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摘要 采用X射线近边结构谱(XANES)研究沥青质中硫的存在形态,针对沥青质的未知复杂混合体系特性,采用高阶导数谱图分析方

法,提高XANES的分辨率,准确分析沥青质中硫的存在形态;采用反正切和高斯函数分峰拟合、定量解析谱图,针对不同氧化态硫3p

轨道空余状态不同引起1s→3p跃迁几率不同,提出峰面积修正因子,以准确分析体系中各形态硫的相对含量。结果表明,石油沥青

质中硫主要存在形式为硫醚、噻吩、亚砜、噻吩砜和硫酸酯,常减压渣油沥青质中基本不含硫醚。
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Abstract： The XANES spectrum is employed to study the sulfur functional groups in asphaltenes. Since the 

asphaltenes are complicated mixture, it is difficult to distinguish different classes of sulfur compounds in 

asphaltenes. Therefore, the higher order derivative spectra of sulfur XANES were introduced in order to 

improve sulfur XANES resolution and to qualitatively analysis sulfur functional groups in asphaltenes. Sulfur 

XANES spectra were deconvoluted by using of several Gaussian and arctangent functions to quantify the 

sulfur species. In order to convert peak area percentages to atomic percentages, the relative 1s→3p 

transition probabilities of different sulfur classes must be considered. The areas of the different Gaussian 

peaks were calculated and revised for their oxidation state-dependent absorption cross-section. The 

contribution of sulfur species to total sulfur was calculated by the corrected peak areas. The result showed 

that sulfur species in asphaltenes of atmospheric and vacuum residue were mainly in form of thiophene, 

sulfoxide, thiophene sulfone and sulfate, while hardly contained sulfide. 

Key words： asphaltenes   sulfur   XANES   higher order derivative   

收稿日期: 2013-06-16; 

基金资助:

国家自然科学基金(20776160);重质油国家重点实验室开放课题资助;中石油重大科技专项专题;中国石油大学(华东)"青年教师

拔尖人才建设工程"。 

通讯作者: 张龙力,副教授,博士,从事物理化学、石油化学研究。Tel:0532-86983374;E-mail:llzhang@upc.edu.cn。     E-

mail: llzhang@upc.edu.cn 

引用本文:   

张龙力,王春岚,赵元生等. 石油沥青质含硫结构的XANES导数光谱研究[J]. 燃料化学学报, 2013, 41(11): 1328-1335. 

ZHANG Long-li,WANG Chun-lan,ZHAO Yuan-sheng et al. Speciation and quantification of sulfur compounds in petroleum asphaltenes by derivative 

XANES spectra[J]. J Fuel Chem Technol, 2013, 41(11): 1328-1335. 



  

链接本文:  

http://rlhxxb.sxicc.ac.cn/CN/     或     http://rlhxxb.sxicc.ac.cn/CN/Y2013/V41/I11/1328

[1] 梁文杰, 阙国和, 刘晨光, 杨秋水. 石油化学[M]. 东营: 石油大学出版社, 2008. (LIANG Wen-jie, QUE Guo-he, LIU Chen-guang, YANG Qiu-shui. 

Petroleum chemistry[M]. Dongying: University of Petroleum Press, 2008.) 

[2] 王宗贤, 阙国和, 梁文杰. 选择性氧化结合红外光谱定量分析减压渣油中的硫醚硫[J]. 石油大学学报: 自然科学版, 1996, 20(4): 83-86. (WANG Zong-

xian, QUE Guo-he, LIANG Wen-jie. FTIR-oxidation for quantification of sulfidic sulfur in vacuum residue[J]. Journal of the University of 

Petroleum, China, 1996, 20(4): 83-86.) 

[3] 王宗贤, 李希方, 阙国和, 梁文杰. 燃料化学学报, 胜利和孤岛减压渣油中的硫醚硫和噻吩硫的测定[J]. 燃料化学学报, 1995, 23(4): 423-428. (WANG 

Zong-xian, LI Xi-fang, QUE Guo-he, LIANG Wen-jie. Determination of sulfidic and thiophenic sulfur in shengli and gudao vacuum residues
[J]. Journal of Fuel Chemistry and Technology, 1995, 23(4): 423-428.)  

[4] 鄢小琳, 史权, 徐春明, 赵锁奇, 柯明. 裂解色谱法研究渣油中硫化物的结构及组成特征[J]. 色谱, 2004, 22(2): 162-165. (YAN Xiao-lin, SHI Quan, XU 

Chun-ming, ZHAO Suo-qi, KE Ming. Analysis of composition and structure of sulfur compounds inresidual oils by pyrolysis-gas 
chromatography[J]. Chinese Journal of Chromatography, 2004, 22(2): 162-165.)  

[5] 赵锁奇. 渣油中硫化物类型分布与化学转化性能[J]. 石油学报(石油加工), 2002, 18(1): 18-23. (ZHAO Suo-qi. Distribution of sulfur types in 

petroleum residue and their chemical conversion[J]. Acta Petrolei Sinica(Petroleum Processing Section), 2002, 18(1): 18-23.) 

[6] GEORGE G N, GORBATY M L J. Sulfur K-edge x-ray absorption spectroscopy of petroleum asphaltenes and model compounds[J]. J Am 
Chem Soc, 1989, 111(9): 3182-3186.  

[7] WALDO G S, MULLINS O C, PENNER-HAHN J E, CRAMER S P. Determination of the chemical environment of sulphur in petroleum 
asphaltenes by X-ray absorption spectroscopy[J]. Fuel, 1992, 71(1): 53-57.  

[8] MULLINS O C. Asphaltenes: Fundamentals and applications[M]. New York: Plenum Press, 2005: 53-56. 

[9] VAIRAVAMURTHY M A, MALETIC D, WANG S, MANOWITZ B, EGLINTON T, LYONS T. Characterization of sulfur-containing functional 

groups in sedimentary humic substances by X-ray absorption near-edge structure spectroscopy[J]. Energy Fuels, 1997, 11(3): 546-
553.  

[10] RAVEL B, NEWVILLE M. ATHENA, ARTEMIS, HEPHAESTUS: Data analysis for X-ray absorption spectroscopy using IFEFFIT[J]. J 
Synchrotron Radiat, 2005, 12(4): 537-541.  

[11] 张龙力, 王春岚, 赵元生, 杨国华, 杨朝合. 塔河常压渣油沥青质含硫官能团形态与其性质的关系研究[J]. 燃料化学学报, 2012, 40(9): 1081-1086. (ZHANG 

Long-li, WANG Chun-lan, ZHAO Yuan-sheng, YANG Guo-hua, YANG Chao-he. Study on the relationship between sulfur functionalities 

and the characteristics of THAR asphaltene[J]. Journal of Fuel Chemistry and Technology, 2012, 40(9): 1081-1086.) 

[12] WALDO G S, CARLSON R M K, MOLDOWAN J M, PETERS K E, PENNER-HAHN J E. Sulfur speciation in heavy petroleums: Information from 
X-ray absorption near-edge structure[J]. Geochim Cosmochim Acta, 1991, 55(3): 801-814.  

[13] XIA K, WEESNER F, BLEAM W, HELMKE P, BLOOM P, SKYLLBERG U. XANES studies of oxidation states of sulfur in aquatic and soil humic 
substances[J]. Soil Sci Soc Am J, 1998, 62(5): 1240-1246.  

[14] HUFFMAN G, MITRA S, HUGGINS F, SHAH N, VAIDYA S, LU F. Quantitative analysis of all major forms of sulfur in coal by X-ray 
absorption fine structure spectroscopy[J]. Energy Fuels, 1991, 5(4): 574-581.  

[15] PRIETZEL J, BOTZAKI A, TYUFEKCHIEVA N, BRETTHOLLE M, THIEME J, KLYSUBUN W. Sulfur speciation in soil by S K-edge XANES 

spectroscopy: Comparison of spectral deconvolution and linear combination fitting[J]. Environ Sci Technol, 2011, 45(7): 2878-2886. 
 

[16] 苏红军, 杜培军, 盛业华. 高光谱遥感数据光谱特征提取算法与分类研究[J]. 计算机应用研究, 2008, 25(2): 390-394. (SU Hong-jun, DU Pei-jun, 

SHENG Ye-hua. Study on feature extraction and experiment of hyperspectral data[J]. Application Research of Computers, 2008, 25(2): 
390-394.)  

[17] TALSKY G. Derivative spectrophotometry of first and higher orders[M]. New York: VCH Publishers, 1994. 

[18] VAIRAVAMURTHY A. Using X-ray absorption to probe sulfur oxidation states in complex molecules[J]. Spectrochimica Acta A, 1998, 54
(12): 2009-2017.  

[19] RESSLER T, WONG J, ROOS J, SMITH I L. Quantitative speciation of Mn-bearing particulates emitted from autos burning 

(methylcyclopentadienyl) manganese tricarbonyl-added gasolines using XANES spectroscopy[J]. Environ Sci Technol, 2000, 34(6): 950-
958.)  

[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] 黄海凤, 王庐云, 漆仲华, 卢晗锋. 柴油尾气DOC催化剂Pt-Pd/CeO2
的活性和抗硫性[J]. 燃料化学学报, 2013, 41(11): 1401-1408.

[3] 李梅, 杨俊和, 张启锋, 常海洲, 孙慧. 用XPS研究新西兰高硫煤热解过程中氮、硫官能团的转变规律[J]. 燃料化学学报, 2013, 41(11): 1287-1293.

[4] 景文, 侯亚芹, 郭倩倩, 黄张根, 韩小金, 马国强. 利用硫酸氧钒制备钒炭催化剂用于烟气脱硫[J]. 燃料化学学报, 2013, 41(10): 1223-1233.

[5] 张强, 孙昱东, 王雪, 杨朝合. 超声波处理对渣油加氢过程的影响[J]. 燃料化学学报, 2013, 41(10): 1199-1203.

[6] 龚娟, 米万良, 苏庆泉. 基于金属氧化物脱硫剂的天然气深度脱硫[J]. 燃料化学学报, 2013, 41(10): 1248-1255.



[7] 王齐, 郭磊, 王宗贤, 刘贺, 李红艳, 沐宝泉, 郭爱军. 委内瑞拉减渣供氢热转化中沥青质结构变化研究[J]. 燃料化学学报, 2013, 41(09): 1064-1069.

[8] 殷长龙, 翟西平, 赵蕾艳, 刘晨光. 二苯并噻吩类硫化物在非负载型NiMoW催化剂上加氢脱硫反应机理[J]. 燃料化学学报, 2013, 41(08): 991-997.

[9] 陈宗定, 公旭中, 王志, 王永刚, 张书, 许德平. KNO3
体系中离子液体辅助水煤浆电解脱硫[J]. 燃料化学学报, 2013, 41(08): 928-936.

[10] 李薇薇, 唐跃刚. 湖南辰溪特高有机硫煤的稀土元素特征及其成因[J]. 燃料化学学报, 2013, 41(05): 540-549.

[11] 孙林平, 李飞, 张龙. 稀土金属氧化物对Y分子筛吸附脱硫性能的影响[J]. 燃料化学学报, 2013, 41(04): 499-505.

[12] 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.

[13] 谭丕强, 赵坚勇, 胡志远, 楼狄明, 杜爱民. 燃料特性对车用柴油机有害排放的影响[J]. 燃料化学学报, 2013, 41(03): 347-355.

[14] 陈凡敏, 王兴军, 王西明, 周志杰. 煤催化气化过程中钾的迁移及其对气化反应特性的影响[J]. 燃料化学学报, 2013, 41(03): 265-270.

[15]
董世伟, 秦玉才, 阮艳军, 王源, 于文广, 张磊, 范跃超, 宋丽娟. 改性Y型分子筛对FCC汽油脱硫性能的研究[J]. 燃料化学学报, 2013, 41(03): 341-

346.

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 


