with different Ce to Ti 

mole ratios were heated in air at 500 °C for 30 min.  

Then, a gas mixture of CO and SO2 with a molar ratio of 

2:1 (0.6% CO, 0.3% SO2, in volume fraction) was fed 

into the reactor without any pretreatment. The 

weight-hourly- space velocity (WHSV) was fixed at 

24000 mL/(h·g). The catalytic activation of CeO2−TiO2 

mixed oxides with different Ce to Ti mole ratios in the 

CO+SO2 reaction is shown in Fig. 2. The conversion rate 

of SO2 over pure TiO2 is only 48%, and the value 

increases with the increase of Ce to Ti mole ratios. When 

n(Ce):n(Ti) changes from 5:5 to 8:2, all of the conversion 

rates of SO2 exceed 90 %, with the highest conversion 

rate of 93% when the n(Ce):n(Ti) ratio is equal to 7:3. 

After n(Ce):n(Ti) ratio reaches 9:1, the catalytic activity 

reduces obviously, and the catalytic activity of pure CeO2 

is about 80%, lower than that of n(Ce):n(Ti) ratio 

between 5:5 and 8:2. The high activity of catalyst when 

n(Ce):n(Ti) ratio is between 5:5 and 8:2 is mainly due to 

the formation of a solid solution. In the solid solution, 

Ce4+ and Ti4+ enter into the crystal lattice of each other, 

forming lattice distortion and thus resulting in various 

defect structures. These defect structures can not only 

enhance the adsorption capacity of surface (adsorb more 

SO2), but also produce more oxygen vacancies (increase 

the oxygen storage capacity and the mobility of lattice 

oxygen). Under this condition, the catalytic activity of 

the mixed oxides is greatly improved. When the molar 

 

 

Fig. 2 Steady catalytic activity of CeO2−TiO2 mixed oxides 

with different Ce to Ti mole ratios in CO+SO2 reaction 

ratio of one ion to the other is too large (e.g. 

n(Ce):n(Ti)=9:1), some lattice defects may be associated 

in a certain way, leading to the healing of defects and the 

decrease of catalytic activity. Therefore, the most 

suitable molar ratio of Ti to Ce is determined as 7:3. 

 

3.3 Characteristics of activity testing curve 

The catalytic activity test of reducing SO2 by CO 

over Ce0.7Ti0.3O2 was carried out at 500 °C without any 

pretreatment and its catalytic desulfurization curve is 

shown in Fig. 3. It is found that the output of SO2 in the 

effluent increases in the first 10 min, then decreases and 

stabilizes at the lowest platform after about 60 min. 

When the reactive gas mixture flows into the reactor, 

SO2 may be greatly absorbed by the catalyst in the 

beginning (Fig. 3(a)). With the increase of the absorbed 

gas on the surface of the catalyst, the adsorption ability 

of the catalyst on SO2 is reduced; hence, the output of 

SO2 gradually increases. After about 10 min, the catalyst 

is activated, leading to the gradual decrease of the SO2 

output. Once the catalyst activation is completed (after 

about 60 min), the catalytic activity will reach a steady 

state, and the output of SO2 will be stabilized at a 

platform. 

 

 

Fig. 3 Output of SO2 in effluents over Ce0.7Ti0.3O2 catalyst at 

500 °C: (a) Adsorption curve of SO2 (0.3% SO2, catalyst mass 

0.5 g, WHSV 24000 mL/(h·g)); (b) Reaction curve (0.3% SO2 

+ 0.6% CO, catalyst mass 0.5 g, WHSV 24000 mL/(h·g)) 

 

Certain quantity of CO2 is found in the gas outlet 

and elemental sulfur is also observed in the receiving 

flask after the reaction begins for a while. When the 

SO2+CO reaction achieves its stability, the yield of  

sulfur, which is obtained by measuring the change of 

sulfur mass and the amount of removed SO2 within a 

certain period of time, reaches about 99%. 

 

3.4 Characteristics of catalytic reaction process 

After different catalytic reaction time, the oxide 

catalysts were analyzed by XPS. The XPS spectra of 
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Fig. 4 XPS spectra of Ti 2p, Ce 3d and O 1s for catalyst 

Ce0.7Ti0.3O2 with different reaction time: (a) 0 min; (b) 10 min; 

(c) 20 min; (d) 40 min; (e) 60 min; (f) 600 min 

 

Ce 3d, Ti 2p and O 1s are shown in Fig. 4. Ti 2p spectra 

for the catalysts with different reaction time are similar 

to the fresh one, which only has peaks of Ti4+ at 464.4 eV 

(Ti 2p1/2) and 458.7 eV (Ti 2p3/2), without other states of 

titanium ions [29,30], illustrating that Ti4+ is not the 

redox species during the reaction process and is not the 

active substance. On the fresh catalyst, Ce 3d spectra 

have peaks at 916.5 eV (Ce 3d3/2) and 882.59 eV (Ce 

3d5/2), which are the values of CeO2. After about 10 min 

of reaction, the peaks at about 904 eV (Ce 3d3/2) and 

885.6 eV (Ce 3d5/2) begin to appear in the Ce 3d XPS 

spectra. As the time of catalytic reaction increases, the 

two peaks are strengthened gradually. These changes in 

the Ce 3d XPS spectra indicate the increase of Ce3+ 

concentration on the surface of the catalyst [31,32]. In 

addition, the peaks of Ce4+ weaken with the increase of 

reaction time, suggesting that Ce4+ is reduced into Ce3+ 

gradually during the catalytic reaction and forms a high 

oxygen deficiency state. This assumption is also 

confirmed by O 1s spectra, which are broad and 

complicated because of the nonequivalence of surface 

oxygen ions. The Ce 3d XPS spectra can be also used to 

verify the variation of desulfurization curve. 

 

3.5 Stability of catalyst 

The phase compositions of Ce0.7Ti0.3O2 powder 

before the catalytic reaction and after 48 h of catalytic 

reaction at 500 °C were analyzed by XRD, and the 

results are shown in Fig. 5. 

 

 

Fig. 5 XRD patterns before and after catalytic reaction 

 

The structure of Ce0.7Ti0.3O2 before and after the 

catalytic reaction does not change much, and only the 

main diffraction peak intensity of CeO2 in cubic type has 

trace levels of enhancement after the catalytic reaction. 

This is possibly because that the Ce0.7Ti0.3O2 crystal gets 

further perfect during the testing process at 500 °C. Thus, 

it can be seen that the catalyst Ce0.7Ti0.3O2 maintains a 

stable structure without being vulcanized after 48 h of 

catalytic reaction. 

The XPS survey spectra of the fresh and used (after 

de-SO2) Ce0.7Ti0.3O2 catalysts are shown in Fig. 6. There 

are mainly Ti, Ce and O on the surface of the catalyst, 

and C is the pollution source introduced by the test 

system. No obvious peak of S 2p is observed for the 

catalyst after desulfurization reaction. Both the XRD and 

XPS analysis results suggest that Ce0.7Ti0.3O2 has good 

anti-sulfur properties. 
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Fig. 6 XPS survey spectra of fresh (a) and used (b) Ce0.7Ti0.3O2 

catalysts 

 

4 Conclusions 
 

1) CeO2−TiO2 solid solution is formed when the 

mole ratio of cerium to titanium (n(Ce)/n(Ti)) is 5:5 or 

greater, and the most suitable n(Ce)/n(Ti) ratio is 

determined as 7:3, over which the SO2 conversion rate 

and the stable yield of sulfur at 500 °C can reach 93% 

and 99%, respectively. 

2) Ce0.7Ti0.3O2 without any pretreatment may 

effectively absorb SO2 at first, it is gradually activated 

after about 10 min, and reaches a steady activation status 

60 min later. During the catalytic process, CeO2 is the 

active component that offers the redox couple Ce4+/Ce3+ 

and labile oxygen vacancies, and TiO2 functions as a 

catalyst structure stabilizer. 

3) Both the XRD and XPS results show that after  

48 h of catalytic reaction at 500 °C, Ce0.7Ti0.3O2 still 

maintains a stable structure without being vulcanized, 

demonstrating its good anti-sulfur poisoning 

performance. 
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铈钛复合氧化物催化 CO 还原 SO2 
 

张 丽，秦毅红，陈白珍，彭亚光，何汉兵，袁 依 

 

中南大学 冶金与环境学院，长沙 410083 

 

摘  要：利用 X 射线衍射(XRD)，X 射线光电子能谱(XPS)及活性测试对铈钛复合氧化物的结构及催化脱硫特性

进行了研究。结果表明：当铈−钛摩尔比(n(Ce)/n(Ti))≥5:5 时，铈钛复合氧化物形成固溶体；当 n(Ce)/n(Ti)=7:3(即

Ce0.7Ti0.3O2)时，具有最佳的催化脱硫效果；500 °C 下 SO2 的转化率达到 93%，单质硫的产率达到 99%。根据

Ce0.7Ti0.3O2的活性测试曲线发现：未经预处理的 Ce0.7Ti0.3O2约 10 min 后开始逐渐被反应气体活化，并在 60 min

后达到稳定活化状态。通过对不同反应时间下所得 Ce0.7Ti0.3O2进行 XPS 分析发现： CeO2为活性物质，在反应过

程中形成 Ce4+/Ce3+氧化还原电对和活性氧空位，而 TiO2仅起到稳定催化剂结构的作用。Ce0.7Ti0.3O2催化 SO2+CO

反应 48 h 后未出现硫化现象，始终保持结构的稳定，表现出较好的抗硫中毒性能。 

关键词：铈钛复合氧化物；固溶体；催化还原；一氧化碳；二氧化硫 
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