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摘要 以溶胶-凝胶法制备介孔TiO2
载体，采用分步浸渍法制备了V2O5-WO3/TiO2

催化剂，借助BET、NH3-TPD、H2-TPR、

SEM、活性评价、In-situ FT-IR等手段，考察了催化剂的结构、酸性、还原性、脱硝活性及反应机理等。介孔TiO2
载体比表面

积为158.6 m2/g，制成催化剂后比表面积略有降低，约为136.7 m2/g。针对模拟烟气在φNH3
/φNO=0.8的条件下测试催化剂

的脱硝活性温度窗口为250~400 ℃，脱硝转化率达到80%。NH3-TPD和H2-TPR表征结果表明，催化剂在活性温度范围内具有

典型的表面酸性位，载体TiO2与V2O5之间存在的相互作用使得V2O5还原温度降低。利用In-situ FT-IR研究NH3和NO在V2O5-

WO3/TiO2
催化剂表面吸附和氧化的反应过程发现，NH3

可同时吸附在L酸位和B酸位，NH3
在活性位上氧化脱氢形成NH2

物种是

SCR脱硝反应的控制步骤。研究NO+O2+NH3
反应时发现，吸附NH3

的催化剂引入NO和O2
后，共价吸附的NH3

首先消失。选择

性催化还原反应发生在吸附态NH3和气态或弱吸附态的NO之间，该反应遵从Eley-Rideal反应机理。
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Abstract： The V2O5-WO3/TiO2 catalyst using the mesoporous support of TiO2 made by sol-gel method was 

prepared with two-step impregnation method and tested for the selective catalytic reduction (SCR) of NO by 
NH3. The characterization of the catalyst with BET, NH3-TPD, H2-TPR, SEM, activity evaluation and in-situ 

FT-IR was made to have a deep understanding of the structure, acidity, redox property, catalytic 
performance, de-NOx activity and the reaction mechanism. The mesoporous TiO2 has a surface area of 158.6 

m2/g, and the prepared de-NOx catalyst has a slightly decreased surface area of 136.7 m2/g. The V2O5-
WO3/TiO2 catalyst enables the NO conversions to reach to about 80% at 250~400 ℃ and φNH3

/φNO = 0.8, 

showing the feature of wide working-temperature for the catalyst. The surface adsorption of reactants 
characterized by in-situ FT-IR shows that NH3 is adsorbed on both the Lewis and Br nsted acidic sites to 

generate a few different transformation species. The transformation from NH
3
 to NH

2
 is the rate-determining 

step for de-NO
x
 reaction in NH

3
-SCR. It is found that the NH

3
-SCR reaction occurs between the adsorbed 

NH
3
 and gaseous NO, which follows the Eley-Rideal reaction mechanism. 

Key words： selective catalytic reduction   de-NOx
   in-situ FT-IR   NH3 adsorption   reaction mechanism   

收稿日期: 2013-05-03; 

基金资助:

国家自然科学基金（21106156）；国家高技术研究发展计划（863计划，2010AA065004）；国际合作项目

（2013DFA51530）；中国科学院战略性先导科技专项（XDA07030300）。 

通讯作者: 余剑，Tel：010-82544905，E-mail：yujian@home.ipe.ac.cn；许光文，Tel：010-82544886，E-mail：
gwxu@home.ipe.ac.cn。     E-mail: yujian@home.ipe.ac.cn；gwxu@home.ipe.ac.cn 

引用本文:   



  

郭凤,余剑,牟洋等. 宽工作温度烟气脱硝催化剂制备及反应机理研究[J]. 燃料化学学报, 2014, 42(01): 101-109. 

GUO Feng,YU Jian,MU Yang et al. Preparation of catalyst with wide working-temperature and the reaction mechanism of flue gas denitration[J]. J Fuel 

Chem Technol, 2014, 42(01): 101-109. 

链接本文:  

http://rlhxxb.sxicc.ac.cn/CN/     或     http://rlhxxb.sxicc.ac.cn/CN/Y2014/V42/I01/101

[1] 冯杰, 李文英, 谢克昌, 刘美蓉. 煤及煤焦气化过程中NOx前驱体释放规律研究[J]. 燃料化学学报, 2003, 31(1): 35-38. (FENG Jie, LI Wen-ying, XIE 

Ke-chang, LIU Mei-rong. Study on the release of NO precursors during coal and its char gasification[J]. Journal of Fuel Chemistry and 
Technology, 2003, 31(1): 35-38.)  

[2] 周昊, 邱坤赞, 王智化, 翁安心, 岑可法, 樊建人. 煤种及煤粉细度对炉内再燃过程脱硝和燃尽特性的影响[J]. 燃料化学学报, 2004, 32(2): 146-150. (ZHOU 
Hao, QIU Kun-zan, WANG Zhi-hua, WENG An-xin, CEN Ke-fa, FAN Jian-ren. Study of coal rank and fineness on NO

x
 reduction with coal 

reburning technology[J]. Journal of Fuel Chemistry and Technology, 2004, 32(2): 146-150.)  

[3] ALEMANY L J, LIETTI L, FERLAZZO N, FORZATTI P, BUSCA G, GIAMELLO E, BREGANI F. Reactivity and physic chemical characterization 

of V
2
O

5
-WO

3
/TiO

2
 De-NO

x
 catalysts[J]. J Catal, 1995, 155(1): 117-130.  

[4] DEO G, WACHS I E. Reactivity of supported vanadium oxide catalysts: The partial oxidation of methanol[J]. J Catal, 1994, 146(2): 323-
334.  

[5] DEO G, WACHS I E. Effect of additives on the structure and reactivity of the surface vanadium oxide phase in V
2
O

5
/TiO

2
 catalysts[J]. J 

Catal, 1994, 146(2): 335-345.  

[6] 秦玉楠. 具有高活性及扩孔结构载体的Mo-Co/r-AI2O3催化剂的制备方法及其性能优化[J]. 中国钼业, 2004, 28(1): 26-29. (QIN Yu-nan. Preparation 
and fine performance of Mo-Co/r-Al

2
O

3
 catalyst with the carrier of high activity and reaming structure[J]. China Molybdenum Industry, 

2004, 28(1): 26-29.)  

[7] 李振华, 刘中清, 燕青芝, 王宜超, 葛昌纯. 合成温度对二氧化钛纳米管的影响[J]. 功能材料, 2007, 38(3): 485-487. (LI Zhen-hua, LIU Zhong-qing, 

YAN Qing-zhi, WANG Yi-chao, GE Chang-chun. The influence of synthesis temperature on the titania nanotube[J]. Journal of Functional 
Materials, 2007, 38(3): 485-487.)  

[8] OH S W, PARK S H, SUN Y K. Hydrothermal synthesis of nano-sized anatase TiO
2
 powders for lithium secondary anode materials[J]. J 

Power Sources, 2006, 161(2): 1314-1318.  

[9] 兰章, 吴季怀, 林建明, 黄妙良. 水热法可控合成二氧化钛纳米晶及其在染料敏化太阳能电池中的应用[J]. 中国科学: 化学, 2012, 42(7): 1029-1034. (LAN 

Zhang, WU Ji-huai, LIN Jian-ming, HUANG Miao-liang. Controllable hydrothermal synthesis of nanocrystal TiO2 particles used in dye 

sensitized solar cells[J]. Scientia Sinca Chimica, 2012, 42(7): 1029-1034.) 

[10] 王卫伟, 张志焜. 铁离子对二氧化钛晶型转变的影响[J]. 功能材料, 2003, 34(4): 429-430. (WANG Wei-wei, ZHANG Zhi-kun. The influence of Fe3+ 

on crystalline phase transition of TiO
2
[J]. Journal of Functional, 2003, 34(4): 429-430.)  

[11] 丁珂, 田进军, 王晟, 叶庆国. 液相沉淀法制备纳米TiO2及其光催化性能的研究[J]. 工业催化, 2004, 10(12): 30-33. (DING Ke, TIAN Jin-jun, WANG 

Sheng, YE Qing-guo. Preparation of titania by liquid-phase precipitation and its photocatalytic properties[J]. Industrial Catalysis, 2004, 
10(12): 30-33.)  

[12] 姚杰, 仲兆平, 赵金笑. 不同方式合成纳米TiO2载体在SCR脱硝催化剂制备中的应用[J]. 东南大学学报(自然科学版), 2012, 42(4): 685-690. (YAO Jie, 
ZHONG Zhao-ping, ZHAO Jin-xiao. Nano-TiO

2
 preparaed from different ways and application in SCR DeNOx catalyst[J]. Journal of 

Southeast University (Natural Science Edition), 2012, 42(4): 685-690.) 

[13] 薛寒松, 李华基, 易于, 胡慧芳, 孟翠. 铈掺杂二氧化钛纳米管的光催化性能[J]. 机械工程材料, 2008, 32(6): 36-39. (XUE Han-song, LI Hua-ji, YI Yu, 

HU Hui-fang, MENG Cui. Photocatalytic property of cerium-doped titanium dioxide nanotubes[J]. Materials for Mechanical Engineering, 

2008, 32(6): 36-39.) 

[14] 梁春华, 吴峰. 钐离子掺杂二氧化钛光催化降解甲基橙研究[J]. 环境保护科学, 2008, 34(2): 45-47. (LIANG Chun-hua, WU Feng. Study on methyl 
orange photocatalysis by samarium doping with titanium dioxide[J]. Environmental Protection Science, 2008, 34(2): 45-47.)  

[15] 孙克勤, 钟秦, 李明波, 李云涛, 黄丽娜. V2O5-WO3/TiO2 脱硝催化剂的制备及其性能研究[J]. 环境科学研究, 2007, 20(3): 124-127. (SUN Ke-qin, 
ZHONG Qin, LI Ming-bo, LI Yun-tao, HUANG Li-na. Study on the preparation and property of SCR catalyst V

2
O

5
-WO

3
/TiO

2
[J]. Research 

of Environmental Sciences, 2007, 20(3): 124-127.)  

[16] 沈伯雄, 马娟. SiO2改性的V2O5-MoO3/TiO2催化剂抗碱中毒性能研究[J]. 燃料化学学报, 2012, 40(2): 247-251. (SHEN Bo-xiong, MA Juan. Alkali-
resistant performance of V

2
O

5
-MoO

3
/TiO

2
 catalyst modified by SiO

2
[J]. Journal of Fuel Chemistry and Technology, 2012, 40(2): 247-

251.) 

[17] ARFAOUI J, BOUDALI L K, GHORBEL A, DELAHAY G. Effect of vanadium on the behaviour of unsulfated and sulfated Ti-pillared clay 

catalysts in the SCR of NO by NH
3
[J]. Catal Today, 2009, 142(3/4): 234-238.  

[18] CHMIELARZ L, KU TROWSKI P, ZBROJA M,  ASOCHA W, DZIEMBAJ R. Selective reduction of NO with NH
3
 over pillared clays modified 

with transition metals[J]. Catal Today, 2004, 90(1/2): 43-49.  

[19] ALEMANY L J, LIETTI L, FERLAZZO N, FORZATTI P, BUSCA G, GIAMELLO E, BREGANI F. Reactivity and physicochemical characterization 

of V
2
O

5
-WO

3
/TiO

2
 De-NOx Catalysts[J]. J Catal, 1995, 155(1): 117-130.  



[20] LIETTI L, ALEMANY J L, FORZATTI P, BUSCA G, RAMIS G, GIAMELLO E, BREGANI F. Reactivity of V
2
O

5
-WO

3
/TiO

2
 catalysts in the 

selective catalytic reduction of nitric oxide by ammonia[J]. Catal Today, 1996, 29(1/4): 143-148.  

[21] 孙闻东, 赵振波, 楚文玲, 郭川, 叶兴凯, 吴越. WO3/ZrO2固体强酸催化剂上异丁烷-丁烯烷基化反应研究(I)-钨负载量和焙烧温度的影响[J]. 高等学校化学学

报, 2000, 21(3): 448-452. (SUN Wen-dong, ZHAO Zhen-bo, CHU Wen-ling, GUO Chuan, YE Xing-kai, WU Yue. Studies on the alkylation 
of isobutane with butene over WO

3
/ZrO

2
 strong solid acid(Ⅰ)-effect of preparation, load of WO

3
 and calcination temperature[J]. 

Chemical Journal of Chinese Universities, 2000, 21(3): 448-452.) 

[22] VERMAIRE D C, BERGE P C. The preparation of WO
3
/TiO

2
 and WO

3
/Al

2
O

3
 and characterization by temperature-programmed reduction[J]. 

J Catal, 1989, 116(2): 309-317.  

[23] GIAKOUMELOU I, FOUNTZOULA C, KORDULIS C, BOGHOSIAN S. Molecular structure and catalytic activity of V
2
O

5
/TiO

2
 catalysts for the 

SCR of NO by NH
3
 in situ Raman spectra in the presence of O

2
, NH

3
, NO, H

2
, H

2
O, and SO

2
[J]. J Catal, 2006, 239(1): 1-12.  

[24] RAO K N, REDDY B M, ABHISHEK B, SEO Y H, JIANG N, PARK S. Effect of ceria on the structure and catalytic activity of V
2
O

5
/TiO

2
-ZrO

2
 

for oxide hydrogenation of ethylbenzene to styrene utilizing CO
2
 as soft oxidant[J]. Appl catal B: Environ, 2009, 91(3/4): 649-656.  

[25] CHEN L, LI J H, GE M F. DRIFT study on cerium-tungsten/titania catalyst for selective catalytic reduction of NO
x
 with NH

3
[J]. Environ 

Sci Technol, 2010, 44(24): 9590-9596.  

[26] KIJLSTRA W S, BRANDS D S, POELS E K, BLIEK A. Mechanism of the selective catalytic reduction of NO by NH
3
 over MnO

x
/Al

2
O

3
[J]. J 

Catal, 1997, 171(1): 208-218.  

[27] JUNG S M, GRANGE P. Investigation of the promotional effect of V
2
O

5
 on the SCR reaction and its mechanism on hybrid catalyst with 

V
2
O

5
 and TiO

2
-SO

4
2- catalysts[J]. Appl Catal B: Environ, 2002, 36(3): 207-215.  

[28] CENTENO M A, CARRIZOSA I, ODRIOZOLA J A. In situ DRIFTS study of the SCR reaction of NO with NH
3
 in the presence of O

2
 over 

lanthanide doped V
2
O

5
/Al

2
O

3
 catalysts[J]. Appl Catal B: Environ, 1998, 19(1): 67-73.  

[29] RAMIS G, YI L, BUSCA G. TURCO M, KOTUR E, WILLEY R J. Adsorption, activation and oxidation of ammonia over SCR catalysts[J]. J 
Catal, 1995, 157(2): 523-535.  

[30] CHI Y, CHUANG S S C. Infrared study of NO adsorption and reduction with C
3
H

6
 in the presence of O

2
 over CuO/Al

2
O

3
[J]. J Catal, 2000, 

190(1): 75-91.  

[31] SUáREZ S, JUNG S M, AVILA P, GRANGE P, BLANCO J. Influence of NH
3
 and NO oxidation on the SCR reaction mechanism on 

copper/nickel and vanadium oxide catalysts supported on alumina and titania[J]. Catal Today, 2002, 75(1/4): 331-338.  

[32] LI L, SHEN Q, CHENG J, HAO Z. Catalytic oxidation of NO over TiO
2
 supported platinum clusters. II: Mechanism study by in situ FTIR 

spectra[J]. Catal Today, 2010, 158(3/4): 361-369.  

[33] CENTI G, PERATHONER S. Nature of active species in copper-based catalysts and their chemistry of transformation of nitrogen oxides
[J]. Appl Catal A: Gen, 1995, 132(2): 179-259.  

[34] PÂRVULESCU V I, GRANGE P, DELMON B. Catalytic removal of NO[J]. Catal Today, 1998, 46(4): 233-316.  

[35] 范红梅, 仲兆平, 金保升, 李锋, 刘涛, 翟俊霞. V2O5-WO3/TiO2催化剂氨法SCR脱硝反应动力学研究[J]. 燃料化学学报, 2006, 34(3): 377-380. (FAN 

Hong-mei, ZHONG Zhao-Ping, JIN Bao-sheng, LI Feng, LIU Tao, ZHAI Jun-xia. Kinetics study of the selective catalytic reduction of NO 

with NH
3
 over V

2
O

5
-WO

3
/TiO

2
 catalyst[J]. Joumal of Fuel Chemistry and Technology, 2006, 34(3): 377-380.)  

[1] 韩奎华, 齐建荟, 李辉, 刘洪涛, 路春美. 木醋调质石灰石用于O2/CO2
燃煤同时脱硫脱硝性能[J]. 燃料化学学报, 2013, 41(11): 1378-1383.

[2] 苏亚欣, 邓文义, 苏阿龙. 甲烷在氧化铁表面还原NO的特性与反应机理研究[J]. 燃料化学学报, 2013, 41(09): 1129-1135.

[3]
卫智虹, 陈艳艳, 王森, 李俊汾, 董梅, 秦张峰, 王建国, 樊卫斌. 酸性分子筛上甲醇催化转化反应机理研究进展[J]. 燃料化学学报, 2013, 41(08): 897-

910.

[4]
熊绍武, 张守玉, 吴巧美, 郭熙, 董爱霞, 陈川, 郑红俊, 邓文祥, 刘大海, 唐文蛟. 生物质炭燃烧特性与动力学分析[J]. 燃料化学学报, 2013, 41(08): 

958-965.

[5] 张玉涵, 凌凤香, 王少军, 赵国利. Co-Mo/γ-Al2O3
催化剂的原位红外光谱表征研究[J]. 燃料化学学报, 2013, 41(06): 710-714.

[6] 仲卫成, 郭庆杰, 王许云, 张亮. 小球藻热裂解油催化加氢精制研究[J]. 燃料化学学报, 2013, 41(05): 571-578.

[7] 付世龙, 宋蔷, 仲蕾, 姚强. 粉体对分解炉内SNCR反应影响的研究[J]. 燃料化学学报, 2013, 41(05): 636-640.

[8] 熊志波, 郭东旭, 路春美, 张信莉. 铁铈复合氧化物催化剂SCR脱硝反应动力学研究[J]. 燃料化学学报, 2013, 41(04): 506-512.

[9] 唐念, 盘思伟. 大型煤粉锅炉汞的排放特性和迁移规律研究[J]. 燃料化学学报, 2013, 41(04): 484-490.

[10] 毛菀钰, 孙启文, 应卫勇, 房鼎业. 高温沉淀铁基催化剂上费托合成含氧化合物生成机理的研究[J]. 燃料化学学报, 2013, 41(03): 314-322.

[11] 熊志波, 路春美. 铁铈复合氧化物催化剂SCR脱硝的改性研究[J]. 燃料化学学报, 2013, 41(03): 361-367.

[12] 张晓鹏, 沈伯雄. Mn/Ce-ZrO2
催化剂低温NH3-SCR脱硝性能研究[J]. 燃料化学学报, 2013, 41(01): 123-128.

[13] 沈伯雄, 陈建宏, 姚燕, 胡国丽. 碱土金属对MnOx-CeO2/ZrO2-PILC催化剂SCR活性影响研究[J]. 燃料化学学报, 2012, 40(12): 1487-1491.

[14] 于艳科, 何炽, 陈进生, 孟小然. 电厂烟气脱硝催化剂V2O5-WO3/TiO2
失活机理研究[J]. 燃料化学学报, 2012, 40(11): 1359-1365.

[15]
焦峰斌, 张亚平, 沈凯, 孙克勤, 徐海涛, 周长城. γ-Al2O3

对SCR脱硝催化剂V2O5-WO3/TiO2
的改性研究[J]. 燃料化学学报, 2012, 40(10): 1258-

1263.



版权所有 © 《燃料化学学报》编辑部 

本系统由北京玛格泰克科技发展有限公司设计开发  技术支持：support@magtech.com.cn 


