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ABSTRACT (THAI) 
 กวิสรา หลงศักปรีชา : การเตรียมเมมเบรนเลือกจำเพาะไอออนและขั้วไฟฟ้าโดยใช้โคบอลต์พอร์ไฟริน

เป็นไอโอโนฟอรส์ำหรับการตรวจวดัไอออนลบ. ( PREPARATION OF ION-SELECTIVE MEMBRANE 
AND ELECTRODE USING COBALT PORPHYRIN AS IONOPHORE FOR ANION DETECTION) 
อ.ที่ปรึกษาหลัก : ศ. ดร.ธวัชชัย ตันฑุลาน ิ

  
ได้ทำการสังเคราะห์โคบอลต์พอร์ไฟรินโดเดกซิลออกซีฟีนิลพอร์ไฟริน  ด้วยปฏิกิริยาการควบแน่น

ระหว่างโดเดซิลออกซีเบนซาลด์และไพรอล จากนั้นนำโคบอลต์อะซีเตตและเมโซเตตตระอัลคิลออกซีฟีนิลพอร์ไฟ
รินมาทำปฏิกิริยาเมทัลเลชันกันเพื่อให้ได้โคบอลต์พอร์ไฟริน (CoL) เป็นผลิตภัณฑ์สุดท้าย จากนั้นทำการยืนยัน
โครงสร้างและความบริสุทธิ์ของ CoL ด้วยเทคนิค 1H-NMR, 13C-NMR และ MALDI-TOF จากนั้นนำ CoL ไป
ประยุกต์ใช้เป็นไอโอโนฟอร์สำหรับการสร้างเมมเบรนเลือกจำเพาะและขั้วไฟฟ้าเลือกจำเพาะเพื่อตรวจจับเปอร์
คลอเรตไอออน และพัฒนาประสิทธิภาพของเมมเบรนเลือกจำเพาะโดยการหาปริมาณที่ เหมาะสมของ
องค์ประกอบต่างๆภายในเมมเบรนซึ่งประกอบไปด้วย พอลิเมอร์ (PVC) พลาสติกไซเซอร์ (NPOE) สารเติมแต่ง
ประจุบวก (TDMACl) และไอโอโนฟอร์ (CoL) เพื่อการผลิตขั้วไฟฟ้าเลือกจำเพาะที่ดีที่สุด โดยได้ทำการปรับ
ปริมาณของ CoL และ TDMACl เพื่อหาสภาวะที่เหมาะสมที่สุดสำหรับขั้วไฟฟ้าเลือกจำเพาะ  โดยสภาวะที่
เหมาะสมที่สุดของเมมเบรนเลือกจำเพาะ ประกอบด้วย 33% ของ PVC, 66% ของ NPOE, 0.30 ไมโครโมลของ 
CoL และ 60 โมล% ของ TDMACl เมื่อเทียบกับ CoL จากนั้นนำขั้วไฟฟ้าเลือกจำเพาะที่ได้ไปตรวจหาการ
ตอบสนองของโพเทนชิโอเมตริกพบว่ามีค่าความชันของเนิร์นส์ที่ -57.60 mV/decade (R2 = 0.99) ในช่วงความ
เข้มข้น 1.00x10-6 ถึง 1.00x10-2 ไมโครโมลาร์ สำหรับการตรวจวัดเปอร์คลอเรตไอออนและขีดจำกัดในการ
ตรวจวัดท่ีต่ำที่สุดเท่ากับ 2.13×10-6 โมลาร์ และขั้วไฟฟ้าเลือกจำเพาะได้ถูกนำมาวิเคราะห์ดว้ยเทคนิค separate 
solution เพื่อหาค่าสัมประสิทธ์ิความจำเพาะของขั้วไฟฟ้าต่อไอออนรบกวนอ่ืนๆ ซึ่งผลการทดลองพบว่าข้ัวไฟฟ้า
เลือกจำเพาะมีค่าสัมประสิทธ์ิความจำเพาะต่อเปอร์คลอเรตไอออนสูงที่สุดแสดงให้เห็นว่าขั้วไฟฟ้าเลือกจำเพาะนี้
มีความจำเพาะต่อการตรวจวัดเปอร์คลอเรตไอออนมากที่สุด นอกจากน้ีขั้วไฟฟ้าเลือกจำเพาะนี้ยังมีความสามารถ
ในตรวจวัดเปอร์คลอเรตไอออนที่ความเข้มข้นสูงและกลับมาวัดที่ความเข้มข้นต่ำกว่าได้ทันที และมีความเสถียร
ในการตรวจวัดสารละลายที่มีช่วง pH 3 ถึง 12 อีกทั้งขั้วไฟฟ้านี้ยังสามารถประยุกต์ใช้สำหรับการตรวจตัวอย่าง
น้ำได้อย่างมีประสิทธิภาพ เช่น น้ำดื่มจากแบรนด์ต่าง ๆ โดยมีประสิทธิภาพที่ดี และนอกจากนี้ขั้วไฟฟ้าเลือก
จำเพาะนี้ยังสามารถใช้สำหรับการตรวจวัดและวิเคราะห์หาความเข้มข้นของเปอร์คลอเรตไอออน ในตัวอย่างน้ำ
แบบเรียลไทม์ 

 สาขาวิชา เคมีสีเขียวและความยั่งยืน ลายมือช่ือนิสติ ................................................ 
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ABSTRACT (ENGLISH) 
# # 6478028723 : MAJOR GREEN CHEMISTRY AND SUSTAINABILITY 
KEYWORD: Potentiometry, Cobalt porphyrin, Ionophore, Perchlorate, Ion selective 

electrode 
 Kawisara Longsakpreecha : PREPARATION OF ION -SELECTIVE MEMBRANE AND 

ELECTRODE USING COBALT PORPHYRIN AS IONOPHORE FOR ANION DETECTION. 
Advisor: Prof. THAWATCHAI TUNTULANI, Ph.D. 

  
In this study, the synthesis of the 5,10,15,20-tetrakis(4-dodecyloxyphenyl)porphyrin 

cobalt(II) complex (CoL) was carried out through a condensation reaction of 4-n-
dodecyloxybenzaldehyde and pyrrole, followed by the metalation reaction of cobalt(II) 
acetate with meso-tetra(4-alkyloxyphenyl) porphyrin (L2) to obtain CoL. Characterization of CoL 
was conducted using physical methods such as 1H-NMR, 13C-NMR, and MALDI-TOF to confirm 
CoL structure and purity. CoL was utilized as an ionophore to fabricate the ion selective 
membrane (ISM) and ion selective electrode (ISE) for the detection of ClO4

-. The composition 
of the ISM, including polymer (PVC), plasticizer (NPOE), cationic additive (TDMACl), and 
ionophore (CoL), was optimized for ISE fabrication. Various amounts of CoL and TDMACl were 
examined to determine the optimal conditions of the ISE. The optimized membrane 
components consisted of 33 wt% PVC, 66 wt% NPOE, 0.30 µmol CoL, and 60 mol% TDMACl 
compared to CoL. The fabricated ISEs exhibited a potentiometric response of -57.60 
mV/decade (R2 = 0.99) within a concentration range of 1x10-6 to 1x10-2 M for ClO4

- detection. 
The detection limit was determined to be 2.13 × 10-6 M. Selectivity coefficient analysis using 
the separate solution method (SSM) demonstrated that ClO4

- displayed the highest selectivity 
coefficient among other ions, with a detection limit of 2.13x10-6 M. The fabricated ISE 
demonstrated good reversibility and stability when measuring solutions within the pH range of 
3 to 12. Furthermore, the fabricated ISEs were successfully applied to water samples, including 
different brands of drinking water, and exhibited satisfactory performance. Additionally, the 
fabricated ISEs showed promising characteristics for continuous monitoring and analysis of ClO4

- 
in water samples. 
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CHAPTER 1  

INTRODUCTION 
 

1.1 Background and significant of research 
 

Anions are a significant source of environmental pollution commonly found in 

groundwater, surface water, and drinking water sources.1-3 Anions such as perchlorate 

(ClO4
-) and thiocyanate (SCN-) can cause health hazards due to their inhibitory effects 

on thyroid hormone production, leading to disorders in iodide transportation to the 

thyroid gland.3-5  

Various analytical methods, including ion chromatography, 

spectrophotometric techniques, complex formation with metal ions,6, 7 high-

performance liquid chromatography with mass spectrometry,8 and gas 

chromatography,9 are employed to quantify anion concentrations. While these 

methods offer advantages, they also suffer from disadvantages such as the need for 

complex instrumentation, high costs, and time-consuming procedures. 

Therefore, this study aims to address these limitations by focusing on the 

development of ion selective electrodes (ISEs) as sensors for anion detection. ISEs 

offer the advantages of low operational costs and reduced time requirements. A 

crucial component of ISEs is the ion-permeable membrane, which exhibits selectivity 

toward specific ions. Typically, ISE membranes are lipophilic, immiscible with water, 

and composed of a polymer, plasticizer, ionic additive, and ionophore.10 The 

selectivity and sensitivity of the ISE membrane in measuring specific anions depend 

on the proportions of the plasticizer, ionophore, and ionic additive.11-13 Selective 

ionophores are lipophilic complexing agents that can reversibly bind ions and may 

exist in electrically neutral or charged forms. In the context of anion detection, 

ionophores must possess coordination sites to facilitate the transport of anions into 
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the membrane phase.14 Metal complex ionophores have been extensively used in 

anion selective electrodes.15-20 However, our focus will be on metal porphyrin 

complexes as ionophores. Porphyrins have been widely employed as ionophores in 

ion sensors for both anions and cations due to their favorable properties, such as 

excellent selectivity, sensitivity, and low toxicity. The selectivity of metal-porphyrins, 

which vary in metal center and substituents on the porphyrin structure, can be 

tailored to target specific ions. Additionally, the incorporation of ionic additives in the 

membrane matrix is necessary to enhance ion exchanger kinetics, ionic mobility, and 

reduce membrane resistance. 

In 2021, our research group employed a 5,10,15,20-tetrakis(4-octyloxyphenyl) 

porphyrin cobalt (II) complex, as illustrated in Figure 1.1, as an ionophore within a 

portable paper-based optode for the quantification of thiocyanate in urine samples. 

The developed optode exhibited remarkable sensitivity and selectivity towards 

thiocyanate compared to other anions. This finding was reported in previous study.21 

 

 

Figure 1.1 5,10,15,20-tetrakis(4-octyloxyphenyl) porphyrin cobalt (II) complex  
(CoL-1).21 

 

Our research group is particularly interested in developing ion selective 

electrodes for anion detection, with a specific focus on utilizing the 5,10,15,20-
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tetrakis(4-dodecyloxyphenyl) porphyrins cobalt(II) complex (CoL) as an ionophore. 

CoL, depicted in Figure 1.2 is similar to CoL-1 and selected as the ionophore due to 

its remarkable coordinating properties, enabling anion coordination at the axial 

position. The porphyrin unit of CoL possesses longer chain hydrocarbon substituents 

compared to CoL-1, resulting in improved solubility within the membrane.14, 22 This 

characteristic ensures a homogeneous mixture with all membrane components16 and 

prevents leakage of the ionophore into the aqueous phase. Additionally, the planar 

structure and longer chain hydrocarbon substituents contribute to the ionophore's 

increased hydrophobicity, enhancing its ability to efficiently transport ions within the 

membrane phase. The primary objective of this thesis is to fabricate ion-selective 

electrodes (ISEs) by adjusting the ratios of all membrane components, including the 

ionophore, plasticizer, and ionic additive, to achieve the desired characteristics 

necessary for detecting specific anions.23 Subsequently, the fabricated ISEs will 

undergo further investigation to evaluate their potential for real-time monitoring of 

specific anions in real samples. 

 

 

Figure 1.2 5,10,15,20-tetrakis(4-dodecyloxyphenyl) porphyrins cobalt(II) complex 
(CoL). 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 4 

1.2 Theory and literature review 
 

1.1.1 Perchlorate, properties, and toxicity 

 Perchlorate, a highly reactive chemical compound composed of chlorine and 

oxygen, has raised significant concerns due to its potential presence and toxicity in 

water sources.24-26 It is commonly used in various industrial processes, such as the 

manufacturing of explosives, rocket propellants, and fireworks.27-29 Additionally, 

perchlorate can be found in fertilizers and has been utilized in the production of 

airbag inflators in automobiles. 30, 31 The widespread use and solubility of perchlorate 

contribute to its potential for contamination in water systems, particularly 

groundwater.32, 33 Its persistence in the environment has raised alarms about its 

detrimental effects on ecosystems and human health. Studies have indicated that 

perchlorate can interfere with the proper functioning of the thyroid gland by 

inhibiting the uptake of iodine, a crucial element required for thyroid hormone 

synthesis. Consequently, prolonged exposure to perchlorate has been associated 

with thyroid dysfunction, including hypothyroidism. Vulnerable populations, such as 

pregnant women, infants, and individuals with pre-existing thyroid conditions, are 

particularly at risk.34-36 The presence of perchlorate in water sources necessitates 

effective monitoring and detection methods to safeguard public health and ensure 

the quality of drinking water.  Various analytical methods, including ion 

chromatography,37, 38 spectrophotometric methods,6 high-performance liquid 

chromatography with mass spectrometry,8 and stripping cyclic voltammetry39 are 

commonly employed to quantify the concentration of anions. However, these 

methods suffer from several drawbacks, such as the requirement of complex 

instruments, high costs, and time-intensive procedures. The aim of this study is to 

investigate an alternative technique that can overcome these limitations by 

developing an ion selective electrode. Many studies have utilized ion selective 
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electrodes for perchlorate detection.40-44 This approach offers several advantages, 

including cost-effectiveness, time-efficiency, and the ability to provide rapid results. 

 

1.1.2 Ion selective electrode  

 Ion-selective electrode (ISEs) is an analytical instrument. ISEs have an 

application as well-established routine analysis techniques in many fields such as 

clinical and environmental analysis, physiology, and process control. ISEs consist of 

the reference electrode, indicator electrode, and potentiometer that is placed 

between them as shown in Figure 1.3. The reference electrode gives the stable 

potential to measure the potential of indicator electrode against. The potentiometer 

is used to measure the potential difference between the reference and indicator 

electrode. 

 

Figure 1.3 Ion-selective electrode assembly with the working electrode, ion-selective 
membrane, and reference electrode.45 
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At the equilibrium, the potential difference between two existing sides of the 
membrane was measured and can be described by the Donnan potential as shown 
in Eq 1.1. 

 

        EM  = E0 + 2.303 
RT

zF
 ln (a1(aqeous)/a2(organic))              (1.1) 

 

Where EM is the membrane potential, E0 is a constant characteristic of a 

particular ISE, R is a gas constant (8.314 J/Kmol), F is the Faraday’s constant (96,485 
c/mol), T is the temperature (in K), z is the charge of the analyte ion, and 
(a1(aqueous) and a2(organic) are the activity of the measured ion in aqueous and 
organic phase, respectively.46  

For the anion detection, a particular potentiometric response is shown in 
Figure 1.4. The potential difference will decrease when the concentration of anion in 
the analyte increases due to the negative z value which can be described by Eq 1.1.  

 

Figure 1.4 Potentiometric response of thiocyanate detection. 
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The composition of ion-selective membranes includes a polymer such as 

PVC, a plasticizer such as NPOE, an ionic additive (cationic additive for anions 

detection) such as TDMACl, and ionophore such as CoL. Plasticizers must have the 

following properties such as reducing transition glass, solubilizing the ionophore, 

insoluble in water, and inert with ion additive. These plasticizers contribute to the 

passage of ions through the membrane and possess selective properties towards 

specific ions. The polarity of each plasticizer induces the aggregation of ionophores, 

resulting in the mobility of ion carriers.11, 12 The structure of common plasticizers is 

shown in Figure 1.5. 

 

Figure 1.5 chemical structure of common plasticizers. 
 

Dana et al.47 conducted research on the detection of iodide and bromide ions 

in the medically monitored concentration range. NPOE and DOP were employed as 

plasticizers for iodide and bromide detection, respectively. The membrane containing 

NPOE as a plasticizer exhibited selectivity towards I-. The authors proposed that 

NPOE aided in dispersing the ionophore within the membrane phase by forming 

coordination bonds with larger anions. In this study, we report the use of NPOE as a 

plasticizer, which exhibits a polar structure compared to other plasticizers. This 

characteristic makes NPOE suitable for our ionophore (CoL), which possesses a non-

polar structure.  
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The selectivity of a polymeric membrane is a crucial characteristic for 

potentiometric sensors. It refers to the reliability of measuring the analyte of interest. 

Theoretical selectivity encompasses key parameters that contribute to the 

performance of potentiometric electrodes, such as adjusted weighting parameters 

(e.g., absolute membrane concentrations) or the choice of different plasticizers. The 

determination of selectivity coefficients can be achieved using Nernst's equation (Eq 

1.1) through two different measuring methods known as the Nicolskii-Eisenman 

formalism (Eq 1.2). These methods include the Separate Solution Method (SSM) and 

the Fixed Interference Method (FIM). SSM involves measuring two separate solutions, 

each containing only the specific ion of interest.  

 

Ki,j
pot = 

ai

aj
Zi/Zj exp 

EiEj

RT
ZiF                       (1.2) 

 

In this study, the Nicolskii selectivity coefficient is calculated using the SSM 

approach and is derived from two observed potentials (Eq 1.2).11, 48 Ei represents the 

potential response of the primary ion, Ej represents the potential response of the 

interfering ion, ai (i) is the activity of the primary ion in the solution without interfering 

ions, ai and aj represent the activities of the primary and interfering ions, respectively. 

Zi and Zj represent the charges of the primary and interfering ions, and Ki,j
pot  is the 

selectivity coefficient.  

 

1.1.3 Ionophore for anion selective electrode 

 Ionophores or ion carriers are essential components in membrane electrodes, 

fulfilling the role of complexing agents. These compounds, characterized by 

macrocyclic structures and transition metal complexes, exhibit potential selectivity 

towards specific ions. The response of the membrane's electromotive force (emf) is 
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believed to arise from the binding of these complexes to the axial position of the 

metal center. Several metal complexes with diverse ligands including cobaloxime, 

phthalocyanine, salens, pyrrole, uranil, dioxaoctane and tetraphenyl porphyrin have 

been documented as effective ionophores for perchlorate49 and other anions.50-52 

Petra et al.53 conducted a study where they employed 

dodecabenzylbambus[6]uril (Bn12BU[6]), depicted in Figure 1.6, as an ionophore for 

creating a specialized membrane in solid contact ion selective electrodes. The 

reason for using Bn12BU[6] is its strong binding ability with perchlorate ions, thanks to 

the favorable match in size between the ion and the receptor cavity. The ion 

selective electrodes (ISEs) demonstrated a fast response and exhibited a sub-

Nernstian slope of approximately 57.0 mV/decade during potentiometric 

measurements of perchlorate solutions. These measurements were taken within the 

concentration range of 10−1 to 10−6 M. Additionally, the ISEs displayed high stability 

and adequate selectivity towards other common inorganic anions like bromide, 

chloride, nitrate, and sulfate. 

 

Figure 1.6 The chemical structure of Dodecabenzylbambus[6]uril (Bn12BU[6]). 
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Chen et al.54 focused on the detection of CN- in drinking water while 

overcoming interference from OH-. Zn(II) tetraphenyl porphyrin, showed in Figure 1.7 

, was chosen as the ionophore due to its suitable coordination with CN-, enabling CN- 

to coordinate with the axial ligand and the central metal (Zn). The researchers 

achieved significant improvement in the selectivity of the membrane for CN- 

detection and obtained the highest selectivity and sensitivity for CN- ion-selective 

membranes. The determined concentration of CN- was found to be lower than the 

maximum permissible concentration in drinking water in the U.S.A. This study 

demonstrates the successful utilization of Zn(II) tetraphenyl porphyrin as an effective 

ionophore for selective CN- detection. 

 

 

M = Co(II), Co(III), Fe(III), Zn(II), Ni(II) or Cu(II) 

 

Figure 1.7 Structure formulas of tetraphenyl porphyrin. 
 

Grzegorz et al.55 conducted a study in which they investigated the use of four 

different porphyrin dimers, as shown in the Figure 1.8. These dimers were employed 

in the field of electroanalysis, specifically for the potentiometric determination of 

ions. The dimers consisted of porphyrin units that were sensitive to anions and were 

integrated into sensors designed to detect anions. These dimers exhibited sensitivity 
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towards various types of anions. Notably, the sensors utilizing these anion-sensitive 

dimers demonstrated selectivity towards ClO4
-. The selectivity of the sensors 

primarily depended on the specific porphyrin dimers utilized in the ion-selective 

membrane. Furthermore, the study suggests that dimerizing single porphyrins has the 

potential to enhance or modify the selectivity of porphyrins in detecting ions. 

 

 
Figure 1.8 Structure formulas of porphyrin dimers used as ionophores. 
 

Mitchell-Koch et al.56 investigated the use of aluminum(III) porphyrins as 

ionophores in polymeric membranes for the detection of fluoride (F-). They utilized 

octaethyl porphyrin (TPP), as illustrated structure in Figure 1.9 a), and tetraphenyl 

porphyrin (OEP), as illustrated structure in Figure 1.9 b), to form complexes with 

Al(III) as ionophores selective for F-, specifically avoiding lipophilic anions like 

perchlorate and thiocyanate. The researchers observed that the steric hindrance 

provided by the OEP porphyrin prevented bridging between fluoride and the metal 

center, resulting in improved ionophore performance. The optimized membrane 

achieved a limit of detection as low as 40 µM for fluoride ions. This study highlights 

the successful application of aluminum (III) porphyrins as selective ionophores for the 

detection of F-.  
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Figure 1.9 Structure formulas of a) octaethyl porphyrin (TPP) and b) tetraphenyl 

porphyrin (OEP) 

 

Mojtaba et al.57 conducted a study to develop perchlorate-selective 

electrodes using a phosphorus(V) tetraphenylporphyrin complex, as depicted in 

Figure 1.10. The electrodes demonstrated near-Nernstian responses across a wide 

concentration range of ClO4
- ions, ranging from 8.0x10-6 to 1.6x10-1 M for the 

polymeric membrane (PME) and from 1.0x10-6 to 3.0x10-2 M for the coated glassy 

carbon (CGCE). Notably, they exhibited low detection limits, with the PME achieving a 

detection limit of 5.0x10-6 M and the CGCE achieving a detection limit of 7.0x10-7 M. 

These electrodes exhibited favorable characteristics such as low resistance, fast 

response times, and long lifetimes. Importantly, they also demonstrated high 

selectivity compared to other common anions.  

a) b) 
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Figure 1.10 Structure formulas of phosphorus(V) tetraphenylporphyrin complex. 
 

The ion-selective electrode (ISE) is a valuable tool for real-time analysis, 

enabling accurate monitoring of specific ions in various solutions. Its selective 

response, combined with additional components like valves, pumps, and ionophores, 

enhances sensitivity and selectivity. Han et al.58 utilized an ion-selective electrode to 

conduct continuous monitoring of the concentration of macronutrients, namely NO3
-, 

K+, and Ca2+, in hydroponic solutions. Their real-time analysis system was comprised 

of a valve and pumps, which facilitated the collection of samples for measurement 

purposes. For the fabrication of the membrane, Ca ionophore II was employed as the 

ionophore, allowing for effective sensing of NO3
-, K+, and Ca2+ in hydroponic 

environments. Importantly, this membrane exhibited a strong linear correlation 

(R2>0.84) with the macronutrient concentrations under investigation.  

Based on the available literature, porphyrins have demonstrated their 

effectiveness as ionophores in ion sensors for both anions and cations. These 

compounds possess favorable attributes, including notable selectivity and sensitivity, 

along with a low toxicity profile. The selectivity of these ion sensors can be 

modulated by utilizing metal-porphyrin complexes featuring diverse metals and 

porphyrin structures, thereby influencing the charge and configuration of the 

complexes. To optimize the performance of the electrode, the inclusion of an ionic 

additive within the matrix becomes essential. This additive plays a pivotal role in 
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augmenting ion exchanger kinetics and facilitating enhanced ionic mobility within the 

electrode matrix, consequently reducing electrode resistance. 

 

1.3 Objectives and scope of the research 

 

 The objective of this study is to prepare and optimize ion-selective 

membranes (ISMs) and ion-selective electrodes (ISEs) for the detection of anions, 

specifically using CoL as the ionophore. The optimization process involves adjusting 

the ratio of components in the membrane, including the ionophore (CoL) and the 

cationic additive (TDMACl). Subsequently, the sensitivity, selectivity, reversibility, limit 

of detection, effect of pH and reproducibility of the fabricated ISEs will be 

investigated under the optimized conditions. The ultimate goal is to use the 

fabricated ISEs in analysis of ClO4
- in real samples and explore a potential application 

in real-time analysis. 
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CHAPTER 2  

EXPERIMENTAL SECTION 
 

2.1 Materials  
 

 Tridodecylmethylammonium chloride (TDMACl), polyvinylchloride (PVC), high 

molecular weight polyvinyl chloride, 1-(2-nitrophenoxy) octane (NPOE), 

tetrahydrofuran (THF) were obtained from Fluka with Selectophore® grade. Aqueous 

solutions were prepared with ultrapure water from Milli-Q (Bedford, MA, USA) water 

purification system (Millipore). Pyrrole and 4-n-dodecyl-loxybenzaldehyde were 

purchased from TCL Japan. Propionic acid, toluene, methanol, and N,N-

dimethylformamide (DMF) were purchased from Merck (Darmstadt, Germany) and 

used without further purification. Hexane and dichloromethane were purchased from 

Merck (Darmstadt, Germany). Cobalt (II) acetate was purchased from BDH Chemical 

Ltd (Poole, UK). 

 

2.2 Synthesis and characterization of cobalt porphyrin 

 

2.2.1 4-n-Dodecyloxybenzaldehyde 

Scheme 2.1 The synthesis of 4-n-dodecyloxybenzaldehyde (L1). 
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In the experimental procedure, a mixture of 4-Hydroxybenzaldehyde (4.00 g, 

32.8 mmol) and anhydrous potassium carbonate (5.00 g, 36.2 mmol) was dissolved in 

25.0 mL of dry N,N-dimethylformamide. The resulting solution was subjected to 

stirring and heated to reflux following the procedure depicted in Scheme 2.1. 

Subsequently, 1-Bromododecane (9.00 g, 36.2 mmol) was introduced into the 

mixture, and the heating process was sustained until the reaction reached 

completion. Afterward, the reaction mixture was dissolved in water and subjected to 

extraction with ethyl acetate in three sequential steps. The organic layer obtained 

from each extraction was then subjected to washing with water and drying using 

anhydrous sodium sulfate. The solvents were subsequently removed under vacuo. 

The resulting product was subjected to purification using silica gel column 

chromatography. This purification method yielded a colorless oil weighing 8.93 g 

(equivalent to a 94% yield) with an Rf value of 0.36 (Hexane: Ethyl Acetate, 19:1). 

Characteristic data for L1: 1H-NMR spectrum (500 MHz, CDCl3, δ (ppm)): 9.78 (s, 1H, 

CHO), 7.73 (d, J = 8.8 Hz, 2H), 6.90 (d, J = 8.7 Hz, 2H), 3.94 (t, J = 6.6 Hz, 2H), 1.75-1.69 

(m, 2H), 1.41-1.18 (m, 18H), 0.80 (t, J = 7.0 Hz, 3H).  

Characteristic data for L1: 13C-NMR spectrum (125 MHz, CDCl3, δ (ppm)): 190.75, 

164.32, 132.00, 129.81, 114.78, 68.46, 31.99, 29.73, 29.71, 29.66, 29.63, 29.42, 29.12, 

26.03, 25.88, 22.76, 14.18.  

MALDI-TOF MS calculated. for C19H30O2 = 290.22 m/z, found = 290.435 m/z.   
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2.2.2 meso-tetra(4-alkyloxyphenyl) porphyrin 

Scheme 2.2 The synthesis of meso-tetra(4-alkyloxyphenyl) porphyrin (L2). 
 

A quantity of 4-n-Dodecyloxybenzaldehyde (1.00 g, 3.44 mmol) was dissolved 

in propionic acid. The resulting solution was heated to reflux with continuous stirring 

for a duration of 30 minutes. Subsequently, Pyrrole (0.230 g, 3.44 mmol) was slowly 

added to the heated solution, and the heating process was continued until the 

reaction reached completion, as depicted in Scheme 2.2. Following completion of 

the reaction, the mixture was cooled to room temperature, and methanol was 

introduced into the reaction mixture. The resulting product was then filtered and 

washed with methanol, resulting in the formation of a dark-purple solid. The crude 

product underwent purification through column chromatography and subsequent 

recrystallization, leading to the production of purple crystals weighing 0.394 g (34% 

yield). The product exhibited an Rf value of 0.30 (Hexane: DCM, 8:2 ratio). 

Characteristic data for L1: 1H-NMR spectrum (500 MHz, CDCl3, δ (ppm)): 8.87 (s, 8H, 

β-H), 8.10 (d, J = 8.4 Hz, 8H), 7.26 (d, J = 8.5 Hz, 8H), 4.23 (t, J = 6.5 Hz, 8H), 2.00-1.94 

(m, 8H), 1.62-1.32 (m, 72H), 0.91 (t, J = 6.9 Hz, 12H), -2.73 (s, 2H). 

Characteristic data for L1: 13C-NMR spectrum (125 MHz, CDCl3, δ (ppm)): 159.04, 

135.69, 134.53, 119.91, 112.78, 68.41, 32.06, 29.83, 29.78, 29.64, 29.61, 29.50, 26.34, 

22.82, 14.25. 
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MALDI-TOF MS calculated. for C92H126N4O4 = 1350.98 m/z, found = 1350.679 m/z. 

Elemental analysis: Anal calcd. for C92H126N4O4: C, 81.73; H, 9.39; N, 4.14. 

           Found: C, C, 81.63; H, 9.41; N, 4.21. 

FT-IR,  max (cm-1): 3314.47, 2918.72, 2848.86, 1604.46, 1507.01, 1463.23, 1239.43, 

1172.88, 965.66, 840.35, 801.69, 789.32, 738.52. 

UV-vis, λmax (nm): 423, 520, 557, 596, 652. 

 

2.2.3 Meso-tetra(4-alkyloxyphenyl) porphyrin cobalt complex 

Scheme 2.3 The synthesis of meso-tetra(4-alkyloxyphenyl) porphyrin cobalt complex 
(CoL) 

 

The porphyrin compound (L2) (1.35 g, 1.00 mmol) was dissolved in 20.0 mL of 

dry dimethylformamide (DMF) and subjected to heating under a nitrogen 

atmosphere. Cobalt acetate (0.885 g, 5.00 mmol) was dissolved in 5.00 mL of dry 

DMF and added to the L2 solution, following the procedure outlined in Scheme 2.3. 

The resulting mixture was stirred under reflux until the reaction reached completion, 

as confirmed by TLC analysis (6 h). Subsequently, the reaction mixture was dissolved 

in water and subjected to extraction with dichloromethane. The organic layer 

obtained from the extraction was washed twice with water, dried using anhydrous 
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sodium sulfate, and concentrated under vacuum. The crude product underwent 

purification through column chromatography on silica gel and recrystallization using a 

mixture of dichloromethane and methanol. This purification process yielded the 

desired porphyrin metal complex CoL, weighing 1.27 g (90% yield). 

MALDI-TOF MS calculated. for C92H124CoN4O4 = 1407.90 m/z, found = 1407.935 

m/z. 

UV-vis, λmax (nm): 416, 531. 

 

2.3 Membrane preparation  
 

Cocktail solution is prepared by mixing PVC 72.6 mg, NPOE 145.2 mg, 

porphyrins cobalt complex (0.100, 0.200, and 0.300 µmol), and TDMACI (20.0, 40.0, 

60.0 mol% compared to ionophore) in a vial. Then THF (2.00 mL) was added to the 

mixture and the solution was stirred for 3 mins. After completion, solutions were 

gradually poured on a glass slide and left in the fume hood at room temperature 

overnight to allow slow evaporation of the solvent. Then, the membrane was cut 

into small sizes and conditioned with 0.0100 M solutions of each anion overnight 

before use as an anion selective membrane in ISEs. 

 

2.4 Membrane optimization 
 

The membrane was optimized by varying the ratios of the ionophore (CoL) in 

three different quantities: 0.100 µmol, 0.200 µmol, and 0.300 µmol, along with the 

cationic additive (TDMACl) in three different proportions: 20.0 mol%, 40.0 mol%, and 

60.0 mol%, all relative to the ionophore. Initially, the quantity of ionophore was 

varied while keeping the amount of cationic additive fixed at 20 mol% relative to the 
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ionophore, as well as maintaining the other components, PVC and NPOE, constant. 

This was done to determine the optimal ISE. Subsequently, the amount of cationic 

additive was varied while maintaining the quantity of ionophore at 0.3 µmol and 

keeping the other components unchanged. 

 

2.5 Potentiometric measurement 
 

The potential measurements were carried out at 25.0 ± °C using EMF 16 

Precision Electrochemistry EMF Interface connecting with L-EMF Data Acquisition 

System (L-EMF DAQ) program, Lawson Lab, Inc. The following assembly was set up: 

Ag/AgCl | internal solution (ClO4
- 1.00 × 10-2 M + Cl- 1.00 × 10-3 M) | membrane 

electrode | test solution. 

The potential analysis of any solution was recorded when it became stable 

after adding standard concentration of each ion. The plots between logarithmic 

function of anion concentration and average potential may be used to calculate a 

Nernstian response slope and limit of detection (LOD). The activities of anions were 

based on the activity coefficient (γ) which calculated from Debye-Hu ̈ckel equation. 

 

2.6 Membrane selectivity 

 

The selectivity of the membrane was studied by using the Separate Solution 

Method (SSM). The potentiometric selectivity coefficients are calculated by following 

the Eq 2.1. 

 

log Kai, j
Pot = 

nF(Ej-Ei)

2.303RT
 + log (

ai

aj
n/m)    (2.1) 
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Where log Kai, j
Pot is the potentiometric selectivity coefficient, n and m = charges of 

primary and interfering ions, respectively. Ei is the measured cell potential at primary 

ion activity ai and Ej is the measured cell potential at interfering ion activity aj, R, T, 

and F are gas constant, temperature, and faradaic constant, respectively.  

The fabricated membranes were conditioned by soaking them in a solution 

containing interfering anions at a concentration of 1.0x10-2 M. Initially, the electrode's 

response was assessed by measuring its reaction to identical interfering metal ions, 

ranging from 10−7 to 10−2 M. Subsequently, the electrode was employed to measure 

the response of solution containing primary anion (NaClO4). This measurement 

process was conducted three times, with a new membrane utilized for one of the 

replicates. The studied interfering ions encompassed SCN-, I-, NO2
-, NO3

-, CO3
2-, Br-, Cl-, 

CH3COO-, F-, and SO4
2-. The determination of selectivity coefficients for the primary 

anion (ClO4
-) was performed using Eq 2.1. Subsequently, SCN-, I-, NO2

-, NO3
-, and Br- 

were investigated as primary ions using the same methodology employed for ClO4
-. 

 

2.7 Membrane reversibility 

 

The reversibility of the ion-selective electrode (ISE) was assessed by measuring 

the EMF of the ISE in a solution containing 10-3 M ClO4
-. Subsequently, the ISE was 

rinsed with milli-Q water and immersed in a solution with a concentration of 10-2 M 

ClO4
-. This cycle was repeated at least three times. 
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2.8 Effects of the solution pH 

 

The pH of the solutions was systematically adjusted from 0 to 14 by 

gradually adding 0.01 M NaOH and HCl. The fabricated ion-selective electrode (ISE) 

was then utilized to measure the EMF of solutions containing 10-3 M and 10-2 M ClO4
-, 

covering the entire pH range of 0-14. 

 

2.9 Membrane reproducibility  

 

 Multiple membranes were fabricated using the same composition, consisting 

of 0.300 µmol of CoL, 60.0 mol% of TDMACl, 72.6 mg of PVC, and 145.2 mg of NPOE. 

The fabricated membranes were then subjected to potentiometric measurements to 

determine and compare their membrane characteristics. 

 

2.10 Real sample analysis  
 

We conducted tests on various brands of drinking water to assess their 

quality. The samples, including Purra and Sing, were obtained from Salaprakiew 

stores. To eliminate interfering ions in the samples, Sing and Purra were diluted 100 

times using a mixture of sample and milli-Q water in a ratio of 0.2:19.8 ml. 

Subsequently, we investigated the potentiometric response and determined the 

concentration of ClO4
- by comparing it to the potentiometric response of the milli-Q 

water after adding a known concentration of ClO4
-.  
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2.11 Real-time analysis 

 

 

 

  

  

 

 
 

Figure 2.1 Experiment Setup for real-time analysis. 
  

 The simulation of water flow to replicate real situations, such as in rivers, 

storage tanks, and wastewater treatment ponds, was conducted using a pump, 

beaker, rubber tube, and flow control valve, as illustrated in Figure 2.1. Two 

fabricated Ion-Selective Electrodes (ISEs) were installed in two different positions. 

The first ISE was installed in chamber II, which was connected to the pumps and 

sample chambers I and III. Another ISE was installed in chamber IV, which contained 

Milli-Q water without ClO4
-, serving as a control for monitoring the EMF signal. The 

potentiometric response of both the control and sample was measured 

simultaneously. Subsequently, 20 µM of 1.0x10-4 M ClO4
- was added to the sample 

chamber to observe the decrease in the EMF signal compared to the control. 
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CHAPTER 3  
RESULTS AND DISCUSSION 

 

3.1 Synthesis and characterization of cobalt porphyrin (CoL) 

 
Scheme 3.1 The synthesis of meso-tetra(4-alkyloxyphenyl) porphyrin cobalt complex 

(CoL) 
 

 The synthesis of the CoL compound was carried out in three steps as 
illustrated in Scheme 3.1. In the first step, 4-n-dodecyloxybenzaldehyde was reacted 
with 1-Bromododecane under reflux conditions. The resulting mixture was then 
subjected to extraction, washing, drying, and purification processes to obtain L1, a 
colorless oil, with a yield of 94%. L1 was further characterized using 1H-NMR, 13C-NMR, 
and MALDI-TOF analyses. The 1H-NMR spectrum revealed characteristic proton signals 
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of the aldehyde group at 9.78 ppm, aromatic protons at 7.73 ppm and 6.90 ppm, as 
well as long chain hydrocarbon protons at 3.94 ppm, 1.75-1.69 ppm, 1.41-1.18 ppm, 
and 0.80 ppm. The 13C-NMR spectrum of compound L1 exhibited 13C signals at 
approximately 190.75 ppm, 164.32 ppm, 132.00 ppm, 129.81 ppm, 114.78 ppm, 
68.46 ppm, 31.99 ppm, 29.73 ppm, 29.71 ppm, 29.66 ppm, 29.63 ppm, 29.42 ppm, 
29.12 ppm, 26.03 ppm, 25.88 ppm, 22.76 ppm, and 14.18 ppm. Additionally, the 
MALDI-TOF mass analysis confirmed the structure of L1, displaying a prominent mass 
signal at m/z 290.22 (found: 290.435). 

In the second step, L1, propanoic acid, and pyrrole were mixed under reflux 
conditions for 6 hours. Upon completion, the reaction mixture was cooled, filtered, 
washed, and recrystallized, resulting in the formation of dark-purple crystals (L2) with 
a yield of 34%. L2 was subsequently characterized using 1H-NMR, 13C-NMR, IR, UV-vis 
spectroscopy, and MALDI-TOF analysis. The 1H-NMR spectrum exhibited proton 
signals of the pyrrole porphyrin at 8.87 ppm and 8.10 ppm, aromatic porphyrin at 
7.26 ppm and 8.5 ppm, and alkyloxyphenyl at 4.23 ppm, 2.00-1.94 ppm, 1.62-1.32 
ppm, 0.91 ppm, and -2.73 ppm. The 13C-NMR spectrum of compound L2 displayed 
13C signals at approximately 159.04 ppm, 135.69 ppm, 134.53 ppm, 119.91 ppm, 
112.78 ppm, 68.41 ppm, 32.06 ppm, 29.83 ppm, 29.78 ppm, 29.64 ppm, 29.61 ppm, 
29.50 ppm, 26.34 ppm, 22.82 ppm, and 14.25 ppm. Furthermore, the MALDI-TOF 
mass analysis supported the structure of L2, revealing a significant mass signal at m/z 
1350.98 (found: 1350.679). The IR spectra of L2 exhibited N-H stretching at 3314.47 
cm-1 and alkyl C-H stretching at 2918.72 cm-1 and 2848.86 cm-1. The UV-vis spectrum 
of L2 in dichloromethane displayed bands around 423 nm, 502 nm, 557 nm, and 652 
nm. 

The final step involved preparing CoL by mixing L2 and Co(OAc)2 under a 
nitrogen atmosphere and refluxing the mixture until the reaction was complete (4 
hours). Following completion, the reaction mixture was purified and recrystallized, 
resulting in the formation of red crystals with a yield of 90%. The characterization of 
CoL was performed using MALDI-TOF and UV-vis spectroscopy. The MALDI-TOF mass 
analysis confirmed the structure of CoL, exhibiting an intense mass signal at m/z 
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1407.90 (found: 1407.935). The UV-vis spectrum of CoL in dichloromethane displayed 
bands around 416 nm and 531 nm. 

 

3.2 Membrane preparation and optimization 
 

We employed the prepared CoL as an ionophore in the fabrication of anion-
selective electrodes and conducted a comprehensive study encompassing sensitivity, 
reproducibility, selectivity, and real sample analysis. Anion-selective electrodes 
possess specific desirable characteristics. Firstly, they should demonstrate stability in 
the response time trace line graph at equilibrium concentration, as depicted in 
Figure 3.1. Furthermore, the response slopes should closely approximate the 
theoretical Nernst slope of -59.2 mV/decade. This determination is achieved by 
calculating the average emf response for each analyte activity and establishing the 
calibration curve between log(a) and emf, as illustrated in Figure 3.2. 

Figure 3.1 Time trace line of ISE after adding ClO4
- (1.0x10-7 to 1.0x10-2 M) to the 

solution. 
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Figure 3.2 Calibration curve of average emf response for each analyte activity and 

log(a). 
 

3.2.1 Optimized amount of ionophore for enhanced performance 
The ion-selective membranes (ISMs) were prepared using a mixture of 33% 

polyvinylchloride (PVC), 66% 1-(2-Nitrophenoxy) octane (NPOE), and 1% each of CoL 
and tridodecylmethylammonium chloride (TDMACl). The concentration of the 
ionophore was systematically adjusted to determine the maximum amount that 
could be incorporated into the membrane while maintaining homogeneity. Increasing 
the ionophore amount enhances the probability of coordination between the 
ionophore and the targeted anion. Table 3.1 displays the membranes prepared using 
different amounts of ionophore. Membranes No. 1 to 3, containing 1.2 µmol, 1.4 
µmol, and 1.8 µmol of ionophore, respectively, exhibited non-homogeneity based on 
the physical appearance of the membranes. Membrane no.1 displayed ionophore 
leakage after drying due to an excessive amount of ionophore, resulting in 
overcapacity that could not dissolve. Membrane No. 2 exhibited aggregates of CoL 
crystals positioned at the center of the membrane. Membrane no.3 showed red 
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crystal colonies of CoL on the membrane surface. Such non-homogeneity in the 
membranes hinders the proper binding between the ionophore and anions, leading 
to reduced sensitivity of the ISE. Conversely, membranes no.4 to 6, with 0.1 µmol, 
0.2 µmol, and 0.3 µmol of ionophore, respectively, demonstrated homogeneous 
properties. 

 

Table 3.1 Composition of membrane components and membrane appearance. 

No. 
PVC 
(mg) 

NPOE 
(mg) 

CoL 
(µmol) 

TDMACl 
(mol% compared to CoL) 

Physical 
appearance 

1 72.6 145.2 1.2 20.0 

 

2 72.6 145.2 1.4 60.0 

 

3 72.6 145.2 1.8 60.0 

 

4 72.6 145.2 0.1 60.0 

 

5 72.6 145.2 0.2 60.0 

 

6 72.6 145.2 0.3 60.0 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 29 

3.2.2 Optimization of amount of ionophore to the enhanced the performance of 
membrane 
In order to optimize the composition of the membrane, various compositions 

were prepared by systematically adjusting the proportions of the ionophore (CoL) 
and the cationic additive (TDMACl). The objective was to identify the optimal 
combination that would enhance the membrane performance. 

Initially, the ionophore amount was adjusted within the range of 0.1 to 0.3 
µmol while keeping the proportions of PVC, NPOE, and TDMACl constant. The 
TDMACl, or cationic additive, was maintained at a fixed ratio of 20 mol% relative to 
the amount of ionophore for membrane No. 4-6. This approach was adopted to 
mitigate any potential influence of the cationic additive on the behavior of anions. 
Excessive amounts of the cationic additive can facilitate binding with the ions, 
ultimately leading to reduced membrane selectivity.  

Then, the properties of membranes No. 4-6 were assessed by measuring the 
potentiometric response to various anions. The results are presented in Figure 3.3, 
which exhibits the relationship between the logarithm of anion activity and the 
corresponding potential response. Among the tested membranes, the one composed 
of 0.3 µmol of ionophore, membrane No.6, exhibited a favorable calibration curve 
with a broader concentration range. Additionally, it exhibited an emf response that is 
close to the theoretical Nernst slope of approximately 59.2 mV/decade for all 
anions, as shown by the slope and the membrane composition presented in Table 
3.2. According to the results, it was observed that the potentiometric response was 
highest with the greatest quantity of ionophore. This can be attributed to the 
ionophore's role as an anion carrier, facilitating the transfer of anions from the 
aqueous solution to the membrane phase. Moreover, an increased amount of 
ionophore resulted in an improved potential response. 
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Table 3.2 The difference amount of ionophore and potentiometric response toward 
different anions. 

No. 
PVC 
(mg) 

NPOE 
(mg) 

CoL 
(µmol) 

TDMACl 
(mol%) 

Slope (mV/decade) 

ClO4
- SCN- NO3

- Br- I- 
4 72.6 145.2 0.1 20.0 -41.7 -38.1 -40.5 -21.0 -38.1 

5 72.6 145.2 0.2 20.0 -46.9 -22.5 -42.1 -30.8 -43.6 

6 72.6 145.2 0.3 20.0 -51.6 -46.5 -44.6 -53.9 -53.7 

*** mol% of TDMACl compared to CoL 

 

 
Figure 3.3 Potentiometric response (emf) of anions with 0.3 µmol CoL and 20 mol% 

TDMACl. 
 

The amount of TDMACl was subsequently adjusted to 20, 40, and 60 mol% 

relative to the CoL concentration, while maintaining the proportions of PVC, NPOE, 

and 0.3 µmol of CoL constant. In order to prevent any detrimental effects on the 

behavior of the anions, careful control was exercised over the quantity of the 
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cationic additive. As mentioned earlier, the potentiometric response was 

subsequently tested. The outcomes of these evaluations are graphically depicted in 

Figure 3.4, Figure 3.5, and Figure 3.6, illustrate the potentiometric responses of the 

three anions (ClO4
-, SCN-, and NO3

-). Among the membranes tested, the one 

composed of 0.3 µmol of ionophore and 60 mol% of TDMACl, membrane No.9, 

demonstrated the most favorable calibration curve and potentiometric response. 

Furthermore, it exhibited a potentiometric response closest to the theoretical Nernst 

slope, as shown in Table 3.3, with values of -53.9, -57.6, -53.7, -54.2, and -58.1 

mV/decade towards Br-, ClO4
-, I-, NO3

-, and SCN-, respectively. The incorporation of 

the cationic additive (TDMACl) contributed to enhanced ion exchanger kinetics and 

ionic mobility within the membrane matrix, leading to improved sensitivity in the 

potentiometric response. Therefore, an increased amount of the cationic additive 

resulted in a better potentiometric response. Consequently, the optimal ratio of 

membrane components was determined to be 0.300 µmol of CoL, 60.0 mol% of 

TDMACl, 72.6 mg of PVC, and 145.2 mg of NPOE.  

Figure 3.7 illustrates the potentiometric response observed in the fabricated 
ion-selective electrode (ISE) when exposed to various anions, namely ClO4

-, SCN-, 
NO3

-, Br-, I-, Cl-, CH3COO-, Cl- CO3
2-, F-, and SO4

2-. It is evident from the calibration 
curve that ClO4

- exhibits the most extensive linear range, ranging from 10-6 to 10-2, 
surpassing the other anions. Following closely behind, SCN- also demonstrates a 
favorable potentiometric response. Notably, ClO4

- and SCN- both exhibit desirable 
performance within the concentration range of 1.00 x 10-6 to 1.00 x 10-2 M, with 
detection limits of 2.13 x 10-6 and 2.56 x 10-6 M, respectively. 
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Table 3.3 The difference amount of TDMACl and potentiometric response toward 
different anions 

No. 
PVC 
(mg) 

NPOE 
(mg) 

CoL 
(µmol) 

TDMACl 
(mol%) 

Slope (mV/decade) 

ClO4
- SCN- NO3

- Br- I- Cl- 
7 72.6 145.2 0.3 20.0 -41.1 -52.4 -20.5 -29.7 -47.1 N/A 

8 72.6 145.2 0.3 40.0 -51.7 -54.3 -49.2 -48.8 -37.6 N/A 

9 72.6 145.2 0.3 60.0 -57.6 -58.1 -54.2 -53.9 -53.7 N/A 

*** mol% of TDMACl compared to CoL 

 

Figure 3.4 Potentiometric response with difference amount of cationic additive 
toward SCN-. 
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b) 

 

 

 

 

 

 

 

 

 

Figure 3.5 Potentiometric response with difference amount of cationic additive 
toward ClO4

-. 

 

Figure 3.6 Potentiometric response with difference amount of cationic additive 
toward NO3

-. 
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Figure 3.7 Potentiometric response (emf) of anions with 0.3 µmol CoL and 60 mol% 

TDMACl. 
 

3.3 Membrane Performance  
 

3.3.1 Membrane Selectivity 
The selectivity of an ionophore is a critical characteristic in the context of an 

ISE. It is of utmost importance that the ionophore exhibits a high degree of selectivity 
towards the target analyte, thereby avoiding any potential bias resulting from 
interference by other ions. The selectivity of the ionophore arises from the formation 
of complexes between the ionophore and the analyte ions. In order to assess the 
selectivity of ISEs, the "unbiased selectivity coefficient" concept, as proposed by 
Bakker and collaborators, is employed. This approach enables a comprehensive 
evaluation of the selectivity performance of the ionophore in the ISE system.59 In 
order to evaluate the selectivity of the ion-selective electrode towards a range of 10 
different anions, including ClO4

-, SCN-, I-, NO2
-, NO3

-, CO3
2-, Br-, Cl-, CH3COO-, F-, and 

SO4
2-., we conducted a detailed investigation into the potentiometric selectivity 

coefficients. These coefficients, denoted as logKpot(i,j), were determined by 

Slope    = -57.60 mV/decade 

R2         = 0.99 

log a 
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comparing the response of the primary ion (perchlorate) to that of the interfering 
ions present in the solutions. The determination process involved employing the 
separate solution method (SSM). Table 3.4 shown the potentiometric selectivity 
coefficient of the fabricated ISEs when SCN-, NO3

-, I-, and ClO4
- are primary ions. The 

selectivity coefficient found   to be ClO4
- > SCN- > I- > NO2

- > NO3
- > CO3

2- > Br- > Cl- > 

CH3COO- > F- > SO4
2-.  The potentiometric selectivity coefficient of ClO4

- (log K ClO₄⁻,X⁻ 

= 0.00, log K SCN⁻,X⁻ = 1.08, log K NO3⁻,X⁻ = 2.96, and log K I⁻,X⁻= 1.74) are the highest 
among other anions.  

 
Table 3.4 Selectivity coefficients of anions 

X- ClO4
- SCN- I- Br- NO3

- CH3COO- Cl- CO3
2- F- SO4

2- 

log K ClO₄⁻,X⁻ 0.00 -0.79 -1.11 -3.76 -3.02 -4.42 -4.19 -3.67 -4.85 -6.76 

log K SCN⁻,X⁻ 1.08 0.00 -0.24 -2.52 -1.83 -3.39 -3.42 -2.31 -3.82 -5.86 

log K NO3⁻,X⁻ 2.96 2.21 1.18 -0.71 0.00 -1.78 -1.48 -0.99 -2.25 -4.00 

log K I⁻,X⁻ 1.74 0.83 0.00 -1.75 -1.03 -2.53 -2.24 -1.38 -3.52 -4.96 

 

The logarithm of the potentiometric stability constant (log Kpot
i,j) for ClO4

- remains the 
highest compared to other anions, despite all anions being considered primary ions. 
Figure 3.8 shows the distinctive potentiometric response characteristics of ClO4

- in 
comparison to SCN-, as indicated by the time trace line. It is evident that the emf 
response of ClO4

- is lower than that of SCN-. Consequently, the fabricated membrane 
exhibits higher sensitivity and selectivity towards ClO4

- compared to SCN- and other 
anions. The fabricated ion-selective electrode (ISE) exhibits selectivity towards ClO4

- 
due to two primary factors. Firstly, the increased steric hindrance of the substituents 
on CoL enhances its lipophilicity, favoring preferential interaction with the lipophilic 
ClO4

- among other anions. Secondly, the coordination number of CoL is well-suited 
for coordinating with ClO4

-. 
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Figure 3.8 EMF response of the SCN- and substituted with ClO4

-. 
  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 37 

3.3.2 pH effect 
The influence of solution pH was evaluated by adjusting its levels from 2 to 

13 using HCl and NaOH. The fabricated membrane was utilized to measure the 
solution, which contained concentrations of 1.0x10-2 M and 1.0x10-3 M of ClO4

-, as 
showed in Figure 3.9. Despite variations in the solution's pH, the membrane 
exhibited consistent EMF responses. Based on this observation, we can conclude that 
the fabricated membrane is capable of accurately determining ClO4

- concentrations 
across a wide pH range of 2 to 13, with no significant changes in EMF values. 
However, the fabricated membrane was affected when the pH fell below 2 or 
exceeded 13, due to the higher concentration of interfering Cl- and OH- ions from the 
excessive use of HCl and NaOH to adjust the pH of the solution. However, the study 
revealed a sufficiently wide effective pH range for the sample, rendering critical pH 
adjustments unnecessary. 

 

Figure 3.9 Potential response of the fabricated ISE with the difference pH  
a) 10-2 M of ClO4

- and b) 10-3 M of ClO4
-. 

  

a) b) 
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3.3.3 Membrane reversibility 
The reversibility of the fabricated membrane is a important property of the 

ISE. Figure 3.10 illustrates the potentiometric response or time trace line of the ISE 
when measuring solutions with varying amounts of ClO4

-. As observed, the emf signal 
remains highly stable when the solution concentration is changed from 1.0x10-3 to 
1.0x10-2. Additionally, the emf signal can be consistently restored for the same 
concentration of ClO4

- in each cycle. Consequently, the fabricated membrane 
demonstrates excellent reversibility and can be effectively employed for measuring 
the concentration of ClO4

-. The time trace line of the solution after the addition of 
ClO4- is depicted in Figure 3.1 and Figure 3.2. Notably, the fabricated membrane 
demonstrates a remarkably rapid response time in achieving a stable emf signal. 

 

 

Figure 3.10 Reversibility of ISE at the concentration between 1.0x10-3 and 1.0x10-2 M. 
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3.3.4 Membrane reproducibility 
 The reproducibility of the ion-selective electrode (ISE) is a critical 
characteristic to evaluate. In this study, we examined the potentiometric response of 
the membrane that was prepared using a composition of 0.300 µmol of CoL, 60.0 
mol% of TDMACl, 72.6 mg of PVC, and 145.2 mg of NPOE. To assess reproducibility, 
multiple membranes with identical compositions were fabricated, and the 
potentiometric response of ClO4

- was measured. The results indicated that the 
response slopes for ClO4

- showed only slight variations, approximately 57.6±2 
mV/decade, across different measurement times and membranes. These findings 
indicated that the fabricated ISE exhibited good reproducibility. 

 

3.3.5 Real sample analysis 
The final aspect of evaluating the membrane performance involved the 

application of the fabricated ion-selective electrode (ISE) to determine the 
concentration of perchlorate in real samples. In this study, we conducted tests on 
various brands of drinking water to assess their quality. The water samples, 
specifically Purra and Sing, were obtained from Salaprakiew stores. Initially, our 
investigation focused on the determination of perchlorate anions in tap water. We 
performed two calibration measurements using Milli-Q water and then switched to 
Sing water. However, it was observed that Sing water could not be directly 
determined due to interference. To overcome this, Sing water was diluted 100 times 
with Milli-Q water to eliminate the interference. Subsequently, known concentrations 
of ClO4

- within the range of 1.0x10-6 to 1.0x10-3 M were spiked into the diluted Sing 
water. An example analysis demonstrating this process is depicted in Figure 3.11. 
Similar experiments were conducted using Purra water, as shown in Figure 3.12. The 
emf value, concentration, % recovery, and measurement data of ClO4

- in both Sing 
and Purra water were calculated using the calibration curve equation. These results 
are presented in the accompanying Table 3.5. 
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Figure 3.11 An example of Sing (drinking water) analysis. 

 

 

Figure 3.12 An example of Purra (drinking water) analysis. 
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Table 3.5 Calculation data of perchlorate selective electrode for real samples. 

Samples Spiked (M) Found (M) % recovery S.D. R.S.D. 

Sing 

1.00x10-6 9.99x10-7 99.93 2.98 2.99 

1.00x10-5 1.01x10-6 101.35 5.10 5.03 
1.00x10-4 9.70x10-5 96.98 3.43 3.53 

1.00x10-3 9.22x10-4 92.23 1.56 1.69 

Purra 

1.00x10-6 1.06x10-6 106.26 13.87 13.06 

1.00x10-5 7.45x10-6 102.92 9.14 8.88 

1.00x10-4 9.79x10-5 97.90 8.49 8.67 
1.00x10-3 9.63x10-4 96.29 3.63 3.77 

 

After conducting multiple measurements of the ClO4
- in two water samples, 

we have identified the sensor performances that yielded the best results for each 
concentration. Subsequently, we calculated the average concentration and 
percentage recovery. The collected measurement data, percentage recovery, 
standard deviation (S.D.), and relative standard deviation (R.S.D.) of the real water 
samples are presented in Table 3.5. Based on the findings provided in Table 3.5, it 
can be inferred that our sensors demonstrate satisfactory performance across three 
different concentrations in both types of actual water samples.  
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3.4 Real-time analysis 

 

Figure 3.13 Experiment Setup for real-time analysis. 

 

Figure 3.14 The emf signal of two fabricated ISEs for real-time analysis. 
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According to Figure 3.13, an experimental apparatus was constructed to 
simulate the flow of water in a genuine water source, such as a natural water source 
or an industrial wastewater system with continuous flow. Electrodes were installed at 
two specific locations for measurement purposes: a chamber IV, designated as the 
control chamber for water without toxic or perchlorate ions, and another electrode 
placed in the region simulating the water flow (referred to as chamber I to III). Upon 
installation, the operation of both electrodes commenced. Initially, the signal 
characteristics were inconsistent, necessitating a waiting period for the signals to 
stabilize, as depicted in Figure 3.14. This stabilization phase occurred between 700 
and 1100 seconds, during which the EMF signal represented by the pink line 
exhibited no significant change in EMF value compared to the red EMF signal (control 
electrode). This lack of change was attributable to the absence of perchlorate ions. 

Subsequently, experiments were conducted by introducing ClO4
- into the 

control chamber and chambers I to III, simulating the flow of water. This led to a 
modification in the EMF signal characteristics. The signal displayed lower values 
compared to the control electrode due to the presence of ClO4

- contamination. This 
alteration was observed between 1100 and 1400 seconds. The fabricated ISE 
demonstrated selectivity in analyzing ClO4

- within a concentration range of 1.0x10-6 to 
1.0x10-2, with a minimum detectable concentration of 2.56 µM. It is crucial to note 
that perchlorate ion contamination in drinking water is considered hazardous when 
surpassing 0.11 µM (United State Environment Protection Agency; US EFA). 
Consequently, when utilizing this experimental device in practical applications, a 
decline in the pink EMF signal would indicate the existence of ClO4

- contamination in 
the analyzed sample at a potentially hazardous level (greater than 0.11 µM). 
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CHAPTER 4  

CONCLUSION 
 

The ionophore CoL has been synthesized in 90 %yield. Physical methods 
such as 1H-NMR, 13C-NMR, and MALDI-TOF, supported CoL structure and purity. The 
optimal ion selective membrane composition was 0.300 µmol of CoL, 60.0 mol% of 
TDMACl, 72.6 mg of PVC, and 145.2 mg of NPOE. The fabricated ISEs incorporating 
CoL as the ionophore exhibited a potentiometric response of -57.6 mV/decade  
(R2 = 0.99), close to the theoretical Nernst slope, in a concentration range of 1.00 × 
10-6 to 1.00 × 10-2 M for ClO4

-. The detection limit was determined to be 2.13 × 10-6 
M.  

The fabricated ISEs exhibited the highest selectivity coefficient for ClO4
-, 

highlighting their specificity towards this particular ion. The performance of the ISEs 
was thoroughly evaluated in terms of pH stability, reversibility, and reproducibility. 
The membranes exhibited consistent EMF responses across a wide pH range of 2 to 
13. The ISEs also demonstrated excellent reversibility and rapid response times, 
ensuring reliable and efficient measurements.  

Furthermore, the application of the fabricated ISEs to real water samples, 
including various brands of drinking water, showed satisfactory performance. In 
addition, the fabricated ISEs showed promising performance characteristics for the 
real-time monitoring and analysis of ClO4

- in water samples. Further experiments may 
focus on improving the limit of detection of the ISEs to levels below the hazardous 
threshold, thereby augmenting the efficiency of real-time analysis. In addition, to 
mitigate the impact of interfering ions such as SCN-, it is necessary to eliminate their 
presence prior to measuring the EMF signals. One effective approach is the utilization 
of a marking reagent to facilitate their removal before the measurement process. 
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