
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

DETERMINATION OF HERBICIDES IN WATER SAMPLES BY SPECTROSCOPIC TECHNIQUES 
 

Miss Anna Prukjareonchook 
 

A  Dissertation Submitted in Partial Fulfillment of the Requirements 
for the Degree of Doctor of Philosophy in Chemistry 

Department of Chemistry 
FACULTY OF SCIENCE 

Chulalongkorn University 
Academic Year 2020 

Copyright of Chulalongkorn University 
 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

การตรวจวัดสารฆ่าวัชพืชในตัวอย่างน้ำด้วยเทคนิคทางสเปกโทรสโกปี 
 

น.ส.อันนา พฤกษ์เจริญโชค  

วิทยานิพนธ์นี้เป็นส่วนหนึ่งของการศึกษาตามหลักสูตรปริญญาวิทยาศาสตรดุษฎีบัณฑิต 
สาขาวิชาเคมี ภาควิชาเคมี 

คณะวิทยาศาสตร์ จุฬาลงกรณ์มหาวิทยาลัย 
ปีการศึกษา 2563 

ลิขสิทธิ์ของจุฬาลงกรณ์มหาวิทยาลัย  
 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Thesis Title DETERMINATION OF HERBICIDES IN WATER SAMPLES BY 

SPECTROSCOPIC TECHNIQUES 
By Miss Anna Prukjareonchook  
Field of Study Chemistry 
Thesis Advisor Assistant Professor LUXSANA DUBAS, Ph.D. 
Thesis Co Advisor Associate Professor THANYALAK CHAISUWAN, Ph.D. 

  
 

Accepted by the FACULTY OF SCIENCE, Chulalongkorn University in Partial 
Fulfillment of the Requirement for the Doctor of Philosophy 

  
   

 

Dean of the FACULTY OF SCIENCE 
 (Professor POLKIT SANGVANICH, Ph.D.) 

 

  
DISSERTATION COMMITTEE 

   
 

Chairman 
 (Associate Professor VUDHICHAI PARASUK, Ph.D.) 

 

    Thesis Advisor 
 (Assistant Professor LUXSANA DUBAS, Ph.D.) 

 

    Thesis Co-Advisor 
 (Associate Professor THANYALAK CHAISUWAN, Ph.D.) 

 

    Examiner 
 (Associate Professor FUANGFA UNOB, Ph.D.) 

 

    Examiner 
 (Assistant Professor WARINTHORN CHAVASIRI, Ph.D.) 

 

    External Examiner 
 (Assistant Professor Anawat Pinisakul, Ph.D.) 

 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 iv 

 
ABSTRACT (THAI) 
 อันนา พฤกษ์เจริญโชค : การตรวจวัดสารฆ่าวัชพืชในตัวอย่างน้ำด้วยเทคนิคทางสเปกโทรสโกปี. ( 

DETERMINATION OF HERBICIDES IN WATER SAMPLES BY SPECTROSCOPIC 
TECHNIQUES) อ.ที่ปรึกษาหลัก : ผศ. ดร.ลักษณา ดูบาส, อ.ที่ปรึกษาร่วม : รศ. ดร.ธัญญลักษณ์ 
ฉายสุวรรณ ์

  
อาทราซีนและพาราควอทถูกใช้อย่างกว้างขวางเพื่อควบคุมวัชพืชในพื้นที่ทำการเกษตร  การตกค้าง

ของสารฆ่าวัชพืชสามารถทำอันตรายต่อสิ่งแวดล้อมและสิ่งมีชีวิต ในงานวิจัยนี้ ตัวดูดซับคาร์บอนที่มีรูพรุนระดับ
นาโนที่เตรียมจากพอลิเบนซอกซาซีนฐานเมลามีน หรือ NPC-PBZ-m เพื่อเป็นตัวดูดซับสำหรับอาทราซีนและ
พาราควอท NPC-PBZ-m ถูกสังเคราะห์โดยขั้นตอนซอล-เจลและการแยกสลายด้วยความร้อน ในการตรวจสอบ
ลักษณะเฉพาะของตัวดูดซับจะใช้เทคนิค FTIR, BET, XPS, และ FE-SEM ในการตรวจวัดอาทราซีน วิธีที่พัฒนา
ประกอบด้วย คอลัมน์เพิ่มความเข้มข้นของ NPC-PBZ-m ที่ใช้ร่วมกับการตรวจวัดเชิงสีโดยอาศัยปฏิกิริยา Konig 
และเทคนิค HPLC-UV ที่ความยาวคลื่น 222 นาโนเมตร ได้มีการศึกษาภาวะที่เหมาะสมของตัวแปรที่ส่งผลต่อ
ประสิทธิภาพการดูดซับ ความสามารถในการนำคอลัมน์ NPC-PBZ-m กลับมาใช้ใหม่ได้ถึง 8 รอบ ในการ
วิเคราะห์เชิงสีโดยการวัดปริมาณ สารประกอบ polymethine สีส้มแดงซึ่งถูกพัฒนาขึ้นโดยใช้ 6% โดยน้ำหนัก
ต่อปริมาตรของ p-Anisidine เทคนิค HPLC-UV และการตรวจวัดเชิงสี แสดงความสัมพันธ์ที่เป็นเส้นตรงที่ดี
ในช่วง 5-30 ไมโครกรัมต่อลติรและ 10-30 ไมโครกรัมต่อลติร กับค่าสัมประสทิธ์ิของสหสัมพันธ์เป็น 0.9988 และ 
0.9979 ตามลำดับ ขีดจำกัดของวิธีในการตรวจพบ (MDL) และขีดจำกัดของวิธีของการวัดปริมาณ (MQL) ของ
การวิเคราะห์ด้วยเทคนิค HPLC-UV เป็น 1.05 ไมโครกรัมต่อลิตรและ 3.45 ไมโครกรัมต่อลิตร ในขณะที่การ
วิเคราะห์ด้วยเทคนิค UV-Vis เป็น 2.26 ไมโครกรัมต่อลิตรและ 7.46 ไมโครกรัมต่อลิตร ตามลำดับ ค่าการคืน
กลับจากการเติมสารมาตรฐานที่ทราบค่าแน่นอนลงในตัวอย่างของเทคนิค  HPLC-UV อยู่ในช่วง 98-105% 
ในขณะที่การตรวจวัดเชิงสีอยู่ในช่วง 100-107% นอกจากนี้ NPC-PBZ-m ที่ใช้ร่วมกับการตรวจวัดทางสีโดย
อาศัยการทำปฏิกิริยากับกลูโคส แสดงประสิทธิภาพที่ดีสำหรับการตรวจวัดพาราควอท โดย NPC-PBZ-m จะถูก
กระตุ้นด้วยสารละลายโพแทสเซียมไฮดรอกไซด์ 0.1 โมลาร์ก่อนใช้ อัตราส่วนที่เหมาะสมระหว่างน้ำหนักของ 
NPC-PBZ-m ต่อปริมาตรของโพแทสเซียมไฮดรอกไซด์ 0.1 โมลาร์เป็น 1 ต่อ 1 โดยน้ำหนักต่อปริมาตร สำหรับ
ขั้นตอนการชะ 2 มิลลิลิตรของสารละลายกรดไฮโดรคลอริก 1 โมลาร์กับเมทานอลที่อัตราส่วน 70 ต่อ 30 โดย
ปริมาตร เป็นสารละลายที่เหมาะสมสำหรับการชะออก โดยมีการรายงานช่วงการตรวจวัดที่ได้จากวิธีนี้ในช่วง 
0.05-1 ไมโครกรัมต่อมิลลิลิตร ที่มีค่าสัมประสิทธ์ิของสหสัมพันธ์เป็น 0.986 
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ABSTRACT (ENGLISH) 
# # 5772217823 : MAJOR CHEMISTRY 
KEYWORD: Atrazine determination, Paraquat determination, Nanoporous carbon, 

Polybenzoxazine, Solid phase extraction 
 Anna Prukjareonchook : DETERMINATION OF HERBICIDES IN WATER SAMPLES BY 

SPECTROSCOPIC TECHNIQUES. Advisor: Asst. Prof. LUXSANA DUBAS, Ph.D. Co-advisor: 
Assoc. Prof. THANYALAK CHAISUWAN, Ph.D. 

  
Atrazine and paraquat are widely used to control weeds in the agricultural areas. The 

residue of herbicides can harm the environment and living things. In this research, nanoporous 
carbon derived from melamine based polybenzoxazine or NPC-PBZ-m was used as an adsorbent 
for atrazine and paraquat analysis. NPC-PBZ-m was synthesized by sol-gel and pyrolysis 
processes. The characteristics of sorbent were investigated by FTIR, BET, XPS, and FE-SEM. For 
atrazine determination, NPC-PBZ-m pre-concentration column combined with a colorimetric 
detection based on a Konig’s reaction and HPLC-UV at 222 nm were developed. The parameters 
affecting the adsorption performance were optimized. The reusability of the NPC-PBZ-m column 
was over 8 cycles. For colorimetric analysis, the orange-red polymethine compound was 
developed by using 6 (%w/v) of p-Anisidine. The HPLC-UV and colorimetric analysis showed a 
good linearity in the ranges of 5–30 µg/L and 10–30 µg/L with correlation coefficients of 0.9988 
and 0.9979, respectively. The method detection limit (MDL) and method quantitation limit (MQL) 
of HPLC-UV analysis method were 1.05 µg/L and 3.45 µg/L while UV-Vis analysis method were 
2.26 µg/L and 7.46 µg/L, respectively. The recoveries from spiked samples for HPLC analysis was 
in the range of 98–105% while colorimetric analysis was in the range of 100–107%. Moreover, 
NPC-PBZ-m combined with colorimetric analysis using glucose reagent showed a good 
performance for paraquat determination. The NPC-PBZ-m was activated with 0.1 M KOH before 
use. The suitable ratio between weight of NPC-PBZ-m and the volume of 0.1 M KOH was 1:1 (% 
w/v). For the desorption step, 2 mL of the 70:30 (% v/v) of 1 M HCl:MeOH was used. The dynamic 
range was found to be from 0.05–1 µg/mL with correlation coefficient of 0.986. 
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CHAPTER I 
INTRODUCTION 

1.1 Statement of purpose 

 Agricultural sector is an important part of Thailand's development and 

economy which employs up to 35 percent of the workforce in our country [1]. In 2017, 

Office of Agricultural Economics (OAE) established the holding land in Thailand was 

149,253,717 rais which is calculated as 46.54 percent of total land utilization [2]. 

However, the agricultural production in Thailand still relies on herbicides usage. 

Paraquat (1,1’-dimethyl-4,4’-bipyridinium dichloride) and atrazine (6-chloro-N-ethyl-N-

(1-methylethyl)-1,3,5-triazine-2,4-diamine) are the two most herbicides applied to 

prevent unwanted weeds growing and improve crop productivity. For this reason, the 

contamination of herbicides in natural water resources via surface runoff can occur 

and be harmful to living things. 

 Paraquat has been reported as quick-acting and non-selective killer chemicals 

[3]. In case of atrazine is used to prevent pre- and post-emergence grass and broad-

leaved weeds especially for maize, sorghum, pineapple, and sugarcane production 

[4,5]. Due to its utility, many of these herbicides were imported into Thailand. In 2019, 

The Office of Agricultural Regulation (OAR) reported that the amounts of paraquat and 

atrazine were brought into our country as 9,943,932.80 kg and 3,470,312.00 kg, 

respectively [6]. Because the high dosage of herbicide was applied in agricultural areas, 

the contamination of these chemicals is poisonous to humans’ life and other living 

things. Paraquat has been reported as an etiological factor of Parkinson’s disease [7], 

while atrazine is well known as an endocrine disruptor. It can interfere with the 

synthesis, transportation, metabolism, binding or elimination of natural blood-borne 

hormones [8,9]. In addition, it is also considered as a carcinogenic agent [10,11]. The 

Pollution Control Department (PCD), Ministry of Natural Resources and Environment of 

Thailand has established an allowance of the highest paraquat concentration in water 
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at 0.5 mg/L for freshwater animals [12]. The US Environmental Protection Agency 

(USEPA) and the Water Environmental Partnership in Asia (WEPA) have established the 

maximum contamination limit (MCL) for atrazine in drinking water and ground water at 

3 µg/L [11,13]. 

 In Thailand, the risk of environment contamination associated with these 

herbicides have been documented by means of the residue amount detection in 

natural water resources. The level of paraquat contaminated in ground water and 

surface water were 1.5-18.9 µg/L and 9.3-87.0 µg/L, respectively [14]. In case of atrazine 

contamination, previous work reported that an atrazine can be detected in Chao Praya 

River at level of 0.058-0.086 µg/L [15]. Moreover, the higher level of atrazine 

contaminated in tap water and drinking water in Thailand were found to be 12.29 µg/L 

and 18.78 µg/L, respectively [16]. In addition, atrazine contamination in stream water 

and sediment at Huay Kapo watershed was also reported at 4.7 µg/L and 27.42 µg/kg, 

respectively [17]. It indicates that pesticide contamination is the crucial problem in 

Thailand. 

 Due to the low level of these herbicides in natural water resources, the method 

which can provide high sensitivity and selectivity was adopted for determination in 

water samples. In previous work, various techniques were employed to determine 

paraquat such as liquid chromatography/mass spectrometry (LC/MS) [18], ionic-liquid 

microextraction coupled with HPLC [19], capillary electrophoresis (CE) [20], and 

electrochemical method [21]. For atrazine detection, enzyme-linked immunosorbent 

assay or ELISA [22], gas chromatography/mass spectrometry [23] and solid phase 

extraction coupled with HPLC/GC [24] have been reported. Although these techniques 

can detect the herbicides at low concentration, they still have some limitations 

including high-cost instruments, require a specialist and water sample need to be 

transferred to laboratory which may increase the chance of sample contamination and 

degradation. As mentioned, it is quite hard for local authorities’ monitoring. 
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 To overcome the limitations, the purpose of this work is to develop an easy-

usable method by using the pre-concentration step and colorimetric method for 

paraquat and atrazine determination without any expensive instrument. For pre-

concentration method, the suitable adsorbent should be prepared for herbicides 

adsorption. 

 For paraquat sorbent, humic acid [25], alginate bead [26], and silica based 

material [27] were used as sorbent because they can interact with paraquat via 

electrostatic interaction. Therefore, silica-humic acid entrapped calcium alginate 

hydrogel materials (Si-HA-Alg) was prepared and used for paraquat pre-concentration. 

 In case of atrazine, owing to aromatic ring structure and hydrophobic properties 

[28], carbon-based sorbents were chosen for adsorption in previous works [29,30]. 

However, the cost of sorbent is high and the reusability has not reported. Therefore, 

the carbon-based sorbent which is prepared from polybenzoxazine is interesting 

because of its excellent properties such as molecular design flexibility, high porosity, 

high surface area, and low density [31]. For the monomer preparation, the starting 

materials are composed of phenol, amine, and formaldehyde which are synthesized 

via a sol-gel process based on ring-opening polymerization. Due to molecular design 

flexibility, the amine source for synthesis was considered. Because of a similar structure 

of atrazine and melamine compounds, the sorbent was prepared by using melamine 

as an amine source according to the previous study [32]. Thus, the carbon nanoporous 

derived melamine based polybenzoxazine (NPC-PBZ-m) was used for atrazine pre-

concentration in this work. The adsorption interaction between atrazine and NPC-PBZ-

m sorbent is expected as π-π interaction. 

 After the pre-concentration procedure, a colorimetric method was performed. 

For paraquat detection, paraquat blue free radical was generated by many reducing 

agents such as ascorbic acid, sodium borohydride, and sodium dithionite [33-35]. 

Unfortunately, the stability of these reagents was quite poor. Therefore, glucose was 
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chosen as a reducing agent in this work. The color of reaction will change from 

colorless to blue. While atrazine detection, the colorimetric method was developed 

based on Konig’s reaction to generate polymethine compound by using various 

coupling agent such as p-aminoacetophenone (PMP), sulfanilic acid, aniline, and 4-

aminoacetanilide [36-40]. However, the obtained polymethine compounds from these 

reagents have maximum wavelength between 440-480 nm which is difficult to interpret 

by naked-eye because some reagents have their own color. Thus, p-Anisidine was 

selected as a coupling agent in this work. The color of reaction was changed from 

colorless to orange-red which has a maximum wavelength at 500 nm. Moreover, the 

paraquat blue free radical and orange-red polymethine compounds were detected by 

UV-Visible spectrophotometer. 

1.2 Objectives 

 1.2.1 To prepare the silica-humic acid entrapped calcium alginate hydrogel 

materials (Si-HA-Alg) for paraquat pre-concentration 

 1.2.2  To synthesize the nanoporous carbon derived melamine based 

polybenzoxazine (NPC-PBZ-m) for atrazine pre-concentration 

 1.2.3 To optimize the various parameters affecting on pre-concentration step 

for paraquat (batch) and atrazine (flow) adsorption 

 1.2.4 To optimize the various parameters affecting on colorimetric method 

for paraquat (glucose reaction) and atrazine (Konig’s reaction) determination 

1.3 Scopes of the research 

 For paraquat determination, silica-humic acid entrapped calcium alginate 

hydrogel materials (Si-HA-Alg) and NPC-PBZ-m adsorbent were tested. The adsorption 

and desorption conditions were optimized by using the batch adsorption. The NPC-

PBZ-m sorbent found to be the suitable material was selected for further analysis. 

Many parameters such as NPC-PBZ-m activation and adsorption-desorption conditions 
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were studied. The optimal condition of the colorimetric detection using glucose, as a 

reducing agent, was also investigated by UV-Visible spectrophotometer. 

 For atrazine determination, nanoporous carbon derived melamine based 

polybenzoxazine (NPC-PBZ-m) sorbent was synthesized and the material was 

characterized by fourier transform infrared spectrometer using KBr pellets (KBr-FTIR), 

Brunauer-Emmett-Teller (BET) surface area analyzer, X-ray photoelectron spectroscopy 

(XPS), and field emission scanning electron microscope (FE-SEM). The pre-

concentration unit was prepared by packing NPC-PBZ-m sorbent into SPE empty 

cartridge operating with a syringe pump. Various parameters affecting pre-

concentration such as particle sizes and weight of NPC-PBZ-m, adsorption-elution flow 

rate, and other herbicides interference were investigated by high-performance liquid 

chromatography-ultraviolet detector (HPLC-UV). For colorimetric detection, the 

parameters that can affect the sensitivity of Konig’s reaction was also optimized by 

using UV-Visible spectrophotometer. The efficiency of the proposed method was 

tested with natural water samples from various resources. 

1.4 Benefits of the research 

 This work aims to develop the paraquat and atrazine determination which is 

composed of two sections as pre-concentration and determination steps. The 

proposed method provides an easy preparation of sorbents and the colorimetric 

method can be detected by UV-Visible spectrophotometer.  
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CHAPTER II 
THEORY AND LITERATURE REVIEW 

2.1 Atrazine 

 Atrazine (6-chloro-N-ethyl-N-(1-methylethyl)-1,3,5-triazine-2,4-diamine), is an 
herbicide that is heavily used in worldwide to control broadleaf and grassy weed [5]. 
The residue of atrazine can persist in water and soil for several years which can induce 
contamination in the environment. This herbicide has been adequate as an endocrine 
disruptor which may interfere with the metabolism, transportation, binding action or 
elimination of natural blood-borne hormones [8,9]. Moreover, the hazard of atrazine 
to humans was also reported as it can increase breast cancer in women and effect on 
semen quality and fertility in men [10,11]. The chemical structure of atrazine was 
shown in Figure 2.1. 

 

Figure 2.1 Chemical structure of atrazine [28]. 

2.2 Paraquat 

 Paraquat (1,1’-dimethyl-4,4’-dipyridinium dichloride) which is well known in 
commercial name as Gramoxone is a quaternary ammonium bipyridyl compound. 
Paraquat is reported as a non-selective and quick-acting herbicide which can interrupt 
the process of photosynthetic electron transfer in a plant cell [3,41]. The harmful 
effects of paraquat are reported as it can contribute to the neurodegenerative disorder 
that led to enhance a risk of Parkinson’s disease [7]. The structure of paraquat 
consisted of two pyridine rings which illustrated the cationic characteristic as shown 
Figure 2.2. 

 

Figure 2.2 Chemical structure of paraquat [7]. 
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 The physical properties of atrazine and paraquat are listed in Table 2.1 

Table 2.1 The chemical properties of atrazine and paraquat 

Properties Atrazine [42]  Paraquat [43]  

Molecular weight 

(g/mol) 

215.68 186.20 (paraquat) and 

257.20 (paraquat dichloride) 

Physical state Solid; White Solid; white (pure), yellow 

(technical) 

Water solubility at 

20 °C  

34.7 mg/L 561 g/L 

Melting point (°C) 173–175 175–180 

 

2.3 Polybenzoxazine 

2.3.1 Benzoxazine monomer 

Benzoxazine is a new class of phenolic resin which is a molecule composed of 
a benzene ring attached with an oxazine ring, a six-membered heterocyclic ring 
instituted with nitrogen (N) and oxygen (O) atoms, as shown in Figure 2.3. They exhibit 
many attractive properties over traditional phenolic resin such as high char yields, 
excellent mechanical-chemical properties, and molecular design flexibility [44-47]. 

 

Figure 2.3 The structure of Benzoxazine [44]. 

The benzoxazine monomer was synthesized via Mannich condensation 
reaction from three starting materials which are phenolic compound, formaldehyde, 
and amine [44,48,49]. The reaction starts with a lone pair electron of nitrogen in amine 
compound added to carbonyl of formaldehyde compound. This reaction is known as 
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nucleophilic addition. An obtained iminium ion further reacts with phenolic 
compounds via electrophilic addition reaction. Finally, the benzoxazine monomer is 
formed via the dehydration reaction between formaldehyde and mannich bases as 
shown in Figure 2.4. Moreover, the kinetic of benzoxazine synthesis reaction has been 
studied in previous work [50]. The results indicated that phenol compound played as 
the key of starting material and the step of reaction between phenol and iminium ion 
was a controlling step. 

 

Figure 2.4 The mechanism of benzoxazine monomer formation [48,51]. 
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As the variety of formaldehyde is not much, the benzoxazine molecule can be 
designed by tuning a type of phenolic and amine compound. The monomer of 
benzoxazine can be synthesized as mono-, bi- or multi- functionals which is classified 
by the number of functional groups in amine or phenol compound usage. The example 
of monomeric type has been described in Figure 2.5. However, Ning et al. 
demonstrated that a crosslinked network structure with good mechanical integrity of 
polybenzoxazine was obtained when bi- or multi- functional benzoxazine precursors 
was used [52]. 

 

Figure 2.5 The monomeric type of monofunctional (Class A) and difunctional with 
bisphenol-monoamine (Class B) and phenol-diamine (Class C) [44]. 

2.3.2 Cationic ring-opening polymerization 

The structure of oxazine ring in benzoxazine molecule (Figure 2.3) was 
assumed to present in a distorted semi-chair structure which could produce the ring-
opening polymerization [53,54]. In addition, the presence of N and O atoms which have 
strong basicity on the structure can offer the ring opening via cationic mechanism. 
Moreover, the reaction rate of polymerization can be accelerated by adding the 
catalyst which reduces time and temperature for curing steps. 

In 1985, Riess et al. studied the kinetic of polymerization that was initiated by 
phenolic compounds [55,56]. For ortho- reaction, the ring-opening polymerization can 
occur via the intramolecular hydrogen-bonding while a para-reaction was performed 
with a partial phenol dissociation. The reaction can be seen in Figure 2.6. 
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- Intermolecular hydrogen-bonding (ortho reaction) 

 

- Partial phenol dissociation (para reaction) 

 

Figure 2.6 Ring-opening polymerization by phenolic compound initiation [56]. 

Many initiators, as cationic, anionic, and a free radical, have been reported as a 
catalyst for benzoxazine polymerization [53]. The results showed several Lewis acids 
initiators such as phosphorus pentachloride (PCL5), aluminium chloride (AlCl3), and 
Titanium chloride (TiCl4) has effectively performed the ring-opening polymerization at 
moderate temperature. Moreover, an acid compound was also reported as a catalyst 
for ring-opening polymerization [54,57]. 

In 1999, Dunker et al. proposed that the ring-opening polymerization can occur 
via protonation of oxygen atom to form an iminium ion followed by electrophilic 
aromatic substitution [57]. The details of mechanism were showed in Figure 2.7. The 
protonated benzoxazines can perform a tautomerization of ring chain with iminium 
species under the acid medium. As the mechanism of reaction can be expected that 
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the usage of Lewis acids can improve the rate of initiation for benzoxazine 
polymerization. 

 

Figure 2.7 Proposed of initiation mechanism with acid catalyst [56]. 

2.3.3 Characterization of oxazine ring and ring-opening polymerization 

 The oxazine ring formation and ring-opening polymerization was confirmed 
using Fourier transform infrared spectroscopy or FTIR. The peak characteristic of 
oxazine ring show asymmetric stretching bands of C-N-C (1180 cm-1), C-O-C (1260  
cm-1), and CH2 wagging of oxazine (1370-1380 cm-1) [58,59]. Moreover, tri-substituted 
benzene ring of in-plane C-C stretching and out-of-plane C-H deformation was noticed 
at 1500 and 949 cm-1, respectively [53]. 

2.3.4 The preparation of nanoporous carbon derived polybenzoxazine via 

sol-gel process 

2.3.4.1 Sol-gel process 

The one route for preparation of a porous material is the sol-gel 
process. The reaction involves chemical reactions and physical processes, which are 
phase separation, dissolution, evaporation etc., tend to the formation of porous solid 
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precursor in the liquid solvent. The sequences of the sol-gel process including the 
following steps as shown in Figure 2.8. 

 

Figure 2.8 The sequence of sol-gel processing step for porous solid preparation [60]. 

2.3.4.2 The nanoporous carbon material derived from 

polybenzoxazine 

A sol-gel processing was adopted in previous works for preparation the 
benzoxazine organogel as detail follow 

In 2009, Lorjai et al. prepared a carbon aerogel from polybenzoxazine 
via solvent-less technique followed by sol-gel process method [47]. A monomer was 
synthesized using bisphenol-A, aniline, and paraformaldehyde at molar ratio was 1:2:4. 
After that, a benzoxazine precursor was dissolved in xylene and heated the solution 
at 130 °C for 96 h. The obtained partially cured benzoxazine was dried at ambient 
temperature to remove xylene out. At this step, the polybenzoxazine aerogel was 
obtained. The mechanism of synthetic reaction was shown in Figure 2.9. Then, the 
carbon aerogel was prepared further via a pyrolysis process by performing in a quartz 
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reactor under nitrogen flow at 500 cm3. The ramp cycle of temperature was set from 
30 to 250 °C for 60 min, 250 to 600 °C for 300 min, 600 to 800 °C for 60 min and held 
at 800 °C for 60 min. Finally, the furnace was cooled to room temperature under a 
nitrogen atmosphere. 

 

Figure 2.9 Precursors and the polybenzoxazine reaction [47]. 

In 2014, Thubsuang et al. studied the synthesis of 3D interconnected 
macroporous carbon xerogels derived from polybenzoxazine via sol-gel process [61]. 
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The effect of organic solvents, as dimethylformamide (DMF) and dioxane, on the 
cluster growth behaviors during sol-gel process and pore characteristics were reported. 
The result showed that when dioxane was used, the longer gelation time and smallest 
cluster size were obtained. It can be explained by the good miscibility of a precursor 
in dioxane causing a difficulty for phase separation. Therefore, a dense with small 
porous material was obtained. However, the DMF solvent can generate a 3D 
interconnected macroporous structure due to the solubility between benzoxazine and 
DMF showed a poor miscibility. Moreover, the ring-opening of oxazine ring prefers to 
occur in DMF solvent than dioxane because DMF has more dielectric constants. The 
phase separation and porous structure were illustrated in Figure 2.10. 

 

Figure 2.10 Phase separation in DMF (a) and dioxane (b) solvents [61]. 

2.4 Alginate 

 Alginate or sodium alginic acid is an anionic linear polysaccharide which is 
produced from brown algae. The structure is composed of (1-4)-linked β-D-mannuronic 
acid (M) and α-L-guluronic acids (G). Alginate has some unique properties such as 
simple preparation, hydrophilicity, biocompatibility, high adsorption potential and non-
toxic substance [62]. The structure of alginate was shown in Figure 2.11. 
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Figure 2.11 Sodium alginate molecular structure [63]. 

A divalent cation can allow the gel formation which the pattern of molecular 
was either MM, GG or GM dimeric form. The gel formation starts with a monovalent 
cation of soluble alginate, as sodium ion (Na+), was replaced with divalent cation to 
provide a 3D network structure. Montanucci et al. [64] reported the guluronic acid (G-
block) prefers to bind with cation than mannuronic acid (M-block). The affinity of 
divalent cation was also reported in ascending order of Mg2+, Ca2+, Sr2+, and Ba2+. 
Moreover, the GG and GM patterns of gelation were obtained when using calcium ion 
(Ca2+). 

2.5 Humic acid 

 The major component in soil and waters is humic substances (HS) which result 
from the decomposition of organic matter and particular plants [65,66]. HS are 
classified into three fractions based on their solubility in water which are humic acids, 
fulvic acids, and humin. Fulvic acids are soluble at any given pH while humin is 
insoluble. For humic acids, they greatly dissolve in basic medium, partially soluble in 
water and insoluble at pH medium lower than 2 [67,68]. 

Humic acids or HAs are organic macromolecules that have hydrophilic and 
hydrophobic sites on their structure which exhibit a large ability to interact with 
herbicides via ionic bonding, cation exchange, and Van der Waal forces [65,69]. Figure 
2.12 illustrates the model structure of HAs which has numerous oxygen-containing 
functional groups such as carboxyl (COOH), carbonyl (C=O) and hydroxyl (OH). 
Moreover, the solubility of humic acid in aqueous media can be increased with the 
number of these groups [67,69]. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 16 

 

Figure 2.12 Model of humic acid structure [68]. 

2.6 Konig’s reaction 

For atrazine detection, the simple and sensitive spectrophotometric method 
has been reported based on Konig’s reaction [36]. At first, the atrazine compound 
reacted with pyridine and converted to a quaternary pyridinium halide. Then, the 
hydroxyl group from alkali reagent adds to the pyridinium halide compound to create 
a carbinol base and glutaconic dialdehyde, respectively. Finally, p-
aminoacetophenone reagent was coupled with glutaconic dialdehyde in acidic 
medium to obtain a yellow-orange polymethine dye which has a maximum 
absorbance at 470 nm. The reaction was demonstrated in Figure 2.13. 
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Figure 2.13 The probable color reaction of polymethine dye [36]. 

2.7 Polymethine compound 

 The polymethine dyes (PD) is an efficient spectral-fluorescent probe which was 
widely used in various fields because it has unique properties in terms of photophysical 
and photochemical application. They give an adsorption broad spectral range from 
400 to 800 nm [70]. The color of polymethine depending on the length of chain, the 
end-group topology, and electron shell occupation that tend to it can absorb light in 
Ultraviolet, Visible, and near-IR spectral regions [71]. The structure of PD contains a π-
electron conjugated system (polymethine chromophore) as shown in Figure 2.14. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 18 

which composed of an electron-acceptor end group (A), an electron-donor end group 
(D), and the chain of methine groups (-CH=). 

 

Figure 2.14 Polymethine dye (PD) structure [72]. 

2.8 Paraquat blue free radical reaction 

For paraquat detection, the spectrophotometric method is usually converting 
a paraquat substance in general form (PQ2+) using suitable reducing agents to obtain a 
paraquat blue free radical ion (PQ•+) in alkali condition. The mechanism of paraquat 
reduction-oxidation was shown in Figure 2.15. The absorption spectrum of paraquat 
radical has both sharp and broad peaks at 394 nm and 600 nm, respectively which 
was illustrated in Figure 2.16. 

 

Figure 2.15 Paraquat reduction-oxidation [41]. 

 

Figure 2.16 Visible spectra of paraquat (A) and diquat (B) reduction with sodium 
dithionite in alkaline solution [73]. 
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2.9 Literature reviews 

 Since the contamination level of two herbicides, atrazine and paraquat, in 
environmental water were reported at trace level. Therefore, the high sensitivity and 
selectivity techniques were required for atrazine or paraquat analysis such as liquid 
chromatography/mass spectrometry or LC/MS [18], electrochemistry [21], enzyme-
linked immunosorbent assay or ELISA [22], and gas chromatography mass spectrometry 
[23] were established. However, among these techniques required an expert user and 
high-cost instrument which restrict the local authorities monitoring. 

2.9.1 Solid phase extraction method for atrazine determination 

Many studies using a solid phase extraction or SPE to pre-concentrate the 
amount of these herbicides before measuring with an instrument are detailed in Table 
2.2. 
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Table 2.2 SPE method for atrazine determination 

Adsorbent Methodology Method requirement Reusability Ref. 

Heat-treated 

diatomaceous 

earth 

SPE-HPLC The suitable pH of 

water sample needs to 

be adjusted (pH = 2) 

7 cycles [74] 

Molecular 

imprinted 

polymer or MIP 

SPE-HPLC 

combined with 

subcritical water 

extraction (SWE) 

LC/MS-MS and SPE 

vacuum manifold 

requirements 

No report [75] 

Molecular 

imprinted 

polymer or MIP 

SPE-HPLC Rotary evaporator and 

SPE vacuum manifold 

requirements 

No report [76] 

Amino modified 

mesostructured 

cellular foam or 

AF-MCF 

dSPE-HPLC Need centrifugation and 

N2 evaporation steps 

6 cycles [77] 

Ionic liquid-

magnetic 

graphene 

composite 

MDSPE-HPLC Absorbent was 

prepared under severe 

condition and 

requirement the 

evaporation step  

No report [78] 

 

 It can be seen that many researchers use MIP as a solid sorbent for atrazine 
pre-concentration. The recognition properties of MIP material can be improved by 
using target analyte as a template to generate lock and key model which can enhance 
the extraction efficiency. However, the formation of this polymer tends to be relatively 
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dense leading to the difficulty in mass transport. Therefore, the vacuum manifold unit 
was required in previous works. Moreover, the evaporation step after elution can 
increase the operation time. 

Many reports using carbon nanoporous material as sorbent for atrazine 
adsorption because it has many advantages such as the large surface area, unique 
porous structure, and high electrical conductivity because of their intrinsic π-π 
conjugation. The pore structures were classified into three types which are micropores 
(<2 nm), mesopores (2-50 nm), and macropores (> 50 nm) [79]. 

In 2006, Zhou et al. determined an atrazine using multiwalled carbon 
nanotubes as a sorbent. However, the developed SPE cartridge needs to operate with 
a vacuum pump for a maximum flow rate [80]. The hydrophobic interactions between 
atrazine and multiwalled carbon nanotubes was reported [81]. 

In 2015, Liado et al. demonstrated that atrazine can be adsorbed on activated 
carbon via π-π interaction which the micropore volume plays a significant role on the 
adsorption capacity [29]. Moreover, Lupul et al. investigated the atrazine removal 
performance of activated carbon (AC) when activation condition is different. They 
found that the highest affinity of atrazine towards the surface sorbent obtained when 
the carbon was activated at high temperature under a nitrogen flow [82]. Furthermore, 
the π-π interaction between functionalized nylon6/polypyrrole core-shell nanofibers 
and atrazine were reported by Yang et al [83]. 

Therefore, the suitable materials for atrazine adsorption should have a pyrrole 
group and be able to form π-π interaction within their structure. Furthermore, some 
physicochemical properties of adsorbent materials such as a lot of active binding sites, 
high porosity and surface area but still has a good pore accessibility are required. 

2.9.2 Nanoporous carbon derived from melamine based polybenzoxazine 

Due to the phenolic and amine compound that can be tuned for 
polybenzoxazine synthesis, these two compositions should be considered to obtain a 
suitable carbon nanoporous material for atrazine adsorption. As Ning et al. [52] 
demonstrated a bifunctional benzoxazine monomeric has a good mechanical property, 
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the bisphenol-A was selected to prepare benzoxazine precursor. Since the structure 
of atrazine is similar to the structure of melamine compounds, the adsorption 
interaction can occur via π-π interactions or hydrogen bonding. Therefore, the 
melamine was used as an amine source for benzoxazine precursor preparation. 

 In 2013, Shi et al. prepared a film material from a low-viscosity 
polybenzoxazine using bisphenol-A, melamine, and formaldehyde as precursors [58]. 
They demonstrated that the introducing of melamine on the network structure can 
provide a high chemical and thermal stability. The molar equivalent for melamine, 
bisphenol-A, and formaldehyde was 1:1:6, respectively. The synthesis was illustrated 
in Figure 2.17. 

 

Figure 2.17 Synthesis of benzoxazine monomer based on bisphenol-A and melamine 
[58]. 

In 2018, Rattanopas et al. prepared a nanoporous carbon derived from 
melamine based polybenzoxazine by using sodium chloride templates (NaCl) [32]. The 
preparation starts with dissolving bisphenol-A, melamine, and formaldehyde at mol 
ratio 1:1:6 in mixing solvent of water and ethanol at ratio of 1:1 under the acid 
conditions. To increase surface area, sodium chloride was used as a porous template. 
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The result of BET showed that surface area was enhanced up to 1516 m2/g. Moreover, 
when acid amounts increase, the lower average pore diameter will be obtained. 

2.9.3 The adsorbents for paraquat adsorption 

Due to the anionic properties of polysaccharide sodium alginate and humic 
acid, these chemical substances have been used to prepare the adsorbents for 
paraquat adsorption application. 

In 2008, Ruiz et al. [26] used the calcium alginate beads to remove paraquat 
dichloride via electrostatic interaction. They found that the pH was a main factor 
affecting adsorption. At pH 3.0, high concentration of H+ competed with the adsorption 
of paraquat whereas at pH 7.0, the lower adsorption competition was observed. 

In 2010, Brigante et al. [25] studied the paraquat adsorption on humic acid-
goethite adsorbent. The results indicated paraquat can bind with negative charge of 
carboxylates and phenolates groups of humic acid tends to form ionic pairs or outer-
sphere complexes. The adsorption efficiency increases by decreasing electrolyte 
concentration and increasing pH. 

In addition, silica gel is widely used for adsorption application because it has 
stability, physical strength, high surface area and high porosity. In 2011, Brigante et al. 
[27] prepared a binary system of titania-modified silica for paraquat adsorption with 
the reaction occurring via an electrostatic interactions and charge-transfer reaction. 
Moreover, the paraquat was detected by using silica gel as adsorbents [84]. 

2.9.4 Atrazine and paraquat colorimetric detection 

The colorimetric method is an interesting alternative method because the 
detection is simplicity and rapidity which requires only a unit of spectrophotometer. 
The method was operated based on changing from a colorless compound to a colored 
compound which can be observed by UV-Visible spectrophotometer and naked-eye. 
The use of Konig’s reaction and paraquat blue free radical reaction have been reported 
for atrazine and paraquat detection in this research. 
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2.9.4.1 The atrazine detection based on Konig’s reaction 

As the polymethine dye (PD), a product of Konig’s reaction, can 
absorbed light in wide range of visible region depending on their structure, many 
coupling reagents for atrazine detection have been reported in previous works as 
shown in Table 2.3. 

Table 2.3 Coupling reagents for Konig’s reaction 

Coupling reagents Structure Dynamic range [Ref.] 

Sulfanilic acid 

 

0.50-2.50 µg/mL [37] 

0.07-0.7 µg/mL [38] 

0.1-25 µg/mL [39] 

Aniline 
 

0.08-12 µg/mL [39] 

p-Aminoacetanilide 

 

0.012-0.12 µg/mL [40] 

Ethyl cyanoate 
 

No reported [85] 

p-Aminoacetophenone 

 

0.16-1.6 µg/mL [36] 

 

In 1966, Radke et al. evaluated the pyridine-alkali compound for 
determination of atrazine. The experiment was performed based on Konig’s reaction 
using ethyl cyanoate as a coupling agent. They found that stability of pyridine-alkaline, 
a glutaconic dialdehyde, was poor and it can be improved by reacting the pyridine-
alkali with ethyl cyanoacetate. Then, the stable red color compound was developed. 
The maximum absorbance was demonstrated at 550 nm [85]. 
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In 1998, Kesari et al. [36] developed a simple method for determination 
atrazine in environmental and biological samples. They used p-Aminoacetophenone 
as a coupling reagent to generate polymethine dye (PD) The maximum absorbance 
value was reported at 470 nm which is close to the maximum wavelength of obtained 
polymethine dye when sulfanilic acid (450 nm) and aniline (480nm) were used [39]. 

In 2013, the sensitivity of Konig’s reaction on atrazine determination can 
be improved by using a micellar medium as reported by Tiwari et al [40]. Even though 
the lowest of dynamic range was reported, the step up coming for polymethine dye 
extraction by C18 cartridge after coupling with p-Aminoacetanilide was required in this 
work. In the same way, the step of polymethine dye extraction was also reported by 
Tamrakar and co-workers when sulfanilic acid was used as a coupling reagent [38]. In 
these works, the maximum wavelength for atrazine analysis was also measured at 460 
nm. 

In 2016, Martins et al. reported the atrazine determination method by 
flow injection techniques (FIA) [37]. Even the advantages of FIA are high sample 
throughput, small volume if reagent used and lower amount of residual, the batch 
experiment of heating step needs to be carried out before measuring by FIA system. 
The reported maximum wavelength was applied at 445 nm. 

Among these works, the heating condition in Konig’s reaction has been 
required to perform at high temperature or boiling conditions. Moreover, the 
performance of these methods to use as naked-eye detection have not been 
evaluated. 

2.9.4.2 The paraquat detection based on blue free radical reaction 

Several reducing agents such as ascorbic acid [33], sodium borohydride 
[34], and sodium dithionite [35] have been applied to detect paraquat. The structure 
and standard reduction potential of these reagents was indicated in Table 2.4. 
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Table 2.4 The structure and standard reduction potential of reducing agents for 
paraquat blue free radical formation 

Reducing reagents Structure Standard reduction 

potential or E0 (V) 

Ref. 

Ascorbic acid 

 

-0.390 [86] 

Sodium borohydride 

 

-1.240 [87] 

Sodium dithionite 

 

-1.120 [87] 

Glucose 

 

-0.050 [88] 

 

In 1991, Shivhare et al. [33] determined a paraquat in water, grain, and 
plant materials. The method used ascorbic acid as a reducing agent and the dynamic 
range was obtained from 1.2-9.6 µg/mL with the color of blue radical is stable for 12 
hours. However, the experiment in this work was developed by starting the reaction 
with paraquat high concentration (12-96 µg/mL). 

In 1997, Rai et al. [34] detected paraquat via blue free radical using 
sodium borohydride as a reducing agent. Even the dynamic range of detection was low 
as 0.05-0.5 µg/mL, this reagent has some disadvantages in terms of it can damage skin 
and eye. In the same year, the glucose was conducted to determine paraquat in many 
samples such as plants, fruits, water, blood and urine [89]. They found that the suitable 
temperature for fully color development was within the range of 70-100 °C. 
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In 2016, Kuan et al. [35] prepared a paper-based device for clinical 
paraquat poisoning diagnosis. The reaction was performed using sodium dithionite and 
ascorbic acid. They reported the detection limits in normal human serum for ascorbic 
acid and sodium dithionite assays were 3.86 and 13.80 mg/L. However, the stability of 
sodium dithionite was quite low and should be freshly prepared. 

In this research, the nanoporous carbon derived from melamine based 
polybenzoxazine (NPC-PBZ-m) was prepared for atrazine adsorption related to 
previous work. The application of polybenzoxazine material for atrazine adsorption has 
never been reported. While silica-humic acid-alginate beads were prepared to use as 
paraquat adsorbent. Moreover, Konig’s reaction and paraquat blue free radical were 
developed for atrazine and paraquat detection by using UV-Visible spectrophotometer. 
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CHAPTER III 
EXPERIMENTAL 

In this work, the atrazine determination is composed of three steps including 
the NPC-PBZ-m sorbent synthesis and characterization (section 3.3 and 3.4) followed 
by pre-concentration (section 3.6) and colorimetric detection steps based on Konig’s 
reaction (section 3.7) 

3.1 Chemicals 

 All chemicals in this research were analytical reagent grade (AR) and listed in 
Table 3.1. Chemicals were used without further purification. 

Table 3.1 List of chemical and supplier 

Chemicals Suppliers 

1. Bisphenol-A (97%) Sigma-Aldrich 

2. Melamine (99%) Sigma-Aldrich 

3. Pyridine anhydrous (99.8%) Sigma-Aldrich 

4. Atrazine Sigma-Aldrich 

5. Paraquat, Analytical standard Sigma-Aldrich 

6. Glyphosate, Analytical standard Sigma-Aldrich 

7. 2,4-Dichlorophenoxyacetic acid Sigma-Aldrich 

8. Chlorpyrifos, Analytical standard Sigma-Aldrich 

9. Formaldehyde solution (37%) Merck 

10. Sodium hydroxide, A.R. Grade Merck 

11. Methanol, HPLC grade  Merck 

12. Methanol (absolute) Merck 
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Chemicals Suppliers 

13. Hydrochloric acid (37% w/w) Merck 

14. p-Anisidine (>98%) TCI 

15. Aniline (synthesis grade) PanReac AppliChem 

16. Sulfanilic acid (ACS reagent 99%) Sigma-Aldrich 

17. 4-aminophenol (≥98%) Sigma-Aldrich 

18. Ethanol (absolute) RCl Labscan 

19. Dimethyl sulfoxide (DMSO)  

anhydrous (≥99.9%) 

Merck 

20. Alginate powder Sigma-Aldrich 

21. Agar (Food grade) - 

22. Calcium alginate Merck 

23. Humic acid sodium salt (Technical grade) Sigma-Aldrich 

24. Potassium hydroxide Merck 

25. D-glucose Daejung 

26. DI and Milli-Q water - 

 

3.2 Apparatus 

 The apparatus used in this study are listed in Table 3.2. 
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Table 3.2 List of apparatus 

Apparatus Company, model 

1. High-performance liquid chromatography-

ultraviolet detector (HPLC-UV) 

Agilent 1260 Infinity II Quaternary 

pump 

2. ZORBAX Eclipse Plus C18 (150 mm × 4.6 

mm i.d., particle size 5 µm) 

Agilent 

3. UV-Visible spectrophotometer (UV-Vis) Hewlett Packard 8453 

4. Fourier transform infrared spectrometer Nicolet 6700 

5. Surface area and pore size analyzer Quantachrome-Autosorb-1MP 

6. X-ray photoelectron spectroscope (XPS) Kratos Axis Ultra DLD 

7. Field emission scanning electron 

microscope (FE-SEM) 

JEOL JSM-7610F 

8. Syringe pump  ProSense BV model NE-1000 

9. Empty cartridge polypropylene column 

(Bond Elut Reservoir, 1 mL) 

Agilent, Part No:12131007 

10. Syringe adapter Agilent, Part No:12131001 

11. Polyethylene frit Agilent, Part No:12131019 

12. Syringe (10 and 50 mL) Nipro Sales (Thailand) Co., Ltd. 

13. PTFE syringe filter (13 mm, 0.20 µm) National scientific 

14. Cellulose acetate (CA) membrane filter 

(47 mm, 0.45 µm)  

Vertical Chromatography Co., Ltd. 

15. Cellulose filter paper (125 mm) Thomas Baker 
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Apparatus Company, model 

16. 2 mL vial Amber I-D National scientific 

17. Polypropylene tube, 13 mL Becthai 

18. Household blender Anitech 

18. Test sieve (30-40, 40-60 mesh) Rung Arun Machinery (1989) 

Company Limited 

19. Rotating shaker (ROTAX 6.8 Overhead 

mixer) 

Velp scientifica 

20. Orbital shaker (HS 500) Janke & kunkel ika werk 

 

3.3 The synthesis of nanoporous carbon derived from melamine based 

polybenzoxazine (NPC-PBZ-m) used as pre-concentration sorbent 

 The synthesis of NPC-PBZ-m composes of three steps in detail 

3.3.1 Melamine based benzoxazine organogel synthesis 

To obtain a melamine based benzoxazine monomer via a sol-gel process, three 
starting materials which are melamine, bisphenol-A and formaldehyde were mixed 
with a molar ratio of 1:1:6, respectively [32,58]. The solvent system is the mixture of 
ethanol and water at v/v ratio of 1:1. Then, bisphenol-A was added and stirred until it 
was completely dissolved, followed by adding formaldehyde and melamine into the 
mixture solution under continuous stirring. This solution was stirred and heated in an 
oil-bath for 30 minutes at 80 °C to get a clear solution. Then, the reaction mixture was 
cooled down. A 2.70 mL of conc. HCl, as an acid catalyst, was added dropwise while 
mixture was stirring. After that, the reaction mixture was transferred into a glass vial 
and sealed in a closed system to settle in an oil bath at 95 °C for 2 days. At this step, 
an opaque benzoxazine organogel was formed. To remove acid catalyst, a gel was 
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then immersed in deionized water until pH was nearly neutral and dried in the oven 
overnight at 80 °C. Finally, the melamine based benzoxazine organogel was obtained. 

3.3.2 Melamine based benzoxazine organogel polymerization 

Next, an opaque melamine based benzoxazine organogel was polymerized 
under temperature programmed conditions in the following steps: 100 °C for 30 
minutes, 220 °C for 8 hours, holding at 220 °C for 15 minutes and cool down to 30 °C 
for 2 hours in an air-circulating oven to receive melamine based polybenzoxazine (PBZ-
m). The proposed reaction of PBZ-m synthesis is shown in Figure 3.1. 
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Figure 3.1 The proposed reaction of melamine based polybenzoxazine (PBZ-m) 
synthesis. 

3.3.3 Nanoporous carbon derived from melamine based polybenzoxazine 

(NPC-PBZ-m) preparation 

Afterwards, PBZ-m was pyrolyzed under nitrogen atmosphere (N2) at a flow rate 
of 600 mL/min by purging with N2 gas for 30 minutes before performing the 
temperature programmed. The temperature was raised to 200 °C for 1 hour, 600 °C for 
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6 hours, 800 °C for 2 hours, and held at 800 °C for 2 hours. Then, the oven temperature 
was decreased to room temperature under N2 conditions. The obtained nanoporous 
carbon particles were washed with methanol and dried at 110 °C for 1 hour. The 
obtained material was denoted as NPC-PBZ-m. 

3.4 Characterizations of nanoporous carbon derived from melamine based 

polybenzoxazine (NPC-PBZ-m) 

3.4.1 Fourier Transform Infrared Spectrometer (FTIR) 

The successful synthesis and polymerization of melamine based benzoxazine 
organogel were investigated using FTIR-KBr pellet technique. The oxazine ring 
functional groups between melamine based benzoxazine organogel and melamine 
based polybenzoxazine (PBZ-m) were pursued. 

3.4.2 Quantachrome-Autosorb-1 MP Surface Area and Pore Size Analyzer 

The N2 adsorption-desorption isotherms was conducted to study the textural 
properties of NPC-PBZ-m (Quantachrome-Autosorb-1 MP). The sample was degassed 
at 250°C for 8 hours under vacuum before the measurement. The Brunauer-Emmett-
Teller (BET) algorithm was applied to receive a specific surface area (SBET) [90] and total 
pore volume (Vtot) was calculated at a relative pressure of 0.992. The Barrett-Joyner-
Halenda (BJH) method [91] and the density functional theory (DFT) method were 
performed to determine the pore size distributions of mesopores, respectively. The t-
plot method was conducted to analyze micropore volume (Vmicro) [92]. 

3.4.3 X-ray Photoelectron Spectroscope (XPS) 

The functionality of carbon- and nitrogen-containing the nanoporous carbon 
derived from melamine based polybenzoxazine (NPC-PBZ-m) sorbent was observed 
using an X-ray photoelectron spectroscope (XPS). 

3.4.4 Field Emission Scanning Electron Microscope (FE-SEM) 

To investigate the surface morphology of NPC-PBZ-m, the FE-SEM was used, 
and NPC-PBZ-m sorbent was coated with platinum under vacuum condition prior to 
investigation using 100,000X magnification. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 35 

3.5 Solutions preparation 

3.5.1 100 and 500 µg/mL of atrazine standard stock solutions 

A 50 mL of 500 µg/mL atrazine standard stock solutions was obtained by 
dissolving 0.0250 ± 0.0001 g of atrazine in methanol and this solution was diluted with 
methanol to prepare a 100 µg/mL atrazine standard stock solution. The standard stock 
solutions were stored at 4 °C when not in use. 

3.5.2 Working atrazine standard solutions 

3.5.2.1 5–30 µg/L of atrazine working solutions 

Atrazine standard solutions were prepared in sample matrices. Based 
on our preliminary study, the sample matrix causes the difference in the atrazine 
content after pre-concentration. Therefore, this study developed a calibration curve 
for detection of the atrazine using a linear regression analysis by adding a series of 
atrazine standard solutions to the matrix solution, an agricultural water sample. 

The 5-30 µg/L of atrazine working solutions were prepared in the 
agricultural water sample collected from a rice field where there is no any atrazine 
herbicide (Lopburi province, Thailand). These solutions were used for investigating the 
optimal conditions of the NPC-PBZ-m pre-concentration unit. 

To study the matrix effect in different water samples, 5-30 µg/L of 
atrazine working solutions were also prepared in water collected from different sources 
including agricultural water from Lopburi province, Nakhon Pathom province and pond 
water from Bangkok, Thailand. 

3.5.2.2 0.1–5 µg/mL of atrazine working solutions 

The external calibration curves to find the concentrations after pre-
concentration process by both HPLC-UV analysis and colorimetric method based on 
Konig’s reaction detected by UV-Vis analysis were prepared. 0.1-5 µg/mL of atrazine 
standard solutions were prepared in methanol by pipetting the appropriated volume 
of stock solutions. 
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3.5.3 A series of atrazine standard solution (0.005–5 µg/mL) in sample 

blank solvent 

In order to estimate the IDL and LOQ of the HPLC analysis, the agricultural 
water sample blank was pumped through the NPC-PBZ-m pre-concentration column. 
Then, methanol eluent was used as the solvent to prepare the series of standard 
solutions concentration ranging from 0.005–5 µg/mL by diluting the appropriated 
volumes of atrazine standard stock solutions with methanol. 

3.5.4 Paraquat, glyphosate, 2,4-dichlorophenoxyacetic (2,4-D) and 

chlorpyrifos standard stock solutions 

A 50 mL of 500 µg/mL paraquat and glyphosate standard stock solutions were 
prepared by dissolving 0.0250 g of each pesticide in Milli-Q water. The 50 mL of 500 
µg/mL 2,4-Dichlorophenoxyacetic (2,4-D) standard stock solution was prepared by 
dissolving 0.0250 g of 2,4-D in methanol before making up volume with milli-Q water. 
A 50 mL of 500 µg/mL chlorpyrifos standard stock solution was prepared in methanol. 
All the standard solutions were stored at 4°C when not in use. 

3.5.5 The mixture standard solutions of pesticides 

3.5.5.1 HPLC-UV analysis method 

To study the effect of other pesticides towards an atrazine adsorption 
on NPC-PBZ-m sorbent, two-level concentrations, 1.5 and 7.5 µg/mL, of paraquat, 
glyphosate, 2,4-D and chlorpyrifos standard solutions were mixed with 0.015 µg/mL of 
atrazine standard solution followed by making up volume to 1000 mL with agricultural 
water (1:100 and 1:500). The preparation of these standard mixture solutions was 
shown in Table 3.3. 
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Table 3.3 Mixture standard solutions of pesticides preparation 

Other pesticides standard 

solutions (µg/mL) 

Atrazine standard 

solution (µg/mL) 

Pesticides mixture solutions 

(concentration ratios) 

Paraquat (1.5) Atrazine (0.015) Atrazine: Paraquat (1:100) 

Paraquat (7.5) Atrazine: Paraquat (1:500) 

Glyphosate (1.5) Atrazine: Glyphosate (1:100) 

Glyphosate (7.5) Atrazine: Glyphosate (1:500) 

2,4-D (1.5) Atrazine: 2,4-D (1:100) 

2,4-D (7.5) Atrazine: 2,4-D (1:500) 

Chlorpyrifos (1.5) Atrazine: Chlorpyrifos (1:100) 

Chlorpyrifos (7.5) Atrazine: Chlorpyrifos (1:500) 

  

3.5.5.2 UV-Vis based on Konig’s reaction 

To study the effect of other pesticides towards atrazine sensitivity based 
on Konig’s reaction, three–level concentrations (10, 50, and 100 µg/mL), of paraquat, 
glyphosate, 2,4-D and chlorpyrifos standard solutions were mixed with 1 µg/mL of 
atrazine standard solution followed by making up volume to 5 mL with methanol 
(1:10, 1:50, and 1:100). The preparation of these standard mixture solutions was shown 
in Table 3.4. 
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Table 3.4 Mixture standard solutions of pesticides affecting on atrazine sensitivity 
based on Konig’s reaction 

Other pesticides 

standard solutions 

(µg/mL) 

Atrazine 

standard 

solution 

(µg/mL) 

Pesticides mixture 

solutions (concentration 

ratios) 

Abbreviation 

Paraquat (10) Atrazine (1) Atrazine: Paraquat (1:10) AP-10 

Paraquat (50) Atrazine: Paraquat (1:50) AP-50 

Paraquat (100) Atrazine: Paraquat (1:100) AP-100 

Glyphosate (10) Atrazine: Glyphosate (1:10) AG-10 

Glyphosate (50) Atrazine: Glyphosate (1:50) AG-50 

Glyphosate (100) Atrazine: Glyphosate (1:100) AG-100 

2,4-D (10) Atrazine: 2,4-D (1:10) AD-10 

2,4-D (50) Atrazine: 2,4-D (1:50) AD-50 

2,4-D (100) Atrazine: 2,4-D (1:100) AD-100 

Chlorpyrifos (10) Atrazine: Chlorpyrifos (1:10) AC-10 

Chlorpyrifos (50) Atrazine: Chlorpyrifos (1:50) AC-50 

Chlorpyrifos (100) Atrazine: Chlorpyrifos (1:100) AC-100 

 

3.5.6 5 M sodium hydroxide solution 

The solution of sodium hydroxide (NaOH) was used in Konig’s reaction (step 2) 
and paraquat blue free radical reaction. A 5 M sodium hydroxide solution was prepared 
by dissolving approximately 5.0000 ± 0.1000 g of sodium hydroxide in 25 mL of DI 
water. 
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3.5.7 6 (% w/v) p-Anisidine solution 

The freshly prepared solution of p-Anisidine was used as a coupling reagent in 
Konig’s reaction for atrazine colorimetric detection. A 6 (% w/v) of p-Anisidine solution 
was prepared by dissolving 0.6000 ± 0.0100 g of p-Anisidine with 10 mL of methanol. 
The pale yellow of p-Anisidine solution was obtained. 

3.5.8 8 and 10 (% v/v) aniline solutions 

A 5 mL of 8 and 10 (% v/v) aniline solutions were freshly prepared by diluting 
aniline reagent in methanol. 

3.5.9 1 (% w/v) sulfanilic acid solution 

A 0.0500 ± 0.0010 g of sulfanilic acid was dissolved in conc. HCl 1.8 mL followed 
by sonication for 10 min and adjusted volume to 5 mL with DI water. 

3.5.10 0.5 (% w/v) 4-aminophenol 

A 0.0250 ± 0.0005 g of 4-aminophenol was dissolved in 5 mL of mixture solvent 
(DMSO-ethanol, ratio 1:2.3). This solution was freshly prepared before using. 

3.5.11 1 M glucose solution 

A 0.2000 ± 0.0050 g of glucose was dissolved in 5 mL of DI water. 

3.5.12 1 M potassium hydroxide solution 

A 11.2200 ± 0.0200 g of potassium hydroxide (KOH) was dissolved in 200 mL of 
DI water. Moreover, 0.1, 0.15, 0.3, and 0.5 M of KOH solutions were prepared by diluting 
1 M of KOH with DI water. 

3.5.13 1 M HCl-MeOH (70:30, % v/v) 

1 M of HCl was prepared by diluting conc. HCl with DI water and mixing with 
methanol solution at volume ratio was 70:30. 

3.6 Atrazine pre-concentration 

In this work, the synthesized NPC-PBZ-m sorbent was packed in the SPE empty 
cartridge column to use as pre-concentration column. The adsorption and elution 
steps are performed by using a syringe pump. All parameters that can affect atrazine 
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pre-concentration were investigated using agricultural water, as a matrix water sample 
(n = 3). The preparation of atrazine in water samples was described in section 3.5.2.1. 
The optimal conditions for pre-concentration and colorimetric detection were 
investigated as described below. 

Firstly, the study of the pH effect on the atrazine adsorption, the batch 
experiments were conducted. A 10 mL of 5 µg/mL atrazine standard solutions was 
prepared in DI water by adjusting to pH 3, 7, and 9 using either 0.1 M of HCl and NaOH. 
Then, this solution was filled in a polypropylene-plastic tube containing 0.0100 ± 
0.0010 g of NPC-PBZ-m. The adsorption tube was shaken using a rotating shaker for 24 
hours. After that, the filtrate was measured by UV-Vis spectrophotometer. 

3.6.1 NPC-PBZ-m column preparation 

To prepare the pre-concentration column, NPC-PBZ-m sorbent was dry-packed 
in a polypropylene column (Bond Elut Reservoir, 1 mL) with polyethylene frit at the 
bottom. The pre-concentration unit of NPC-PBZ-m sorbent unit was connected to a 
syringe pump as shown in Figure 3.2. 

 

Figure 3.2 The NPC-PBZ-m pre-concentration unit. 
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To increase the packing density, 50 mL of Deionized water (DI) was pumped 
through the column at the flow rate of 10 mL/min. The step for atrazine pre-
concentration using syringe pump was described as follows 

The NPC-PBZ-m pre-concentration column was conditioned and equilibrated 
at a flow rate of 1 mL/min with 5 mL of methanol and 10 mL of methanol/water (1:1, 
v/v), respectively. Then, 300 mL of atrazine in water sample was loaded into the 
column unless stated. Afterwards, the column was washed with 3 mL of deionized 
water and dried with air flow, respectively. To desorb an atrazine, a certain volume of 
methanol was flown through the column (unless stated). The atrazine amount in 
eluent was measured by HPLC-UV. The condition of HPLC-UV was shown in Table 3.5. 

Table 3.5 HPLC-UV condition 

Parameters Condition 

Separation column ZORBAX Eclipse Plus C18 (150 mm × 4.6 

mm i.d., particle size 5 µm) 

Mobile phase Methanol/water (60/40, v/v)  

Flow rate 1.5 mL/min 

Injection volume 20 µL 

Detection wavelength 222 nm [93]  

   

3.6.1.1 Investigation of NPC-PBZ-m particle size 

Since the particle size of solid sorbent can affect the adsorption 
performance, two particle sizes of NPC-PBZ-m were prepared by grinding with a 
household blender and sieving into the range of 30 – 40 and 40 – 60 mesh by test 
sieve. 300 mg of the NPC-PBZ-m sorbent was packed into an empty cartridge 
polypropylene column. A 300 mL of atrazine in a water sample (25 µg/L) was pumped 
through the column by using a syringe pump. To get the clear result, every 1 mL of 
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methanol elution was collected for 10 fractions to evaluate the atrazine pre-
concentration. 

3.6.1.2 Investigation of NPC-PBZ-m weight 

The weight of NPC-PBZ-m can affect the atrazine adsorption-desorption 
on pre-concentration procedure. For NPC-PBZ-m weights study, 100 - 400 mg of the 
suitable particle size of NPC-PBZ-m was found in section 3.6.1.1. A 300 mL of atrazine 
in a water sample (25 µg/L) was pumped through the column. The adsorbed atrazine 
was eluted with 1 mL of methanol. The appropriate NPC-PBZ-m weight is expected to 
give the highest atrazine content in the eluent. 

3.6.1.3 Investigation of adsorption flow rate 

The effect of flow rate on atrazine adsorption was studied. Three flow 
rates, 5, 10 and 12 mL/min were applied to the NPC-PBZ-m pre-concentration column. 
Two levels of concentration of atrazine in water samples, 10 and 25 µg/L, were used. 
Afterwards, the adsorbed atrazine was eluted with 3 mL of methanol. The appropriate 
atrazine adsorption flow rate was adopted for further experiment. 

3.6.1.4 Investigation of elution volume and elution flow rate 

The volume of methanol eluent can affect the amount of atrazine in 
the elution fraction. A 25 µg/L of atrazine in water sample was passed through a pre-
concentration column followed by eluting with methanol varied volume from 3-5 mL. 
An elution flow rate was fixed at 1 mL/min. 

Due to the elution flow rate affecting atrazine desorption efficiency, the 
25 µg/L of atrazine in water sample was loaded into pre-concentration column before 
elution with methanol at 3 mL. Two elution flow rates, 0.5 and 1 mL/min, were 
examined to obtain the suitable condition. 

3.6.1.5 Reusability of NPC-PBZ-m pre-concentration column 

The possibility of NPC-PBZ-m pre-concentration column reusable was 
also evaluated for this work. A 300 mL of 30 µg/L atrazine in water sample was loaded 
into NPC-PBZ-m pre-concentration column, which the solution preparation is described 
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in section 3.5.2.1. The scheme of adsorption-desorption step on the NPC-PBZ-m 
column is indicated in Figure 3.3. After each cycle was done, the column was washed 
with 30 mL of methanol. To operate the new cycle, NPC-PBZ-m column was started 
with 50 mL of deionized water packing for operation with the similar step in every 
cycle. After that, the column was conditioned and equilibrated as mentioned before 
sample water loading. The process was performed under optimization conditions. 

 

Figure 3.3 The recycling of NPC-PBZ-m pre-concentration unit. 

The performance of NPC-PBZ-m reusability was considered by 
monitoring the difference between the content of atrazine in eluent that was received 
from each cycle compared with the first cycle. The percent relative difference (< 10%) 
was calculated by the following formula 

%relative difference = (
|PcycleN - Pcycle1|

Pcycle1
) ×100  (3.1) 

PcycleN : the peak area after pre-concentration step at n-cycle (n = 2 to 8)  

Pcycle1 : the peak area after pre-concentration step at first-cycle 

3.6.2 Selectivity of HPLC-UV analysis 

The proposed method was applied to determine an atrazine in water samples 
which have differences in matrix substances using HPLC-UV. Therefore, the selectivity 
of the analysis method has to be evaluated based on investigating the characteristic 
of chromatograms in different types of water samples. The retention time of atrazine 
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and other interference peaks in different water sample were evaluated with the 
chromatogram of atrazine which was prepared in methanol solvent. 

In order to determine the concentration of atrazine after pre-concentration 
process, the suitable of methanol solvent type for calibration curve preparation was 
also investigated in this section. Three different types of solvents including methanol, 
methanol-NPC-PBZ-m, and methanol sample blank which each solvent preparation 
was described in detail 

Methanol was collected from absolute methanol solvent from Merck. In case 
of methanol-NPC-PBZ-m, this solvent was collected from flow the methanol solvent 
passed through the NPC-PBZ-m column while the methanol sample blank was 
obtained when filling the water sample into column before passing the methanol 
solvent through the column. There methanol solvents were used to prepare a series 
of standard solutions (0.1-5 µg/mL) as described in section 3.5.2.2.  

To estimate the effect of matrix substance on the response signal of target 
analyte for calibration curve construction, a signal suppression/enhancement effect 
(SSE) value was used [94]. The slopes of the calibration curves were compared and 
the accepted SSE value was set in range between 0.8 and 1.2 and SSE calculation was 
performed by following formula 

SSE = 
Slopematrix

Slopesolvent
  (3.2) 

3.6.3 Enrichment factor determination 

A 5-30 µg/L of atrazine in agricultural water samples were prepared as 
described in section 3.5.2.1 and performed the pre-concentration procedure under 
optimal conditions followed by HPLC-UV determination. The amount of atrazine in 
elution fractions was quantified by using an external calibration curve which the 
preparation is explained in section 3.6.2. The linear relationship between atrazine 
concentration before and after pre-concentration were investigated. The enrichment 
factor was calculated by the following formula  
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Enrichment factor = 
Cf

Ci
 (3.3) 

Cf : the atrazine concentration (µg/mL) after pre-concentration 

Ci : the atrazine concentration (µg/L) before pre-concentration 

Because the concentration of atrazine after pre-concentration by using HPLC-
UV, the instrument detection limit (IDL) and limit of quantitation (LOQ) of this 
technique should be investigated. A series of atrazine standard solutions from 0-5 
µg/mL were prepared as described in section 3.5.2.2. The calibration curve was 
plotted between atrazine concentrations against peak area. IDL and LOQ were 
calculated by the following formula  

IDL = X̅ +3SD (3.4) 

LOQ = X̅+10SD (3.5) 

 X̅ : the average signal of sample blank 

 SD  : the standard deviation of sample blank signal 

3.6.4 The precision and interference of NPC-PBZ-m column on atrazine 

adsorption 

To assess the precision and interference of NPC-PBZ-m column on atrazine pre-
concentration step, 300 mL of atrazine water sample was loaded through 200 mg of 
NPC-PBZ-m column by syringe pump. The adsorption and elution flow rate were fixed 
at 10 and 1 mL/min, respectively. After that, the methanol eluent was flown through 
the column to desorb an atrazine compound. The experiment was set as shown in 
Figure 3.2 and performed under a selected condition. After pre-concentration, the 
amount of atrazine in the elution fraction was determined by using HPLC-UV. 

3.6.4.1 The Repeatability (%RSDr) and reproducibility (%RSDR) of 

pre-concentration procedure 

For repeatability and reproducibility test, the column was loaded with 
300 mL of 30 µg/L atrazine in water sample into the same NPC-PBZ-m column (n = 8) 
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and separate NPC-PBZ-m column (n = 3) to pre-concentrate under optimal conditions, 
respectively. The amount of atrazine in elution fraction was determined using external 
standard curve which was prepared from methanol solvent. The precision of the pre-
concentration step was evaluated in terms of repeatability relative standard deviation 
(RSDr, %) and reproducibility relative standard deviation (RSDR, %). The relative 
standard deviation was calculated by the following formula 

%RSD = (
SD

X̅
) ×100 (3.6) 

SD : the standard deviation of atrazine elution concentration 

 X̅ : the average of atrazine elution concentration 

3.6.4.2 The effect of pesticides on atrazine adsorption on NPC-PBZ-

m pre-concentration column 

To evaluate the adsorptive selectivity of NPC-PBZ-m sorbent, other 
pesticides which are often applied with atrazine in agricultural fields such as paraquat, 
glyphosate, 2,4 D and chlorpyrifos were employed [95,96]. The standard of mixture 
pesticides in water samples were loaded into the NPC-PBZ-m pre-concentration 
column under optimal conditions (n = 3), which the solution preparation is described 
in section 3.5.5.1 The concentration of atrazine after pre-concentration was compared 
by using percent relative error (< 5%) for all interference species. The calculation 
performed by the following formula 

%relative error = (
|Cmea -Ca |

Ca
) ×100 (3.7) 

Cmea : the atrazine concentration after pre-concentration with other 
pesticides 

Ca : the atrazine concentration after pre-concentration without other 
pesticides  
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3.7 Optimization of parameters affecting on atrazine-colorimetric detection 

based on Konig’s reaction 

 In this proposed method, a colorimetric method for atrazine determination was 
performed based on Konig’s reaction that was adapted from the Shah and co-worker’s 
study [39]. First, atrazine reacts with pyridine in a slightly acid medium under heat to 
form a quaternary pyridinium halide (step 1). Afterwards, an unstable yellow product, 
glutaconic dialdehyde, is developed after adding NaOH solution (step 2). Finally, 
glutaconic dialdehyde is converted into an orange-red polymethine compound by 
coupling with p-Anisidine (step 3). The proposed reaction mechanism of orange-red 
polymethine compound is shown in Figure 3.4. 
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Figure 3.4 The proposed reaction mechanism of orange-red polymethine compound. 
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3.7.1 Optimization the volume of pyridine and conc. HCl volume (step 1) 

To form the pyridinium quaternary halide as shown in step 1 (Figure 3.4), 
Konig’s reaction begins with a pyridine compound interacting with atrazine in an acid 
medium. Therefore, the suitable volume of pyridine and conc. HCl should be 
investigated. In this step, the optimal conditions were investigated by measuring a final 
product, polymethine compound that was generated by coupling with 0.1 mL of 10 
(% v/v) aniline. Two concentrations level of atrazine standard solutions (1 and 5 µg/L), 
with fixed volume at 0.5 mL were adopted to evaluate the suitable conditions. The 
preparations of atrazine standard solutions were described in section 3.5.2.2. The 
absorbance of polymethine compounds was measured at 487 nm by using UV-Vis.  

3.7.1.1 Effect of pyridine volume 

  The previous study reported the suitable condition of pyridinium 
quaternary halide formation occurred in acid medium [85]. Therefore, the pH of 
reaction was fixed at 4. To adjust the mixture solution to pH 4, the amount of conc. 
HCl varied depending on pyridine volume. The preparation of mixture solution was 
shown in Table 3.6, which the volume of pyridine was varied ranging from 0.2-0.5 mL 
were studied. The difference of reaction volume was equalized by adding methanol. 
The reaction temperature and heating time were fixed at 70 °C and 30 minutes, 
respectively. Then, 0.5 mL of 5 M NaOH and 0.15 mL of conc. HCl were added followed 
by coupling with aniline reagent. 
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Table 3.6 The preparation of mixture solution on pyridine volume study 

Atrazine standard 

solution (µg/mL), 

0.5 mL 

Volume of 

pyridine (mL) 

Volume of  

conc. HCl (mL) 

Volume of  

MeOH (mL) 

1 and 5 0.200 0.100 0.350 

0.250 0.100 0.300 

0.300 0.125 0.225 

0.400 0.150 0.150 

0.500 0.150 - 

 

3.7.1.2 Effect of conc. HCl volume 

 After the optimized volume of pyridine is obtained in the previous 
study, the volume of conc. HCl varied from 0-0.15 mL were studied. The mixture 
solution was prepared by mixing 0.5 mL of atrazine standard solution with suitable 
volume of pyridine. The reaction was heated in a water bath with fixed reaction 
temperature and heating time at 70 °C and 30 minutes, respectively. Then, 0.5 mL of 
5 M NaOH and 0.15 mL of conc. HCl were added following by the coupling step with 
aniline reagent. 

3.7.2 Effect of reaction temperature, heating time, and NaOH 

concentration on glutaconic dialdehyde (yellow product) formation (step 2) 

Because the orange-red polymethine compound was generated via the 
reaction between glutaconic dialdehyde and p-Anisidine, various parameters such as 
temperature, heating time, and NaOH concentration that can affect the glutaconic 
dialdehyde formation (step 2) were investigated. The 0.5 mL of 1 and 5 µg/mL atrazine 
standard solutions were separately used to evaluate the suitable condition for all 
parameters. The preparation of atrazine standard solution was described in section 
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3.5.2.2. The absorbance of glutaconic dialdehyde was measured at 437 nm by using 
UV-Vis [85]. 

The examination was performed by mixing atrazine with a suitable volume of 
pyridine and conc. HCl (section 3.7.1) in a glass tube with screw cap. Then, the reaction 
tube was heated in a water bath with controlling temperature and time. After that, the 
solution was cooled down to room temperature before adding the NaOH solution. In 
this step, the color of the solution is changed from colorless to yellow. Due to the 
glutaconic aldehyde compound (yellow product) being unstable, the signal was 
instantly measured as soon as possible after the solution of sodium hydroxide was 
added. 

3.7.2.1 Effect of reaction temperature 

The suitable temperature on glutaconic dialdehyde formation was 
examined. The mixture solutions of atrazine with pyridine and conc. HCl at optimized 
volume was heated for 30 minutes with temperature varied from 35 – 70 °C. The 
concentration of 0.5 mL of NaOH was fixed at 5 M. 

3.7.2.2 Effect of heating time 

The appropriate time on glutaconic dialdehyde formation was also 
studied. After the optimized temperature was obtained, the heating time was 
investigated between 10-60 minutes. The concentration of 0.5 mL of NaOH was fixed 
at 5 M. 

3.7.2.3 Effect of NaOH concentration 

The hydroxyl group was required to form a carbinol base and glutaconic 
dialdehyde compound as shown in Figure 3.4 (step2). The suitable concentration of 
NaOH should be investigated. The experiment was performed by mixing 0.5 mL of 
atrazine solution with optimized volume of pyridine and conc. HCl followed by heating 
in a water bath at suitable temperature and time. The concentration of NaOH was 
studied in a range from 2-8 M with the volume fixed at 0.5 mL. 
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3.7.3 Preliminary study of various coupling reagents study 

Aniline, sulfanilic acid, and 4-aminophenol were initially tested. To test the 
color sensitivity, atrazine standard solutions at level 1 and 5 µg/mL coupling with these 
reagents were measured by UV-Vis. The experiments were described in detail below 

3.7.3.1 Aniline  

The volume of conc. HCl for aniline coupling reaction was investigated 

ranging from 0.255-0.700 mL. Moreover, the concentration of aniline was studied in 

range of 2-20 (% v/v). 

3.7.3.2 Sulfanilic acid 

The studied volume of conc. HCl and concentration of sulfanilic acid 

were varied in the range of 0.2-0.5 mL and 0.2-1.0 (% w/v). 

3.7.3.3 4-aminophenol 

The volume of conc. HCl varied from 0.15 to 0.40 mL and the 

concentration of 4-aminophenol solution in the range of between 0.1 – 1.0 (% w/v) 

were tested. 

3.7.4 Optimization of the volume of conc. HCl, p-Anisidine concentration, 

and reaction time (step 3) 

To obtain a suitable sensitivity of orange-red polymethine compound formation 
in step 3, many parameters that can affect the reaction such as volume of conc. HCl, 
p-Anisidine concentration, and reaction time were also investigated under the optimal 
conditions of step 1 and 2, which were obtained from section 3.7.1 and 3.7.2. The 
absorbance of the orange-red polymethine compound was measured at 500 nm by 
using UV-Vis. 

3.7.4.1 Effect of conc. HCl volume for the coupling step 

  The solution of glutaconic dialdehyde (step 2) was adjusted to suitable 
pH before coupling with p-Anisidine reagent. The yellow product (glutaconic 
dialdehyde) was generated by using a 0.5 mL of atrazine standard solution (1 and 5 
µg/mL). Then, the volume of conc. HCl ranging from 0.10-0.20 mL was added into the 
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glutaconic dialdehyde solution followed by coupling with 6 (% w/v) of p-Anisidine (0.25 
mL). The suitable volume of conc. HCl was adopted for further studies. 

3.7.4.2 Effect of p-Anisidine concentration 

The sensitivity of orange-red polymethine compounds depends on the 
concentration of coupling reagent. Therefore, the p-Anisidine concentration should be 
investigated. A 0.5 mL of atrazine standard solutions (1 and 5 µg/mL) was used under 
optimal conditions. Then, the pH of solution was adjusted with optimized volume of 
conc. HCl followed by dropping with a p-Anisidine solution. The studied concentration 
range of p-Anisidine was from 2-15 (% w/v). To allow the reaction to occur completely, 
the signal of the orange-red polymethine compound was measured by UV-Vis at 500 
nm after the reaction was settled for 1 hour. 

3.7.4.3 Effect of reaction time on the orange-red polymethine 

formation 

The color of orange-red polymethine compound was generated after 
p-Anisidine adding into the solution (step 3). To ensure the formation of polymethine 
compounds can occur completely, the suitable reaction time on orange-red 
polymethine formation should be investigated. A 0.5 mL of atrazine standard solutions 
(0.5, 1 and 2 µg/mL) was used to evaluate the reaction based on optimal conditions 
for all parameters. The reaction time was studied from 1-60 minutes after p-Anisidine 
adding. The absorbance of an orange-red polymethine compound was measured by 
UV-Vis at 500 nm. 

3.7.5 Characterization of an orange-red polymethine compound 

To characterize the orange-red polymethine compound structure (Figure 3.4), 
the chromatogram of atrazine, p-Anisidine, pyridine, and an orange-red polymethine 
dye compounds were investigated by HPLC-UV and UPLC-MS. 

3.7.5.1 HPLC-UV analysis system 

For HPLC-UV measurement, three levels, 5, 25, and 50 µg/mL, of 
atrazine standard solution was prepared and used to perform the reaction under 
optimum condition. Moreover, the chromatograms of pyridine and p-Anisidine reagents 
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were also investigated. The chromatogram of these compounds was investigated in a 
wavelength of 222 nm for atrazine, p-Anisidine, and pyridine while an orange 
polymethine compound was detected at 500 nm. Moreover, the UV-Vis spectrum of 
peak chromatogram was also illustrated. The condition and mobile phase of HPLC-UV 
was shown in Table 3.7 and 3.8, respectively. 

Table 3.7 Conditions of HPLC-UV 

Parameters Conditions 

Column C18 (150 mm × 4.6 mm i.d., particle size 5 µm) 

Flow rate 0.5 mL/min 

Injection volume 5 µL 

Detection wavelength (nm) 222, 500 nm 

 

Table 3.8 Mobile phase of HPLC-UV 

Time (min) Water (%A) a Methanol (%B) a 

0.00 40.0 60.0 

5.00 20.0 80.0 

35.00 20.0 80.0 

35.10 40.0 60.0 

40.00 40.0 60.0 

a Water and methanol mobile phase containing 0.1% formic acid 
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3.7.5.2 UPLC-MS analysis system 

To confirm the proposed structure of an orange-red polymethine 
compound, the mass per charge ratio or m/z of the proposed structure was pursued 
by UPLC-MS. The conditions and gradient mobile phase for UPLC/MS was adapted 
from HPLC-UV condition. 5 µg/mL of atrazine performed the reaction under optimum 
conditions and atrazine standard solutions were injected to the UPLC-MS system. The 
electrospray ionization mode (positive mode) was adopted to estimate the m/z ratio. 
The condition and mobile phase of UPLC-MS was shown in Table 3.9 and 3.10, 
respectively. 

Table 3.9 Conditions of UPLC-MS 

Parameters Conditions 

Column C18 (150 mm × 4.6 mm i.d., particle size 5 µm) 

Flow rate 0.3 mL/min 

Injection volume 3 µL 

Mass range detection 100 – 1000 m/z ratio 
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Table 3.10 Mobile phase of UPLC-MS 

Time (min) Water (%A) a Methanol (%B) a 

0.00 40.0 60.0 

3.00 40.0 60.0 

5.00 20.0 80.0 

15.00 0.0 100.0 

20.00 0.0 100.0 

20.10 40.0 60.0 

25.00 40.0 60.0 

a Water and methanol mobile phase containing 0.1% formic acid 

3.7.6 The analytical performance of atrazine via the Konig’s reaction using 

p-Anisidine as coupling reagent.  

 To solely evaluate the performance of Konig’s reaction to determine an 
atrazine compound based on colorimetric analysis, the concentration of atrazine was 
varied from 0.1-5 µg/mL. The preparation of atrazine working standard solution was 
detailed in section 3.5.2.2. The experiment was performed under the optimum 
conditions. The intensity of the orange-red polymethine compound was measured by 
UV-Vis. Parameters such as matrix effect, working range, instrument detection limit, and 
limit of quantitation were investigated under the optimum conditions. The calibration 
curve was plotted between concentration against the absorbance value of the orange-
red polymethine compound at 500 nm. Moreover, the color chart for atrazine 
determination was also investigated. 
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3.7.6.1 The matrix effect 

Due to the solvent of elution was methanol, any organic matter from 
NPC-PBZ-m material may leak out and the response of colorimetric detection could 
be interfered. Therefore, the calibration curve of Konig’s reaction was constructed in 
two methanol solvent systems which are methanol solvent (MeOH) and methanol that 
pass through the NPC-PBZ-m unit (MeOH-NPC-PBZ-m). A 0-5 µg/mL of atrazine standard 
solution was prepared in two methanol solvents (MeOH and MeOH-NPC-PBZ-m). The 
matrix effects from NPC-PBZ-m material in elution fraction towards the colorimetric 
detection were estimated by comparing the two slopes of the calibration as described 
in section 3.6.2.  

3.7.6.2 Working range, Instrument detection limit (IDL), and limit of 

quantitation (LOQ) 

Instrument detection limit (IDL), and limit of quantitation (LOQ) for 
colorimetric detection based on Konig’s reaction were determined using standard 
deviation of linear regression line and slope of calibration. The IDL and LOQ values 
were calculated the following formula 

IDL = 
3SD

Slope
 (3.8) 

LOQ = 3.3 × IDL (3.9) 

Slope : the slope of calibration 

 SD : the standard deviation of linear regression line  

3.7.6.3 Effect of other pesticides on atrazine colorimetric detection 

(Konig’s reaction) 

The selectivity of colorimetric method toward an atrazine detection 
when the presence of paraquat, glyphosate, 2,4-D or chlorpyrifos were also 
investigated. The preparation of mixture standard solution of these pesticides and 
atrazine are detailed in section 3.5.5.2. These standard solutions performed the 
colorimetric reaction under optimal conditions (n = 3), which were studied as described 
in section 3.7. The concentration ratio of each pesticide towards atrazine affecting the 
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performance of colorimetric method was evaluated by using percent relative error (< 
5%). The calculation performed by the following formula in section 3.6.4.2. 

3.8 Quantitative Analysis  

 To evaluate the applicable of the proposed method, agricultural water sample 
(Lopburi province, Thailand) spiked with atrazine concentration from 5-30 µg/L were 
performed with optimum conditions (N=3) for both HPLC and Konig’s reaction. Several 
parameters including linearity, method detection limit (MDL), method quantitation 
limit (MQL), interference and matrix on the developed method were estimated. 

3.8.1 Interferences in the performance of the developed method 

The effect of other pesticides for the whole process since pre-concentration 
step until colorimetric detection should be investigated. A 300 mL of 0.015 µg/mL 
atrazine and mixture standard solutions with other herbicides and pesticide: paraquat, 
glyphosate, 2,4-D and chlorpyrifos at 1.5 and 7.5 µg/mL. After these solutions were 
pre-concentrated under the optimum conditions, the elution fractions were tested 
with both HPLC-UV and UV-Vis method based on Konig’s reaction (n = 3). The elution 
fraction of atrazine, atrazine-paraquat (AP), atrazine-glyphosate (AG), atrazine-2,4-D 
(AD), and atrazine-chlorpyrifos (AC) were detected colorimetric method (Konig’s 
reaction) based on the optimum conditions. The absorbance of orange-red 
polymethine compounds in each mixture solution (AP, AG, AD, and AC) was compared 
against atrazine solution (A) to estimate the limit of concentration level over than 
atrazine. The percent relative error (< 5%) was set as a maximum acceptable value. 
The calculation was performed as described in section 3.6.4.2. 

3.8.2 Matrix effect for assessing the performance of method 

To assess the performance of proposed methods for different types of water 
samples analysis, three environmental waters which are pond and agricultural waters 
were collected from different resources of Thailand. Pond water was collected in the 
area of Chulalongkorn University campus, Bangkok. In case of agricultural water, the 
sample was collected from Lopburi and Nakhon Pathom province. 0-30 µg/mL of 
atrazine standard solution was spiked in water samples. A 300 mL of each spiked water 
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sample was pumped through the NPC-PBZ-m preconcentration unit under the 
optimum condition. After that, the elution fraction was measured by using HPLC-UV 
and performed a colorimetric method followed by detecting with UV-Vis at 500 nm. 
To estimate the effect of matrices in different water, the linear relationships between 
the absorbance intensities and atrazine concentrations were evaluated and the slope 
of each water sample was compared. The acceptable slope ratio was set in range 
between 0.8 and 1.2 as described in section 3.6.2. 

3.9 Application to environmental water samples for atrazine determination 

The proposed method was applied to analyze atrazine in real water samples. 
All steps since sample collection until atrazine colorimetric detection was described 
in this section. 

3.9.1 The preparation of water samples 

All water samples were collected in high density polyethylene or HDPE plastic 
containers and filtered through cellulose filter paper and 0.45 µm of CA membrane 
filters (47mm diameter, Vertical) to remove any suspended organic matters before 
spiked with atrazine standard solution. 

3.9.2 Quantitative analysis of atrazine in real water sample 

After water sample preparation, 300 mL of environmental water samples were 
spiked with atrazine standard solution at 8, 10, 20, and 25 µg/L. Then, the solution was 
pumped through the NPC-PBZ-m column for pre-concentration using a syringe pump 
after condition and equilibrating the column. The flow rate of adsorption was fixed at 
10 mL/min. After pre-concentration, the column was washed with 2 mL of DI water 
and air dried, respectively. For atrazine elution, 3 mL of methanol was applied to 
column under flow rate at 1 mL/min. Next, the elution fraction was detected in both 
HPLC-UV and colorimetric analysis based on Konig’s reaction. The concentration of 
atrazine was calculated using a calibration curve which was prepared using a Lopburi 
agricultural water. 

For HPLC-UV determination, 0.9 mL of elution solution was mixed with 0.1 mL 
milli-Q water to avoid the effect of sample-mobile different polarity. The condition of 
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the HPLC-UV instrument was described in Table 3.5. In case of colorimetric analysis, 
0.5 mL of elution was mixed with 0.2 mL of pyridine and 0.1 mL of conc. HCl followed 
by heating in a water bath at 40 °C for 20 minutes. Then, the glutaconic dialdehyde 
(yellow product) was performed by adding 0.5 mL of 5 M NaOH into a reaction. Next, 
0.15 mL of conc. HCl and 0.25 mL of 6 (% w/v) of p-Anisidine were added to generate 
orange-red polymethine compounds. To allow the product generation completely, the 
reaction was allowed to settle at 20 minutes and determined by UV-Visible 
spectrophotometer at 500 nm. Moreover, the %recovery and %RSD was evaluated. 
Figure 3.5 showed a whole step of this proposed method. 

 

Figure 3.5 The proposed method for atrazine analysis. 
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For paraquat determination, alginate bead composite which is silica-humic acid 
entrapped calcium alginate hydrogel (Si-HA-Alg) was prepared to use as a sorbent for 
paraquat adsorption (section 3.10). The preliminary test for paraquat adsorption on 
NPC-PBZ-m (section 3.11) and optimization reaction of paraquat blue free radical were 
investigated (section 3.12). Moreover, the optimization factors affecting paraquat-NPC-
PBZ-m adsorption and method performance were tested (section 3.13 and 3.14). 

3.10 Preparation of Si-HA-Alg materials (Si-HA-Alg) 

In the batch adsorption procedure, the complicated step after adsorption is 

the materials removal step when the fine particles of adsorbents were used. Therefore, 

the enlarged Si-HA-Alg beads were designed to be prepared in agar- mold containing 

CaCl2 as shown in Figure 3.6. The preparation step of Si-HA-Alg using agar mold 

described below. 

 

Figure 3.6 Agar mold 0.8 (% w/v) containing of 0.8 M CaCl2 solution. 

3.10.1 Preparation of agar mold contained CaCl2  

At first, 58.800 ± 0.0050 g of CaCl2 was added in 500 mL of 80 °C DI water with 

continuous stir for 10 minutes. Next, the 4.000 ± 0.0050 g agar powder was slowly 

added under stirring until the solution turns a pale-yellow clear solution obtained. 

Before transferring into a plastic mold, the temperature of solution was brought to 50 

°C. Finally, the agar was set at ambient temperature for 3 hours before usage. Lastly, 
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the pit, a mold of Si-HA-Alg, was made by punching the agar mold with a plastic straw 

before filling with 1 mL of Si-HA-Alg mixture solutions. 

3.10.2 Preparation of Si-HA-Alg materials 

Firstly, certain weight of sodium alginate was dissolved in 20 mL of DI water 

and stirred until completely dissolved. Then, a suitable amount of silica gel and humic 

acid sodium salt were slowly added. To obtain a homogeneous solution, the mixture 

solution was continuous stirred for 6 hours before dropping into a pit of agar mold by 

using 1 mL of plastic syringe. After filling the mixture solution into agar mold, a solid 

hydrogel bead was slowly formed. The mold was left at room temperature for 24 

hours to ensure the crosslinking entirely occurred. After that, remove the Si-HA-Alg 

bead from agar mold and wash with DI water. Finally, the obtained bead was dried in 

the oven at 50 °C for 1 day. 

Generally, the adsorption efficiency was evaluated by adding a piece of the 

adsorbent into a 10 mL of 0.5 µg/mL paraquat solutions in a polypropylene tube. The 

adsorption process was performed by using a rotator at 30 rpm/min for 3 hours. Then, 

the content of paraquat in the filtrate was measured by performing the reaction of 

paraquat blue free radical which provides a maximum wavelength at 600 nm.  

This reaction is used to measure the signal of paraquat blue free radical in the 

filtrate. 100 µL of 1 M glucose and 50 µL of 5 M NaOH reagents were dropped into 1.5 

mL of the filtrate. The absorbance of the blue color was measured by UV-Vis. 

Moreover, the reaction of 0-4 µg/mL paraquat solution was performed and the signal 

of blue free radical was plotted against the paraquat concentration. The linear 

relationship with correlation coefficient of 0.9997 was obtained. Therefore, the 

adsorption performance can be estimated by comparing the absorbance intensity 

between 0.5 µg/mL of paraquat standard solution with the filtrate.  
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The adsorption percentage was calculated as the following equation [97] 

Percentage of adsorption = (
(Ai - At)

Ai
)  ×100 (3.10) 

Ai : the absorbance intensity of paraquat solution 

At : the absorbance intensity of filtration solution after adsorption 

Many parameters including percentage of alginate, silica gel, and humic acid 

sodium salts amount were investigated to get an appropriate composition of sorbent. 

The experiment was described in detail below. 

 3.10.2.1 Effect of the percentage of silica particles and humic acid 

sodium salt (HA) 

 The adsorption performance of sorbent depends on the amount of 

silica and humic acid. Therefore, the content of these composition presences on Si-

HA-Alg particles should be studied. The amount of alginate was fixed at 2 (% w/v) 

while the content of silica and humic acid salt varied from 0-2 (% w/v). The sorbent 

preparation in this section was detailed in Table 3.11. 

Table 3.11 The composition of silica gel and humic aicd on alginate sorbent study 
Adsorbent Alginate (g) Silica gel (g) Humic acid (g) 

Alg 

0.4000 ± 0.0010 

- - 

Si1%-Alg 0.2000 ± 0.0010 - 
Si2%-Alg 0.4000 ± 0.0010 - 

HA1%-Alg - 0.2000 ± 0.0010 

HA2%-Alg - 0.4000 ± 0.0010 
Si1%-HA1%-Alg 0.2000 ± 0.0010 0.2000 ± 0.0010 

Si2%-HA2%-Alg 0.4000 ± 0.0010 0.4000 ± 0.0010 
Si1%-HA2%-Alg 0.2000 ± 0.0010 0.4000 ± 0.0010 

Si2%-HA1%-Alg 0.4000 ± 0.0010 0.2000 ± 0.0010 
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3.10.2.2 Percentage of alginate study 

 Due to the problem of humic acid leaching while performing the 

adsorption process, the amount of alginate should be investigated. The content of 

silica gel and humic acid was fixed at 1 (% w/v) when the amount of alginate varied 

from 1-4 (% w/v). The detail of adsorbent preparation was shown in Table 3.12. 

Table 3.12 The alginate sorbent preparation for alginate content study 

Adsorbent Alginate (g) Silica gel (g) Humic acid (g) 

Si1%-HA1%-Alg1% 0.2000 ± 0.0010 

0.2000 ± 0.0010 0.2000 ± 0.0010 Si1%-HA1%-Alg2% 0.4000 ± 0.0010 

Si1%-HA1%-Alg4% 0.8000 ± 0.0010 

 

The leaching of humic acid was also tested by measuring the 

absorbance of carbonyl groups on their structure at 300 nm. 

3.11 The preliminary test for paraquat adsorption by NPC-PBZ-m 

 To estimate the possibility of NPC-PBZ-m sorbent for paraquat adsorption, 

many parameters affecting the adsorption performance including the KOH activation 

step, the washing step after activation, and agitation direction (adsorption step) were 

considered. 

3.11.1 The effect of KOH activation, DI washing step after activation and 

agitation direction on paraquat adsorption on NPC-PBZ-m  

Three steps of the process including activation step, DI washing step after 

activation and the effect of agitation direction on adsorption efficiency were studied. 

The different pathways of adsorption methods were illustrated as shown in Figure 3.7 
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Figure 3.7 The experimental design to investigate 3 factors: activation, washing and 
agitation direction, on the paraquat adsorption efficiency. (A): activation, (W): washing 
step, (S) orbital shaker (x-y direction), and (R) rotating shaker, (NA): no activation, and 
(NW): no washing step. 

A 0.050 ± 0.001 mg of NPC-PBZ-m was activated by using 1 M of KOH solution 

or DI water for 1 hour in 50 mL of polypropylene tube. Then, either KOH solution or 

DI water was discarded from NPC-PBZ-m material. After the activation step, the 

requirement of DI washing step was tested before adding a 50 mL of 2 µg/mL of 

paraquat solution into the tube. In this study, the activated NPC-PBZ-m was washed 

with DI-water until neutral pH to eliminate the free hydroxide ion (using pH meter to 

check the pH). Next, the adsorption process was performed in two shaking directions 

which are rotating (360 °) at 30 rpm/min and X-Y direction for 1 hour. 

After the adsorption process was done for each studied factor, the filtrate 

solution was measured by UV-Visible spectrophotometer at 257 nm. The paraquat 

adsorption performance was estimated by calculating a percentage of adsorption. 

3.11.2 The stability of paraquat in KOH activation 

Even though the KOH solution was discarded from the NPC-PBZ-m sorbent 

before adding the paraquat solution. To ensure the paraquat compound does not 
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degrade in basic condition, the 2 µg/mL of paraquat solution was prepared in 1 M KOH 

and kept at ambient temperature. Then, the prepared solution was tested with blue 

free radical reaction after 1, 2, and 24 hours by testing with glucose 1 M, 150 µL. The 

signal paraquat of blue free radical was pursued at 604 nm. 

3.11.3 The study of solvent for paraquat desorption 

After a 0.050 ± 0.001 mg of NPC-PBZ-m was activated by 1M KOH, 50 mL of 2 

µg/mL paraquat solution was added into an extraction tube. The rotating adsorption 

was performed under 30 rpm/min for 1 hour. Then, an NPC-PBZ-m material was 

washed with DI water before adding the desorbing solvents. 0.1, 0.5 and 1 M of 

hydrochloric acid (HCl) was tested. The mixture of HCl acid and methanol at 70:30 (% 

v/v) was also tested by varying the concentration of HCl (HCl-MeOH). The paraquat 

concentration in the desorbing solvents was monitored by measuring the absorbance 

at 257 nm. 

3.12 The optimization of paraquat blue free radical reaction for colorimetric 

method 

Due to the reaction occurring in basic media, the optimum parameters which 

are a reducing agent and concentration of sodium hydroxide was also studied. Many 

chemical reagents such as ascorbic acid, sodium borohydride, and sodium dithionite 

were used as a reducing agent for paraquat reduction [33-35]. However, these regents 

have some limitations in terms of stability and are harmful to use. Therefore, reducing 

sugar, as glucose, was adopted to reduce the paraquat since it is low cost, and non-

toxic chemical substance. A 1.5 mL of 1 and 5 µg/mL paraquat solutions was prepared 

in 1 M HCl-MeOH (70:30). The suitable concentration of glucose and sodium hydroxide 

concentration were studied. The absorbance intensity of paraquat blue free radical 

was pursued at 5 minutes of reaction time by measuring absorbance at 604 nm. 
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3.12.1 The concentration and volume of glucose 

To get the suitable conditions, the concentrations of glucose were studied in 

the range of 0.1-3 M while the volume was fixed at 200 µL. After obtaining the suitable 

concentration, the volumes of glucose varied from 50-300 µL were studied. The 

volume of 5 M NaOH concentration was fixed at and 250 µL. 

3.12.2 The concentration and volume of NaOH 

The sodium hydroxide concentration varied from 0.1-10 M was optimized. 

Moreover, the volume of optimized sodium hydroxide solution was also investigated. 

The glucose concentration and volume were fixed at 1 M and 150 µL, respectively. 

3.12.3 The suitable of reaction time 

To obtain a suitable reaction time for blue color development, 1.5 mL of 0.5, 

1, and 3 µg/mL of paraquat solutions was separately performed the reaction under an 

optimum condition without heating temperature required. 

3.12.4 Limit of detection (LOD) and limit of quantitation (LOQ) for 

paraquat blue free radical reaction 

The reagent blank of 1 M HCl-MeOH (70:30) was performed by adding 0.15 mL 

of 1 M glucose and 0.25 mL of 5 M NaOH and measured the signal at 600 nm for 9 

replicates. LOD and LOQ of the method were calculated by using average signal of 

reagent blank and standard deviation of signal blank. The working range was also 

considered based on LOQ value. 

3.13 Optimization conditions for paraquat-NPC-PBZ-m batch adsorption study 

 To obtain the suitable condition for paraquat adsorption, many parameters 

such as KOH concentration for activation step, and 1 M HCl-MeOH (70:30) volume was 

assessed. A 0.050 ± 0.001 mg of NPC-PBZ-m and 50 mL of 2 µg/mL paraquat solution 

was fixed in this section, while the NaOH concentration and volume of 1 M HCl:MeOH 

(70:30, % v/v) were varied. The studied KOH concentration range was 0.1-1 M with fixed 

volume of 50 mL. For the desorption study, every 2 mL of HCl:MeOH was collected. 
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The paraquat concentration in the desorbing solvent was then determined using UV-

Vis at 604 nm using the linear equation which was obtained in section 3.12.4. The step 

of experiment in this section was shown Figure 3.8. 

 

Figure 3.8 The experimental step for paraquat determination by using paraquat blue 
free radical reaction. 

3.14 The performance of NPC-PBZ-m for paraquat determination 

The performance of the proposed method was tested by using paraquat 

solution with varied concentration from 0.05-1 µg/mL. The adsorption and paraquat 

blue free radical process were performed under the optimum conditions. The elution 

concentration of paraquat was calculated by using a linear equation which was 

obtained in section 3.12.4. Moreover, the linear relationship between initial 

concentration and the concentration in the mixture solvent (HCl:MeOH) was 

investigated in this section. Firstly, 0.050 ± 0.001 mg of NPC-PBZ-m was activated by 
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using 50 mL of 0.1 M KOH. Next, the solution of KOH was discarded and 50 mL of 

paraquat solution with varied concentration from 0.05-1 mL was added to the reaction 

tube for 1 hour. Then, the paraquat on NPC-PBZ-m was desorbed by using 2 mL of 1 

M HCl-MeOH (70:30, % v/v). Finally, 1.5 mL of the desorbing solvent was added with 

150 µL of 1 M glucose solutions and 250 µL of 5 M sodium hydroxide. The reaction 

was settled for 5 minutes to let the color development completely followed by 

measuring with UV-Vis at 604 nm. 

3.15 The suggestion of this proposed method to enhance the efficiency for 

paraquat detection 

To enhance the performance of NPC-PBZ-m for paraquat adsorption, the 

parameters which are the weight of NPC-PBZ-m and the volume of KOH for activation 

step that might be affect the paraquat adsorption capacity. Therefore, these two 

variables were selected to assess the presumption. 

3.15.1 Weight of NPC-PBZ-m study 

A 0.050 and 0.100 mg of NPC-PBZ-m were adopted to compare the efficiency 

for paraquat adsorption. 50 mL of 0.5 µg/mL of paraquat solution was added in the 

extraction tube after the NPC-PBZ-m activation step using 0.1 M KOH at the fixed ratio 

of 1:1 (mg/mL). The desorbing solvent was tested with paraquat blue free radical 

reaction by measuring the absorbance intensity at 604 nm. 

3.15.2 The ratio of NPC-PBZ-m weight to KOH volume (mg/mL) study 

 The NPC-PBZ-m weight was fixed at 0.100 mg. Three volumes of 1M KOH which 
are 50, 100, and 150 mL were used to activate the sorbent with the ratio of NPC-PBZ-
m weight per volume of KOH were 1:0.5, 1:1, and 1:2, respectively. After that, 50 mL 
of 0.5 µg/mL of paraquat solution was filled in the reaction tube and the adsorption-
desorption process was performed under the optimum conditions. The desorption 
solvent was reacted with glucose and NaOH to form paraquat blue free radical. The 
absorbance intensity was pursued by measuring absorbance at 604 nm. 
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CHAPTER IV 
RESULTS AND DISCUSSION 

 In our study, the method for atrazine determination in water samples was 
developed. Due to the concentration level of atrazine presence in environmental 
water was very low, the pre-concentration units are required. Moreover, the 
colorimetric pre-screening for atrazine analysis was also developed based on Konig’s 
reaction in this study. Nanoporous carbon derived melamine based polybenzoxazine 
or NPC-PBZ-m was packed into an empty cartridge column to use as a pre-
concentration unit. After eluting the atrazine compound out of the NPC-PBZ-m 
column, the solution was measured by two techniques which are HPLC-UV and 
colorimetric method (Konig’s reaction). This chapter is divided into four main parts. In 
the first part, many techniques were used for characterizations of NPC-PBZ-m sorbent 
are reported. In the second part, the optimal conditions of pre-concentration 
procedure of atrazine using NPC-PBZ-m pre-concentration unit were investigated. In 
the third part, an atrazine colorimetric detection based on Konig’s reaction was also 
developed and the suitable parameters were optimized in this section. Finally, the 
proposed method was applied to determine atrazine compounds in environmental 
water samples. 

4.1 Characterization of nanoporous carbon derived from melamine based 

polybenzoxazine (NPC-PBZ-m) sorbent 

 Due to the synthesis of NPC-PBZ-m composed of three steps as described in 
section 3.3. In this part, the characterization was observed on two materials which are 
melamine based polybenzoxazine (PBZ-m) and carbon nanoporous melamine based 
polybenzoxazine (NPC-PBZ-m). First, the success of PBZ-m synthesis was confirmed by 
using FTIR techniques. After that, PBZ-m was pyrolyzed to create NPC-PBZ-m material. 
The surface properties and surface morphology of NPC-PBZ-m were investigated by 
using various techniques are described as follow 
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4.1.1 Melamine based polybenzoxazine (PBZ-m) characterization 

To synthesize PBZ-m material, an opaque melamine based benzoxazine 
organogel was polymerized under temperature programmed conditions. The previous 
research explains the mechanism of benzoxazine polymerization occurring via the 
opening of the oxazine ring structure and creating the Mannich base bridge instead. 
This phenomenon is called ring-opening polymerization [59]. The proposed reaction 
of melamine based polybenzoxazine or PBZ-m synthesis is shown in Figure 4.1. To 
confirm the success of PBZ-m synthesis, the functional group of benzoxazine structure 
was pursued by using FTIR-KBr pellet technique. 

 

Figure 4.1 The oxazine ring and Mannich base bridge structures. 

To reveal the oxazine-ring opening polymerization of melamine based 
benzoxazine organogel, asymmetric stretching of C-N-C (1173 cm-1), C-O-C (1249 cm-1) 
and CH2 wagging (1360 cm-1) belong to oxazine structure were illustrated in Figure 4.2. 
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Furthermore, the out-of-plane bending vibrations of C-H and tri-substituted benzene 
ring were also noticed at 980 and 1507 cm-1, respectively [58,59]. As the results, the 
successful synthesis of melamine based polybenzoxazine (PBZ-m) can be confirmed 
as the intensity of C-N-C and C-O-C characteristic peak at 1173 and 1249 cm-1 
decreased after curing process due to ring-opening polymerization of benzoxazine 
organogel. 

 

Figure 4.2 FTIR spectra of Melamine based benzoxazine organogel and melamine 
based polybenzoxazine (PBZ-m). 

4.1.2 The textural properties of nanoporous carbon derived from 

melamine based polybenzoxazine (NPC-PBZ-m) 

After ring-opening polymerization via temperature curing, the melamine based 
polybenzoxazine (PBZ-m) was pyrolyzed under N2 atmosphere at 800 °C. The pore 
characteristics of NPC-PBZ-m was investigated using the Autosorb 1-MP analyzer at -
196 °C. The N2 adsorption-desorption isotherms of NPC-PBZ-m is shown in Figure 4.3A. 
As IUPAC classified, the adsorption isotherm of NPC-PBZ-m sorbent exhibits type IV 
which can indicate as a mesoporous material. Moreover, a H1 hysteresis loop also 
presents that referred to a narrow distribution of uniform pores [32,61]. 
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Figure 4.3 N2 adsorption-desorption isotherms (A) and pore size distributions (B)  
of NPC-PBZ-m. 

Moreover, the NPC-PBZ-m sorbent also contained a macroporous structure as 
the result in Figure 4.3B showed that the adsorption characteristic was steeply 
increased at high relative pressure (P/P0 >0.9). The textural properties of NPC-PBZ-m 
are listed in Table 4.1. 

Table 4.1 Textural properties of NPC-PBZ-m 
a Sbet 

(m2/g) 

b Smicro 

(m2/g) 

c Smeso 

(m2/g) 

d Vtotal 

(cm3/g) 

b Vmicro 

(cm3/g) 

c Vmeso 

(cm3/g) 

 

Average 

pore 

diameter 

(nm) 

419 169 191 1.02 0.09 0.87 9.75 

a Obtained from multi point BET method.  
b Obtained from t-plot method.  
c Obtained from BJH method.  
d Obtained from total pore volume calculated from nitrogen adsorption at P/P0 = 0.992. 

4.1.3 The functionality of nitrogen- and carbon-containing on nanoporous 

carbon derived from melamine based polybenzoxazine (NPC-PBZ-m) 

To obtain the possible structure of N-active species on NPC-PBZ-m sorbent, 
XPS N1s narrow scan spectra was used to investigate the nitrogen functionalities 
existence. Figure 4.4A Illustrated the deconvolution of XPS spectra into five main 
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peaks which compose of pyridine-N (398.2 eV), secondary-N (399.3 eV), pyrrolic or 
pyridone-N (400.8 eV), quaternary-N (402.1 eV) and oxide-N (403.5 eV) [31,98,99]. 
Moreover, the deconvoluted XPS C1s narrow scan spectra (Figure 4.4B) showed four 
main peaks that consist of C-C (284.6 eV), C-N (286.0 eV), C=N (287.5 eV) and C=O 
(289.3 eV) [100]. As a result, it can imply that NPC-PBZ-m contains a high percentage 
of pyridine-N, pyridone-N and C-C bond (sp2) on their structure, serving as the active 
sites for atrazine adsorption. The probable structure of NPC-PBZ-m sorbent was 
expressed in Figure 4.4C. Furthermore, oxide-N and C=O groups are probably 
generated by the oxidation of the material since the exposure to ambient air after 
carbonization [98]. 

 

 

Figure 4.4 XPS narrow scan spectra of N1s (A) and C1s (B) and proposed structure of 
NPC-PBZ-m (C).  

4.1.4 The surface morphology of nanoporous carbon derived from 

melamine based polybenzoxazine (NPC-PBZ-m) 

Field emission scanning electron microscope was conducted to observe the 
surface morphology of NPC-PBZ-m sorbent. Figure 4.5A and B showed that the PBZ-
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m and NPC-PBZ-m are composed of numerous tiny clusters connecting which can 
generate pore networks and contribute 3D interconnected structure, respectively. The 
appearance can be explained by phase separation phenomena between benzoxazine 
monomers and the suitable solvent system. Due to an easy miscibility of melamine-
based benzoxazine monomers in ethanol/water solvent, the formation of benzoxazine 
particles during the sol-gel process is slowly growing. It generates many small primary 
clusters connecting together during the phase separation process [32,61]. Moreover, in 
case of NPC-PBZ-m, the rougher surface was obtained after carbonization based on 
non-carbon elements eliminated and organized crystallographic formation of carbon 
[101]. 

 

Figure 4.5 SEM micrographs of PBZ-m (A) and NPC-PBZ-m (B) at 100,000X magnification. 

4.2 Optimization parameters affecting on NPC-PBZ-m pre-concentration 

efficiency 

 In the work, NPC-PBZ-m sorbent was packed in a SPE empty cartridge column 
to use as pre-concentration column. The adsorption and elution steps are performed 
by using a syringe pump. To estimate the suitable condition with real matrix systems, 
an agricultural water is applied in this section. The water was collected from a rice 
field in Lopburi province which ensured no atrazine usage. Many variables affecting 
adsorption-elution efficiency were evaluated by measuring the peak area of the 
atrazine amount in the elution fraction using HPLC-UV technique to obtain the optimal 
conditions. 
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4.2.1 Effect of pH on atrazine-NPC-PBZ-m adsorption 

Generally, the pH range of the surface water samples is around 6.5-8.5. 
However, in some areas the pH might be below 5 or above 9. Therefore, the studied 
pH of 3, 7 and 9 were selected in the study.  As shown in Figure 4.6, there is no 
difference in the adsorption efficiency among the studied pH values. The calculation 
of adsorption efficiency was described in section 3.10.2. 

At the studied pHs higher than pKa of atrazine (2.2) [29], atrazine was in the 
non-protonated form in the studied range. Therefore, the interactions occurring 
between atrazine and the adsorbents might be the π-π interaction and Van der Waals 
interaction which are pH independent.  It can imply that the adsorption interaction 
between atrazine and NPC-PBZ-m does not depend on pH. Therefore, the water 
sample was measured without step for pH adjustment. 

 

Figure 4.6 Effect of pH on atrazine-NPC-PBZ-m batch adsorption. 

4.2.2 Effect of NPC-PBZ-m particle size 

The particle size of the irregular shape of NPC-PBZ-m should be controlled to 
achieve the best adsorption performance. Therefore, the material was prepared using 
a household blender and test sieves. In this section, 300 mg of two NPC-PBZ-m particle 
sizes which are 0.44-0.57 nm (No. 30-40 mesh) and 0.25-0.44 nm (No. 40-60 mesh) were 
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packed into an empty cartridge column. A 300 mL of atrazine solution (25 µg/L) passes 
through the column and every 1 mL of elution fraction was collected for 10 fractions. 
From Figure 4.7, the result showed that a higher peak area of atrazine is obtained from 
the smaller particle size (0.25-0.44 nm) for all the elution fractions. It can imply that 
the packing characteristics of small particles are denser. Therefore, it can improve the 
chance of atrazine diffusion and adsorption towards NPC-PBZ-m sorbent. 

 

Figure 4.7 Effect of NPC-PBZ-m particle size. 

4.2.3 Effect of NPC-PBZ-m weight 

 Due to the weight of adsorbent plays an important role on the adsorption 
performance as reported in previous studies [74,77]. In this study, 100-400 mg of NPC-
PBZ-m particle size between range 0.25-0.44 nm was packed into an empty cartridge 
column. 300 mL of 25 µg/L atrazine water sample flow through the NPC-PBZ-m pre-
concentration column and elutes with 1 mL of methanol. The result shown in Figure 
4.8 demonstrated that the highest atrazine amount was obtained when the column 
was packed with 200 mg of NPC-PBZ-m. However, increasing the NPC-PBZ-m weight 
from 200 to 400 mg, atrazine concentration decreased. This observation can be 
explained by adsorption-re-adsorption phenomenon of atrazine could occur because 
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the NPC-PBZ-m material has a lot of active sites. Hence, 200 mg of NPC-PBZ-m was 
chosen as the optimal NPC-PBZ-m amount for further studies. 

 

Figure 4.8 Effect of NPC-PBZ-m weight. 

4.2.4 Effect of sample flow rate 

 The influence of flow rate on the pre-concentration efficiency of the NPC-PBZ-
m column was examined by varying flow rate between 5-12 mL/min. From Figure 4.9, 
the result estimated the impact of adsorption flow rate on the pre-concentration of 
atrazine for 10 and 25 µg/L of atrazine solutions. There is no different trend that could 
be observed. Although using the lowest flow rate (5 mL/min) has demonstrated the 
highest pre-concentrated atrazine amount, which might be due to the more contact 
time between NPC-PBZ-m adsorbents and atrazine itself, the operation time was too 
long. In contrast, when the flow rate is as high as 12 mL/min, the content of atrazine 
in the eluent was lowest. This might be the result of the inadequate contact time 
between atrazine and NPC-PBZ-m sorbent. Therefore, a flow rate of 10 mL/min was 
chosen for atrazine pre-concentration. 
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Figure 4.9 Effect of sample flow rate. 

4.2.5 Effect of eluent volume (methanol) and elution flow rate 

Since the volume of methanol can affect the atrazine pre-concentration 
efficiency, the suitable methanol volume was investigated. A 300 mL of 25 µg/L of 
atrazine spiked in water sample was loaded into a pre-concentration column followed 
by eluting using methanol at 1 mL/min. The studied range was 3-5 mL. A 3 mL of 
methanol was selected based on many factors including the obtained concentration, 
the volume needed for the further analysis. 

The effect of flow rate on atrazine desorption was studied. The flow rate of 
methanol was examined at 0.5 and 1 mL/min while the volume was fixed at 3 mL. 
The flow rates of methanol had no obvious impact on the atrazine desorption. 
Therefore, the flow rate of methanol at 1 mL/min was adopted in this proposed 
method. The results showed in Figure 4.10. 
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Figure 4.10 Effect of elution flow rate. 

To conclude the optimal conditions for pre-concentration procedure, the 
suitable values of all parameters are listed in Table 4.2. Furthermore, this condition 
was conducted to investigate the effect of other pesticides interference and NPC-PBZ-
m sorbent reusability in further study. 

Table 4.2 The optimum conditions of NPC-PBZ-m pre-concentration procedure 

Parameters Optimum values 

Particle size of NPC-PBZ-m 0.25-0.44 nm (Mesh No. 40-60) 

Weight of NPC-PBZ-m 200 mg 

Sample flow rate 10 mL/min 

Elution flow rate 1 mL/min 

Elution volume 3 mL 
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4.2.6 Reusability of NPC-PBZ-m pre-concentration column 

From the economic point of view, the reusability of NPC-PBZ-m column has to 
be evaluated. A 30 µg/L atrazine in water sample was loaded into the NPC-PBZ-m 
column and performed under the optimal conditions as indicated in Table 4.2. The 
result was estimated by calculating a percent relative difference of peak area between 
the first cycle and other cycles. A percent relative difference is set at 10% as the 
maximum acceptable value. 

From Figure 4.11, our results demonstrated that the NPC-PBZ-m column can 
be applied for atrazine pre-concentration in a real matrix sample over 8 cycles of 
adsorption-desorption process without any significant loss. 

 

Figure 4.11 Reusability of NPC-PBZ-m column based on optimum conditions. 

4.3 Selectivity of HPLC-UV analysis 

 This proposed method was applied to detect atrazine in water samples which 
have differences in matrix substances. Therefore, the selectivity of the HPLC-UV 
method was evaluated by comparing the chromatograms obtained from the standard, 
spiked blank samples with those obtained from the blank samples. 
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 The results showed that atrazine standard solution has retention time of 3.5 ± 
0.1 minutes (Figure 4.12). Therefore, the chromatogram of other samples should not 
have any peak at 3.5 minutes which can cause interference with the signal of atrazine.  

 

Figure 4.12 Chromatogram of atrazine spiked in various solutions: MeOH (A), MeOH-
NPC-PBZ-m (B), Lopburi (C) and Nakhon Pathom (D), fish farm water (E), and pond water 
(F). Blue line : non-spiked solvent or water samples; orange line : spiked solvent or 
water samples.  

 The result showed that there is no matrix from water samples interfering with 
the atrazine peak. Therefore, the concentration of atrazine after pre-concentration can 
be determined using HPLC-UV analysis system. 

Because the concentration after pre-concentration need to be quantified, the 
matrix effect on the quantitation was investigated. A series of standard solution 0.1-5 
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µg/mL, as the range of expected value of atrazine concentration, were prepared in 
MeOH, MeOH after passing the NPC-PBZ-m column, and MeOH sample blank solvent. 
From Table 4.3, the slope ratios of MeOH-NPC-PBZ-m versus MeOH solvent and of 
MeOH-sample blank versus MeOH were in range of 0.8-1.2 [102] indicating that there 
is no effect of matrix on any types of the calibration curves using HPLC-UV analysis 
system. Moreover, the difference of two calibration curves was also assessed using 
paired t-test. It can imply that an external calibration curve can be prepared using 
MeOH for atrazine determination without any interference from the matrix. Moreover, 
an enrichment factor of the proposed method can be evaluated using the obtained 
of linear equation. 

Table 4.3 The effect of matrix from NPC-PBZ-m and sample blank on an external 
calibration curve preparation 

Solvent systems Linear equation a R2 Slope ratios 

(matrix/solvent) 

Paired  

t-Test b 

MeOH y = 114.84x + 0.4293 0.9981 - - 

MeOH-NPC-PBZ-m y = 111.05x + 3.4317 0.9990 0.97 1.375 

MeOH-sample 

blank 

y = 120.70x + 0.7405 0.9987 1.05 -2.293 

a The concentration of atrazine standard solutions ranges from 0.1-5 µg/mL 
b The comparison of calibration curve in MeOH, MeOH-NPC-PBZ-m, and MeOH-sample blank using 
t-stat at 95% of confident level = 2.365 

4.4 Enrichment factor 

 In order to find enrichment factor, HPLC-UV analysis method measuring the 
concentration after pre-concentration was firstly validated.  

The IDL and LOQ were calculated from the peak area of 12 replicates of sample 
blank solvent (0 µg/mL atrazine spiked). The performance of HPLC-UV for measuring 
atrazine after pre-concentration was reported at IDL and LOQ were 1.97 and 14.38 
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µg/L, respectively. 5-30 µg/L of atrazine in agricultural water samples were pre-
concentrated under the optimum conditions. As previously demonstrated, the external 
calibration curve could be used to identify the atrazine concentration in the eluent. 
The initial concentration and the concentration after pre-concentrated were plotted 
in x-axis and y-axis, respectively. Form Figure 4.13, our result showed that the 
relationship was linearity and enrichment factor can be calculated from the slope. The 
proposed method gave an average enrichment factor of 35.1. 

 

Figure 4.13 Linear relationship of atrazine concentration before and after pre-
concentration. 

4.5 The precision and interferences of NPC-PBZ-m column for atrazine 

adsorption 

4.5.1 Repeatability (RSDr) and reproducibility (RSDR) of pre-concentration 

procedure 

The %RSDr and %RSDR were studied by loading a 300 mL of 30 µg/L of atrazine 
into NPC-PBZ-m pre-concentration column with the same column for repeatability test 
(n = 8) and separate column for reproducibility test (n = 3). After pre-concentration, 
the amount of atrazine in the elution fraction was determined by using HPLC-UV and 
the atrazine concentration in the eluent was calculated using the equation: y = 114.84x 
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+ 0.4293. The %RSDr and %RSDR from the proposed method were obtained as 3.82 
and 4.41, respectively. The results are accepted for Association of Official Chemists, 
AOAC (%RSDr <15 and %RSDR < 22). Moreover, from the result of reproducibility, it can 
be concluded that each NPC-PBZ-m column delivers similar pre-concentration 
performance. 

4.5.2 Effect of other pesticides on atrazine adsorption on NPC-PBZ-m pre-

concentration column 

Due to the usage of atrazine with other pesticides in agricultural productions 
[95,96], the environmental water sample can be contaminated with various pesticides 
species. The presence of other pesticides compounds could interfere with the 
adsorption efficiency of atrazine on the NPC-PBZ-m pre-concentration column. 
Therefore, the performance of NPC-PBZ-m column on atrazine adsorption when other 
pesticides contained in water samples was evaluated under the optimal conditions 
(Table 4.2). In this section, the concentration level of atrazine at 15 µg/L was tested. 
The mixture standard solution between atrazine and other pesticides were prepared 
in agricultural water at the ratio of 1:100 and 1:500 over atrazine concentration. The 
result was assessed by comparing the concentration of atrazine in each solution. The 
percent relative error is acceptable at lower than 5%.  
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Table 4.4 Effect of pesticides on atrazine adsorption of NPC-PBZ-m column  

Pesticides Concentration 

Ratio Pesticides 

x/atrazine (conc. of 

the pesticides, 

µg/mL) 

Concentration Of 

atrazine (µg/mL) ± 

standard deviation a 

%relative error 

Atrazine - 0.546 ± 0.008 - 

Paraquat 500 (7.5) 0.566 ± 0.027 3.61 

Glyphosate 500 (7.5) 0.542 ± 0.015 -0.75 

2,4-D 100 (1.5) 0.572 ± 0.030 4.75 

Chlorpyrifos 100 (1.5) 0.564 ± 0.022 3.26 

a The peak area of atrazine (15 µg/L) after pre-concentration step calculated by using an external 
calibration curve: y = 114.84x + 0.4293. 

As the percent relative error was set at 5% as the maximum allowance value, 
our results indicated that paraquat and glyphosate can coexist at the higher 
concentration level comparing to 2,4-D and chlorpyrifos (Table 4.4). These can be 
explained by the structure of NPC-PBZ-m material as shown in Figure 4.4C. The NPC-
PBZ-m sorbent has graphitic C-C (sp2) and nitrogen substituted aromatic rings as 
pyridine-N and pyridone-N structures. These characteristics possess a better affinity for 
non-polar compounds via π-π stacking and Van der Waals force [29,82]. Therefore, the 
compound which has aromatic structure similar to atrazine, 2,4-D and chlorpyrifos, can 
be adsorbed by NPC-PBZ-m sorbent. Moreover, these compounds exhibit the 
hydrophobic properties indicating by log Pow, while glyphosate and paraquat are 
hydrophilic. For this reason, the weaker interactions between these herbicides with 
NPC-PBZ-m might be formed. The structure and log Pow value of these compounds 
was shown in Table 4.5. 
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It can imply that the developed NPC-PBZ-m pre-concentration unit can be 
applied for atrazine determination in real water samples. 

Table 4.5 The structure and log Pow of other pesticides 

Pesticides Structure Log Pow Ref. 

Atrazine 

 

2.61 [103] 

Paraquat 

 

-4.50 [104] 

Glyphosate 

 

-3.22 [105] 

2,4-D 

 

2.80 [104] 

Chlorpyrifos 

 

4.7-5.3 [106] 

 

4.6 Optimization parameters affecting on atrazine-colorimetric detection 

 After atrazine was pre-concentrated by NPC-PBZ-m sorbent, the elution fraction 
was also determined by UV-Vis. The colorimetric method is developed based on 
Konig’s reaction from previous work [39]. The reaction is divided into three steps which 
are quaternary pyridinium halide (step 1), glutaconic dialdehyde (step 2), and 
polymethine dye compound (step 3) formations, respectively. Therefore, many 
reagents that are used in every step are required to investigate for suitable conditions. 
In this section, to clarify the results, the study of an optimized parameter is separated 
followed by the step of reaction from step 1 to 3. 
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4.6.1 Investigation of pyridine and conc. HCl volume (step 1) 

 The previous work reported that the suitable condition of the step 1 reaction 
has to be in a sufficiently acid medium [85]. In acid conditions, the proton from HCl 
can protonate the nitrogen substituted position at benzene ring of atrazine and pi-
electron can be delocalized. Meanwhile, the lone pair of nitrogen in pyridine will 
attach on the carbon atom next to chlorine atom which induces the chlorine atom 
cleavage as Cl- ion. The proposed reaction regarding the nucleophilic aromatic 
substitution was shown in Figure 4.14. This mechanism is also reported in previous 
works [107,108]. 

 

Figure 4.14 The proposed reaction mechanism of Konig’s reaction (step 1). 

Unfortunately, the quaternary pyridinium halide compound is colorless. 
Therefore, the volume of pyridine and conc. HCl were investigated by measuring the 
absorbance signal of polymethine dye compound (step3) at 487 nm. To create a dye 
product, the experiment was adapted from previous work [39] that used 0.1 mL of 10 
(% v/v) aniline. 

4.6.1.1 Effect of pyridine volume 

  To avoid the dilution effect, neat pyridine was used. A 0.5 mL of atrazine 
solution, 1 and 5 µg/mL, was separately tested with a varied volume of pyridine from 
0.2-0.5 mL. From our result in Figure 4.15A demonstrated that at 1 µg/mL of atrazine 
test, an equal absorbance intensity was obtained although the amount of pyridine 
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increased. In case of 5 µg/mL of atrazine study, the intensity of absorbance decreased 
when pyridine volume increased to 0.5 mL. It may be caused by the increase in the 
viscosity of the mixture solution restricting the rate of reaction. Therefore, the suitable 
pyridine volume was 0.2 mL. 

4.6.1.2 Effect of conc. HCl volume 

  The volume of conc. HCl varied from 0-0.15 mL while the volume of 
pyridine was fixed at 0.2 mL. Figure 4.15B demonstrated that the highest absorbance 
was obtained when the volume of conc. HCl was 0.1 mL. Therefore, 0.2 and 0.1 mL of 
pyridine and conc. HCl were used for further studies. 

 

Figure 4.15 Effect of pyridine volume (A) and conc. HCl volume (B) in step 1. 

4.6.2 Effect of temperature, heating time, and sodium hydroxide (NaOH) 

concentration (step 2) 

Based on the orange-red polymethine compound are occurred via the coupling 
reaction of glutaconic dialdehyde and p-Anisidine. Therefore, many parameters such 
as temperature, heating time, and NaOH concentration that can affect the glutaconic 
dialdehyde formation (step 2) were investigated. The suitable variable is pursued by 
measuring the absorbance signal of glutaconic dialdehyde at 437 nm using UV-Visible 
spectrophotometer [109]. A 0.5 mL of atrazine solution, 1 and 5 µg/mL, was added 
with 0.2 mL of pyridine and 0.15 mL of conc. HCl. The solution was adopted for 
investigation in this section. 
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4.6.2.1 Effect of reaction temperature 

 In previous work, the effect of temperature on glutaconic dialdehyde 
was reported [36]. Therefore, the temperature was studied ranging from 35 to 70 °C. 
From our result, the maximum intensity of glutaconic dialdehyde was obtained when 
the temperature was only 40 °C while the previous work requires a boiling condition 
to generate a glutaconic dialdehyde product [36,38,39,85]. Therefore, the reaction 
temperature was chosen at 40 °C. The result was shown in Figure 4.16A. 

4.6.2.2 Effect of heating time 

 The suitable time for heating reaction was also studied. The result 
indicated that the highest signal of glutaconic dialdehyde product received when 
heating time increased to 20 min. After that, the same level of signal was obtained 
when increasing the heating time from 20 to 60 min as shown in Figure 4.16B. So, the 
suitable heating time was 20 min. 

 

Figure 4.16 Effect of reaction temperature (A) and heating time (B). 

4.6.2.3 Effect of NaOH concentration 

 After a quaternary pyridinium halide was obtained, this compound 
further reacts with NaOH to create carbinol base and glutaconic dialdehyde as 
described in Figure 3.4. Therefore, the NaOH concentration was investigated varying 
from 2 – 8 M while the volume was fixed at 0.5 mL. The result in Figure 4.17 showed 
that the absorbance increases with concentration of NaOH. It means that more 
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glutaconic aldehyde was obtained. Unfortunately, the precipitation occurred at the 
next step when using the concentration of NaOH over 5 M. 

 

Figure 4.17 Effect of NaOH concentration. 

 From our results, the optimized temperature and heating time were 40 
°C and 20 min while the suitable concentration of NaOH was 5 M. Moreover, the 
proposed reaction mechanism in step 2 was shown in Figure 4.18. As the carbon atom 
beside N+ position in a quaternary pyridinium halide structure was attacked with 
hydroxide ion (OH-) from NaOH. Then, the carbinol base was formed. Due to highly 
amount of OH- in reaction, the carbinol base reacts with another OH- to cleave the 
aromatic ring until the glutaconic dialdehyde was obtained. 
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Figure 4.18 The proposed reaction mechanism of Konig’s reaction (step 2). 

4.6.3 Preliminary study of various coupling reagents  

 Due to the glutaconic dialdehyde compound being unstable, the coupling 
steps are required. Many reagents were used to create the stable polymethine dye 
compound. Polymethine compounds can absorb light in visible regions from 400 - 800 
nm depending on their structures. Many coupling reagents have been applied for 
coupling reactions with atrazine in the Konig’s reaction final step. The coupling agent 
such as aniline, sulfanilic acid and 4-aminophenol were tested in this section. 
Moreover, the coupling reaction was performed under acidic medium which was 
reported in previous studies [36,40]. Therefore, conc. HCl was chosen as pH adjusting 
solvent. The suitable concentration of reagents and volume of conc. HCl (step 3) were 
investigated using atrazine concentration levels of 1 and 5 µg/mL after glutaconic 
dialdehyde formation under optimized condition. The maximum wavelength for 
aniline, sulfanilic acid, and 4-aminophenol were 487, 460, and 467 nm, respectively. 
Moreover, the response of a color changing with atrazine concentration in each reagent 
was also considered. 

4.6.3.1 Aniline  

  The suitable volume of conc. HCl was studied at atrazine 1 µg/mL.  
0.255-0.80 mL of conc. HCl volume was studied with aniline concentration fixed at 10 
(%v/v). While the obtained volume of conc. HCl was chosen to study the aniline 
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concentration. From our results in Figure 4.19A showed that the signal was increased 
when the volume of conc. HCl increased to 0.3 mL and no more significant intensity 
was obtained when using higher volume of acid. Therefore, 0.3 mL of conc. HCl was 
chosen. Then, aniline concentration was also optimized. The suitable of aniline 
concentration was selected at 8 (% w/v) as shown in Figure 4.19B. 

4.6.3.2 Sulfanilic acid  

The volume of conc. HCl varied from 0.2-0.5 mL when sulfanilic 
concentration was fixed at 0.3 (% w/v). While, the concentration of sulfanilic acid was 
investigated under the suitable volume of conc. HCl. The results showed in Figure 
4.19C and D which 0.35 mL of conc. HCl and 0.5 mL of 0.6 (% w/v) sulfanilic acid were 
reported as the optimum conditions. 

4.6.3.3 4-aminophenol  

A varied conc. HCl from 0.15-0.4 mL was tested with concentration of 
4-aminophenol was fixed at 0.2 mL of 0.7 (% w/v). The result indicated that the 
absorbance intensity increased when increasing a volume of conc. HCl to 0.2 mL after 
that the signal was dropped as shown in Figure 4.19E. Therefore, 0.2 mL of conc. HCl 
was used to estimate the suitable concentration 4-aminophenol. The result shown in 
Figure 4.19F, 0.5 (% w/v) of 4-aminophenol 0.2 mL was chosen for the suitable value. 
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Figure 4.19 The study of volume of conc. HCl for aniline (A), concentration of aniline 
(B), volume of conc. HCl for sulfanilic acid (C), concentration of sulfanilic acid (D), 
volume of conc. HCl for 4-aminophenol (E), concentration of 4-aminophenol (F). 

  However, the polymethine dye compounds obtained from these 
coupling reagents do not show very distinct and intense color. Moreover, they show 
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the similar maximum wavelength between 460-487 nm. The UV-Vis spectra of 
polymethine compounds were shown in Figure 4.20A, when 5 µg/mL of atrazine was 
used. Moreover, the color of polymethine compound of each coupling agent were 
also illustrated in Figure 4.20B. The yellow solution was obtained even though the 
difference of coupling reagents were used. However, the changes in yellow color 
intensity are quite difficult to distinguish by naked-eye. 

 

Figure 4.20 UV-Vis spectra (A) and solution color of polymethine compounds coupling 
with aniline, sulfanilic acid, and 4-aminophenol (B). 

  In this study, the color of polymethine compound was expected to 
provide a longer maximum wavelength. Therefore, the coupling reagents should have 
electron donating groups on the structure which electron delocalized can occur. A 
new coupling reagent, p-Anisidine, was selected because their structure has methoxy 
groups that are an electron donor. Moreover, this reagent can be dissolved in MeOH 
which is used as eluent in the pre-concentration step. 

4.6.4 Optimization of p-Anisdine as the coupling reagent (step 3)   

In this work, p-Anisidine was chosen because it has many advantages such as 
easy to find, low cost, and can be dissolved in MeOH which is a solvent system of 
colorimetric method. At this step, the glutaconic dialdehyde was coupled with p-
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Anisidine under the suitable pH of solutions. The proposed mechanism of this step 
was shown in Figure 4.21. 

 

 

Figure 4.21 The proposed reaction mechanism of Konig’s reaction (step 3). 
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4.6.4.1 Volume of conc. HCl for coupling step 

 Before the coupling step, the pH of glutaconic dialdehyde had to be 
adjusted. To eliminate the effect of dilution, the volume of reagent needs to be 
minimized. The 0.125, 0.15 and 0.2 mL of conc. HCl were used in this study. It can be 
clearly seen that the highest amount of polymethine compound produced when 0.15 
mL of conc. HCl was used. However, the decrease in the dye production was observed 
especially when 5 µg/mL of atrazine was used (Figure 4.22A). It may be because the 
pH of the reaction (pH = 4.99) is below the pKa of p-Anisidine (pKa = 5.29) resulting in 
that the N atom of p-Anisidine was protonated [110]. So, the p-Anisidine could not 
couple with glutaconic dialdehyde compound causing less amount of polymethine 
compound. 

4.6.4.2 Effect of p-Anisidine concentration 

 Due to the amount of coupling reagent affecting the color intensity of 
the polymethine compound, the suitable p-Anisidine concentration had to be 
investigated. The level of concentration was varied from 2-15 (% w/v). In Figure 4.22B, 
the result demonstrated that when the concentration of coupling reagent increased, 
the increase in the color intensity of the product was clearly seen especially at 5 
µg/mL of atrazine. On the other hand, there is no significant impact on the final product 
formation for 1 µg/mL of atrazine. However, the excess amount of p-Anisidine 
interfered with the color of reagent blank showing pale-yellow color. Therefore, 6 (% 
w/v) of p-Anisidine was chosen and it is adequate for complete color development.  
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Figure 4.22 Effect of conc. HCl volume (A) and p-Anisidine concentration (B) on orange-
red polymethine compound formation. 

 4.6.4.3 Effect of reaction time on orange-red polymethine 

compound formation 

To access the proper reaction time for the stable color development 
of orange-red polymethine compounds, the reaction time varied from 1-60 minutes. 
After 0.25 mL of 6% (w/v) of p-Anisidine was added to the solution. The color 
development was pursued by measuring the absorbance at 500 nm with UV-Visible 
spectrophotometer. From Figure 4.23, the result indicated that the absorbance 
intensity ranges from 1 to 20 minutes increased rather rapidly. After that, the signal 
slowly increases after 20 minutes onwards for all of atrazine concentration (0.5-2 
µg/mL). Therefore, the reaction time at 20 min was chosen in this work.  
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Figure 4.23 Effect of reaction time on orange-red polymethine compound formation. 

 From our results, the optimum conditions of colorimetric method of atrazine 
are listed in Table 4.6. 

Table 4.6 The optimum conditions of colorimetric method based on Konig’s reaction 

Parameters Optimum values 

Volume of pyridine 0.2 mL 

Volume of conc. HCl a 0.1 mL 

Temperature 40 °C 

Heating time 20 mins 

NaOH concentration 5 M, 0.5 mL 

Volume of conc.HCl b 0.15 mL 

p-Anisidine 6 (% w/v), 0.25 mL 

Reaction time 20 mins 

a The volume of conc. HCl for quaternary pyridinium halide formation (step 1) 
b The volume of conc. HCl for coupling reaction (step 3) 
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4.6.5 Characterization of an orange-red polymethine compound 

 To confirm the reaction occurred, 5, 25, and 50 µg/mL of atrazine standard 
solution and reaction were injected to HPLC-UV. From our result in Figure 4.24A and 
B showed retention time of an orange red methane compound (8.23 min) has lower 
than atrazine compound (6.00 min). It may cause the polymethine compound to be 
easier protonated by acid in the mobile phase than atrazine which has pKa around 1.7 
[42]. Therefore, atrazine compounds are more retained by the C18 column than 
polymethine compounds which have positive charge on their structure. Moreover, the 
peak chromatogram of these compounds was confirmed by the UV spectrum. The 
pyridine and p-Anisidine were dissolved in methanol and the log Pow value of these 
compounds was low. The result showed in Figure 4.24C which the retention time of 
pyridine and p-Anisidine were 2.94 and 3.50, respectively. This can ensure that the 
peak reagent does not interfere with UPLC-MS study.  
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Figure 4.24 The peak chromatograms of atrazine standard solution (A), orange-red 
polymethine compound (B), and pyridine and p-Anisidine reagents (C). 
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 The weight of an orange red polymethine compound (Figure.4.21) was 
calculated as 381.23. Due to UPLC-MS performed in electrospray ionization which the 
structure was protonated with proton (H+). The total ion chromatogram (TIC) and 
extracted ion chromatogram of atrazine (EIC) were evaluated. The results in Figure 
4.25A showed that atrazine has a retention time at 11.27 min. Because UPLC-MS and 
HPLC-UV use the same column and similar conditions, it can predict the retention time 
of a polymethine compound via the result from HPLC-UV determination. Therefore, 
the retention time of polymethine dye should be less than 11.27 min. One (M+H+) and 
two hydrogen atoms (M+2H+) protonation were investigated. However, no peak 
appeared at this condition unless the EIC chromatogram illustrated a peak at 7.91 and 
9.13 minutes of three protons protonated on a polymethine structure. The mass per 
charge ratio was 128.08 (M+3H+). The peak order of UPLC-MS and HPLC-UV was similar 
as shown in Figure 4.25B. This result showed the same peak order agreed with HPLC-
UV. Therefore, a possibility of an orange-red polymethine compound was being shown 
in Figure 4.21. 
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Figure 4.25 TIC and EIC of Atrazine (A) and orange-red polymethine compound (B). 

4.6.6 The analytical performance of atrazine via the Konig’s reaction using 

p-Anisidine as coupling reagent 

 The analytical performance of the proposed colorimetric method was 
investigated including matrix effect, linearity, limit of detection, and limit of 
quantitation. 

 The validity of the colorimetric method had to be assessed. The optimum 
condition of colorimetric method (Table 4.6) were used to test a method performance 
for atrazine analysis. A 0.5 mL of atrazine standard solutions (0.1 – 5 µg/mL) in 
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methanol solvent was prepared as described in section 3.5.2.2. These solutions were 
used to evaluate the validity of the proposed method. The response of the 
polymethine dye compound was measured by UV-Vis. 

4.6.6.1 Matrix effect  

  The effect of NPC-PBZ-m matrix on colorimetric analysis was also 
estimated by comparing the slope of external calibration curves which were prepared 
in MeOH and MeOH-NPC-PBZ-m solvents. The absorbance intensity of orange-red 
polymethine compounds at 500 nm was plotted with atrazine concentration range 
from 0-5 µg/mL. The results indicated that a slope ratio in MeOH and MeOH-NPC-PBZ-
m solvent systems was in range of 0.8-1.2 and its closeness was confirmed by paired 
t-test. From the data in Table 4.7, it can imply that an external calibration curve can 
be used for quantitative determination using methanol (MeOH) as a solvent which the 
matrix from NPC-PBZ-m sorbent has no effect on UV-Vis method detection. 

Table 4.7 Matrix effect of NPC-PBZ-m sorbent on calibration curve of colorimetric 
method 

Solvent systems Linear equation a R2 Slope ratios 

(matrix/solvent) 

Paired 

t-Test b 

MeOH y = 0.0531x + 0.0007 0.9982 - - 

MeOH-NPC-PBZ-m y = 0.0545x – 0.0020 0.9968 1.03 0.033 

a The concentration of atrazine standard solutions ranges from 0-5 µg/mL 
b The comparison of calibration curve in MeOH and MeOH-NPC-PBZ-m using t-stat at 95% of 
confident level = 2.365 

4.6.6.2 Dynamic range, Instrument detection limit (IDL), limit of 

quantitation (LOQ) for UV-Vis measurement 

 The calibration curve was plotted from 0 to 1 µg/mL atrazine against 
the signal of orange-red polymethine compound. The IDL and LOQ were calculated 
using standard deviation of linear regression line and slope of the external calibration 
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curve preparing in methanol solvent. The IDL and LOQ were 0.044 and 0.144 µg/mL, 
respectively. 

From our result in section 4.6.6.1, the dynamic range in the proposed 
method was reported from 0.5-5 µg/mL which linear regression equation and a 
correlation coefficient (R2) were y = 0.0538x - 0.002 and 0.9977, respectively. From our 
result, the linear equation and color chart for atrazine detection could also be 
observed by naked eye as shown in Figure 4.26. 

 

Figure 4.26 The linear relationship between atrazine concentration and the 
absorbance intensity of polymethine compound at 500 nm and the color chart for 
atrazine determination. 
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4.6.6.3 Effect of other pesticides on UV-Vis method (Konig’s 

reaction) 

  From our results in section 4.5.2, it can be concluded that other 
pesticides do not interfere with the adsorption of atrazine on NPC-PBZ-m sorbent. 
However, the presence of other herbicides affecting colorimetric measurement should 
be evaluated. Because the elution fraction will be measured by this proposed method, 
the concentration of atrazine was fixed at 1 µg/mL as it is the expected concentration 
level after the pre-concentration step. The solution preparation was described in 
section 3.5.5.2. The absorbance of the orange-red polymethine compound was 
measured by UV-Visible spectrophotometer at 500 nm. The result was assessed by 
comparing the concentration of atrazine (A) and others (AP, AG, AD, and AC). The 
percent relative error is acceptable at lower than 5%. 

Table 4.8 Effect of other pesticides on UV-Vis method determination based on Konig’s 
reaction 

Pesticide standard 

solution a 

Concentration 

ratio of X/A level 

(µg/mL) 

Concentration (µg/mL) 

± standard deviation b 

%relative 

error 

A - 0.9514 ± 0.0257 - 

AP 10 1.0448± 0.0130 9.8 

AG 50 0.9478 ± 0.0421 -0.38 

AD 100 0.9932 ± 0.0427 4.39 

AC 100 0.9244 ± 0.0429 -2.84 

a Atrazine, paraquat, glyphosate, and 2,4-D chlorpyrifos were denoted as A, P, G, D, and C 
b AX is the mixture of atrazine with the other pesticides (X) 

The results in Table 4.8 showed that 2,4-D, and chlorpyrifos could 
interfere less comparing to glyphosate and paraquat. The color of orange-red 
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polymethine dyes obtained from AD and AC samples delivered the same color 
intensity as the atrazine solution for all studied ratios (Figure 4.27). In the case of AD, 
even though the paraquat concentration was downed to 10 ug/mL, a %relative error 
is still high. 

Therefore, it can be concluded that even if the concentration of 2,4-D, 
and chlorpyrifos are higher than atrazine up to 100 times, the colorimetric detection 
was not interfered. While the concentration of paraquat needs to be lower than 
atrazine concentration for more than 10 times. 

  

Figure 4.27 Effect of other pesticides on the color of polymethine compound 
development: atrazine (A); paraquat (P); glyphosate (G); 2,4-D (D); chlorpyrifos (C). AX 
is the mixture of atrazine with the other pesticides (X). The absorbance of orange-red 
polymethine compound performed at 1 µg/mL of atrazine. 

4.7 Quantitative analysis 

In this work, the colorimetric method will be validated against the HPLC-UV 
analysis method. The validation of the developed method was evaluated under the 
optimum extraction and detection conditions. Linear working range, correlation 
coefficients, method detection limit (MDL), limit of quantitation (MDQ), matrix effect, 
accuracy and precision were estimated. An agricultural water sample (Lopburi province, 
Thailand) spiked with atrazine concentration from 5-30 µg/L were performed with 
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optimum conditions for both HPLC and Konig’s reaction (N=3). The method limit of 
detection (MDL) and method quantitation limit (MQL) were estimated as follows: 

MDL = 
3SD

Slope
 (4.1) 

MQL = 3.3 * MDL (4.2) 

Slope : the slope of calibration 

 SD : the standard deviation of linear regression line 

 The obtained calibration curves were linear over the range of 5–30 µg/L with 
the satisfactory correlation coefficient (R2 ≥ 0.99) with the method detection limits 
below 3 µg/L for both analysis methods as shown in Table 4.9. 

Table 4.9 Analytical performance of the HPLC-UV and UV-Vis 

Analysis 

methods 

Calibration curve R2 Working range MDL (µg/L) / 

MQL (µg/L) 

HPLC-UV y = 4.0357x - 0.8049 0.9988 5 – 30 µg/L 1.05 / 3.45 

UV-Vis y = 0.0016x + 0.001 0.9979 10 – 30 µg/L 2.26 / 7.46 

 

The accuracy and precision of the developed method was performed under 
optimum conditions by spiking in an agricultural water sample collected from Lopburi 
province, Thailand with atrazine at the concentration level of 5, 10, 15 and 20 µg/L (n 
= 3). From Table 4.10, the accuracy and precision for both HPLC-UV and UV-Vis were 
acceptable based on AOAC implying that the developed methods have good sensitivity 
and reproducibility for the analysis of atrazine.  
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Table 4.10 Mean recoveries of atrazine for both HPLC-UV and UV-Vis 

Analysis 

method 

Recovery percentage, (%RSD)  

5 µg/L  10 µg/L 15 µg/L 20 µg/L 

HPLC-UV 105 (8.1) 

 

101 (3.8) 99 (6.2) 98 (6.7) 

UV-Vis < MQL 107 (14.7) 100 (1.0) 101 (4.7) 

 

4.7.1 Interferences in the performance of the developed method 

The result in Table 4.11 indicated the glyphosate provided the highest limit of 
concentration ratio at 500 times (7.5 ppm) while chlorpyrifos and 2,4-D gave the limit 
at 100 times (1.5 ppm) over atrazine concentration. Unfortunately, the color of the 
orange-red polymethine compound was interfered when the initial concentration of 
paraquat in water sample was 1.5 µg/mL. From the result, it could be concluded that 
paraquat will be co-elute with methanol. The observed color was shown in Figure 
4.28.  
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Table 4.11 Effect of other pesticides on atrazine determination 

Pesticides Concentration Ratio 

Pesticides x/atrazine 

(conc. of the 

pesticides, µg/mL) 

Concentration Of 

atrazine (µg/mL) ± 

standard deviation 
a 

%relative 

error 

Atrazine (A) - 0.801 ± 0.078 - 

Glyphosate (AG) 500 (7.5) 0.789 ± 0.089 -1.50 

Chlorpyrifos (AC) 100 (1.5) 0.794 ± 0.108 -1.01 

2,4-D (AD) 100 (1.5) 0.778 ± 0.150 -2.88 

Paraquat (AP) <100 (1.5) 0.946 ± 0.228 18.1 

a The concentration of orange-red dye compound after the pre-concentration step of 15 µg/L 
atrazine 

 

Figure 4.28 Effect of other pesticides on the colorimetric analysis. Atrazine (A); 
paraquat (P); glyphosate (G); 2,4-D (D); chlorpyrifos (C). AX is the mixture of atrazine 
with the other pesticides (X). 
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4.7.2 Matrix-match calibration curves on HPLC-UV measurement 

As addressed before, the matrix could have an impact on the developed 
methods. Therefore, the matrix-matched calibration curves were constructed using 
both HPLC-UV and colorimetric methods for atrazine determination. Three different 
sources of water samples were assessed by using matrix-matched calibration curves. A 
0-30 µg/L of atrazine was spiked in three water samples which are agricultural waters 
(Lopburi and Ratchaburi province) and pond water (Bangkok). After the pre-
concentration step, the linear curves of all water samples were plotted and the slopes 
were evaluated. Table 4.12 showed a slope ratio of other samples to Lopburi water 
sample was in an acceptable range (0.8-1.2). Therefore, a pre-concentration method 
combined with HPLC-UV determination can be applied for detection of atrazine in 
agricultural water samples without effect from matrix substance. 

Table 4.12 Matrix-matched calibration curve of water samples on HPLC-UV 
determination 

Water 

samples 

Linear equation a R2 MDL/MQL 

(µg/L) 

Slope 

ratios 

Lopburi 

agricultural 

y = 4.0080x - 0.2322 0.9992 1.05/3.45 - 

Nakhon 

Pathom 

agricultural 

y = 3.6174x + 7.423 0.9984 1.43/4.73 0.90 

Pond y = 4.8125x + 3.8406 0.9963 2.22/7.33 1.20 

a The concentration of spiked atrazine standard solutions ranges from 0-30 µg/L 

For colorimetric analysis, three matrix-matched calibration curves were also 
constructed. The slope of linear relationship obtained from pond water and Ratchaburi 
agricultural water were compared with Lopburi water samples. From Table 4.12, the 
atrazine analysis should not suffer from the different sample matrix collected from the 
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different agricultural areas. However, the result has demonstrated that the developed 
colorimetric method could not be used to determine the atrazine content in surface 
water samples from Pond. This can be explained by the matrix of samples that can 
interfere with the process of atrazine adsorption on NPC-PBZ-m sorbent. In other 
words, the water sample with lower matrix substance (Pond water) can give a better 
atrazine extraction efficiency. Therefore, the higher amount of atrazine in the elution 
fraction was obtained and led to provide a higher sensitivity for colorimetric detection. 

Table 4.13 Matrix-matched calibration curves of water samples on UV-Vis 
determination 

Water samples Linear equation a R2 MDL/MQL 

(µg/L) 

Slope 

ratios 

Lopburi 

agricultural 

y = 0.0015x + 0.0034 0.9961 2.26/7.46 - 

Nakhon Pathom 

agricultural 

y = 0.0016x + 0.0051 0.9938 2.87/9.48 1.07 

Pond y = 0.0021x + 0.0036 0.9988 1.27/4.20 1.40 

a The concentration of spiked atrazine standard solutions ranges from 0 – 30 µg/L 

4.8 Application to environmental water samples for atrazine determination 

Under the optimum condition for pre-concentration and colorimetric method 
were investigated, the proposed method was applied to analyze the atrazine in real 
water samples. The accuracy and precision of method was also reported in this section. 

Three environmental water samples, surface waters collected from a rice field 
in Nakhon Pathom Province, a fish farm in Saraburi and a Pond were collected and 
filtered with CA membrane to remove the suspended organic matters. After that, the 
atrazine standard solution was spiked into the water samples. The developed methods 
were performed under the optimum conditions (n = 3) as detailed in Table 4.2 and 
4.6. 
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 From Table 4.14, the HPLC-UV method was successfully applied for atrazine 
analysis in water samples with the satisfactory recoveries (98-126%) with the RSD 
below 6.3%. Therefore, the NPC-PBZ-m column analyzed with HPLC analysis at 222 
nm could be used to analyze atrazine in various surface water samples from 
agricultural and aquaculture areas and a pond with a good accuracy and precision. 

 However, the colorimetric analysis method has its own limitations. The sample 
matrix has an impact on the performance of the UV-Vis method. From Table 4.14, it 
can be concluded that the proposed method can be used to determine atrazine 
concentrations in surface water samples collected from agricultural and aquaculture 
areas. 

Table 4.14 The recovery and precision in water samples determined by proposed 
methods 

Water 
samples 

Spiked 
level 
(µg/L) 

HPLC-UV a UV-Vis b T-test 
c Found 

(µg/L) 
%Recovery %RSD Found 

(µg/L) 
%Recovery %RSD 

Nakhon 
Pathom 
agricultural 

0 < MQL - - < MQL - - - 
10.0 11.5 115 6.3 13.7 137 7.5 -2.503 

20.0 19.6 98 3.3 22.3 104 5.6 -2.413 

Fish farm  0 < MQL - - < MQL - - - 
8.00 8.58 107 5.0 < MQL - - - 

25.0 25.9 104 3.6 26.1 105 5.0 0.577 

Pond  0 N.D. - - N.D. - - - 
10.0 12.4 124 1.0 14.7 147 5.4 -4.364 

20.0 25.2 126 2.0 28.1 140 1.8 -
12.751 

a Concentration was calculated by Lopburi agricultural water’s equation y = 4.0357x - 0.8049 
b Concentration was calculated by Lopburi agricultural water’s equation y = 0.0016x + 0.0010 
c Comparison of concentration in HPLC-UV and UV-Vis method using t-stat at 95% of confident 
level = 4.302  
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 Moreover, the performances of both methods applying for water samples from 
agricultural and fish farm areas were compared using a paired t-test. Upon a paired t-
test, the differences in these two proposed analysis methods were not found for 
agricultural and fish farm water samples. Therefore, the low-cost colorimetric analysis 
method to determine trace-level of atrazine in agricultural water was developed in 
this study.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 115 

 For paraquat determination, the adsorbent for paraquat determination was 
designed to provide a good adsorption with low back pressure. Since the paraquat has 
positive charge on their structure, the composition of adsorbent should have a 
negative charge presence on their surface. Three chemical substances which are 
sodium alginate, humic acid, and silica gel were reported to adsorb paraquat via 
electrostatic interaction. Therefore, the enlarged Si-HA-Alg material design was 
prepared and performed the batch-adsorption preliminary test before switching to use 
in column flow unit. 

4.9 The preparation of silica-humic acid entrapped calcium alginate hydrogel (Si-

HA-Alg) 

 To form a solid gel bead, sodium alginate can be crosslinked with a common 
agent as calcium chloride (CaCl2). In this work, the proposed method was designed to 
apply this material for batch adsorption of paraquat. The Si-HA-Alg beads were 
prepared by using agar mold 0.8 (% w/v) containing 0.8 M of CaCl2 solution. The 
adsorption performance was assessed by comparing the absorbance signal between 
paraquat standard and filtrate as described in section 3.10.2 that the filtrate reacted 
with glucose and NaOH reagent to form a paraquat blue free radical as shown in Figure 
2.14. The absorbance intensity was measured at 600 nm using UV-Vis. 

4.9.1 Effect of the percentage of silica particles and humic acid sodium 

salt (HA) 

 To investigate the suitable Si-HA-Alg beads component, the amount of alginate 
content was fixed at 2 (% w/v) while the content of either silica or humic acid varied 
from 0-2 (% w/v). The sorbent preparation was described in section 3.10.2.1.  The 
weights of the prepared bead varied between 0.0300-0.0900 g depending on the 
composition. From Figure 4.29, our results showed that when the sorbent contains 
either silica or humic acid, the percentage of adsorption is lower than the sorbent that 
contains both of components. Moreover, the lowest of percentage adsorption was 
obtained when the adsorbent contains only alginate composition. The Si1%-HA1%-Alg 
and Si1%-HA2%-Alg sorbents provided the similar adsorption performance. However, 
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the higher content of humic acid can enhance the leaching effect from humic acid 
content. Therefore, the suitable composition of Si-HA-Alg bead was 1 (% w/v) for both 
silica and humic acid salt contents. 

 

Figure 4.29 The different amount of silica (Si) (0-2 % w/v) and humic acid (HA) (0-2 % 
w/v) contained in alginate bead (Alg) affecting paraquat adsorption efficiency. The 
concentration of alginate (Alg) was fixed at 2 (% w/v). 

4.9.2 Percentage of alginate study  

 Due to the leaching effect of humic acid from previous results, the 
concentration of alginate should be investigated. In this section, the content of silica 
and humic acid were fixed at 1 (% w/v) while the concentrations of alginate varied 
from 1-4 (% w/v) were studied. After Si-HA-Alg beads preparation, the adsorption step 
was performed. The filtrate solution was collected when the paraquat solution was 
adsorbed for 1 hour. The volume of mixture solution of silica, humic acid, and alginate 
was fixed at 1 mL for one piece of sorbent bead preparation. Therefore, the weights 
of a Si-HA-Alg bead varied between 0.0300-0.0500 g depending on the composition. 
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 The adsorption percentage was indicated in Figure 4.30A. The decrease of 
adsorption performance was obtained when increasing alginate contents from 1-4 (% 
w/v). This can be implied that the higher content of alginate composition could make 
it more difficult for paraquat penetration into alginate beads Therefore, the decrease 
in the adsorption performance was obtained. Moreover, the leaching effect of humic 
acid was also evaluated by monitoring the absorbance at 300 nm [111]. The Si-HA-Alg 
beads with varied content of alginate were soaked in DI water for 1 and 12 hours. The 
result showed in Figure 4.30B, when the amount of alginate increased, the signal of 
the leaching humic acid decreased. This phenomenon can be assumed that the 
amount of alginate affects the leaching of humic acid from in Si-HA-Alg beads. 

 

Figure 4.30 Alginate content affecting on paraquat adsorption (A) and humic acid 
leaching (B). 

 From our results, it can be concluded that Si-HA-Alg materials have some 
limitations which can affect the adsorption performance. The varying of Si-HA-Alg 
weight leads to the proposed method having poor repeatability. Moreover, the 
leaching effect from humic acid causes the material cannot be reused and this 
phenomenon may interfere with the colorimetric detection in further steps.   

 Based on our finding in the atrazine adsorption, paraquat can be adsorbed on 
NPC-PBZ as well. It might be because the structure of NPC-PBZ-m contains a lot of 
aromatic compounds which could be expected to interact with paraquat via π-π or Van 
der Waals interactions. Based on XPS spectrum (Figure 4.4) showed the characteristic 
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of binding oxide-N and C=O energy at 403.5 eV and 289.3 eV, respectively. These 
structures could interact towards a positive charge of the paraquat molecule. 
Therefore, the possibility of paraquat adsorption on NPC-PBZ-m material was tested 
by performing the batch adsorption experiment. To enhance the paraquat adsorption 
via coulombic interactions, the activation step is required to generate negative charges 
on the surface. 

 Due to paraquat having positive charge on their structure, the activation step 
of NPC-PBZ-m should be required. In 2017, Safitri et al. [112] studied the effect of KOH 
activating agents on a rice-husk based carbon sorbent for chromium (Cr) metal 
adsorption. The step of KOH activation was performed by only contacting the sorbent 
to varied concentrations of KOH at ambient temperature for 1.5 hours. Then, washing 
the material until constant pH was obtained followed by dried in an oven for 1 hour 
at 105 °C before usage. Therefore, only the step of immersing NPC-PBZ-m into KOH 
solution at room temperature was tested to estimate the performance of NPC-PBZ-m 
for paraquat adsorption. 

 Meanwhile, Nuilerd et al. [113] reported that the increase in the specific surface 
area and -OH functional groups on the carbon surface were observed from using KOH 
as activating agent. 

4.10 The effect of KOH activation, DI washing step after activation and agitation 

direction on paraquat adsorption on NPC-PBZ-m   

 To compare the paraquat adsorption efficiency in each condition, the detail of 
the designed experiment was described in section 3.11.1. The suitable adsorption step 
based on three parameters which are activation step, DI-washing step requirement 
after KOH activation, and agitation direction on adsorption were pursued by measuring 
the filtrate solutions with UV-Vis at 257 nm. After that, the adsorption percentage of 
each condition was calculated as described in section 3.10.2.1.  
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 Our result in Figure 4.31 showed that the KOH activation step provides a higher 
percentage of adsorption for both of agitation directions (rotating and x-y) which are 
represented in red lines (a1 and a2), though the washing step was applied. It might be 
explained that the hydroxide ion can activate the NPC-PBZ-m surface and enhance 
the adsorption of paraquat via coulombic interactions or dipole-dipole interactions. 
Furthermore, the effect of DI-washing step shown in the green line (b1 and b2) 
demonstrated that the DI washing step can remove the hydroxide groups from the 
surface causing a lower adsorption efficiency. From this information, it can be 
concluded that NPC-PBZ-m should be activated with KOH solution without DI-washing 
step requirement before the paraquat adsorption was performed. 

 To study the agitation direction on adsorption, the blue line (c) indicated the 
rotating adsorption gave a higher adsorption efficiency than the adsorption done in x-
y direction. It may be caused by the probability of paraquat contact with NPC-PBZ-m 
sorbent could be enhanced when the rotating adsorption was performed. Therefore, 
the A-NW-R pathway, which means the KOH activation without step of DI washing and 
rotating adsorption, is the optimum condition for paraquat adsorption method.  
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Figure 4.31 The effects of three factors on the paraquat adsorption efficiency 
investigation.  (A): activation, (W): washing step, (S) shaking adsorption (x-y direction), 
and (R) rotating adsorption, (NA): no activation, and (NW): no washing step. 

4.11 The stability of paraquat in KOH activation 

 To ensure the decrease of absorbance intensity in filtrate occurring from 
paraquat adsorption phenomena, 2 µg/mL of paraquat was prepared in 1 M KOH 
solution. Then, the prepared solution was tested with blue free radical reaction when 
time passed for 1, 2, and 24 hours. The paraquat blue free radical intensities are 
relatively constant over 2 hours. This indicates that the decrease in the paraquat 
content in the filtrate was caused by the adsorption. 

4.12 The study of desorption solvent for paraquat determination 

 The interaction between NPC-PBZ-m sorbent and paraquat was might have 
occurred via electrostatic interaction or π-π stacking. Many types of desorption solvent 
such as sodium chloride (NaCl), calcium chloride (CaCl2) solution and ammonium 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 121 

chloride (NH4Cl) were tested. However, no signal of paraquat in the solvent was 
obtained. 

 In 2010, Zhou et al [114] applied the mixture solvent between HCl 1 M and 
methanol at volume ratio was 70:30 for desorption paraquat and diquat after the pre-
concentration using N2 doped TiO2 nanotubes as solid sorbent. Therefore, these 
mixture solvents were adopted to test the performance for paraquat desorption. 

 Two desorption solvents, 0.1-1 M of hydrochloric solution and the mixture 
solution of HCl-MeOH (70:30) solutions were studied by measuring the absorbance at 
257 nm. The result showed that the mixture solvent of HCl-MeOH (70:30) gave higher 
desorption efficiency than hydrochloric solution alone as can be seen from Figure 
4.32. It can be implied that the interaction of paraquat adsorption may not only occur 
via electrostatic interaction but also π-π interaction. Therefore, the mixture solution of 
1 M HCl-MeOH (70:30, % v/v) was used as a desorption solvent. 

 

Figure 4.32 Effect of HCl solution (A) and mixture of HCl-MeOH at ratio 70:30 (B) on 
paraquat desorption. 

4.13 The optimization of paraquat blue free radical reaction for colorimetric 

method 

 The previous result demonstrated that the 70:30 (% v/v) of 1 M HCl:MeOH was 
suitable to desorb paraquat. Therefore, the paraquat blue free radical needs to be 
developed in this media solvent. Due to the color reaction occurring in the alkaline 
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medium [73], the affecting parameters including reducing agent and concentration of 
NaOH were also optimized. 

4.13.1 The concentration and volume of glucose study 

In this work, glucose was used as a reducing agent for paraquat reduction. A 
concentration and volume of glucose varied from 0.1-3 M and 50-300 µL were tested, 
respectively. Figure 4.33A and B indicated that 150 µL of 1 M glucose solutions was 
an optimum volume which was chosen for further studies. 

 

Figure 4.33 Glucose concentration (A) and volume of glucose 1 M (B) on paraquat 
blue free radical reaction. 

4.13.2 The concentration and volume of NaOH study 

A 1.5 mL of 1 and 5 µg/mL paraquat solutions performed the reaction by using 
a suitable condition for glucose as described in section 4.13.1. From our studies, the 
results in Figure 4.34A and B indicated that 250 µL of 5 M sodium hydroxide was an 
optimized condition for paraquat blue free radical reaction. 
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Figure 4.34 NaOH concentration (A) and volume of NaOH 5 M (B) on paraquat blue 
free radical reaction. 

4.13.3 The suitable of reaction time  

The reaction times of the developed analysis method were studied.  To let the 
color of reaction be developed completely, 0.5, 1, and 3 µg/mL of paraquat solution 
were performed in the reaction under an optimized condition as described in section 
4.13.1 and 4.13.2. The reaction times were varied from 0-30 minutes. The results 
showed that a stable of blue free radical absorbance intensity was obtained within 5 
minutes as shown in Figure 4.35. Moreover, the reaction can occur without any heating 
temperature applied. 

 

Figure 4.35 The effect of reaction time on paraquat blue free radical determination. 
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4.13.4 Instrument detection limit (IDL) and limit of quantitation (LOQ) for 

paraquat blue free radical reaction 

The calibration curve was plotted from 0-5 µg/mL of paraquat solution against 
the signal of paraquat blue free radical. The IDL and LOQ were investigated by 
measuring signals of reagent blank which performed the reaction under optimum 
conditions. The obtained IDL and LOQ values from UV-Vis measurement at 604 nm 
were 0.098 and 0.495 µg/mL, respectively. The working range of paraquat quantitation 
was reported to be 0.5-5 µg/mL which linear equation and correlation coefficient (R2) 
were y = 0.0378x + 0.0117 and 0.9979, respectively. 

4.14 Optimization conditions for paraquat-NPC-PBZ-m batch adsorption 

 The proposed method was developed for paraquat detection via paraquat blue 
free radical reaction. Therefore, various parameters including KOH concentration for 
activation step, ratio of NPC-PBZ-c weight and KOH volume, and 1 M HCl-MeOH (70:30) 
volume which can affect both of paraquat adsorption and desorption steps were also 
investigated. The paraquat content in the desorbing solvent solution was performed 
by the paraquat blue free radical reaction under the optimum condition and measured 
by UV-Vis at 604 nm. 

4.14.1 Effect of KOH concentration on activation step 

 In this study, the NPC-PBZ-c was activated with the various concentrations of 
KOH ranging from 0.1-1 M for 1 hour before adding 50 mL of 2 µg/mL paraquat solution 
for adsorption. The desorption step was performed by using a vortex with 2 mL of 1M 
HCl: MeOH (70:30). The suitable concentration of KOH was investigated by measuring 
the paraquat concentration after the desorption step. The concentration of paraquat 
was calculated using an external calibration curve as shown in section 4.13.4. The 
result showed that the adsorbed paraquat increased with the concentration of NaOH 
up to 0.3 M. However, the intensity of paraquat blue free radical when KOH 
concentration ranging from 0.1-0.3 M was insignificant. Therefore, 0.1 M of KOH solution 
was used as activating agents for NPC-PBZ-m in the activation step as the result is 
shown in Figure 4.36. 
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Figure 4.36 Effect of KOH concentration on activation step on paraquat adsorption. 

4.14.2 Study of the volume of desorbing solvent on the paraquat 

determination 

 The volume of 1M HCl: MeOH (70:30) can affect the desorption efficiency. The 
2 mL of paraquat solution was needed to conduct the colorimetric method. Therefore, 
every 2 mL of HCl:MeOH was collected for 5 fractions. The results shown in Figure 
4.37 indicating that the highest amount of paraquat was obtained since the first 
fraction, and the amount of paraquat decreased with the further desorption fractions 
from 2-5 (< LOD). Therefore, the optimized volume of HCl 1M: MeOH (70: 30) was 
found to be 2 mL. 
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Figure 4.37 Number of desorption fraction study on paraquat desorption. 

4.15 The performance of proposed method for paraquat detection 

 The adsorption and desorption processes were performed under the optimum 
conditions followed by the colorimetric detection via paraquat blue free radical 
reaction using 50 mL of 0.05-1 µg/mL of paraquat solution. The relationship between 
the signal of paraquat blue free radical against the concentration of paraquat was 
observed as shown in Figure 4.38. Although the performance of the proposed method 
is not low enough compared to the many reported methods, this developed method 
can be improved to achieve the desired target as an example given below.  
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Figure 4.38 Correlation curve between paraquat concentration against absorbance 
signal of blue radical at 600 nm. 

4.16 The suggestion of this proposed method to enhance the efficiency for 

paraquat detection 

 The adsorption efficiency of paraquat on NPC-PBZ-m might be improved when 
increased the amount of sorbent or volume of 0.1 M KOH. Therefore, the alteration of 
paraquat blue free radical intensity was investigated when the amount of NPC-PBZ-m 
or volume of activating agent changed. 

4.16.1 Effect of NPC-PBZ-m weight on paraquat adsorption 

 A 50 mL of 0.5 µg/mL paraquat solution was prepared and adsorbed by either 
0.050 and 0.100 mg of NPC-PBZ-m. The adsorption and desorption processes were 
conducted under the optimum conditions. Then, the paraquat content in the 
desorbing solvent was measured by UV-Visible spectrophotometer. The extraction 
efficiency can be increased with increasing the weight of the NPC-PBZ-m (Figure 4.39A). 
As can be seen that the increase in the NPC-PBZ-m dosage, the possibility of paraquat 
contact to the sorbent also increased in the batch process. 
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4.16.2 The ratio of NPC-PBZ-m weight to KOH volume (mg/mL) affecting 

on paraquat adsorption 

 Three ratios of NPC-PBZ-m weight to 0.1 M KOH volume, which are 1:0.5, 1:1, 
and 1:2, were studied. From the previous results, the weight of sorbent and paraquat 
solution was fixed at 0.100 g and 50 mL of 0.5 µg/mL, respectively. After adsorption 
step, the paraquat was desorbed by using 2 mL of 1 M HCl-MeOH (70:30). Then, 
paraquat blue free radical was performed under the optimum conditions. The results 
shown in Figure 4.39B. The intensity of paraquat blue free radical increased with the 
increase in the KOH volume (mL) from 50 to 100 mL as the ratio were 1:0.5 and 1:1, 
respectively. However, the same absorbance value was still obtained even the volume 
of KOH solution higher than NPC-PBZ-m weight (at the ratio of 1:2). Therefore, it can 
be concluded that the suitable ratio of NPC-PBZ-m weight to the volume of 0.1 M of 
KOH solution was 1:1. 

 

Figure 4.39 Effect of NPC-PBZ-m weight (A) and ratio of NPC-PBZ-m weight to 0.1 M 
KOH volume (B) on paraquat adsorption. 
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CHAPTER V 
CONCLUSION 

5.1 Conclusion 

 The nanoporous carbon derived from melamine based polybenzoxazine (NPC-

PBZ-m) was prepared to use as atrazine sorbent. The success of NPC-PBZ-m synthesis 

was confirmed by FTIR technique. Moreover, the porous structure, surface area, and 

surface functional group were characterized by FE-SEM, BET, and XPS techniques, 

respectively. The results showed that NPC-PBZ-m sorbent has an average pore 

diameter of 9.75 nm that can act as nanoporous material which contains a mesoporous 

structure according to IUPAC classification. Therefore, NPC-PBZ-m sorbent shows the 

great permeability material which can be adopted to pre-concentrate atrazine by using 

only a syringe pump. Moreover, the presence of pyridine-N, pyridone-N, and C-C bond 

(sp2), as the main type of N- and C- atoms, on their surface can be implied that these 

functional groups serving as binding sites for atrazine occurring via π-π interaction or 

Van der Waals force. Various parameters that can affect atrazine pre-concentration 

including NPC-PBZ-m particle size, weight of sorbent, adsorption-elution flow rate, and 

elution volume were also optimized. In addition, the effects of other pesticides 

interference that are widely used with atrazine were also studied. The figure of merit 

in HPLC-UV measurement showed method detection limit (MDL) and method 

quantitation limit (MQL) at 1.05 µg/L and 3.45 µg/L, respectively. 

Furthermore, the colorimetric method was also developed based on Konig’s 

reaction for atrazine determination. Various parameters affecting the sensitivity of 

polymethine compound such as concentration and volume of reagent, heating 

temperature and time, as well as response time were also investigated. A new coupling 

reaction, p-Anisidine, reacts with atrazine to give an orange-red polymethine 

compound which has a maximum wavelength at 500 nm. To study the interference 

species, other pesticides, glyphosate, 2,4-D, and chlorpyrifos, do not interfere with the 

color response when they are present in the solution. However, in the harsh acidic or 
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basic media, the color solution of paraquat expresses more tense orange-yellow color. 

The figure of merit in UV-Visible spectrophotometer showed method detection limit 

(MDL) and method quantitation limit (MQL) at 2.26 µg/L and 7.46 µg/L, respectively. 

Moreover, the color of polymethine compound can be distinguished by naked eye 

detection when the concentration of atrazine ranges from 1-5 µg/mL. 

For paraquat analysis, silica-humic acid entrapped calcium alginate hydrogel 

(Si-HA-Alg) was prepared to use as paraquat sorbent. The agar- mold contained CaCl2 

was adopted to prepare the alginate cylinder. The suitable composition of silica gel 

and humic acid sodium salt was 1 (% w/v) while the content of alginate can affect the 

humic acid leaching phenomenon. Moreover, the weight of sorbent is quietly difficult 

to control causing the effect of repeatability of method. As the information, NPC-PBZ-

m was adopted to assess the possibility for paraquat adsorption. The preliminary test 

showed paraquat can be adsorbed by NPC-PBZ-m and the desorption process can be 

performed using 1 M HCl-MeOH (70:30) as a desorbing solvent. Moreover, the collected 

desorbing solvent was also tested with the paraquat blue free radical reaction by 

measuring at 604 nm using UV-Visible spectrophotometer. The performance of method 

was reported from 0.05-1 µg/mL with correlation coefficient at 0.986. 

5.2 Suggestion of future work 

 The NPC-PBZ-m material showed a possibility for paraquat adsorption. The 
suggestion for the future work is to improve the detection limit and various water 
sample could be employed to test the feasibility of the adsorbent.
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