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ชื่อวิทยานิพนธ์ การพัฒนาและการประยุกต์ใช้เทคนิคการเตรียมตัวอย่างส าหรับวิเคราะห์
สารปนเปื้อนอินทรีย์ปริมาณน้อยในสิ่งแวดล้อมและอาหาร 

ผู้เขียน   นางสาวปิยะลักษณ์ หนูฤกษ์ 
สาขาวิชา  เคมี 
ปีการศึกษา  2562 

บทคัดย่อ 

วิทยานิพนธ์นี้มีจุดประสงค์เพ่ือพัฒนาและประยุกต์ใช้เทคนิคการเตรียมตัวอย่างส าหรับ
วิเคราะห์สารปนเปื้อนอินทรีย์ปริมาณน้อยในสิ่งแวดล้อมและอาหาร โดยแบ่งออกเป็น 2 ส่วน คือการ
สกัดด้วยตัวดูดซับของแข็งและการสกัดด้วยของเหลวปริมาณน้อย 

ส่วนแรกเป็นการพัฒนาตัวดูดซับของแข็งและตัวดูดซับของแข็งอนุภาคแม่เหล็ก โดย
ประกอบด้วย 5 งาน งานวิจัยแรกคือการพัฒนาตัวดูดซับของแข็งในลักษณะวัสดุโครงข่ายโลหะ
อินทรีย์ส าหรับประยุกต์ใช้ในการสกัดและเพ่ิมความเข้มข้นของสารกรองรังสียูวีในตัวอย่างน้ าและ
วิเคราะห์ด้วยเทคนิคแก๊สโครมาโทกราฟี แทนเดม แมสสเปกโทรเมตรี การประยุกต์ใช้วัสดุรูพรุน
โครงข่ายโลหะอินทรีย์ซึ่งพ้ืนที่ผิวสัมผัสสูงและมีความสามารถในการดูดซับสารกรองรังสียูวีโดย  
อันตรกิริยาแบบ π-π และไฮโดรโฟบิก ภายใต้สภาวะที่เหมาะสมวิธีที่พัฒนาขึ้นให้ช่วงความเป็น
เส้นตรงตั้งแต่ 0.5 ถึง 100 ไมโครกรัมต่อลิตร และขีดจ ากัดการตรวจวัดอยู่ในช่วง 1.0 ถึง 11.7 นาโน
กรัมต่อลิตร ได้ประยุกต์ใช้วิธีที่พัฒนาขึ้นในการวิเคราะห์หาปริมาณสารกรองรังสียูวีในตัวอย่างน้ าใน
สิ่งแวดล้อมและสระว่ายน้ า โดยให้ค่าร้อยละการได้กลับคืนที่ดีในช่วง 82 ถึง 105 และค่าร้อยละ
เบี่ยงเบนมาตรฐานสัมพัทธ์ในช่วง 0.9 ถึง 9.7 งานวิจัยที่สองคือการพัฒนาตัวดูดซับของแข็งก้นกรอง
บุหรี่เคลือบพอลิอะนิลีน ส าหรับประยุกต์ใช้ในการสกัดด้วยตัวดูดซับของแข็งในการสกัดและเพ่ิมความ
เข้มข้นสารโพลีไซคลิกอะโรมาติกไฮโดรคาร์บอนในตัวอย่างน้ า และวิเคราะห์ด้วยเทคนิคโครมาโท- 
กราฟีของเหลวสมรรถนะสูงร่วมกับตัวตรวจวัดฟลูออเรสเซนต์ โดยก้นกรองบุหรี่มีรูพรุนสูง ลดปัญหา
การอุดตันของตัวดูดซับ ท าให้ของเหลวสามารถไหลผ่านตัวดูดซับได้เร็ว การเคลือบก้นกรองบุหรี่ด้วย
พอลิอะนิลีน เพ่ือเพ่ิมพ้ืนที่ผิวสัมผัสในการดูดซับสารโพลีไซคลิกอะโรมาติกไฮโดรคาร์บอนโดยสามารถ
เกิดอันตรกิริยาแบบ π-π ภายใต้สภาวะที่เหมาะสมวิธีที่พัฒนาขึ้นให้ช่วงความเป็นเส้นตรงตั้งแต่ 
0.0005 ถึง 10 ไมโครกรัมต่อลิตร และขีดจ ากัดการตรวจวัดเท่ากับ 0.5 นาโนกรัมต่อลิตร ได้
ประยุกต์ใช้วิธีที่พัฒนาขึ้นในการวิเคราะห์หาปริมาณสารโพลีไซคลิกอะโรมาติกไฮโดรคาร์บอนใน
ตัวอย่างน้ า โดยให้ค่าร้อยละการได้กลับคืนที่ดีในช่วง 85 ถึง 98 และค่าร้อยละเบี่ยงเบนมาตรฐาน
สัมพัทธ์ในช่วง 3.5 ถึง 8.8 ตัวดูดซับที่พัฒนาขึ้นสามารถเตรียมได้ง่าย ราคาถูก เป็นมิตรต่อสิ่งแวดล้อม 
ให้ค่าการเตรียมซ้ าที่ดี และสามารถใช้ซ้ าได้อย่างน้อย 18 ครั้ง งานวิจัยที่สามคือการพัฒนาตัวดูดซับ
ของแข็ งคาลิกซารีนคอมโพสิทแกรฟีนออกไซด์ ปรับปรุ งผิ วก้นกรองบุหรี่ เ คลื อบพอลิ - 
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โดพามีน ส าหรับประยุกต์ใช้ในการสกัดสารอะฟลาทอกซินในข้าวโพดและวิเคราะห์ด้วยเทคนิค 
โครมาโทกราฟีของเหลวสมรรถนะสูงร่วมกับตัวตรวจวัดฟลูออเรสเซนต์ โดยการประยุกต์ใช้คาลิก- 
ซารีน แกรฟีนออกไซด์ และพอลิโดพามีน เพ่ือเพ่ิมพ้ืนที่ผิวสัมผัสในการดูดซับสารอะฟลาทอกซิน ซึ่ง
สามารถเกิดพันธะไฮโดรเจน อันตรกิริยาแบบ π-π และไฮโดรโฟบิก ภายใต้สภาวะที่เหมาะสมวิธีที่
พัฒนาขึ้นให้ช่วงความเป็นเส้นตรงตั้งแต่ 0.01 ถึง 10 ไมโครกรัมต่อกิโลกรัม และขีดจ ากัดการตรวจวัด
เท่ากับ 0.01 ไมโครกรัมต่อกิโลกรัม ส าหรับการตรวจวิเคราะห์อะฟลาทอกซินบี 1 ให้ช่วงความเป็น
เส้นตรงตั้งแต่ 0.02 ถึง 10 ไมโครกรัมต่อกิโลกรัม และขีดจ ากัดการตรวจวัดเท่ากับ 0.02 ไมโครกรัม
ต่อกิโลกรัม ส าหรับการตรวจวิเคราะห์อะฟลาทอกซนิบี 2 และให้ช่วงความเป็นเส้นตรงตั้งแต่ 0.05 ถึง 
10 ไมโครกรัมต่อกิโลกรัม และขีดจ ากัดการตรวจวัดเท่ากับ 0.05 ไมโครกรัมต่อกิโลกรัม ส าหรับการ
ตรวจวิเคราะห์อะฟลาทอกซินจี 1 และอะฟลาทอกซินจี 2 ได้ประยุกต์ใช้วิธีที่พัฒนาขึ้นในการ
วิเคราะห์หาปริมาณสารอะฟลาทอกซินในตัวอย่างข้าวโพด โดยให้ค่าร้อยละการได้กลับคืนที่ดีในช่วง 
83 ถึง 107 และค่าร้อยละเบี่ยงเบนมาตรฐานสัมพัทธ์ในช่วง 0.20 ถึง 14.7 ตัวดูดซับที่พัฒนาขึ้น
เตรียมได้ง่าย ราคาถูก และสามารถใช้ซ้ าได้ถึง 17 ครั้ง งานวิจัยที่สี่และห้าเป็นการพัฒนาตัวดูดซับ
ส าหรับการสกัดด้วยตัวดูดซับของแข็งอนุภาคแม่เหล็ก ในลักษณะอนุภาคแม่เหล็กคอมโพสิทอัลจิเนต
เคลือบด้วยพอลิอะนิลีนและพอลิไพโรล ส าหรับประยุกต์ใช้ในการสกัดและเพ่ิมความเข้มข้นสารโพลี- 
ไซคลิกอะโรมาติกไฮโดรคาร์บอนและสารรบกวนการท างานของต่อมไร้ท่อ ได้แก่ เอสไตรออล เบต้า- 
เอสตราไดออล และ บิสฟีนอล เอ ในตัวอย่างน้ า และวิเคราะห์ด้วยเทคนิคโครมาโทกราฟีของเหลว
สมรรถนะสูงร่วมกับตัวตรวจวัดฟลูออเรสเซนต์ โดยการประยุกต์ใช้อนุภาคแม่เหล็กช่วยให้แยกตัวดูด
ซับออกจากสารตัวอย่างได้ง่ายและรวดเร็วด้วยแท่งแม่เหล็ก การกักอนุภาคแม่เหล็กในเม็ดอัลจิเนต
เพ่ือช่วยเพิ่มการกระจายตัวของตัวดูดซับในตัวอย่างน้ าและเพ่ิมพ้ืนที่ผิวในการเคลือบพอลิอะนิลีนและ
พอลิไพโรล ซึ่งพอลิอะนิลีนช่วยในการดูดซับสารโพลีไซคลิกอะโรมาติกไฮโดรคาร์บอน ด้วย 
อันตรกิริยาแบบ π-π และพอลิไพโรลช่วยในการดูดซับสารรบกวนการท างานของต่อมไร้ท่อด้วย
อันตรกิริยาแบบ π-π และพันธะไฮโดรเจน ภายใต้สภาวะที่เหมาะสมวิธีที่พัฒนาขึ้นให้ช่วงความเป็น
เส้นตรงตั้งแต่ 0.040 ถึง 50 ไมโครกรัมต่อลิตร และขีดจ ากัดการตรวจวัดเท่ากับ 0.010 ไมโครกรัมต่อ
ลิตร ส าหรับการตรวจวิเคราะห์สารโพลีไซคลิกอะโรมาติกไฮโดรคาร์บอน และให้ช่วงความเป็นเส้นตรง
ตั้งแต่ 0.50 ถึง 100 ไมโครกรัมต่อลิตร และขีดจ ากัดการตรวจวัดเท่ากับ 0.50 ไมโครกรัมต่อลิตร 
ส าหรับการตรวจวิเคราะห์สารรบกวนการท างานของต่อมไร้ท่อ ได้ประยุกต์ใช้ตัวดูดซับของแข็ง
อนุภาคแม่เหล็กคอมโพสิทอัลจิเนตเคลือบพอลิอะนิลีนเพ่ือตรวจวิเคราะห์หาปริมาณสารโพลี- 
ไซคลิกอะโรมาติกไฮโดรคาร์บอนในตัวอย่างน้ าในสิ่งแวดล้อม โดยให้ค่าร้อยละการได้กลับคืนที่ดี
ในช่วง 86 ถึง 98 และค่าร้อยละเบี่ยงเบนมาตรฐานสัมพัทธ์ในช่วง 3.1 ถึง 8.3 และประยุกต์ใช้ตัวดูด
ซับของแข็งอนุภาคแม่เหล็กคอมโพสิทอัลจิเนตเคลือบพอลิไพโรลเพ่ือตรวจวิเคราะห์หาปริมาณสาร
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รบกวนการท างานของต่อมไร้ท่อในตัวอย่างน้ าในสิ่งแวดล้อม โดยให้ค่าร้อยละการได้กลับคืนที่ดี
ในช่วง 91 ถึง 98 และค่าร้อยละเบี่ยงเบนมาตรฐานสัมพัทธ์ในช่วง 3.0 ถึง 7.2 ตัวดูดซับที่พัฒนาขึ้น
สามารถเตรียมได้ง่าย ใช้งานสะดวก ราคาถูก ให้ค่าการเตรียมซ้ าที่ด ีและเป็นมิตรต่อสิ่งแวดล้อม   

ในส่วนที่สองเป็นการพัฒนาเทคนิคการสกัดด้วยของเหลวปริมาณน้อยด้วยลวดสแตน-
เลสของลูกสูบในเข็มฉีดขนาดเล็ก งานวิจัยสุดท้ายคือการพัฒนาการกัดกร่อนลวดสแตนเลสของลูกสูบ
ที่เป็นมิตรต่อสิ่งแวดล้อม โดยใช้สารละลายผสมระหว่างเฟอร์ริกคลอไรด์และกรดไฮโดรคลอริกเป็น
สารกัดกร่อนแทนการใช้กรดไฮโดรฟลูออริก การกัดกร่อนท าได้โดยจุ่มเส้นลวดสแตนเลสของลูกสูบลง
ในสารกัดกร่อนในขั้นตอนเดียว โดยการประยุกต์ใช้ลวดสแตนเลสที่กัดกร่อนซึ่งมีพ้ืนผิวขรุขระช่วยใน
การพยุงตัวท าละลายอินทรีย์ในการสกัดสารโพลีไซคลิกอะโรมาติกไฮโดรคาร์บอนโดยการจุ่มโดยตรง
ลงไปในตัวอย่างน้ า หลังจากการสกัดน าไปคายการดูดซับด้วยความร้อนที่ส่วนหัวฉีดของเครื่องแก๊ส
โครมาโทกราฟเพ่ือการวิเคราะห์ ภายใต้สภาวะที่เหมาะสมวิธีที่พัฒนาขึ้นให้ช่วงความเป็นเส้นตรง
ตั้งแต่ 0.01 ถึง 50 ไมโครกรัมต่อลิตร และขีดจ ากัดการตรวจวัดอยู่ในช่วง 0.006 ถึง 0.058 
ไมโครกรัมต่อลิตร ให้ค่าการเตรียมซ้ าที่ดี โดยมีค่าร้อยละเบี่ยงเบนมาตรฐานสัมพัทธ์ในช่วง 4.2 ถึง 
12.7  วิธีการกัดกร่อนที่เป็นมิตรต่อสิ่งแวดล้อมที่พัฒนาขึ้นสามารถท าได้ง่าย รวดเร็วในขั้นตอนเดียว  
และได้ประยุกต์ใช้วิธีที่พัฒนาขึ้นในการสกัดและเพ่ิมความเข้มข้นสาร โพลีไซคลิกอะโรมาติก
ไฮโดรคาร์บอนในตัวอย่างน้ า โดยให้ค่าร้อยละการได้กลับคืนที่ดีในช่วง 84 ถึง 102 และค่าร้อยละ
เบี่ยงเบนมาตรฐานสัมพัทธ์ในช่วง 1.0 ถึง 9.5 

โดยสรุปผลของการศึกษาแสดงให้เห็นว่าเทคนิคการเตรียมตัวอย่างที่พัฒนาขึ้นสามารถ
ประยุกต์ใช้ในการตรวจวิเคราะห์สารปนเปื้อนอินทรีย์ปริมาณน้อยในสิ่งแวดล้อมและอาหารได้อย่างมี
ประสิทธิภาพ สามารถท าได้ง่าย ใช้งานสะดวก ราคาถูก และเป็นมิตรต่อสิ่งแวดล้อม นอกจากนี้ตัว 
ดูดซับที่พัฒนาขึ้นสามารถน าไปประยุกต์ใช้ในการสกัดสารปนเปื้อนอินทรีย์อ่ืน ๆ ในสิ่งแวดล้อมและ
อาหาร โดยใช้ร่วมกับเทคนิควิเคราะห์ทางโครมาโทกราฟี 
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ABSTRACT 

This thesis aimed to develop and apply sample preparation techniques for the 

determination of trace organic contaminants in environment and food. Two parts based 

on extraction phase were performed, including sorbent-based extraction and liquid 

phase-microextraction. 

In the first part focused on the development of solid-phase extraction (SPE) 

and magnetic solid-phase extraction (MSPE) for sorbent-based extraction techniques. 

Five sub-projects were carried out. The first sub-project was a metal organic 

frameworks material of MIL-101. It was successfully synthesized and utilized as a SPE 

adsorbent for the extraction and preconcentration of UV filters followed by gas 

chromatography-tandem mass spectrometry (GC-MS/MS). The high porous of  

MIL-101 adsorbent has large surface area and strong adsorption ability of UV filters 

through π-π and hydrophobic interactions. Under the optimum conditions, the 

developed method provided the linear in the range of 0.5 – 100 µg L-1 with the low 

limits of detection in the range of 1.0 – 11.7 ng L-1. This method has been successfully 

applied for the extraction and quantification of UV filters in environmental and 

recreational water samples. The developed MIL-101 adsorbent provided good 

recoveries in a range of 82 – 105% with a relative standard deviations (%RSDs) in the 

range of 0.9 – 9.7%. The second sub-project was polyaniline coated cigarette filters 

which were successfully synthesized and employed as the SPE adsorbent for the 

extraction and enrichment of polycyclic aromatic hydrocarbons (PAHs) in 

environmental water samples and quantified by high-performance liquid 

chromatography with fluorescence detector (HPLC-FLD). The high porosity and large 

surface area of cigarette filters helped to reduce the back pressure allowing extraction 
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process at the high sample flow rate without loss of extraction ability. The coating of 

polyaniline facilitated the strong adsorption of PAHs via π-π interaction. Under the 

optimum conditions, the linearity was in the range of 0.005 – 10 µg L-1 with a low 

detection limit of 0.5 ng L-1. This method provided a high enrichment factor and good 

recoveries in the range of 85 – 98% with RSDs in the range of 3.5 – 8.8%. The 

developed adsorbent is easy to prepare, cost-effective, environmentally friendly, 

reproducible and could be reused up to 18 times. The third sub-project was a hybrid 

adsorbent of calix[4]arene functionalized graphene oxide onto polydopamine-coated 

cigarette filters. This adsorbent was applied for the SPE and clean-up aflatoxins in corn 

samples followed by HPLC-FLD. This porous adsorbent included the combination of 

polydopamine, graphene oxide and calix[4]arene for the fabrication of a hybrid 

adsorbent which facilitated the highly efficient adsorption of aflatoxins via hydrogen 

bonding, hydrophobic and π-π interactions. Under the optimum conditions, the 

developed adsorbent provided a linear response in the range of 0.01 – 10 µg kg-1 with a 

detection limit of 0.01 µg kg-1 for aflatoxin B1, 0.02 – 10 µg kg-1 with a detection limit 

of 0.02 µg kg-1 for aflatoxin B2 and 0.05 – 10 µg kg-1 with a detection limit of 0.05  

µg kg-1 for aflatoxin G1 and aflatoxin G2. This method was successfully applied for the 

determination of aflatoxins from corn samples with satisfactory recoveries from 83 to 

107% with the RSDs ranging from 0.20 to 14.7%. The developed adsorbent is simple 

to prepare, low cost and could be reused up to 17 times. The fourth and fifth sub-project 

were polyaniline and polypyrrole coated magnetite nanoparticles incorporated in 

alginate beads. The magnetic adsorbents were successfully synthesized and used as 

MSPE adsorbent for the extraction and preconcentration of PAHs and endocrine-

disrupting compounds (EDCs) including estriol, β-estradiol and bisphenol A in water 

samples followed by HPLC-FLD. The magnetite nanoparticles provided a simple and 

fast separation of the adsorbent from the sample solution using an external magnet. An 

alginate hydrogel helped to entrap the magnetite nanoparticles for increasing of 

dispersibility and enhancing the surface area for coating. The large surface areas of 

polyaniline coated alginate/magnetite composite helped to increase the extraction yield 

of PAHs via π–π interaction and polypyrrole coating facilitated the high adsorption of 

EDCs through hydrogen bonding, π–π and hydrophobic interactions. The developed 

method provided a wide linear range from 0.040 to 50 µg L-1 with a low detection limit 
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of 0.010 µg L-1 for PAHs and from 0.50 to 100 µg L-1 with a low detection limit of  

0.50 µg L-1 for EDCs. The developed adsorbent of polyaniline coated magnetite 

nanoparticles entrapped in alginate beads were applied for the extraction and 

preconcentration of PAHs in environmental water samples with a good recovery of  

86 – 98% and the RSDs in the range of 3.1 – 8.3%. The developed adsorbent of 

polypyrrole coated magnetite nanoparticles entrapped in alginate beads were effectively 

applied for the extraction and determination of EDCs in environmental water samples 

with a good recovery of 91 – 98% and the RSD in the range of 3.0 – 7.2%. The 

developed adsorbents are simple to prepare, convenient, cost-effective, good 

reproducibility and environmentally friendly. 

In the second part focused on the development of liquid phase-

microextraction approach called plunger-in-needle liquid phase-microextraction (PIN-

LPME). The last sub-project was environmentally friendly method of etching a 

stainless steel plunger wire using ferric chloride-hydrochloric acid (FeCl3-HCl) 

solution as the etchant, replacing the conventional hydrofluoric acid use. The etching 

procedure was operated in one-step by immersing a stainless steel plunger wire directly 

into the etchant. The etched plunger wire provided rough surface, allowing stable 

organic solvent holder for PIN-LPME and then directly expose into water samples for 

the extraction of PAHs. The extract was subsequently subjected to thermal desorption 

in injector port of gas chromatograph for analysis. Under the optimal conditions, the 

developed method provided good linearity in the range of 0.01 – 50 µg L-1, low 

detection limits in the range of 0.006 – 0.058 µg L-1 and good reproducibility with RSDs 

in the range of 4.2 – 12.7%. The environmentally friendly etching method is simple, 

fast and one-step approach and successfully applied for extraction and enrichment of 

PAHs in water samples with good recovery of 84 – 102% and RSDs in the range of  

1.0 – 9.5%.  

In conclusion, the sample preparation techniques were successfully 

developed and applied for the determination of trace organic contaminants in 

environment and food. These developed methods provided good analytical 

performance with several advantages, including simple to prepare, convenient, cost-

effective and environmentally friendly. The developed methods have the potential to 
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apply for the extraction and determination of others trace organic contaminant in 

environment and food samples coupled with chromatography for analysis. 
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THE RELEVANCE OF THE RESEARCH WORK TO THAILAND 

 

The purpose of this Doctor of Philosophy Thesis in Chemistry is to develop 

and apply sample preparation techniques for trace organic contaminants in environment 

and food coupled to chromatography for analysis. These developed methods provided 

good analytical performance, simple to prepare, convenient, cost-effective and 

environmentally friendly. They can be applied for the determination of UV filters, 

polycyclic aromatic hydrocarbons, aflatoxins and endocrine-disrupting compounds in 

real samples, including corn, environmental and recreational water. Furthermore, the 

developed methods have the potential to apply for the determination of others trace 

organic contaminants and can be used as alternative analytical methods in several 

governmental organizations and private sectors in Thailand. 
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1. Introduction 

1.1 Background and rationale 

Recently, the increasing of organic contaminants emerged in the 

environment and food is a problem of great concern to human health and ecological 

systems. These contaminants are produced from both synthetic compounds with 

agriculture, industry, transport, domestic activities and natural chemicals by hormones 

excretion (Dimpe and Nomngongo, 2016; Fernández-Ramos et al., 2014; Geissen et 

al., 2015). Typical organic contaminants, including polycyclic aromatic hydrocarbons 

(PAHs), UV filters, bisphenol A, estrogens and aflatoxins, are widespread released in 

environmental and food matrices. They can enter the food chain and cause harm to the 

human health and other organisms, even at trace (parts per billion or parts per trillion) 

levels (Mueller et al., 2003; Schlumpf et al., 2008; Wang et al., 2015a; Wen and Zhu, 

2014). The occurrence of emerging contaminants in environmental matrices, such as 

PAHs, UV filters, bisphenol A and estrogens, can cause adverse effect on endocrine 

disruption and they have potential to be mutagen and carcinogen. (Gorga et al., 2014; 

Plagellat et al., 2006; Schlumpf et al., 2004; Yao et al., 2015). The contamination of 

highly toxic aflatoxins in food can cause cancer for human and also agricultural damage 

(Akiyama et al., 2001; Hussein and Brasel, 2001; IARC, 2002).  

To ensure human health and food safety, several organizations have set the 

legislative limits for these organic contaminants in environment and food. 

Environmental Protection Agency (US EPA) has listed PAHs as priority pollutants, and 

established the maximum contaminant level (MCLs) for some of PAHs in water, 

included Benzo(a)anthracene 0.1 µg L-1, Benzo(b)fluoranthene and Benzo(a)pyrene  

0.2 µg L-1 (EPA, 2008). The European Union (EU) has listed 2-Ethylhexyl 

methoxycinnamate as priority pollutant in European monitoring water policy (EU, 

2015). The EU has set maximum residue limits (MRLs) of total aflatoxins in cereals of 

4.0 µg kg-1 and 2.0 µg kg-1 for aflatoxins B1 (EU, 2006). Therefore, to assess the risk 
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of human health and control food safety, the determination of these organic 

contaminants in environment and food is crucial. 

Analytical techniques which are generally used to determine the organic 

contaminants including gas chromatography (GC) and high-performance liquid 

chromatography (HPLC) with various detectors. These techniques provide high 

sensitivity, good selectivity and simultaneous analysis of multiple analytes using 

separation column (Nascimento et al., 2015; Yang et al., 2011; Zhao et al., 2016a). 

However, the organic contaminants are usually present at trace levels with the complex 

matrices, a suitable sample preparation is required to concentrate the target analytes and 

clean-up the sample before instrumental analysis (Tobiszewski et al., 2009; Xu et al., 

2016). 

The recent trend of sample preparation for the determination of trace organic 

compounds attempts to miniaturize the extraction process, being environmentally 

friendly method (Armenta et al., 2019; Ribeiro et al., 2014). Regarding to the extraction 

phase, sorbent-based extraction is an interesting sample preparation technique because 

of its highly efficient extraction and preconcentration (Azzouz et al., 2018). Solid-phase 

extraction (SPE) is a sample preparation technique based on sorbent-based extraction 

which is the most extensively used for the extraction and determination of organic 

contaminants due to its good extraction efficiency and simplicity (Andrade-Eiroa et al., 

2016a; Azzouz et al., 2018). Commercially packed SPE cartridges have been used for 

the extraction of organic contaminant such as C18 bonded silica and copolymer. 

However, the commercially available adsorbents are expensive, and the cartridge 

clogging can occur due to their packed particulate matter (Noosang et al., 2015; Nurerk 

et al., 2018). To overcome these drawbacks, the porous adsorbent and porous 

supporting materials, which composited/modified with adsorption materials, have been 

applied as SPE adsorbents, such as metal organic frameworks, cigarette filters and 

alginate hydrogel bead (Bunkoed et al., 2016b; Nurerk et al., 2017; Nurerk et al., 

2019b). 

Besides, a new SPE mode based on the magnetic adsorbent called magnetic 

solid-phase extraction (MSPE) has been developed. The magnetic adsorbent can be 

easily and fast separated from the sample solution using an external magnetic field 
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(Herrero-Latorre et al., 2015; Speltini et al., 2016). To improve adsorption ability and 

stability of the magnetic adsorbent, the high affinity materials and porous supporting 

materials have been composited or modified onto the magnetic adsorbent (Bunkoed et 

al., 2016a; Deng et al., 2013; Nurerk et al., 2017). Therefore, the propose of the first 

part of this thesis is to develop the SPE and MSPE adsorbents which are high extraction 

capability, simple to prepare and cost-effective for the extraction and determination of 

UV filters (Paper I), PAHs (Paper II, IV) and aflatoxins (Paper III), endocrine 

disrupting compounds (EDCs) including estrogens and bisphenol A (Paper V). 

Based on liquid-based extraction, liquid-liquid extraction (LLE) is a 

traditional sample preparation method for the extraction of organic contaminants. The 

LLE procedure has several limitations such as large amounts of toxic organic solvent 

and sample use, tedious operation and time-consuming. (Hyötyläinen and Riekkola, 

2008; Sarafraz-Yazdi and Amiri, 2010). By the current trend of miniaturized and 

environmentally friendly sample preparation techniques, liquid phase-microextraction 

(LPME) is an alternative approach to minimize the solvent consumption. The LPME 

uses microliters of extraction solvent to extract and preconcentrate the target analytes 

in one-step (Kokosa, 2013; Spietelun et al., 2014; Stanisz et al., 2014). LPME has been 

developed in several modes such as single drop microextraction (SDME) (Jain and 

Verma, 2011; Psillakis and Kalogerakis, 2002), bubble-in-single drop microextraction 

(BI-SDME) (Guo et al., 2016) and hollow fiber LPME (Ratola et al., 2008; Sibiya et 

al., 2013). Nevertheless, the SDME and BI-SDME are lack of stability of solvent drop, 

as well as the formation of air bubbles in the hollow fiber, leading to poor 

reproducibility (Charalabaki et al., 2005; Płotka-Wasylka et al., 2016). Consequently, 

the second part of this thesis is focused on the development of the new approach of 

LPME based on the simple, fast and environmentally friendly method for the extraction 

and preconcentration of PAHs (Paper VI) 

 

1.2 Objective 

The objective of this thesis is to develop sample preparation techniques for 

the extraction and determination of trace organic contaminants in environment and 
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food. Two parts based on extraction phase consisting of sorbent-based extraction and 

liquid phase-microextraction were studied as follows. 

Part I: Sorbent-based extraction 

Sub-project І: A metal organic frameworks material of MIL-101 was 

synthesized and used as a SPE adsorbent for extraction and determination of UV filters 

compounds in environmental and recreational water samples (Paper I). 

Sub-project ІI: Polyaniline coated cigarette filters were synthesized 

and used as a SPE adsorbent for the extraction and preconcentration of PAHs in 

environmental water samples (Paper II). 

Sub-project ІII: The hybrid SPE adsorbent consisting of calix[4]arene 

functionalized graphene oxide onto polydopamine coated cigarette filters was 

synthesized and used for the extraction and preconcentration of aflatoxins in corn 

samples (Paper III). 

Sub-project IV: The MSPE adsorbent of polyaniline coated magnetite 

nanoparticles entrapped in alginate beads was prepared and applied for the extraction 

and preconcentration of PAHs in environmental water samples (Paper IV). 

Sub-project V: The magnetite nanoparticles incorporated into 

alginate beads and coated with a polypyrrole adsorbent were synthesized and used as 

MSPE adsorbent for the extraction and preconcentration of EDCs including estriol, β-

estradiol and bisphenol A in environmental water samples (Paper V). 

Part II: Liquid phase-microextraction 

Sub-project VI: The environmentally friendly method of etching a 

stainless steel plunger wire for plunger-in-needle LPME was developed and applied for 

the extraction and preconcentration of PAHs in environmental water samples (Paper 

VI). 

 

2. Sample preparation techniques 

The contamination of organic compounds usually presents at the trace level 

within a complex matrix. Thus, sample preparation is an important step before 

instrumental analysis which can eliminate the interferences and preconcentrate the 

target analytes. In addition, it can improve the limits of detection of the analytical 
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method (Pyrzynska, 2018; Tobiszewski et al., 2009; Xu et al., 2016). By the recent 

trend of miniaturized and environmentally friendly sample preparation techniques, a 

number of sample preparation techniques, both sorbent-based extraction and liquid-

based extraction techniques, have been developed and applied for the extraction of trace 

organic contaminants in various samples such as solid-phase extraction (SPE) (Liu et 

al., 2004; Liu et al., 2013; Wang et al., 2007), magnetic solid-phase extraction (MSPE) 

(Hashemi et al., 2014; Sukchuay et al., 2015; Zhang et al., 2010a), stir bar sorptive 

extraction (SBSE) (Magi et al., 2012; Noroozian and Rahimi, 2015), solid-phase 

microextraction (SPME) (Pang and Liu, 2012; Yang et al., 2006), liquid–liquid 

extraction (LLE) (Rodil et al., 2009; Tavakoli et al., 2008), dispersive liquid–liquid 

microextraction (DLLME) (Campone et al., 2011; Fernández et al., 2015) and liquid 

phase-microextraction (LPME) (Charalabaki et al., 2005; Loh et al., 2013). 

Among them, solid-phase extraction (SPE), magnetic solid-phase extraction 

(MSPE) and liquid phase-microextraction (LPME) are particularly interesting 

techniques due to their simplicity, convenience, less amount of solvent and sample use, 

low-cost operation and enabled high throughput determination. (Andrade-Eiroa et al., 

2016a; Armenta et al., 2019; Ribeiro et al., 2014; Sanagi et al., 2012).  

 

2.1 Sorbent-based extraction 

Sorbent-based extraction has attracted much attention as a sample 

preparation technique due to its ability to efficiently clean-up the sample and 

preconcentrate the target analytes based on the adsorption of the target analytes onto 

the adsorbent (Andrade-Eiroa et al., 2016a; Azzouz et al., 2018). 

 

2.1.1 Solid-phase extraction (SPE) 

Solid-phase extraction (SPE) is the most widely used sample preparation 

method for the extraction and determination of organic compounds due to its extraction 

capacity with high recovery, high enrichment factor and ease of operation (Andrade-

Eiroa et al., 2016b; Azzouz et al., 2018). The basic principle of solid-phase extraction 

is based on the partitioning of the analytes from the sample matrix (liquid) into a solid 

phase (adsorbent). SPE procedure usually involves four steps as demonstrated in Figure 
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1. First, the SPE adsorbent is conditioned with the suitable organic solvent to remove 

impurities on the surface of sorbents for the subsequent loading the sample, in this step 

the analytes are adsorbed on the surface of the sorbent. The adsorbent is then washed 

to remove the interferences and eluted the retained analytes with an appropriate eluting 

solvent (Buszewski and Szultka, 2012; Camel, 2003). 

 

 

 

Figure 1 Schematic of solid-phase extraction procedure 

 

The selection of adsorbent is a key parameter to obtain good extraction 

efficiency and enrichment capability of the target analytes. Various commercial SPE 

adsorbents have been used for the extraction of trace organic compounds such as C18 

bonded silica (Abdel-Azeem et al., 2015; Díaz-Cruz et al., 2012), copolymer 

hydrophilic-lipophilic balance (HLB) (Liu et al., 2011b; Ventura et al., 2004) and 

graphitized carbon black (GCB) (Cavaliere et al., 2007; Gentili et al., 2002). However, 

shortcomings of these commercial adsorbents include cartridge clogging and 

expensiveness (Bunkoed et al., 2016b; Noosang et al., 2015). In recent years, the new 

porous materials have received extensive attention to obtain better extraction efficiency, 

minimize SPE method and reduce analytical cost. Several porous materials have been 

applied for SPE as an adsorbent and supporting material such as carbon nanomaterials 
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(Cai et al., 2003; Liu et al., 2011a; Yu et al., 2013a), metal organic framework (Wang 

et al., 2013b, Paper I), cryogel (Chullasat et al., 2017; Noosang et al., 2015) and 

cigarette filters (Paper II, III). Moreover, high affinity materials have been coated or 

composited with supporting material to enhance their extraction efficiency and 

enrichment capability. Various adsorption materials, such as polymers (Paper I-II), 

graphene oxide and calixarene (Paper III) have been used for sample enrichment. The 

extraction efficiency of the developed SPE adsorbents were comparable or better than 

commercial SPE adsorbent (Figure 2). However, the developed adsorbents were lower 

cost and could be reused. This result indicated that the developed adsorbents can be 

used as alternative adsorbents for the extraction and determination of trace organic 

contaminants. 

 

 

Figure 2 Comparison between the developed PANI/CFs sorbent and the commercial 

C18 sorbent for extraction of the PAHs from spiked deionized water (Reprinted form 

Bunkoed and coworkers, 2016; copyright with permission form Wiley Online Library) 

(Bunkoed et al., 2016b) 

 

2.1.2 Magnetic solid-phase extraction (MSPE) 

Magnetic solid-phase extraction (MSPE) is a modified mode of SPE. This 

method employs the magnetic adsorbent to extract the target analytes by direct 

dispersion into sample matrix which facilitates the adsorption capability between 

adsorbents and analytes through their interactions. This extraction method also provides 
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rapid magnetic separation avoiding centrifugation or filtration, and convenient 

operation (Herrero-Latorre et al., 2015; Speltini et al., 2016; Wang et al., 2013a). The 

MSPE procedure is carried out as shown in Figure 3. The adsorbents are directly 

dispersed into sample solution, performing the adsorption with suitable extraction time 

under stirring. After adsorption, the adsorbents with adsorbed target analytes are 

separated from the sample solution using an external magnet. Subsequently, the 

adsorbed analytes are eluted with a desorption solvent and quantified. Furthermore, the 

adsorbents can be reused which can reduce analysis cost and time (Herrero-Latorre et 

al., 2015; Wierucka and Biziuk, 2014). 

 

 

Figure 3 Schematic of magnetic solid-phase extraction procedure 

 

Various magnetic nanoparticles (MNPs) have been used as MSPE adsorbent 

such as iron, nickel, cobalt, and their oxides, (Li et al., 2013; Li et al., 2015b; Yu et al., 

2019). However, pure MNPs are prone to aggregate, leading to low dispersibility and 

loss of their surface contact area towards the target analytes (Pinsrithong and Bunkoed, 

2018; Yu et al., 2019). To overcome these shortcomings, the MNPs are normally 

modified with suitable materials e.g. silica (Hakami et al., 2012) and surfactants (Zhao 

et al., 2008), or incorporated into porous polymeric hydrogel e.g. alginate, chitosan and 

gelatin (Figure 4). The modification of MNPs can improve their durability and 

adsorption affinity by enhancing the dispersion. (Hao et al., 2015; Nurerk et al., 2017; 

Yu et al., 2013b).  
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Figure 4 The hysteresis loops of Fe3O4, Alginate/Fe3O4 and PANI/alginate/Fe3O4. The 

inset represents the PANI/alginate/Fe3O4 beads separated by a magnet (Reprinted form 

Nurerk and coworkers, 2017; copyright with permission form Taylor & Francis Online) 

(Nurerk et al., 2017) 

 

In addition, a wide variety of high affinity coating materials have been 

modified onto or composited with the magnetic adsorbent to improve their extraction 

efficiency. These adsorption materials include multiwall carbon nanotubes (Bunkoed 

and Kanatharana, 2015), graphene oxide (Deng et al., 2013) and polymers (Paper IV, 

V). 

 

2.1.3 Supporting materials  

2.1.3.1 Cigarette filters 

Cigarette filters are an interesting porous supporting material. They are made 

from cellulose acetate fibers which provide three-dimensional porous structure (Figure 

5) allowing an easy flow of the sample solution at a high rate with low back pressure 

(Liu et al., 2015a; Nascimento et al., 2016) and they are also cost-effective and 

convenient to use. cigarette filters have been successfully applied as a supporting 

material of adsorbent for the preconcentration of various compounds such as metal ions 
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(Li et al., 2009b; Li et al., 2015a), ketoconazole (Andrade et al., 2015), PAHs (Paper 

II) and aflatoxins (Paper III) in environmental, biological and food samples. 

 

 

Figure 5 Photo of cigarette filters (A) and SEM image of highly porous structure 

cigarette filters at 200x magnification (B); 1000x  magnification (C); 20000x 

magnification (D) and calix[4]arene-GO/PDA-CFs adsorbent at 1000x (E); 20000x 

magnification (F) (Reprinted form Nurerk and coworkers, 2018; copyright with 

permission form Wiley Online Library) (Nurerk et al., 2018) 

 

2.1.3.2 Alginate hydrogel 

Alginate is a biopolymer containing the linear chain of D-mannuronic acid 

(M) and L-guluronic acid (G) units in a pyranose form (Jiao et al., 2016). The hydrogel 

form process is performed by the simple cross-linking reaction between alginate and 

divalent cations, such as calcium ions (Ca2+) and barium ions (Ba2+), to form egg-box 

model (Figure 6) (He et al., 2016; Serrano-Aroca et al., 2018; Zheng, 1997). 
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Figure 6 Schematic representation of the hierarchical structure of egg-box junction 

zones in alginate/calcium gels:  (a) coordination of Ca2+ in a cavity created by a pair of 

guluronate sequences along alginate chains; (b) egg-box dimer, and (c) laterally 

associated egg-box multimer. The black solid circles represent the oxygen atoms 

possibly involved in the coordination with Ca2+. The open circles represent Ca2+ ions 

(Reprinted form Fang and coworkers, 2007; copyright with permission form ACS 

Publications) (Fang et al., 2007) 

 

The alginate hydrogel has insoluble gel network, biodegradability and cost-

effectiveness, it is greatly useful to entrap several materials such as nanoparticles, 

carbon nanomaterials, and its porosity can help the target analytes to diffuse into the 

pore and come in contact with the adsorption material (Figure 7). It also has a 

hydrophilicity which can improve the dispersibility of the adsorbent in the sample 

solution, thus reducing the extraction time (Algothmi et al., 2013; Bezbaruah et al., 

2009; Bunkoed and Kanatharana, 2015; Jiao et al., 2016; Zare et al., 2016). 

Furthermore, the modification of high affinity materials is commonly required to obtain 

efficient and selective adsorbent. Many adsorption materials have been modified by 

compositing or coating onto the alginate hydrogel bead and employed as the MSPE 

adsorbent, including octadecyl silica (Zhang et al., 2010b), multiwalled carbon 

nanotubes (Bunkoed and Kanatharana, 2015) and polymer (Paper II, III). 
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Figure 7 SEM image of alginate (a = 500x, b = 20,000x), Fe3O4/alginate (c = 500x, d 

= 20,000x) and PANI/alginate/Fe3O4 (e = 500x, f = 20,000x) (Reprinted form Nurerk 

and coworkers, 2017; copyright with permission form Taylor & Francis Online) 

(Nurerk et al., 2017) 

 

2.1.4 Adsorption materials 

2.1.4.1 Metal organic frameworks 

Metal organic frameworks (MOFs), known as a porous coordination 

polymer, are a class of crystalline porous materials formed via assemble coordination 

bond of metal ions and organic linker ligands (Gu et al., 2010; Zhou et al., 2012). MOFs 

have much interesting adsorption materials due to their distinctive properties including 

high surface area, high porosity, and good chemical and thermal stability (Lian et al., 

2018; Zhou et al., 2017). Various types of MOFs, for example, zeolitic imidazolate 

framework (ZIFs) family, Hong Kong University of Science and Technology (HKUST) 

family Materials of Institute Lavoisier (MIL) family (Figure 8) have been applied in 

many applications such as gas storage (Li et al., 2009a), chemical sensors (Kreno et al., 

2012), drug delivery (Horcajada et al., 2009) and sample preparation (Li et al., 2019; 

Wang et al., 2018).  
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Figure 8 Representative MOFs (Reprinted form Safaei and coworkers, 2019; copyright 

with permission form Elsevier) (Safaei et al., 2019) 

 

For the application of MOFs as the adsorbents for sample preparation, 

despite the different types of MOFs, they possess porous structure which can improve 

the diffusion of target analytes into the adsorbent. Furthermore, hydrophobic properties 

and π–π interaction endow MOFs with high affinity and selectivity for the target 

analytes. (Ahmed and Jhung, 2014; Khan and Jhung, 2017; Rowsell and Yaghi, 2004; 

Wang et al., 2018). They have been applied to extract various hydrophobic compounds 

in complex matrices such as PAHs (Rocío-Bautista et al., 2016; Zhou et al., 2017), 

phthalate esters (Liu et al., 2015b; Wang et al., 2015b) and UV filters (Paper I). The 

extraction efficiency of the MOFs was investigated by comparing to available 

commercially adsorbent including C18 SPE adsorbent and Hydrophilic-Lipophilic 

Balance (HLB) commercial (Figure 9). The results showed that the MOFs provided 

higher extraction efficiency due to its larger surface area, resulting in the improvement 

of the extraction capability to target analytes. 
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Figure 9 Comparison of the extraction efficiency between the MIL-101 adsorbent and 

two commercial SPE cartridges (Reprinted form Nurerk and coworkers, 2019; 

copyright with permission form Elsevier) (Nurerk et al., 2019b) 

 

2.1.4.2 Polymer 

Polymer has attracted enormous interest as an adsorption material class due 

to its versatile properties. Various kinds of polymer have been applied as the high 

affinity material for sample preparation such as polydopamine, polyaniline and 

polypyrrole. They possess π-conjugated structure and multifunctional groups (Figure 

10), including amine and catechol groups, which contribute strong interactions included 

π–π, hydrophobic and hydrogen bonding, to adsorb a wide range of organic compounds. 

(Bunkoed et al., 2016a; McCullum et al., 2014; Nurerk et al., 2017; Wang et al., 2013c). 

Moreover, they can be easily synthesized under mild conditions with a defined shape 

of the supporting materials. They also have large surface areas, good thermal and 

chemical stability (Asiabi et al., 2015; Bagheri et al., 2013; Hou et al., 2015). Polymers 

are extensively used for the extraction of various compounds including sulfonamides 

(Sukchuay et al., 2015), pesticides (Arnnok et al., 2017), phthalate esters (Zhao et al., 

2016a), PAHs (Paper II, IV) and endocrine-disrupting compounds (Paper V). 
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Figure 10 Structure of polydopamine, polyaniline and polypyrrole 

 

In addition, polymers have been combined with another adsorption materials, 

such as graphene oxide, octadecyl silica and calixarene, and applied as the hybrid 

adsorbents. The integration of materials with their prominently different properties has 

much attention to enhance efficient extraction. The hybrid adsorbents provided better 

adsorption capability due to the combination of multiple adsorption affinity and larger 

surface areas, thus increase in extraction capability (Figure 11) (Chullasat et al., 2017; 

Klongklaew et al., 2018; Nurerk et al., 2018; Pinsrithong and Bunkoed, 2018).  

 

Figure 11 The efficiency of extraction of aflatoxins by CFs, PDA/CFs, calix[4]arene-

GO/CFs, GO/PDA-CFs and the calix[4]arene-GO/PDA-CFs adsorbent (Reprinted 
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form Nurerk and coworkers, 2018; copyright with permission form Wiley Online 

Library) (Nurerk et al., 2018) 

2.1.4.3 Graphene oxide 

Graphene oxide (GO) is a carbon nanomaterial oxidized form of graphene. 

The structure of GO consists of a two-dimension (2D) layer of sp2 hybridized carbon 

atom and multifunctional groups including epoxy, hydroxyl, and carboxyl on its basal 

plane and edge (Figure 12) (Dreyer et al., 2010; Kabiri and Namazi, 2014). Regarding 

its structure, GO can form strong π-π and hydrophobic interaction with the benzenoid 

compounds, as well as its multifunctional group can adsorb the target analytes through 

hydrogen bonds. Moreover, it has high specific surface area, good thermal and chemical 

stability (Dahaghin et al., 2017; Mahpishanian and Sereshti, 2014; Wen et al., 2014). 

Owing to these excellent adsorption abilities, GO has been applied as the adsorbent for 

the extraction both polar and non-polar contaminants in different matrices, for example, 

EDCs (Naing et al., 2016), pesticides (Wu et al., 2011), aflatoxins (Wu et al., 2011) 

and sulfonamides (Gao et al., 2018). 

 

 

 

Figure 12 Structure of graphene oxide 

 

2.1.4.4 Calixarene 

Calixarene is a macrocyclic phenol molecule linked via methylene bridges 

(Figure 13). The cyclic can be formed by the reaction of para-substituted phenols with 

formaldehyde via cyclic condensation (Li et al., 2004b; Zhang et al., 2016; Zhou et al., 
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2013). Calixarene is an interesting adsorption material owing to its high affinity to the 

aromatic compounds through π-π and hydrophobic interactions. Furthermore, it has 

supramolecular recognition ability which can form host−guest complexes with target 

molecules to increase the selectivity. It also can be modified with more polar functional 

group for a wide range of application (Hu et al., 2012; Li et al., 2016; Li et al., 2004b; 

Zhao et al., 2016b). Calixarene has been developed as the adsorption material for the 

extraction and preconcentration of several compounds from complex matrices, 

including, aliphatic amines in fish (Li et al., 2004c), phthalate esters in plastic 

packaging bags (Li et al., 2004a) and pesticide in fruit samples. (Li et al., 2016)  

 

 

 

Figure 13 Structure of calixarene 

 

2.2 Liquid phase-microextraction (LPME) 

Liquid phase-microextraction (LPME) is a miniaturized sample preparation 

technique which is introduced to overcome the drawbacks of conventional LLE 

including large amount of organic solvents consumption, large sample volume use and 

long-time analysis with tedious operation. (Hyötyläinen and Riekkola, 2008; Sarafraz-

Yazdi and Amiri, 2010). The LPME extraction is based on the equilibrium partitioning 

of target analytes between the water-immiscible solvent (extractant/acceptor) and the 

aqueous sample (donor phase). LPME is performed microliters of acceptor phase which 

can be directly exposed into or hanged over the donor phase for headspace extraction. 

This technique integrates extraction and preconcentration in one step, allowing high 

enrichment factor and low limit of detection. (Kokosa, 2013; Spietelun et al., 2014; 

Stanisz et al., 2014). LPME has been applied for the extraction of several organic 

compounds from water samples, such as PAHs (Sibiya et al., 2013), pesticides 
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(Lambropoulou and Albanis, 2005; Shen and Lee, 2002) and estrogens (Goh and Lee, 

2017). 

 

 

2.2.1 Plunger-in-needle liquid phase-microextraction (PIN-LPME) 

Plunger-in-needle liquid phase-microextraction (PIN-LPME) is a new 

approach of LPME combined with a commercially plunger-in-needle microsyringe. 

The PIN microsyringe has been develop as the home-made extraction device (Figure 

14) because its stainless steel plunger wire provides an advantage as an ultra-low 

volume (Nurerk et al., 2019a; Zhang et al., 2014). 

 

 

 

Figure 14 Schematic of the PIN-LPME device 

 

In the PIN-LPME procedure, the plunger wire is firstly etched to produce a 

rough and microporous structure, which utilizes as the solvent holder for LPME. After 

solvent coating steps, the etched part of plunger wire is directly immersed into sample 
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solution for extraction and subsequently subjected to thermal desorption (Zhang et al., 

2014). The etched plunger wire can enhance the extraction efficiency due to its increase 

the contact area between solvent and aqueous sample. 

However, the etching process still requires the toxic and corrosive 

hydrofluoric acid as the etchant. Thus, the environmentally friendly etching method has 

been developed for PIN-LPME (Paper VI). The plunger wire was etched by immersion 

into the aqueous ferric chloride-hydrochloric acid solution (FeCl3-HCl) with one-step 

and simple approach. The etched wire also provided the rough surface which allows the 

stable hold of coated solvent (Figure 15).  

 

 

Figure 15 Scanning electron micrographs of plunger wire before (a = 100 ×; b = 500 

×), and after etching (c = 100 ×; d = 500 ×) (Reprinted form Nurerk and coworkers, 

2019; copyright with permission form Elsevier) (Nurerk et al., 2019a) 

 

The extraction capability of the etched stainless steel plunger wire has been 

investigated by comparing to non-etched wire (Figure 16). The results showed that the 

etched wire with solvent coating could be improved extraction capability of the target 

compounds. The developed method was applied for the extraction of several PAHs in 

different water samples. 
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Figure 16 The comparison of non-etched, etched wire, without and with solvent 

(cyclohexane) for PIN-LPME of PAHs (Reprinted form Nurerk and coworkers, 2019; 

copyright with permission form Elsevier) (Nurerk et al., 2019a) 

 

3. Analytical performance criteria 

Under the optimum conditions of developed methods, the analytical 

characteristics were evaluated in terms of linearity, limit of detection (LOD), limit of 

quantification (LOQ), accuracy, precision, reproducibility and reusability. 

 

3.1 Linearity 

Linearity of analytical method is its ability to provide the results which are 

directly proportional to the concentrations of the analyte in a sample (ICH) (ICH, 2005). 

The linearity is performed with triplication of at least 4 different concentration levels 

of the analytes. Then, the linear ranges are plotted between the average values of 

response versus the concentration of analytes, the linear regression is acquired when 

the coefficient of determination (R2) is greater than 0.99 (Peris-Vicente et al., 2015). In 

this thesis, the linearity was plotted between the peak areas versus the corresponded 

concentration of UV filters (in µg L-1 range) (Paper I), PAHs (in µg L-1 range) (Paper 

II, IV and VI), aflatoxins (in µg kg-1 range) (Paper III)  and EDCs (in µg L-1 range)  
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(Paper V). All sub-projects provided a good linearity with coefficient of determination 

more than 0.99. 

 

Table 1 Linear range and coefficients of determination (R2) of six sub-projects  

Analytical 

method 

Sample 

preparation 
Sample 

Target 

analytes 

Linearity 

(μg L-1/ 

μg kg-1) 

R2 Reference 

GC-MS/MS SPE 

(MIL-101) 

Water UV filters 0.5-100 0.9973-

0.9999 

Paper I 

HPLC-FLD SPE 

(PANI/CFs) 

Water PAHs 0.0005-

10.0 

0.9991-

0.9999 

Paper II 

HPLC-FLD SPE 

(Calix[4]arene-

GO/PDA-CFs) 

Corn Aflatoxins 0.01-10.0 0.9981-

0.9987 

Paper III 

HPLC-FLD MSPE 

(PANI/alginate/ 

Fe3O4) 

Water PAHs 0.040-

50.0 

0.9991-

0.9997 

Paper IV 

HPLC-FLD MSPE 

(PPY/alginate/ 

Fe3O4) 

Water EDCs 0.50-100 0.9943-

0.9991 

Paper V 

GC-MS PIN-LPME Water PAHs 0.010-

50.0 

0.9915-

0.9987 

Paper VI 

 

3.2 Limit of detection and limit of quantification 

Limit of detection (LOD) is the lowest concentration of an analyte which can 

be reliably detected under the optimum conditions of the developed method and limit 

of quantification (LOQ) is the lowest concentration which can be quantitatively 

determined (Peris-Vicente et al., 2015). There are several approaches to calculate the 

LOD and LOQ. In this thesis, two approaches were used to estimate the LOD and LOQ. 

The LOD and LOQ were calculated based on a signal-to-noise (S/N) ratio as a 

recommendation of International Conference of Harmonization (ICH) (ICH, 2005) for 
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the determination of PAHs (Paper II, IV and VI), aflatoxins (Paper III) and EDCs 

(Paper V). The LOD was calculated based on the concentration which provided signal-

to-noise ratio equal or greater than 3 (S/N ≥ 3) and LOQ was calculated based on the 

concentration which provided signal-to-noise ratio equal or greater than 10 (S/N ≥10). 

In another approach, the LOD and LOQ were calculated based on the blank 

determination as a recommendation of EURACHEM guideline (Magnusson and 

Örnemark, 2014) for the determination of UV filters (Paper I), as following equation: 

LOD = X̄bl + 3Sbl 

LOQ = X̄bl + 10Sbl 

Where X̄bl is the mean concentration of the blank and Sbl is the standard 

deviation of the blank. 

 

Table 2 LODs and LOQs of six sub-projects 

Analytical 

method 

Sample 

preparation 

Target 

analytes 

LOD 

(μg L-1/ 

 μg kg-1) 

LOQ 

(μg L-1/ 

 μg kg-1) 

Reference 

GC-MS/MS SPE (MIL-101) UV filters 0.001-0.012 0.0035-0.040 Paper I 

HPLC-FLD SPE (PANI/CFs) PAHs 0.0005 0.0020 Paper II 

HPLC-FLD SPE 

(Calix[4]arene-

GO/PDA-CFs) 

Aflatoxins 0.010-0.050 0.040-0.20 Paper III 

HPLC-FLD MSPE 

(PANI/alginate/ 

Fe3O4) 

PAHs 0.010 0.040 Paper IV 

HPLC-FLD MSPE 

(PPY/alginate/ 

Fe3O4) 

EDCs 0.5 2.0 Paper V 

GC-MS PIN-LPME PAHs 0.006-0.058 0.023-0.281 Paper VI 
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3.3 Accuracy 

The accuracy of an analytical method can be defined as the degree of the 

closeness of agreement between the true value or an accepted reference value and the 

experimental value (ICH, 2005). Accuracy of the method is studied in term of recovery 

which was studied by spiking different concentration levels of the analytes into the real 

sample (at least three replicates)  and calculated by the following equation (AOAC, 

2016): 

Recovery (%) = 
CF – CU 

× 100 
CA 

Where CF is the concentration of analyte measured in fortified sample or 

spiked sample, CU is the concentration of analyte measured unfortified sample and CA 

is the concentration of analyte added in the sample. 

The recoveries were investigated at 0.1, 1.0 and 10 μg L-1 of UV filters for 

the SPE adsorbent of MIL-101 (Paper I), 0.005, 0.020, and 0.10 μg L-1 of PAHs for the 

SPE adsorbent of polyaniline coated cigarette filters (Paper II), 0.1, 0.5 and 2.0 μg  

kg-1 of aflatoxins for the hybrid SPE adsorbent (Paper III), 0.10, 0.50 and 2.0 μg L-1 of 

PAHs for the MSPE adsorbent polyaniline coated magnetite nanoparticles entrapped in 

alginate beads (Paper IV), 2.0, 5.0 and 20.0 μg L-1 of EDCs for the MSPE adsorbent 

polypyrrole coated magnetite nanoparticles entrapped in alginate beads (Paper V) and 

0.5 and 5.0 μg L-1 of PAHs for the PIN-LPME (Paper VI). Satisfactory recoveries were 

obtained in the range of 82 – 107% (Paper I – VI) which were acceptable as 

recommended by the Association of Analytical Communities (AOAC) (60 – 115% at 

the concentration lower than 10 µg L-1) (AOAC, 2016). 

 

3.4 Precision 

The precision of an analytical method can be defined as the closeness of 

agreement of the replication measurement under optimum conditions (AOAC, 2016). 

The precision is usually determined by the percentage relative standard deviation (% 

RSD) of the response from different spiked concentrations of the analytes into the real 

sample with five replications for each concentration. The relative standard deviation is 

calculated by the following equation (AOAC, 2016): 

RSD (%) = SD × 100 
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X̄ 

Where SD is standard deviation and X̄ is the mean of n measurement (n=5). 

In this thesis, the relative standard deviations were less than 15% (Paper I – VI) which 

were acceptable recommendation for precision at µg L-1 level (the AOAC recommends 

precision less than 21% as satisfactory) (AOAC, 2016). 

 

3.5 Reproducibility 

Reproducibility defines as the closeness of individual measures of the 

analytes under the same preparing conditions. In this thesis, the reproducibility of the 

developed method was evaluated in terms of lot-to-lot reproducibility. Six different lots 

of adsorbent were prepared at different times and used them to extract analytes from 

the spiked samples under the same conditions (Paper II - VI). The relative standard 

deviations (RSDs) were lower than 6%, and these were better than the acceptable values 

recommended by the AOAC (<16%) (AOAC, 2016). The developed PIN-LPME 

method for the determination of PAHs (Paper V), the RSDs of wire-to-wire 

reproducibility of three different wires were less than 13% which were also satisfactory 

as recommended by the AOAC. 

 

3.6 Reusability 

The reusability is a factor for evaluating the performance of the developed 

adsorbents, since this can reduce in both preparation time and analysis cost. After the 

desorption of the analytes from the adsorbent, to eliminate the memory effect, they are 

washed with desorption solvent and water before performing the next extraction. In this 

thesis, the developed adsorbents could be reused ranging from 6 to 18 times with the 

recoveries of the analytes still higher than 80% (Paper II – V). This demonstrated that 

the developed adsorbent exhibited good stability during the extraction procedure. 

 

4. Concluding remarks 

This thesis successfully developed sample preparation techniques including 

sorbent-based extraction and liquid phase-microextraction followed by 

chromatography for identification and quantification. The sample preparation 
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techniques based on sorbent-based extraction consisted of SPE and MSPE. The new 

approach of LPME was developed as plunger-in-needle liquid phase-microextraction 

(PIN-LPME). The great performance of these developed methods was successfully 

applied for the extraction and determination of trace organic contaminants in 

environment and food.  

In the first part, the effective adsorbents were developed and used as SPE 

and MSPE adsorbents. The first sub-project was a metal organic frameworks material 

of MIL-101 which was utilized as a SPE adsorbent followed by GC-MS/MS for the 

extraction and simultaneous analysis of multiclass UV filters including benzophenone-

derivatives, salicylates, cinnamates, and others from environmental and recreational 

water samples (Paper I). The high porous of MIL-101 adsorbent had large contact area 

and strong adsorption ability with the target analytes. The validated method exhibited 

good sensitivity with low limits of detection (1.0 – 11.7 ng L-1), good adsorption ability 

(82 – 105%), good repeatability and enabled high throughput. The second sub-project 

is polyaniline coated cigarette filters which were used as a SPE adsorbent for the 

extraction and preconcentration of PAHs in environmental water samples and 

quantified by HPLC-FLD (Paper II). The coated polyaniline helped to enhance the 

extraction capability due to its high affinity to the target analytes. The high porosity and 

large surface area of cigarette filters allowed performing at the high sample flowrate 

with low back pressure, resulting in shorter extraction process time. The developed 

method provided good extraction efficiency (85 – 98%), good sensitivity with low 

detection limit (0.5 ng L-1) and high enrichment factor. The developed adsorbent was 

easy to prepare, cost-effective, good reusability. The third sub-project is the hybrid 

adsorbent of calix[4]arene functionalized graphene oxide onto polydopamine coated 

cigarette filters. This developed adsorbent was applied for the SPE and clean-up 

aflatoxins in corn samples followed by HPLC-FLD (Paper III). The hybrid adsorbent 

not only had high porosity, but also exhibited the strong adsorption ability due to its 

integration of high affinity materials. The developed method provided effective 

extraction (83 – 107%), good accuracy, good reproducibility and good reusability. 

The fourth and fifth sub-project is the development of MSPE adsorbent 

consisting of polyaniline coated magnetite nanoparticles incorporated in alginate beads 
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for the extraction and enrichment of PAHs in environmental water samples (Paper IV) 

and polypyrrole coated magnetite nanoparticles entrapped in alginate beads for the 

extraction and preconcentration of EDCs including estriol, β-estradiol and bisphenol A 

in environmental water samples followed by HPLC-FLD (Paper V). The magnetite 

nanoparticles facilitated the simple and fast separation of the adsorbent from the sample 

solution. The alginate helped to increase the dispersibility and the surface contact area. 

The polyaniline and polypyrrole could enhance the extraction efficiency because of 

their high adsorption ability through the target analytes. The developed methods 

exhibited good extraction capability, good stability and good reproducibility. The 

developed magnetic adsorbents were simple to prepare, convenient and cost-effective. 

The second part is the development of environmentally friendly method of 

etching a stainless steel plunger wire, replacing the conventional hydrofluoric acid 

etching. The etching was performed by immersing a stainless steel plunger directly into 

the etchant of ferric chloride-hydrochloric acid solution. The etching was simple, fast 

and one-step procedure. The etched plunger wire was used as the organic solvent holder 

for the PIN-LPME followed by GC-MS and applied for extraction and preconcentration 

of PAHs in environmental water samples (Paper VI). The developed method 

demonstrated high enrichment factor, low detection limits (0.006 – 0.058 µg L-1), good 

extraction ability (84 – 102%) and good precision.  

These developed methods were successfully applied for the extraction and 

determination of trace organic contaminants in real samples, including different 

environmental water (tap, river, lake, reservoir, wastewater and seawater), recreational 

water (swimming pool) and corn. The good performance of the developed methods has 

the potential to apply for the future extraction and preconcentration of others trace 

organic contaminant in environment and food samples. 
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Table S1 Experimental GC–MS/MS parameters for the analysis of the target UV filters 

and some physico-chemical properties. 

Acronym INCIa name MWb 

(g mol-1) 
Log Kow

c pKa 
RT 

(min) 

MS/MS 

transitionsd 
CEe 

EHS Ethylhexyl 

salicylate 

250.33 5.8 8.1 6.44 120  92 

138  120 

250.1  120 

10 

10 

15 

BS Benzyl salicylate 228.24 4.0 8.1 6.80 91  65 

228.1  91 

15 

10 

HMS Homosalate 262.34 5.8 8.1 6.83 120  92 

138  120 

262.2  120 

10 

10 

15 

IAMC Isoamyl p-

methoxycinnamate 

248.32 4.1 - 7.43 161  133 

178.1  161.1 

248.1  178 

10 

10 

10 

BP3 Benzophenone-3 228.24 3.6 7.6 7.47 151  95 

227.1  127.9 

227.1  184 

10 

35 

20 

4MBC 4-

methylbenzylidene 

camphor 

254.37 4.9 - 7.57 127.9  102 

170.6  128.1 

254.1  239.2 

20 

15 

10 

MA Menthyl 

anthranilate 

275.39 6.3 2.2 7.77 119  91.8 

137  119 

275.2  137 

10 

10 

10 

Eto Etocrylene 277.32 4.0 - 7.90 231.9  176.5 

248  164.9 

276.9  248.1 

20 

25 

10 

EHPABA Ethylhexyl 

dimethyl PABA 

277.40 6.1 2.4 8.27 148  104.2 

165.1  148.6 

277.2  164.9 

25 

25 

10 

2EHMC 2-Ethylhexyl 

methoxycinnamate 

290.40 5.7 - 8.44 161  133.1 

177.9  133.1 

290.2  178.1 

10 

20 

10 

OCR Octocrylene 361.48 7.5 - 9.70 232  203 

248  165 

360.2  276.1 

20 

30 

20 
a International Nomenclature of Cosmetic Ingredients, b Molecular weight, c Octanol-

water partition coefficient, d Underlined values correspond to the quantification 

transition, e CE: Collision energy (eV). 
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Table S2 F-ratios and p-values obtained in the ANOVA study of the desorption 

solventa. 

Compounds F-ratios p-values 

EHS 32.85 0.000 

BS 61.47 0.000 

HMS 27.86 0.000 

IAMC 8.04 0.004 

BP3 7.84 0.004 

4MBC 13.84 0.000 

MA 7.60 0.004 

Eto 7.77 0.004 

EHPABA 8.63 0.003 

2EHMC 9.74 0.002 

OCR 2.37 0.122 
a p-values lower than 0.05 indicate statistical significance. 

 

Table S3 Experimental factors and level studied in the experimental design. 

Factor Code Low level Intermediate 

level 

High level Continuous 

pH A 3.0 4.5 6.0 Yes 

NaCl 

(%w/v) 

B 0.0 7.5 15 Yes 

Volume 

(mL) 

C 10 15 20 Yes 
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Table S4 Recoveries of UV filters in different water matrices. 

Sample UV filters Recovery (%RSD), n=3 

0.1 µg L-1 

spiking level 

1.0 µg L-1 

spiking level 

10 µg L-1 

spiking level 

Ultrapure water EHS 92.3  6.2 96.0  3.2 94.2  1.3 

BS 90.7  7.5 92.9  2.8 91.9  5.3 

HMS 94.5  1.8 96.9  4.9 87.5  6.2 

IAMC 92.0  4.1 91.8  1.9 92.6  6.0 

BP3 88.0  4.5 94.9  1.6 95.2  3.0 

4MBC 87.6  5.0 96.1  3.5 97.4  3.1 

MA 87.5  3.0 93.4  5.6 95.5  4.6 

Eto 92.8  7.0 93.9  1.9 93.8  6.4 

EHPABA 89.1  6.2 92.5  5.7 93.1  6.6 

2EHMC 85.5  2.0 93.3  1.8 85.3  5.9 

OCR 88.1  7.6 90.9  5.4 87.6  5.8 

Mineral water EHS 86.9  4.6 92.2  3.7 89.9  5.1 

BS 87.0  7.5 96.6  1.3 95.9  4.4 

HMS 96.5   2.4 89.9  7.6 86.6  4.8 

IAMC 95.4  5.4 96.7  3.9 91.6  4.1 

BP3 92.5  4.3 96.3  2.4 95.2  8.9 

4MBC 94.4  6.9 91.9  6.6 89.3  2.3 

MA 88.8  4.0 94.0  4.5 83.1  3.2 

Eto 90.7  3.7 87.7  2.8 91.9  1.8 

EHPABA 93.7  2.1 90.6  4.0 98.8  4.6 

2EHMC 97.8  5.1 101.6  4.2 97.0  2.2 

OCR 91.8  7.8 94.0  5.3 93.9  5.5 

River water EHS 89.3  6.2 88.7  5.5 90.2  3.3 

BS 87.3  7.5 92.1  5.7 87.0  8.7 

HMS 83.9  1.8 91.5  2.1 84.0  3.7 

IAMC 92.0  4.1 89.9  7.0 92.5  3.8 

BP3 88.0  4.5 90.8  7.3 92.8  1.8 

4MBC 87.6  5.0 97.5  1.8 89.3  2.3 

MA 87.5  3.0 92.8  6.1 95.7  1.6 

Eto 92.8  7.0 94.0  2.6 95.6  7.0 

EHPABA 89.1  6.2 86.9  1.3 84.7  6.4 

2EHMC 84.7  2.0 87.7  7.8 83.6  1.1 

OCR 85.0  8.0 91.2  4.2 85.0  5.7 
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Sample UV filters Recovery (%RSD), n=3 

0.1 µg L-1 

spiking level 

1.0 µg L-1 

spiking level 

10 µg L-1 

spiking level 

Wastewater EHS 87.1  2.4 90.9  2.9 89.2  3.8 

BS 93.6  3.4 100.1  3.4 91.3  4.3 

HMS 94.6  2.3 92.3  4.2 92.9  4.8 

IAMC 90.1  6.0 92.9  3.8 97.0  6.2 

BP3 91.0  6.3 91.2  0.9 93.9  1.3 

4MBC 94.7  3.5 94.5  1.2 90.1  1.9 

MA 92.0  5.9 89.8  8.6 85.1  6.0 

Eto 89.7  2.7 87.5  2.3 90.7  6.2 

EHPABA 94.7  4.8 88.3  7.3 96.9  6.3 

2EHMC 91.1  2.1 87.3  3.1 89.6  1.3 

OCR 98.5  3.9 89.6  5.9 100.7  5.8 

Swimming 

pool water 

EHS 82.4  1.8 86.2  2.7 94.6  3.6 

BS 94.1  2.7 90.6  4.1 88.0  4.0 

HMS 95.8  3.7 93.5  2.3 91.7  4.9 

IAMC 96.8  4.8 95.5  1.5 97.5  1.1 

BP3 86.9  9.2 87.3  4.4 97.1  3.3 

4MBC 89.2  6.5 95.8  1.6 90.8  2.6 

MA 91.7  2.6 105.3  7.5 98.9  4.2 

Eto 90.1  6.3 94.7  5.1 92.8  1.3 

EHPABA 93.3  2.9 95.0  6.4 89.2  3.4 

2EHMC 90.1  3.9 99.6  5.6 95.0  3.2 

OCR 103.5  4.5 98.1  7.5 100.6  7.1 

Sea water EHS 100.3  3.6 85.9  2.7 97.4  6.3 

 BS 100.0  1.9 95.4  6.0 88.6  2.5 

 HMS 98.0  4.8 89.5  4.2 91.6  2.1 

 IAMC 94.6  7.6 99.7  1.7 100.9  7.3 

 BP3 96.6  5.3 95.3  2.6 99.4  5.1 

 4MBC 92.7  1.7 97.8  2.4 98.0  3.1 

 MA 95.1  3.7 102.9  4.4 92.4  2.4 

 Eto 100.4  6.1 88.0  4.8 97.6  4.6 

 EHPABA 96.8  3.3 92.1  3.2 104.7  5.5 

 2EHMC 94.7  3.6 95.2  3.8 91.5  4.4 

 OCR 96.4  5.9 90.4  9.7 94.4  1.1 
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Fig. S1 Effect of the desorption solvent and volume on SPE efficiency for UV filters. 
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Fig. S2 Comparison of the extraction efficiency between the MIL-101 adsorbent and 

commercial SPE cartridges. 
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Fig S1. Effect of polymerization times on the recovery of PAHs 
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Fig S2. Effect of the type of eluting solvent on the recovery of PAHs 

 

 

Fig. S3 Effect of the volume of methanol on the recovery of PAHs using the 

PANI/CFs sorbent 
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Fig. S4 Effect of the sample flow rate on the recoveries of PAHs using the PANI/CFs 

sorbent  
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Fig. S5 Effect of the sample volume on the recoveries of PAHs using the PANI/CFs 

sorbent 

  

Fig. S6 Effect of a modifier content in the water sample on the recovery of PAHs 

using the PANI/CFs sorbent 
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Fig. S7 Effect of sample pH on the recoveries of PAHs using the PANI/CFs sorbent 
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Fig. S8 Effect of ionic strength on the recovery of PAHs using the PANI/CFs sorbent 

 

Fig. S9 Comparison between the developed PANI/CFs sorbent and the commercial 

C18 sorbent for extraction of the PAHs from spiked deionized water 
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Fig. S10 The reproducibility of the PANI/CFs sorbent that were prepared using the 

same conditions but at different times  

 

Fig. S11 Reusability of the PANI/CFs sorbent for extraction of PAHs from spiked 

water sample (n=5) 
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Table S1. Analytical performance of the PANI/CFs sorbent 

 

PAHs 
Linear range 

(µg L-1) 

Regression line equation 
R2 

LOD 

(µg L-1) 

LOD 

(µg L-1) 

BaA 0.0005-10.0 y = (281.9 ± 2.9)X + (13.7±10.4) 0.9998 0.0005 0.002 

BbF 0.0005-10.0 y = (320.7 ± 1.3)X + (6.5±4.5) 0.9999 0.0005 0.002 

BaP 0.0005-10.0 y = (504.4 ± 2.5)X + (9.4±9.0) 0.9991 0.0005 0.002 

 

 

Table S2.  Concentration of PAHs in water samples (n=5) 

Water sample 

Concentration (µg L-1) 

BaA BbF BaP 

Tap water 1 ND ND ND 

Tap water 2 ND ND ND 

Tap water 3 ND ND ND 

River water 1 0.028 ± 0.006 0.048 ± 0.005 0.021 ± 0.006 

River water 2 0.028 ± 0.003 0.038 ± 0.005 0.014 ± 0.001 

River water 3 0.25 ± 0.005 0.032 ± 0.006 0.018± 0.004 

Wastewater 1 0.079 ± 0.005 0.159 ± 0.007 0.059 ± 0.006 

Wastewater 2 0.019 ± 0.003 0.024 ± 0.005 0.012 ± 0.002  

Wastewater 3 0.053 ± 0.006 0.042 ± 0.006 0.035 ± 0.005 

ND= not detected 
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Table S3. Recoveries of PAHs in spiked water samples 

Water sample 
Added 

(µg L-1) 

Recovery (%) 

BaA BbF BaP 

Tap water 

0.005 89.7 ± 7.0 95.0 ± 6.0 97.2 ± 5.2 

0.020 87.6 ± 6.0 94.0 ± 4.7 95.2 ± 6.3 

0.10 85.6 ± 3.5 93.0 ± 6.2 94.2 ± 5.3 

 

River water 

0.005 88.3 ± 6.0 93.0 ± 5.5 98.2 ± 8.1 

0.020 87.3 ± 6.8 91.4 ± 4.5 96.2 ± 5.4 

0.10 85.7 ± 4.0 91.0 ± 6.5 94.7 ± 7.4 

Wastewater 

0.005 88.7 ± 6.2 96.0 ± 8.8 98.2 ± 5.2 

0.020 87.3 ± 4.3 92.0 ± 6.5 97.2 ± 5.4 

0.10 86.6 ± 6.4 92.7 ± 5.6 97.0 ± 4.8 
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Paper III 

 

Nurerk, P., Bunkoed, W., Kanatharana, P., Bunkoed, O., A miniaturized solid-phase 

extraction adsorbent of calix[4]arene-functionalized graphene oxide/polydopamine-

coated cellulose acetate for the analysis of aflatoxins in corn. Journal of Separation 

Science 41 (2018) 3892-3901. 
 

 

(Reprinted with permission of Wiley Online Library) 
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Fig. S1 The efficiency of extraction of aflatoxins by CFs, PDA/CFs, calix[4]arene-

GO/CFs, GO/PDA-CFs and the calix[4]arene-GO/PDA-CFs adsorbent.  

 

 

Fig. S2 The interactions between the calix[4]arene-GO/PDA-CFs adsorbent and 

aflatoxins. 
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Fig. S3 SEM images of calix[4]arene-GO/PDA-CFs adsorbent with polydopamine 

polymerization times of 2 h (a), 4 h (b), 6 h (c) and 12 h (d). 

 

Fig. S4 Effect of desorption solvent volume on the efficiency of extraction of aflatoxins 

using the calix[4]arene-GO/PDA-CFs adsorbent. 
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Fig. S5 Effect of sample volume on the efficiency of extraction of aflatoxins using the 

calix[4]arene-GO/PDA-CFs adsorbent. 

 

Fig. S6 Effect of sample flow rate on the efficiency of extraction of aflatoxins using the 

calix[4]arene-GO/PDA-CFs adsorbent. 
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Fig. S7 Reproducibility of calix[4]arene-GO/PDA-CFs adsorbent for the extraction of 

aflatoxins. 

 

 

Fig. S8 Reusability of the calix[4]arene-GO/PDA-CFs adsorbent for the extraction of 

aflatoxins from corn samples (1.0 g kg–1). 
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Fig. S9 Comparison of the extraction efficiency of calix[4]arene-GO/PDA-CFs and 

C18 SPE sorbent for the determination of aflatoxins.    
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Table S1 Analytical performances of the calix[4]arene-GO/PDA-CFs adsorbent 

coupled with HPLC-FLD for the determination of aflatoxins. 

Aflatoxins 
Linear range 

(g kg-1) 
Regression linear equation R2 

LOD 

(g kg-1) 

LOQ 

(g kg-1) 

AFB1 0.01 - 10.0 y = (7.63±0.42)x + (1.21±0.22) 0.9983 0.01 0.04 

AFB2 0.02 - 10.0 y = (9.29±0.37)x +(0.15±0.17) 0.9987 0.02 0.08 

AFG1 0.05 - 10.0 y = (5.17±0.19)x + (0.24±0.10) 0.9981 0.05 0.20 

AFG2 0.05 - 10.0 y = (4.14±0.10)x +(0.61±0.10) 0.9980 0.05 0.20 

 

 

Table S2 Quantitative analysis of aflatoxins in corn samples 

Corn 

samples 

Concentration (g kg–1) 

AFB1 AFB2 AFG1 AFG2 

Corn 1 0.127 ± 0.003 0.174 ± 0.057 <LOQ <LOQ 

Corn 2 0.082 ± 0.007 <LOQ ND <LOQ 

Corn 3 <LOQ ND <LOQ <LOQ 

Corn 4 0.048 ± 0.002 <LOQ ND <LOQ 

Corn 5 0.098 ± 0.007 ND <LOQ ND 

Corn 6 ND ND 0.305 ± 0.016 0.278 ± 0.014 

ND = Not detectabl 
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Table S3 Recoveries of aflatoxins in spiked corn samples (n=5). 

Corn samples 
Added  

(g kg–1) 

Recovery (%) 

AFB1 AFB2 AFG1 AFG2 

Corn 1 

0.1 94.1 ± 11.8 106.3 ± 11.7 98.4 ± 11.4 98.9 ± 14.7 

0.5 98.6 ± 1.4 103.2 ± 2.9 91.2 ± 3.4 104.8 ± 2.2 

2.0 98.3 ± 1.2 100.4 ± 2.8 95.2 ± 2.5 99.5 ± 0.9 

Corn 2 

0.1 91.5 ± 3.0 91.5 ± 1.5 97.9 ± 3.9 98.7 ± 1.4 

0.5 97.2 ± 2.3 97.2 ± 1.5 90.3 ± 2.1 98.4 ± 1.7 

2.0 98.8 ± 2.2 98.3 ± 1.7 92.3 ± 1.2 99.8 ± 1.3 

Corn 3 

0.1 99.3 ± 8.4 96.3 ± 6.9 84.9 ± 9.0 98.8 ± 11.8 

0.5 99.2 ± 3.9 97.6 ± 4.4 97.1 ± 3.5 95.81 ± 5.4 

2.0 100.5 ± 1.6 99.6 ± 1.9 94.7 ± 3.5 99.15 ± 1.5 

Corn 4 

0.1 106.7 ± 10.5 102.1 ± 7.8 93.4 ± 5.5 98.7 ± 8.8 

0.5 99.2 ± 3.1 102.1 ± 13.4 89.6 ± 7.5 98.5 ± 8.7 

2.0 100.9 ± 1.6 100.1 ± 4.8 94.4 ± 2.1 101.2 ± 0.2 

Corn 5 

0.1 83.0 ± 11.2 99.7 ± 4.3 91.4 ± 4.6 106.3 ± 3.0 

0.5 99.4 ± 4.3 100.6 ± 2.6 100.5 ± 8.8 102.6 ± 4.3 

2.0 100.1 ± 1.3 99.3 ± 3.2 95.8 ± 3.3 100.5 ± 2.6 

Corn 6 

0.1 94.0 ± 9.4 106.3 ± 12.6 98.4 ± 9.3 101.5 ± 2.4 

0.5 98.6 ± 1.6 103.2 ± 2.9 91.2 ± 8.5 103.6 ± 9.2 

2.0 98.3 ± 1.2 100.4 ± 1.7 95.2 ± 3.5 100.6 ± 0.8 
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Paper IV 

 

Nurerk, P., Kanatharana, P., Bunkoed, O., Polyaniline-coated magnetite 

nanoparticles incorporated in alginate beads for the extraction and enrichment of 

polycyclic aromatic hydrocarbons in water samples. International Journal of 

Environmental Analytical Chemistry 97(2) (2017) 145-158. 
 

 

(Reprinted with permission of Taylor & Francis Online) 
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Figure S1. Effect of polymerization time of PANI/alginate/Fe3O4 sorbent on the 

recoveries of PAHs 
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Figure S2. SEM images of the PANI/alginate/Fe3O4 sorbent at different 

polymerization times; 2 h (a=500x and d=20,000x), 6 h (b=500x and e=20,000) and 

12 h (c=500x and f=20,000)   

 

Figure S3. Effect of the desorption time on the recoveries of PAHs using the 

PANI/alginate/Fe3O4 sorbent 
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Figure S4. Effect of sample pH on the recoveries of PAHs in water samples using the 

PANI/alginate/Fe3O4 sorbent 

 

Figure S5. Effect of ionic strength on the recoveries of PAHs using the 

PANI/alginate/Fe3O4 sorbent 
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Figure S6. Effect of sample volume on the recoveries of PAHs using the 

PANI/alginate/Fe3O4 sorbent 

 

 

 

 

 

 

 

 

 

 

Figure S7 Effect of adsorption stirring rate on the recoveries of PAHs using the 

PANI/alginate/Fe3O4 sorbent 



129 
 
 

 

 

 

 

 

 

 

 

 

Figure S8. Effect of desorption stirring rate on the recoveries of PAHs using the 

PANI/alginate/Fe3O4 sorbent 

 

 

Figure S9. Reproducibility of the PANI/alginate/Fe3O4 sorbent for the extraction of 

PAHs at 1.0 g L–1  
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Figure S10. Reusability of the PANI/alginate/Fe3O4 sorbent for the extraction of  

PAHs from spiked deionized water at 1.0 g L–1 (n=5) 

 

Figure S11. Extraction efficiency of PAHs in spiked deionized water; a comparison 

between the PANI/alginate/Fe3O4 sorbent and Sep-Pak C18 plus cartridge 
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Table S1 Analytical performance of the PANI/alginate/Fe3O4 sorbent for the 

extraction and determination of PAHs 

Compounds 

 

Linear 

range 

(g L-1) 

Regression linear 

equation 
R2 

LOD 

(g L-1) 

LOQ 

(g L-1) 

RSD 

(%) 

BaA 
0.040 – 

50.0 

y = (8.558±0.049)x + 

(1.36±0.79) 
0.9997 0.010 0.040 1.3-6.9 

BbF 
0.040 – 

50.0 

y = (6.748±0.045)x + 

(0.02±0.73) 
0.9995 0.010 0.040 1.9-8.3 

BaP 
0.040 – 

50.0 

y = (6.278±0.067)x 

+( 2.8±1.1) 
0.9991 0.010 0.040 1.6-8.7 

 

 

Table S2 Recoveries of PAHs in spiked water samples (n=5) 

Water 

samples 

Added  

(g L–1) 

Recovery (%) 

BaA BbF BaP 

Reservoir 

water 

0.10 88.6 ± 4.7 96.9 ± 5.6 96.4 ± 3.7 

0.50 86.8 ± 4.8 97.7 ± 4.5 92.9 ± 3.1 

2.0 88.5 ± 5.5 97.5 ± 3.1 91.3 ± 4.2 

River water 

0.10 89.2 ± 7.2 95.5 ± 5.2 95.3 ± 5.9 

0.50 86.3 ± 3.5 96.4 ± 6.3 91.2 ± 3.9 

2.0 86.0 ± 5.3 97.8 ± 3.1 96.0 ± 3.6 

Waste water 

0.10 86.4 ± 5.2 96.3 ± 5.9 95.3 ± 6.9 

0.50 88.4 ± 5.1 97.8 ± 8.3 94.9 ± 6.2 

2.0 87.8 ± 5.3 96.7 ± 4.5 93.2  ± 3.7 
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Paper V 

 

Bunkoed, O., Nurerk, P., Wannapob, R., Kanatharana, P., Polypyrrole-coated 

alginate/magnetite nanoparticles composite sorbent for the extraction of endocrine-

disrupting compounds. Journal of Separation Science 39 (2016) 3602-3609. 
 

 

(Reprinted with permission of Wiley Online Library) 
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Fig. S1 (A) FT-IR spectra of (a) alginate, (b) Fe3O4 (c) polypyrrole/Fe3O4/alginate 

sorbent and (B) VSM curve, the inset represents the polypyrrole/Fe3O4/alginate beads 

separated by a magnet 
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Fig. S2 Effect of the amount of sorbent on the extraction efficiency of EDCs using the 

polypyrrole/Fe3O4/alginate sorbent  

 

Fig. S3 Effect of sample pH on the extraction efficiency of EDCs using the 

polypyrrole/Fe3O4/alginate sorbent 
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Fig. S4 Effect of extraction time on the extraction efficiency of EDCs using the 

polypyrrole/Fe3O4/alginate sorbent  

 

Fig. S5 Effect of stirring speed on the extraction efficiency of EDCs using the 

polypyrrole/Fe3O4/alginate sorbent  
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Fig. S6 Effect of desorption solvent on the recoveries of EDCs using the 

polypyrrole/Fe3O4/alginate sorbent  

 

Fig. S7 Effect of desorption solvent volume on the recoveries of EDCs using the 

polypyrrole/Fe3O4/alginate sorbent  
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Fig. S8 Effect of desorption time on the recoveries of EDCs using the 

polypyrrole/Fe3O4/alginate sorbent  

 

Fig. S9 The reproducibility of polypyrrole/Fe3O4/alginate sorbent that were prepared 

with the same conditions but at different times (n=6) 



146 
 
 

 

Fig. S10 Reusability of the polypyrrole/Fe3O4/alginate sorbent for extraction of EDCs 

from spiked deionized water (10.0 µg L-1) 

 

Table S1. Analytical performance of the polypyrrole/Fe3O4/alginate sorbent for the 

extraction and determination of EDCs in water samples 

Compounds 

Linear 

range  

(g L-1) 

Regression line equation R2 
LOD 

(g L-1) 

LOQ 

(g L-1) 

Estriol 0.5-100 y = (450.8 ± 13.9)x + (0.97 ± 0.56) 0.9943 0.5 2.0 

Bisphenol A 0.5-100 y = (459.3 ± 5.6)x + (0.54 ± 0.22) 0.9991 0.5 2 .0 

-Estradiol 0.5-100 y = (637.7 ± 15.2)x + (0.82 ± 0.61) 0.9966 0.5 2.0 
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Table S2. Concentration of EDCs in water samples (n=5) 

Water sample 

Concentration (g L-1) 

Estriol Bisphenol A -Estradiol 

Tap water 1 ND ND ND 

Tap water 2 ND ND ND 

River water 1 ND ND ND 

River water 2 ND ND ND 

Wastewater 1 1.60 ± 0.12 < LOQ ND 

Wastewater 2 < LOQ ND ND 

     ND = not detectable 
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Paper VI  

 

Nurerk, P., Liew, C.S.M., Bunkoed, O., Kanatharana, P., Lee, H.K., Environmentally 

friendly etching of stainless steel wire for plunger-in-needle liquid-phase 

microextraction of polycyclic aromatic hydrocarbons. Talanta 197 (2019) 465-471. 

 

 

(Reprinted with permission of Elsevier) 
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Table S1. Information on MS analysis of PAHs. 

PAHs 
Molecular 

weight 

Quantification 

ions (m/z) 

Identification 

ions (m/z) 

Retention time 

(min) 

Acenaphthylene (ACE) 152 152 151, 153 16.1 

Acenaphthene (ACN) 154 153 152, 154 16.7 

Fluorene (FLU) 166 166 82, 165 18.2 

Phenanthrene (PHE) 178 178 176, 179 21.1 

Anthracene (ANT) 178 178 176, 179 21.3 

Fluoranthene (FLT) 202 202 200, 203 24.8 

Pyrene (PYR) 202 201 101, 202 25.4 

Benz[a]anthracene (BEN) 228 228 226, 229 28.3 

Chrysene (CHR) 228 228 226, 229 28.5 

 

 

Table S2 Analytical performances of the developed PIN-LPME for the extraction of 

PAHs. 

 

PAHs 
Linear 

range 
R2 

LOD 

(µg L-1) 

LOQ 

(µg L-1) 

RSDa 

(wire) 

(%, n=5) 

RSDb 

(wire to 

wire) 

(%, n=3) 

EFb 

ACE 0.01-50 0.9946 0.006 0.023 6.4 11.8 70 

ACN 0.01-50 0.9966 0.012 0.044 6.0 6.9 128 

FLU 0.02-50 0.9915 0.034 0.143 9.0 12.7 168 

PHE 0.01-50 0.9964 0.014 0.068 4.6 11.6 304 

ANT 0.01-50 0.9970 0.030 0.139 9.7 9.4 315 

FLT 0.01-50 0.9982 0.032 0.156 4.5 8.1 349 

PYR 0.01-50 0.9987 0.020 0.097 6.5 8.1 301 

BEN 0.01-50 0.9948 0.058 0.281 4.4 4.2 174 

CHR 0.01-20 0.9921 0.021 0.071 6.6 8.0 97 

a Calculated from a spiked sample at 10 µg L-1 of each PAH. 
b EF is defined as the chromatographic peak area response of PAH obtained after 

extraction from a 10-mL spiked sample at 10 µg L-1 of each PAH to that with direct 

injection of 1 μL of standard solution containing 1.0 mg L-1 of each PAH. 
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Fig. S1. Effect of different extraction solvents on PIN-LPME efficiency (sample spiked 

at 10 µg L-1 of each analyte). Extraction conditions: Sonication time during solvent 

coating, 2 min; NaCl, 0%; extraction time, 10 min. 

 

Fig. S2. Effect of solvent coating mode (at sonication pulse swept power of 70W) and 

coating time on PIN-LPME efficiency for fluoranthene (spiked at a final concentration 

of 10 µg L-1) as representative analyte. Extraction conditions: NaCl, 0%; extraction 

time, 10 min; stirring speed, 300 rpm 
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Fig. S3. Effect of stirring rate on PIN-LPME efficiency for PAHs (spiked at 10 µg L-1 

of each analyte). Extraction conditions: NaCl, 0%; extraction time, 10 min. 

 

 

Fig. S4. Effect of extraction time on PIN-LPME efficiency for PAHs (spiked at 10 µg 

L-1 of each analyte). Extraction conditions: NaCl, 0%; stirring speed, 300 rpm. 
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Fig. S5. Effect of salt addition effect on PIN-LPME efficiency (sample spiked at 10 µg 

L-1 of each analyte). Extraction conditions: Extraction time, 10 min; stirring speed, 300 

rpm. 
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