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摘要 

摘要 

传统离子样品前处理技术主要为固相萃取（solid-phase extraction, SPE）和膜

萃取（membrane extraction, ME），这两种方法存在操作繁琐、萃取效率低和成本

高等不足。搅拌棒固相萃取（stir bar sorptive extraction, SBSE）是在固相微萃取

（solid-phase microextraction, SPME）基础上发展起来的一种集萃取、富集、净

化为一体的新型样品前处理技术。与传统的样品前处理方法相比，SBSE 技术具

有操作简便、有机溶剂使用量少、富集倍数高和环境友好等优点，近几年被广泛

应用于各种样品中有机污染物的分析，但还未涉及对无机离子的吸附研究。因此，

将 SBSE 技术引入到无机离子的萃取具有重要的实际应用前景。 

整体材料是一种新型分离介质，具有制备简单、通透性好和萃取容量高等优

点。本文利用整体材料制备具有离子交换性质的 SBSE 涂层，建立测定饮用水中

无机阴离子和牛奶中游离态阳离子的搅拌棒固相萃取-溶剂解吸-离子色谱/电导

检测（SBSE-LD-IC/CD）分析方法。同时利用已有的具有混合萃取模式 SBSE 萃

取蜂蜜中硝基咪唑类药物残留，并建立 SBSE-LD-HPLC/DAD 分析体系。主要的

研究内容和结果包括以下几个方面： 

（1）利用“原位”聚合反应制备聚（甲基丙烯酰乙基三甲基氯化铵-二乙烯

基苯）为涂层的阴离子交换型固相萃取搅拌棒（SBSE-AE），考察制备条件中单

体/交联剂比例和交联剂用量对萃取性能的影响，应用多种表征手段对涂层进行

表征。优化SBSE-AE对Br-、NO3
-、PO4

3-和SO4
2-阴离子的萃取条件，在最优萃取

条件下实现了SBSE对无机阴离子的直接萃取。所建立的SBSE-AE/LD-IC/CD方法

操作简便、灵敏度高、成本低和稳定性好，对NO3
-和SO4

2-离子线性范围为

5.0~150.0 μg/L，对Br-和PO4
3-离子线性范围为 10.0~150.0 μg/L，检测限（LODs）

在 0.92~2.80 μg/L之间，定量限（LOQs）在 3.03~9.25 μg/L之间，并将所建方法

成功应用于市售纯净水中无机阴离子的测定，加标回收率为 70.0%~92.6%。 

（2）制备了以聚（丙烯酸-乙二醇二甲基丙烯酸酯）为涂层的阳离子交换型

固相萃取搅拌棒（SBSE-CE），考察制备条件中单体/交联剂比例和交联剂用量对

萃取性能的影响，应用多种表征手段对涂层进行表征。优化SBSE-CE对K+、Mg2+

和Ca2+阳离子的萃取条件，在最佳萃取条件下实现SBSE对上述离子的有效萃取。
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摘要 

II 

2所建立的SBSE-CE/LD-IC/CD方法对Mg +和Ca2+离子线性范围为 1.0~200.0 μg/L，

对K+离子线性范围为 1.0~150.0 μg/L，LODs在 0.12~0.28 μg/L之间，LOQs在

0.40~0.92 μg/L之间，并将所建方法成功应用于实际牛奶样品中游离态K+、Mg2+和

Ca2+的测定，加标回收率为 71.1%~102.8%。 

（3）利用已有的聚（丙基甲基丙烯酸 3-磺酸钾-二乙烯基苯）为涂层的固相

萃取搅拌棒（SBSE-MADB）萃取蜂蜜中四种硝基咪唑类物质，优化了

SBSE-MADB 对甲硝唑（MTZ）、洛硝哒唑（RNZ）、二甲硝唑（DMZ）和替硝

唑（TNZ）的萃取条件，在最佳萃取条件下实现了 SBSE 对硝基咪唑类物质的有

效萃取，所建立的 SBSE-MADB/LD-HPLC/DAD 方法具有操作简便、灵敏度高

和环境友好等特点，对 MTZ 和 RNZ 线性范围为 5.0~200.0 μg/kg，对 DMZ 和 TNZ

线性范围为 2.0~200.0 μg/kg，LODs 在 0.47~1.52 μg/kg 之间，LOQs 在 1.54~5.00 

μg/kg 之间，对实际蜂蜜的加标回收率为 71.1%~114%。 

 

关键词： 搅拌棒固相萃取；整体材料；聚（甲基丙烯酰乙基三甲基氯化铵-二乙

烯基苯）；聚（丙烯酸-乙二醇二甲基丙烯酸酯）；聚（丙基甲基丙烯酸 3-磺酸钾-

二乙烯基苯）；离子色谱；无机阴阳离子；硝基咪唑类物质 
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Abstract 

Abstract 

Traditional sample preparation technologies for inorganic ions include solid phase 

extraction (SPE) and membrane extraction (ME). Sometimes it is inconvenient for 

SPE because more steps are involved in the extraction and pre-concentration. Single 

use and low extractive capacity limit the application of ME. Stir bar sorptive 

extraction (SBSE) based on solid-phase microextraction (SPME), is a novel sample 

preparation technique which integrates sampling, extraction, purification and 

enrichment into a signal step. In the past few years, SBSE has been developed rapidly 

and successfully applied to the trace analysis of variedly organic analytes in 

environmental, food and biological samples. However, little work has been carried out 

on the SBSE extraction of ionic species. Using SBSE to extract inorganic ions is 

worth being studied in order to supply a simple sample preparation for ions and also 

expand the application field of SBSE. 

Monolithic material is a novel separation media. It possesses many advantages 

such as simple preparation, good permeability and high sample capacity. Based on the 

advantages of monolithic material, new ion-exchange SBSE coatings based on 

monoliths were synthesized in this research. The method combining SBSE and liquid 

desorption, followed by ion chromatography with electric conductivity detector 

(SBSE-LD-IC/CD) for the direct analysis of inorganic anions in drinking water and 

soluble inorganic cations in milk were developed. Another method combining SBSE 

and liquid desorption, followed by high performance liquid chromatography with 

diode array detector (SBSE-LD-HPLC/DAD) for the direct analysis of 

nitroimidazoles in honey samples was also developed. The main contents and results 

of this research are as followings: 

(1) Anionic exchange stir bar sorptive extraction coating based on poly 

(2-(methacryloyloxy)ethyltrimethylammonium chloride-divinylbenzene) monolithic 

material (SBSE-AE) was prepared by in-situ polymerization. The effect of preparation 

conditions such as ratio of functional monomer to cross-linker, content of porogen on 

III 
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Abstract 

the extraction efficiencies were investigated in detail. The monolithic material was 

characterized by elemental analysis, scanning electron microscopy and infrared 

spectroscopy. The SBSE-AE extraction conditions for Br-、NO3
-、PO4

3- and SO4
2- 

were optimized. Then, a SBSE-AE/LD-IC/CD method for the direct analysis of 

inorganic anions in drinking water was developed. The method showed simplicity, 

high sensitivity, low cost and good stability for the extraction inorganic anions. The 

linearity ranges of the method for NO3
- and SO4

2- were 5.0~150.0 μg/L, for Br- and 

PO4
3- were 10.0~150.0 μg/L. The ranges of LODs and LOQs were 0.92~2.80 μg/L 

and 3.03~9.25 μg/L, respectively. Finally, the proposed method was successfully used 

to detect two different trademarks of commercial pure water with acceptable 

recoveries in the range of 70.0 to 92.6%. 

(2) Using acrylic acid as monomer, cationic exchange stir bar sorptive extraction 

coating based on poly (acrylic acid-ethylene dimethacrylate) monolithic material 

(SBSE-CE) was prepared by in-situ polymerization. The effect of preparation 

conditions such as ratio of functional monomer to cross-linker, content of porogen on 

the extraction efficiencies were investigated in detail. Elemental analysis, scanning 

electron microscopy and infrared spectroscopy were used to characterize the 

monolithic material. The SBSE-CE extraction conditions for K+、Mg2+ and Ca2+ were 

optimized. Then, a SBSE-CE/LD-IC/CD method for the analysis of soluble inorganic 

cations in milk was developed. Under the optimum conditions, the method showed 

simplicity, high sensitivity, low cost and good stability for the extraction inorganic 

cations. The linearity ranges of the method for Mg2+ and Ca2+ were 1.0~200.0 μg/L, 

for K+ was 1.0~150.0 μg/L. The ranges of LODs and LOQs were 0.12~0.28 μg/L and 

0.40~0.92 μg/L, respectively. Finally, the proposed method was successfully used to 

detect three different trademarks of commercial milk samples with recoveries in the 

range of 71.1% to 102.8%. 

(3) Poly (methacrylic acid-3-sulfopropyl ester potassium salt-divinylbenzene) 

mixed-mode monolith was used as stir bar sorptive extraction coating (SBSE-MADB) 

to analysis nitroimidazoles in honey samples. The SBSE-MADB extraction conditions 

for metronidazole (MTZ), ronidazole (RNZ), dimetridazole (DMZ) and tinidazole 

IV 
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Abstract 

V 

(TNZ) were optimized in detail. Based on optimum extraction conditions, 

SBSE-MADB/LD-HPLC/DAD separation system for the effective analysis of 

nitroimidazoles in honey samples was developed. The linearity ranges of the method 

for MTZ and RNZ were 5.0~200.0 μg/kg, for DMZ and TNZ were 2.0~200.0 μg/kg. 

The ranges of LODs and LOQs were 0.47~1.52 μg/kg and 1.54~5.00 μg/kg, 

respectively. Finally, the developed method was successfully applied to the 

determination of nitroimidazoles in different honey samples and recoveries of spiked 

target compounds were in the range of 71.1 to 114%. 

 

Keywords:  stir bar sorptive extraction (SBSE); monolithic material; 

poly (2-(methacryloyloxy)ethyltrimethylammonium chloride-divinylbenzene);  

poly (acrylic acid-ethylene dimethacrylate); poly (methacrylic acid-3-sulfopropyl 

ester potassium salt-divinylbenzene); inoic chromatography; inorganic anions and 

cations; nitroimidazoles 
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第 1 章 绪论 

离子色谱法（ion chromatography, IC）自问世以来，由于具有下列诸多优点，

因此在分析离子方面起着无法替代的作用。（1）简便、快速：通常离子色谱法

对七种常见阴离子（F-、Cl-、Br-、NO2
-、NO3

-、SO4
2-、PO4

3-）和六种常见阳

离子（Li+、Na+、NH4
+、K+、Mg2+、Ca2+）的平均分析时间约 10 min。用高效

快速分离柱对上述七种重要常见阴离子的分离只需 3 min[1]。另外，基于电解原

理的在线淋洗液发生器的发明，不仅避免了淋洗液与空气接触而受到污染，而

且实现了淋洗液制备的自动化。（2）高灵敏度：高灵敏度检测器如电导（CD）、

安培检测器的出现使离子色谱的检测限可达μg/L级别，同时高效抑制器的使用

进一步降低了离子色谱分析的检测限。（3）选择性好：通过选择适当的分离和

检测系统可实现对离子性化合物的选择性分析。如Cl-无紫外吸收，而NO2
-和

NO3
-有较强的紫外吸收，选用紫外-可见光检测器可方便地检测高Cl-中的NO2

-

和NO3
-。（4）可同时分析多种离子化合物：与光度法、原子吸收法相比，IC的

主要优点是可同时检测样品中的多种成分。只需较短的时间就可得到阴、阳离

子以及样品组成的全部信息。 

虽然离子色谱法具有简便、快速、准确，可同时进行多组分测定等优点，

但是由于样品中基底成分复杂，各种离子含量相差悬殊，离子间易发生色谱峰

重叠等问题，而且水样若不加以前处理，会给离子色谱系统带来严重的污染，

使某些色谱柱发生溶胀，缩短色谱柱的寿命[2]，因此必须对样品进行预处理，

以达到去除杂质、净化试样的作用，同时还可对目标物质进行富集，提高分析

灵敏度，这对于测定结果的准确性和质量控制起着至关重要的作用。 

传统离子样品前处理技术主要有固相萃取（SPE）[3-6]和膜萃取（ME）[7]。

但是离子交换固相萃取存在着以下问题：1、操作繁琐，费时费力；2、一些样

品的复杂基体有时会较大程度地降低萃取回收率；3、污染严重的复杂样品尤其

是含有胶体或固体小颗粒的样品会不同程度地堵塞固定相的微孔结构，引起柱

容量和穿透体积的降低，严重影响萃取效率和回收率；4、柱体和离子交换树脂

的纯度有时不够理想，使得测定的空白难以进一步降低；5、固定相材料的使用

寿命短，SPE无法进行多次使用，因此增加分析成本。而膜萃取同样存在不足，
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比如：1、萃取容量较低；2、膜的使用一般为一次性，造成分析成本的增加；3、

进行痕量富集时消耗的时间相对较长。因此，发展新型前处理技术对于离子物

质的测定具有重要的实际应用价值。 

SBSE是在SPME基础上发展起来的一种集萃取、富集、净化为一体的新型

样品前处理技术。与传统的样品前处理方法相比，SBSE技术具有操作简便、有

机溶剂使用量少、富集倍数高和环境友好等优点，近几年被广泛应用于环境监

测[8-18]、食品检测[19-23]和生化分析[24-29]。 

1.1 SBSE 简介 

SBSE技术由Sandra等在 1999 年首先提出并由德国Gerstel公司商品化[30]，

SBSE的制备方法为在内封磁芯玻璃管上涂覆一层聚二甲基硅氧烷（PDMS）或

套上一定厚度的PDMS硅橡胶管（其结构示意图如图 1.1）。萃取时，搅拌棒在

完成自身搅拌的同时实现对目标物的吸附，避免了SPME中搅拌子对目标物的竞

争吸附问题。SBSE的固定相体积比Fiber-SPME和In-tube SPME的固定相体积大

50 倍以上，因此萃取容量相应提高，适合分析样品中痕量组分。 

 

图 1.1 SBSE 搅拌棒的结构示意图 

Fig.1.1 Schematics of stir bar for SBSE 

1.2 SBSE 原理 

SBSE的原理与SPME相同，也是基于待测物质在样品及萃取涂层中平衡分

配的萃取过程[31]。对于一个单组分的单相体系，当系统达到平衡时，涂层中所

2 
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