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This research aimed to develop the detection method for perchlorate and 

thiocyanate in aqueous solutions using potentiometric and colorimetric techniques. 

The optimum conditions were designed by the central composite design (CCD) 

with response surface methodology (RSM).  The potentiometric response of 

perchlorate‒selective electrode using di‒tripodal amine calix[4]arene copper(II) 

complex (L1-Cu) in PVC membrane was studied. The optimized pH, ion exchanger 

and ionophore concentrations were found at pH 8.0, 3.25 mmol/kg and 13.25 

mmol/kg, respectively. The optimized condition performed a Nernstian slope of 

–58.02 mV/decade with R
2
=0.9994 in a working concentration range of 1.00×10

‒6
 – 

1.00×10
‒2

 M, and the detection limit was 3.00×10
‒5

 M. This membrane showed the 

highest selectivity toward perchlorate in comparison with other anions. Moreover, 

the paper‒based optode sensing device was successfully developed for the 

determination of thiocyanate in aqueous solution based on colorimetric analysis. 

The metalloporphrin ionophores including 5,10,15,20‒tetrakis(4‒

methoxyphenyl)porphyrine cobalt(II) complex (L2)  and 5,10,15,20‒tetrakis(4‒

octhyloxyphenyl)porphyrine cobalt(II) complex (L3) were used and coupled with 

ion exchanger in PVC optode. Optical responses were detected by a digital camera 

and color intensity was calculated by imageJ program. The paper‒based optode 

were responded to thiocyanate by changing its color from pink to green. The CCD 

with RSM was also used to investigate the optimized concentration of ion 

exchanger and ionophore resulting in the lowest Blue value. In addition, the paper‒

based optode responses to thiocyanate with the highest selectivity among other 

anions with the dynamic range 1.00×10
‒7

 – 1.00×10
‒2

 M. The LOD of the paper‒

based optode containing L2 and L3 ionophore were 7.00×10
‒6 

and 1.26×10
‒6 

M of 

SCN
‒
, respectively. Furthermore, this study was successfully applied as a sensing 

device to detect thiocyanate in urine sample from smoker and non‒smoker with 

favorable agreement with ion chromatography technique. 
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CHAPTER I 

 

INTRODUCTION 

 

 

1.1 Statement of the problem 

 Anions play a key roles in biochemical and physiological function in living 

species especially human such as hormone transportation, DNA regulation, protein 

synthesis, and the enzyme activity [1]. Therefore, the anion recognition and sensing 

field have become one of the most important areas of analytical chemistry in many 

application areas including clinical analysis [1], environmental monitoring [2], 

pharmacological study [3], food quantification [4] and industrial applications [5, 6]. 

Perchlorate (ClO4
‒
) and thiocyanate (SCN

‒
) are one of the several anions that can 

competitively disrupt the iodide transportation into thyroid gland [7], thus inhibiting 

thyroid hormone production. Since iodide is essential for the production of thyroid 

hormones (THs), the blocking of iodide by perchlorate and thiocyanate is important 

effect. The thyroid hormones play an important activity in many physiologic functions 

in human body via nervous system development in children and endocrine system. 

These effects notice by the United States Environmental Protection Agency (USEPA) 

that perchlorate and thiocyanate consumption must be limited due to the potentially 

effects to normal thyroid function. Perchlorate and thiocyanate can enter the body 

through eating and smoking habits and can be found to exist at low concentrations in 

biological fluid such as serum, urine and saliva. These ions can be found in surface 

water [6, 8], groundwater [9], drinking water[10, 11], milk [12, 13], fish [14], soil [8], 

vegetable [15] and rice [11]. Perchlorate salt has been used in rocket and missile 

industries as an oxidizing agent in solid powder [10, 16]. Moreover, thiocyanate is a 

detoxification product degraded from inorganic cyanide in the liver. It is therefore the 

biomarker for inorganic cyanide which comes from tobacco smoke. Thiocyanate salt 

has been used in agriculture, dyeing and printing of photography, textiles and paints, 

gold mine [17] and petroleum field.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 2 

 Several analytical methods can be used for anion determination such as 

spectrometric [18-21] and chromatographic [22] methods. Despite, the advantages of 

these methods are the low limit of detection and the multielemental analysis. These 

methods have some drawbacks such as complicated procedures, skilled operator 

requirement, time consuming and high cost. Thus, the low cost, easy and simple 

methods are required to overcome these disadvantages such as ion‒selective 

electrodes (ISEs) and bulk optode technique. Additionally, an experimental design 

approach has many advantages which are used to investigate the maximum efficiency 

with the minimum number of the experiments.  

1.2 Objective and scope of the research 

This research aimed to develop a quantification method for perchlorate and 

thiocyanate in aqueous solutions using ion‒selective electrodes (ISEs) and bulk 

optode technique. The potentiometric response of ion‒selective electrode using 

poly(vinyl chloride) membrane was studied. The electrode membrane containing di‒

tripodal amine calix[4]arene (L1) in CuCl2 were prepared. Meanwhile, the paper‒

based optode was developed for the determination of anions in aqueous solution based 

on colorimetric analysis using 5,10,15,20-tetrakis(4-methoxyphenyl)porphyrin 

cobalt(II) complex (L2) and 5,10,15,20-tetrakis(4-octhyloxyphenyl)porphyrin 

cobalt(II) complex (L3) as an ionophore. The structures of these ionophores are 

illustrated in Figure 1.1. Optical responses were detected by a scanner and the color 

intensity was calculated by imageJ program. Both ISE and bulk optode techniques 

were studied using the central composite design (CCD) with response surface 

methodology (RSM) to evaluate the optimum conditions of these methods. 
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Figure 1.1 Structures of di‒tripodal amine calix[4]arene (L1), 5,10,15,20‒tetrakis 

(4‒methoxyphenyl)porphyrin cobalt(II) complex (L2) and 5,10,15,20‒tetrakis 

(4‒octyloxyphenyl)porphyrin cobalt(II) complex (L3) 

1.3 Benefits of this research 

 The determination of perchlorate and thiocyanate in aqueous solutions was 

achieved by ion‒selective electrodes (ISEs) and bulk optode technique using the 

central composite design (CCD) with response surface methodology (RSM) approach. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

CHAPTER II 

 

THEORY AND LITERATURE REVIEW 

 

 

2.1 Anions 

A living organism’s body contains a variety of ions to involve a various 

functions. In terms of body functioning, anions are a key which promotes system in 

body including contributing osmotic pressure gradient and maintaining the body’s 

acid‒base balance. Despite the anions are significant ions for human body system, the 

oversaturated anion concentration provides some toxicity. In the review of the 

physiological effects of anions, the first study was demonstrated by Hofmeister in 

1888 [23] that neutral sodium salts of anions could differ to precipitate egg albumen. 

From the results, they obtained the sequence of the limiting molar concentrations at 

which the different salts effected the precipitation of that protein and also showed the 

same trend as lipophilicity of the ions known as Hofmeister series: C6H5O7
3‒

 < SO4
2‒

 

= C4H4O6
2‒

 < HPO4
2‒

 < CrO4
2‒

 < C2H3O2
‒
 < HCO3

‒
 < F

‒
 < Cl

‒
 < Br

‒
 < I

‒
 < NO3

‒
 < 

SCN
‒
 < ClO4

‒
. As shown in the Hofmeister series, the most lipophilicity anions are 

perchlorate followed by thiocyanate which mean that the harmful of these two ions 

are need to be focus.  

- Thiocyanate and perchlorate 

One of the physiological effects in human body by thiocyanate and 

perchlorate is the reduced activity of thyroid hormone production via inhibit the 

iodide transportation into thyroid gland. Thyroid hormones are essential for normal 

growth, physical and mental development in human. Since iodine is a rate limiting 

substrate for thyroid hormone synthesis [7, 24]. The other anions such as thiocyanate 

and perchlorate which have similar size and charge to iodide can inhibit the 

accumulation of iodide in the thyroid gland.  

Thiocyanate is anion which is normally found in the biological fluids 

of mammals such as blood, saliva, milk, and tears at a wide range of concentrations 
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[25-29]. Despite, thiocyanate has been used as a therapeutic agent for the treatment of 

hypertension [30] and lead to the observed thiocyanate values in plasma, the toxicity 

of thiocyanate are also presented. Thus, thiocyanate has been noticed both in host 

defense and as a detoxification product of cyanide. The thiocyanate toxicity shows as 

the symptoms that tended to be related to the nervous system, the thyroid, the kidneys, 

and the skin in patients. Thiocyanate enters the body through the diet or it is 

synthesized from cyanide by sulfurtransferase enzyme. The dietary intake of 

thiocyanate is based on the glucosidic cyanogen‒rich plants and dairy product such as 

cauliflower, broccoli, kale, soybeans and cow milk [31]. Additionally, other sources 

of contamination of thiocyanate in human body include smoke from cigarettes, fires, 

plastic burning and vehicles via the body’s utilization of sulfurtransferases to 

synthesis the resulting cyanide. For non‒smoker, the normal concentration of 

thiocyanate in blood is in the range of 9.00×10
‒6

 ‒2.40×10
‒5

 M while smoker is in the 

range of 3.30×10
‒5

 ‒ 2.75×10
‒4 

M [32]. The cyanide exposures are contributed from 

many ways for examples the use of cyanide in industrial including plastic 

manufacturing, electroplating, pesticides synthesis, paint processing and gold mining 

[17, 33].   

Perchlorate is also in the similar size with iodide and can therefore be 

taken up in the thyroid gland resulting in the disruption of thyroid hormone 

production. Perchlorates can enter the body via ingestion, inhalation and skin contact 

of the contaminated substrates such as food and drinking water. Due to the toxicity of 

perchlorate, the US Environmental Protection Agency (US EPA) reported that 

perchlorate was contaminated ion in the final third Contamination Candidate List 

(CCL3) and existed in environment in various states in US [34]. Most of the 

perchlorate exposure found in environment is associated from both manmade and 

natural sources. The precipitation of trace level of perchlorate can be found from the 

naturally form in the atmosphere. Thus, perchlorate has been presented in soil, 

vegetation, groundwater, surface water and drinking water. It is typically found in the 

form of perchloric acid and salts such as sodium perchlorate, ammonium perchlorate, 

potassium perchlorate, and magnesium perchlorate. One of the perchlorate salts, 

ammonium perchlorate, is produced as an oxidizer in large amounts because it is used 

in rocket fuels, flares, vehicle airbags, batteries, and fertilizers.  
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Therefore, the necessity of the methods of perchlorate determination 

has been concerned. Several researches developed the methods for the detection of 

perchlorate and thiocyanate such as spectrophotometric and chromatographic 

methods. For thiocyanate detection, spectrophotometric method based on the complex 

formation with metal ions were investigated [18]. In addition, indirect 

spectrophotometric methods involving the precipitation and extraction for perchlorate 

detection were widely studied [20, 21]. The spectrophotometric and chromatographic 

techniques [35] have been widely demonstrated because of their various advantages 

such as good sensitivity. However, these methods provide some disadvantages 

including non‒portable devices, high cost, required skilled operator, time consuming 

and complicated procedures. Therefore, the alternative techniques that can be used to 

determine cations and anions are investigated such as ion‒selective electrodes (ISEs) 

and bulk optode technique.  

2.2 Ion‒selective electrodes (ISEs) [36]  

 Ion‒selective electrodes are electrochemical sensors that response to one 

particular ion via the sensing part of electrode called ion‒selective membrane. The 

response of particular ion in the solution is represented in term of the electrochemical 

potential across a ion‒selective membrane and a solution of various concentration of 

analyte ion against a reference electrode as illustrated in Figure 2.1. The electrode 

potential is proportional to the logarithm of the activity of the analyte ion as described 

by the Nernst Equation as shown in Eq. (2.1). In diluted solution, concentration can 

be used instead of activity without causing significant deviation.  

         
       

  
 + log A   (2.1) 

 where   E is the measured potential, 

   E° is the standard electrode potential, 

   R  is the gas constant (J∙K
‒1

∙mol
‒1

), 

   T  is the absolute temperature (K), 

   n  is the charge of ion, 

   F  is the Faraday constant, 

   A  is the activity of ion. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 7 

 

where L
+
, L

‒
 is the charged carrier, R

‒
 is the anionic site, R

+
 is the cationic site, I

+ 
is the target 

cation and A
‒
 is the target anion. 

Figure 2.1 Schematic views of the equilibria between sample, ion‒selective 

membrane, and inner filling solution center (a) for the anion extraction, (b) for cation 

extraction. 

The potentiometric devices compose of an ion selective membrane in ISE, a 

reference electrode and a potentiostat as shown in Figure 2.2. 

 

Figure 2.2 Electrochemical cell for potentiometric measurements using an ion‒

selective electrode and reference connected to a potentiostat electrode  

(modified from [37]). 
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2.2.1 Polymeric membrane of ISEs components  

There are five categories of ISEs membranes: glass membrane electrodes, 

crystalline or solid‒state electrodes, polymer membrane electrodes, gas sensing 

electrodes and enzyme membrane electrodes. The components of a selective 

membrane must selectively react or interact with the target ion.  

The polymeric ion‒selective membranes are composed of the components as 

shown below. 

‒ Ionophore or ion carrier: the chemical that reacts with the target ion 

due to its lipophilic group. It is the key part of the polymeric membrane for 

transporting the particular ion across the hydrophobic membrane. Thus, the ionophore 

must have high selectivity to the target ion over the others to prevent the interference 

effect. 

‒ Polymer matrix: the chemical that can mix all components to form 

homogenous membrane. The polymeric membranes are usually prepared with PVC, 

which has no interaction with the target ion. 

‒ Plasticizer, which is used to form the membrane and transfer ion into 

the membrane. 

‒ Ion exchanger: lipophilic salts containing anionic site (R
‒
) or cationic 

site (R
+
) are used to maintain electroneutrality of membrane for cationaic and anionic 

analytes, respectively. 

2.2.2 Electrode characteristics 

2.2.2.1 Selectivity 

 One of the most significant characteristics of chemical sensor is the 

selectivity of the ion‒selective membrane related to the strong complexation between 

ionophore and target ion. The key parameter related to the selectivity of membrane is 

called the selectivity coefficient (        
   

). It is associated to the equilibrium of the 

ionophore with primary ion (I) and interfering ion (J) between organic phase and 

aqueous phase. In theoretical, in a sample solution containing interfering ions as the 

same charge as the primary ion (analyte ion), those ions may be able to displace the 

primary ion from the ion selective membrane and lead to a deviation of potential from 
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the Nernst equation. An expanded Nernst equation may be used to describe this 

behavior which known as Nicolsky‒Eisenman equation: 

       
 

  
         ∑     

   
  

    ⁄
   )  (2.2) 

  where     
   

is the selectivity coefficient, 

   KI   is a constant potential value, 

 s     is the Nernstian slope of 59.18 mV 

     and    are charge of target ion (I) and interfering ion (J),  

    and    are activity of target ion (I) and interfering ion (J). 

  From the equation, the zero value of     
   

 is an ideal value indicating 

no interference. However, there is no ion‒selective membrane that absolutely specific 

for the particular ion. Then, the lower value of     
   

, the higher selective of membrane 

toward primary ion (I), is recommended.   

Selectivity coefficients can be demonstrated experimentally by the 

separate solutions method (SSM) or the fixed interference method (FIM). 

 ‒ Separate solutions method (SSM) 

 The potential in the solution is determined with each of two separate 

solutions, one containing primary ion while another one containing interfering ion. 

Then, the selectivity coefficience,     
   

 is calculated with the two obtained potential 

values by Eq. (2.3) as shown below and Figure 2.3 illustrated the potentiometric 

response of primary ion (I) and interfering ion (J).  

        
   

  
              

       
           

    ⁄
⁄ )  (2.3) 

 where E(I) and E(J) are the measured potentials from the separate 

solutions for primary ion (I) and interfering ion (J) and    and    are the activities of I 

and J in the separate solutions. 
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Figure 2.3 Schematic of the ion‒selective membrane selectivity determined by SSM 

(modified from [36, 38]). 

 ‒ Fixed interference method (FIM)  

 For this method, a Nernstian response for the primary ion is measured 

in a constant background of interfering ion. The selectivity coefficient,     
   

 is 

calculated using Eq. (2.4) which is shown the preferring of ISE to primary ion toward 

interfering ion in the same solution. As illustrated in Figure 2.4, aJ (BG) is the 

activity of the fixed interfering ion concentration in the solution as the background. aI 

(DL) is the limit of detection obtained via the Nernstian response. 

          
   

                       ⁄⁄ )   (2.4) 
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Figure 2.4 Schematic of the ion‒selective membrane selectivity determined by FIM 

(modified from [36, 38]). 

2.2.2.2 Limit of detection 

 The calibration curve of ion‒selective electrode as the function of 

potential and the activity of ion also provides a lower and upper detection limit where 

the potentiometric response significantly deviates from a Nernstian electrode slope. 

According to the IUPAC recommendation in 1976, the detection limit is defined by 

the cross‒section of the two extrapolated linear portions  of the calibration curves [38] 

(see Figure 2.5).  

 

Figure 2.5 Schematic of definition of the upper and lower detection limits of an ion‒

selective electrode via the IUPAC recommendations (modified from [36, 38]). 
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There are two key possible factors for the loss of sensitivity or the 

deviation of Nernstian response slope at low primary ion activities. The first point is 

the interference of the competing ions or interfering ions. Another point is the 

leaching of the primary ions from the membrane phase into the sample lead to the 

perturbation of the interfacial sample activity of the membrane. In addition, the 

activity ratio of upper and lower detection limits is defined as the measuring range of 

ISEs. 

2.2.2.3 Response time 

 Another important performance of the chemical sensors is the response 

time. Ideally, the response time for ion‒selective membranes depends on the time 

required for the boundary concentrations in the diffusion layer to equilibrate with the 

sample bulk. The fast response time indicates the good sensitivity of the ISEs. 

According to the IUPAC recommendation in 1976 [38], the time when an ion‒

selective electrode and a reference electrode are brought into a first contact with a 

sample solution (or at which the activity of the analyte ion in a solution is changed) 

and the first point at which the emf/time slope (ΔE/Δt) becomes equal to its steady‒

state value within 1 mV, as illustrated in Figure 2.6. 

 

Figure 2.6 Schematic of definition of the response time of an ion‒selective electrode 

via the IUPAC recommendations (modified from [38]). 
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2.3 Bulk optode technique [36] 

Bulk optode technique or ion‒selective optical sensor is one of the optical 

methods as the chemical sensors for determination an analyte by the change of the 

optical properties via the mass transfer of target ions in aqueous solution into optode 

membrane (Figure 2.7) as similar as the response mechanism of the ISEs. The 

optodes are also based on the equilibrium system between organic phase (polymeric 

membrane) and aqueous phase (sample solution). They consist of that necessary for 

extraction of the analyte ions such as ionophore, complexing agent, and ion carrier 

with the optical properties change. 

The polymeric optode membranes are composed of the components found in 

ion selective membrane as described in the ion‒selective electrode part, including 

chromoionophore (C) which is the chemical that has optical response to proton in the 

system. In case that the optical properties changing after ionophore react with the 

target ions, the chromoionophore is not necessary. 

 

Figure 2.7 The equilibrium between the ionophore in the bulk optode membrane 

before and after forming complex with cation. 

The equilibrium equation [39] is shown below. 

    
                 

              
                

       (2.5) 

  where   I
Z+

   is the target ion, 

       
   is the ionophore‒ion‒complex, 

    L   is the ionophore, 

    CH
+
 is the protonated chromoionophore, 

    C      is the deprotonated chromoionophore, 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 14 

with the corresponding exchange constant: 

     
    (

     

     
)
     

   

      
 (

  

  
)
 
      

 (2.6) 

To investigate a relationship between a signal S and ion activity aI, Eq. (2.6) 

shows the activity of the analyte ion in the sample solution. Moreover, the signal has 

to be correlated with the protonation degree of the chromoionophore, which 

introduces another correlation: 

    
     

  
    (2.7) 

where CT is the total chromoionophore concentration in the optode from the 

membrane preparation. Therefore, the concentrations of protonated chromoionophore 

in the organic phase can be indicated in terms of the protonating degree 1−α and the 

total chromoionophore concentration. The remaining unknowns in the organic phase 

are the deprotonated chromoionophore [C], the uncomplexed ionophore concentration 

[L], and the ionophore‒ion‒complex concentration     
   . Mass and charge balances 

are therefore introduced to replace the unknown parameters. The total amount of 

chromoionophore or ionophore given by the mass balance is equal to the sum of all 

compounds containing the species: 

                 (2.8) 

        
           (2.9) 

 Then, the charge balance is also presented resulting in the total positive 

charges which equal to the concentration of the anionic additive: 

                  
   .   (2.10) 

Finally, all terms have been inserted into the exchange constant in Eq. (2.6), 

replace       with the protonation degree from Eq. (2.7), and solve for the activity of 

the analyte ion aI to obtain the response function: 
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         (

   

   
)

           

                      
, (2.11) 

where the α  is the relative portion of the deprotonated form of the 

chromoionophore (α = [C]/CT). Because the optode membrane is in chemical 

equilibrium with the sample solution, the ratio of free sample ion activities (     
   is 

measured. A sigmoidal response function is obtained by Eq. (2.11). And, Eq. (2.12) 

described the experimental absorbance A at a given equilibrium can be correlated to α 

by measuring the absorbances of the fully protonated form (AP) and deprotonated 

form (AD) of the chromoionophore 

  
    

     
    (2.12) 

2.3.1 Ion‒selective optode characteristics 

2.3.1.1 Limit of detection 

The limit of detection of ion‒selective optodes is considered by various 

parameters, including interfering ions, the noise from the instrument, loss of 

sensitivity due to the sigmoidal response curve and response time. As shown in 

Figure 2.8, the detection limit can be predicted from the sigmoidal function of 

calibration curve.  

  

Figure 2.8 The sigmoidal response of the 1‒α and the activities of analyte ion 

(modified from [38]). 
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2.3.1.2 Response time 

 Due to the ion‒selective optodes are based on the quilibrium of 

extracting the analyte in the sample phase into the bulk of the membrane, the response 

time results in significantly longer than achieved via comparable interface‒based 

techniques, including ionophore‒based ion‒selective electrodes. The response time of 

the ion‒selective optode based on polymer with a thickness approximately around 

micrometers, is normally dominated by the diffusion time in the bulk of the 

membrane.  

2.3.2 Quantitative analytical signal for optical sensors [40, 41] 

 According to the conventional basic of ion‒selective optode, the sigmoidal 

responses of the optode are calculated by Eq. (2.11) with measured the optical 

response from the conventional optical signal including absorbance and fluorescence. 

The recent studies introduce the alternative optical detector such as camera and 

scanner provided the optical signal in term of color values. There are many types of 

color value: RGB(red‒green‒blue), HSVcolor space and etc. [42] where could be 

obtained by analysis the image with the ImageJ software. These color data have been 

presented as a quantitative analytical parameter for optical sensors instead of the 

protonating degree, 1−α as calculated follows Boltzmann equation [41, 43] as shown 

below: 

   
     

                 ⁄             (2.13) 

 where H denotes the color value, A1, A2, x0 and dx are the data set for adjusting 

coefficients to give an excellent correlation. The sigmoidal response functions for 

quantitative colorimetric detection are demonstrated as Figure 2.9. 
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Figure 2.9 The sigmoidal response of the color detection and the concentration of 

analyte ion via Boltzmann equation (modified from [41]). 

2.4 Metal complex as ionophore for anion‒selective electrodes and anion‒

selective optodes 

 In order to focus on the sensitivity and the recognition ability of chemical 

sensor, the most important component of the polymeric membrane is the ionophore 

since the selectivity of chemical sensors including both ion‒selective electrodes and 

ion‒selective optode is based on the extraction of target ion with the ion carrier or 

ionophore. Various researches studied anion recognition via an ionophore or anion 

receptor development based on the interaction between their binding site including 

hydrogen‐bonding groups, quaternary ammonium centers, Lewis acids, and cationic 

metal ions [44, 45]. The ionophores with the various functional groups have been 

widely developed, designed and applied to extract or form complex with the target 

anions. Due to the stability constant, steric effect and coordination of the central atom, 

capability of the ligand exchange, hydration and solvation energies, and spectral 

properties of metal coordinated complex, they are very popular ligand for anion 

recognition field. For example, Figure 2.10 shows the structures of the ionophores 

that are organometallic compounds of palladium and cobalt. Besides, metal calixarene 

complexes and metalloporphyrins are interesting to use as anion hosts.  
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  (a)      (b) 

   

(c)            (d) 

Figure 2.10 The structures of ionophores for anion detection  

(a) bis(diphenylphosphino)‒1,1'‒binaphthyl]palladium(II) dichloride [46],  

(b) benzylbis(triphenylphosphine)paltadium(II)‒chloride [46], (c) Co(II) cobyrinate 

[47] and (d) Co(III) corrole [48]. 

2.4.1 Calix[4]arene based anion ionophores 

 Since the ionophore used for the ion‒selective and optode membranes should 

has high lipophilic to immobilise in the organic phase or polymeric membrane which 

is hydrophobic, it is important that the ionophore must consist of the lipophilic part. 

Calixarene derivatives are macrocyclic compounds capable of forming a cup‒liked 

shaped conformation and via their high lipophilicity, the stability of ligand is 

increased. Generally, the calixarenes are used as a building block. Not only the 

calixarenes provide high lipophilicity, but they can be created with the variety of the 

binding group. The cup‒liked conformation of calixarene is stabilized by hydrogen‒

bonding interactions, and this allows the ligand to act as a host for a variety of 

suitably guests. Therefore, they are attractive ionophore due to they can be designed 
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with a various functional group as a binding site at the upper rim and the lower rim of 

the structure (see in Figure 2.11). One of the famous designs of the calixarene 

derivative ligand for anion recognition is to form complex with metal ion due to the 

electrostatic interaction between metal ion at the center of the calixarene containing a 

functional group as a binding site at the upper rim and target anion.  

 

Figure 2.11 Cup‒liked conformation of the calix[4]arene. 

 Although, the calix[n]arene has been widely used as the ionophore for anions 

sensing in several researches (shown in Table 2.1 and their structures are illustrated in 

Figure 2.12), but the design and the development of the calix[n]arene‒based 

ionophore are still challenging to improve the specificity and selectivity of our target 

anions.  

Table 2.1 The calix[n]arene‒based as an ionophore in anion‒selective electrode. 

Target 

anion 

Ionophore Slope (mV/decade) Detection limit 

(M) 

Ref. 

CH3CO2
‒
 A1 ΔE = 155 mV  

(solid‒state 

electrode) 

‒ [49] 

CO3
2‒

 A2 ‒22.9 1.2 × 10
‒4

 [50] 

HPO4
2‒

 A3 ‒33.0 5.0 × 10
‒5

 [51] 

Cl
‒
 A4   ‒55.69   2.51 × 10

‒5
 [52] 
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    A1             A2 

    

   A3              A4 

Figure 2.12 The structures of calix[4]arene derivatives. 
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2.4.2 Metalloporphyrin 

  The spectroscopic, lipophilic and chemical properties of porphyrin conjugates 

make them outstanding candidates used as the ionophore. Porphyrin consists of 

lipophilic structure which is favorable to use as the building block for ion recognition 

in chemical sensors. Besides, porphyrins also have the absorption and emission 

properties in the UV, visible, and near‒infrared spectral regions which are the ability 

for optical sensors.  

The form of porphyrin is a planar structure with four nitrogens which provides 

a vacant site at its center and can chelate strongly with metal ion in the center as a 

tetradentate ligand with metal ions called a metalloporphyrin (Figure 2.13). The 

metal ions behave as Lewis acids, obtaining lone pairs electrons from the porphyrin 

ligand. Their colors are originated from the absorption within the porphyrin ligand 

associated the excitation of electrons from π to π* porphyrin ring orbitals. Each 

metalloporphyrin complex has different spectroscopic properties via the various metal 

ions in the center as illustrated in Figure 2.14.  

 

Figure 2.13 The structure of metalloporphyrin. 
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Figure 2.14 Optical absorption spectra of metalloporphyrin with different metal ions 

(reprinted from Publication [53] with permission from Elsevier). 

 Depend on the metal ions coordinated with porphyrin, the selectivity of 

metalloporphyrin ionophores behave differently with exhibit varied interactions with 

anions as can been seen in Table 2.2 and some structures of metalloporphyrin 

ionophores are illustrated in Figure 2.15. 
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Table 2.2 The metalloporphyrins ‒based as an ionophore in anion‒selective sensor. 
 

Target 

anion 

Ionophore Method Ref. 

F
‒
 Zr(IV)‒tetraphenyl 

porphyrins (A5) 

Al(III)‒ picket‒fence porphyrin 

Ga(III)‒octaethylporphyrin (A6) 

Al(III)‒octaethylporphyrin 

Sc(III)‒octaethylporphyrin 

Ion‒selective electrode 

 

Ion‒selective electrode 

 

Ion‒selective electrode 

Optical sensor 

Flow‒injection optical sensor 

[54] 

 

[55] 

 

[56] 

[57] 

[58] 

Cl
‒
 In(III)‒octaethylporphyrin 

In(III)‒octaethylporphyrin 

In(III)‒octaethylporphyrin 

In(III)‒octaethylporphyrin 

 

Flow‒through optical ion/gas sensors 

Anion‒selective optical sensors 

Fluorescent nano‒optical probes 

Potentiometric and optical 

determination with flow system 

[59] 

[60] 

[61] 

[62] 

NO3
‒
 Co(II)‒tetraphenylporphyrin 

Co(II)‒deuteroporphyrin (A7) 

Ion‒selective electrode 

Ion‒selective electrode 

[63] 

[64] 

SCN
‒
 Co(II)‒methoxyphenyl 

porphyrin (A8) 

Mn(III)‒triphenylphenyl 

porphyrin 

Ion‒selective electrode 

Flow injection ion‒selective 

electrode 

[65] 

[66] 

C7H5O3
‒ 

Sn(IV)‒tetraphenyl 

porphyrins 

Cr(III)‒tetraphenyl 

porphyrin 

Ion‒selective electrode 

 

Ion‒selective electrode 

[67] 

 

[68] 
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   A5      A6 

  

  A7      A8  

Figure 2.15 The structures of metalloporphyrin ionophores. 
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2.5 Experimental design  

To improve the analytical performance of chemical sensors, the optimization 

of the related factors in detection condition in the chemical reaction and the 

experiment is investigated. Basically, the optimization of the experiments is 

monitoring the maximum efficiency response which effected from single factor at the 

time while the other factors are a constant value called one factor at a time method. 

This method is used in a system when the factors do not interact with other factors. 

This means that if an interaction among the factors is relevant such as temperature, 

reaction time and synthetic yield, the experiments are the various temperatures with 

one level of reaction time. However, the effect of the temperature is dependent on the 

reaction time. It means that the result optimized condition from one factor at a time 

method is not the best condition to give the highest efficiency. 

2.5.1 Central composite design (CCD) [69] 

The experimental design is another approach to optimize the experimental 

conditions which is the alternative method that monitoring the relationship between 

multiple factors and obtain the maximum response condition using the minimum 

amount of experiments. Thus, there are many advantages of the experimental design 

approach, i.e. screening (obtain the strongly influencing factor), optimization 

(investigate the optimized condition with the highest efficiency), saving time and 

quantitative modeling (predict the response from experiment without laboratory). The 

experimental design approach has many design methods such as full factorial design, 

fractional factorial design and CCD. Choosing the experimental design approach 

depends on the number of the interest effected variables and the chemical system. 

Even though the experimental design is to reduce the number of the experiments, 

some design i.e. full factorial design cannot be used to demonstrate high number of 

factors because the design still will be included high number of experiments. 

Therefore, the CCD is an another design to indicate the best response. 

To obtain the model in quadratic term, the CCD experimental design methods 

with 3 factors are studied which consists of three parts illustrated in Figure 2.16.  
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The CCD experiment can be divided into three parts:  

- The first part (experiment 1‒8 in Table 2.3) containing 8 

experiments (three factors with two levels). The number of experiments is calculated 

by 

N= l
k
     (2.14) 

  where N is the number of experiment, 

   l  is the number of level, 

   k is the number of independent variables. 

- The second part (experiment 9‒14 in Table 2.3) is the star points. 

The each star point value depends on the number of experiment. 

- Last, the third part (experiment 15‒20 in Table 2.3) is the 

replication of the experiment. 

Table 2.3 The experiment using CCD with 3 factors 

Experiment Factor 1 Factor 2 Factor 3 

1 ‒1 ‒1 ‒1 

2 1 ‒1 ‒1 

3 ‒1 1 ‒1 

4 1 1 ‒1 

5 ‒1 ‒1 1 

6 1 ‒1 1 

7 ‒1 1 1 

8 1 1 1 

9 ‒1.68 0 0 

10 1.68 0 0 

11 0 ‒1.68 0 

12 0 1.68 0 

13 0 0 ‒1.68 

14 0 0 1.68 

15 0 0 0 

16 0 0 0 

17 0 0 0 

18 0 0 0 

19 0 0 0 

20 0 0 0 
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Figure 2.16 The experiment points with 3 factors using CCD shown in 3D box 

(modified from Ref. [69]). 

2.5.2 Response surface methodology (RSM) 

 An alternative technique to present the model and analyze a process which can 

be calculated with various experimental design such as factorial design, the Box‒

Behnken design, the central composite design and Doehlert’s design is called 

response surface methodology (RSM) [70]. The role advantage of RSM is to represent 

the relavant effects of the primary factors correspond to the response. It is highly 

effective for improving and optimizing the experimental conditions in order to obtain 

the most significant responses of the process. The experimental factors are considered 

as X1, X2, …,Xn of the individual independent parameter and y is the response. The 

regression model of these parameters with the individual, interaction and second order 

polynominal terms can be optimized an approximation of the function as following 

equation. 

      ∑     ∑     
  ∑           (2.15) 

where b0 is the constant coefficient, bi, bii, and bij are the coefficients for linear, 

quadratic, and interaction effects, respectively, and Xi, Xj indicate the dependent 

variables.  

To evaluate RSM of the experiment, it consists of three main steps [70]: 

First step: the experiment is statistically designed using central composite 

design.  

Second step:  obtaining the coefficients of the mathematical regression model 

using multiple linear regression (MLR) technique [69] was used to calculated the 
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coefficients of each terms in the regression model by written in matrix form Eq. 

(2.16) as following Eq. (2.17); 
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 , (2.16) 

where all factors are square matrixes, y is the (n, 1) vector of measured responses, x is 

the (n, p) matrix of the mathematical model of factor levels, and α is the (p, 1) vector 

of unknown coefficients. 

                  (2.17) 

where b is coefficients (M×1), D is design matrix (N×M), and y is response (N×1). 

And, M and N represent factors and samples amount, respectively. 

Third step: evaluate the predicted responses using the observed regression 

model to calculate the response surface in order to optimize the optimum condition. 

Finally, a surface response can be stimulated by plotting with the obtained 

equation which contains first order, quadratic, and interaction relationships as 

illustrated in Figure 2.17. 

 

Figure 2.17 Example of surface responses of thiocyanate determination as the Blue 

value level in this work. 
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2.6 Literature review of thiocyanate and perchlorate determinations 

 Many analytical methods have been presented for thiocyanate and perchlorate 

detections. Ion selective electrode and bulk optode technique are one of the well-

known techniques that can be used for determination of cations and anions. The recent 

studies investigated perchlorate and thiocyanate determinations by these two 

techniques. For both ion‒selective and bulk optode methods, an ionophore is the key 

factor. Metal complex has been widely used as the ionophore via their electrostatic 

interaction between them and anion. For example, Abdel‒Haleem and Rizk [71] 

developed the optical sensors using optode technique based on Mn(III)‒salophen 

complex as an ionophore to detect thiocyanate in human saliva and spiked saliva 

sample. Vlascici and co‒worker [65] presented the potentiometric response 

characteristics of a Co(II) porphyrin based electrode for thiocyanate determination. 

And, Kunthadee and co‒worker [72] synthesized an ion carrier called di‒tripodal 

amine calix[4]arene (Figure 1.1), which was applied as an anion sensors for 

thiocyanate, the results showed the highest selectivity towards perchlorate.  

Table 2.4 The comparison of the proposed sensors with other works. 

Target 

ion 

Response mechanism/reagent Detection 

instrument/method 

LOD (M) Ref. 

SCN
‒
 Forming complex with Fe(III) sulfate Photometer 1.79×10

-6
 [19] 

Forming complex with Ag(I) catalyst Visible 

spectrophotometer 

2.00×10
-9

 [18] 

Chromatography HPLC-MS-MS 5.00×10
-8

 [73] 

Film-based optode based on Mn(III)-

salophen ionophore  

UV-visible 

spectrophotometer 

1.90×10
-6

 [71] 

Flow injection with optode based on 5-

octadecanoyloxy-2-(4-

nitrophenylazo)phenol 

UV-visible 

spectrophotometer 

2.00×10
-6

 [74] 

ISEs based on 5,10,15,20-tetrakis-(4-

methoxyphenyl)-porphyrin-Co(II)  

Potentiometric 

measurement 

6.00×10
-6

 [65] 

ISEs based on zinc(II)-tris(N-tert-butyl-

2-thioimidazolyl)hydroborate complex 

Potentiometric 

measurement 

3.16×10
-7

 [75] 

ClO4
‒
 Chromatography Ion chromatography 4.97×10

-5
 [76] 

 Chromatography Ion chromatography 1.49×10
-5

 [77] 

 ISEs based on Co(II) phthalocyanine 

complex 

Potentiometric 

measurement 

1.00×10
-5

 [78] 

 Flow-optode based on 5-

octadecanoyloxy-2-(4-nitrophenylazo) 

phenol 

UV-visible 

spectrophotometer 

6.20×10
-5

 [79] 
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As mentioned in Table 2.4, the ion selective electrode and bulk optode 

techniques have been demonstrated for the thiocyanate and perchlorate 

determinations. However, the sensitivity in term of the limits of detection of ISEs and 

optode methods showed lower that of the spectroscopy and chromatography 

techniques.  

To improve the analytical characteristic performance, the development of the 

substrate for optode-based sensors is interesting. Generally, the material of the sensor 

using conventional bulk optode membrane is polymeric film while the other materials 

of the sensors have been developed to improve the advantages of the sensor such as 

paper and thread. The paper‒based devices which are low cost, high surface to 

volume ratio and high ability to immobilize chemicals were studied. Pena‒Pereira and 

co-worker [80] demonstrated the paper‒based analytical devices based on bulk optode 

as the biomarker of thiocyanate in saliva from tobacco smoke. The results showed that 

the detection limit was 0.6 mM and the average thiocyanate levels found in non‒

smokers and smokers were 0.28–0.87 and 0.78–4.28 mM, respectively. The paper‒

based devices are focused not only for the enhancement of the sensitivity, but color 

change responses of the paper substrates are also easy to measure for example 

captured by camera or scanner.  

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

CHAPTER III 

 

EXPERIMENTAL 

 

 

3.1 Chemicals 

All chemicals were of analytical reagent grade listed in Table 3.1. 

Table 3.1 Chemicals lists. 

Chemicals Companies 

2‒Nitrophenyl octyl ether (o‒NPOE) Sigma‒Aldrich 

4‒n‒Octyloxybenzaldehyde TCI Japan 

5,10,15,20-Tetrakis(4-methoxyphenyl)porphyrin 

cobalt(II) complex (L2)   

Sigma‒Aldrich 

5,10,15,20-Tetrakis(4-octhyloxyphenyl)porphyrin 

cobalt(II) complex (L3) 

Synthesized from SCRU
*
 

Calcium chloride Aldrich 

Copper(II) chloride Sigma‒Aldrich 

di-Tripodal amine calix[4]arene  Synthesized from SCRU
*
 [72] 

Hydrochloric acid Merck 

Magnesium chloride Sigma‒Aldrich 

Magnesium sulfate Sigma‒Aldrich 

Methanol Merck 

Nitric acid Merck 

Polyvinylchloride (PVC) Sigma‒Aldrich 

Potassium chloride Sigma‒Aldrich 

Potassium tetrakis(4‒chlorophenyl)borate  

(KTpClPB) 

Sigma‒Aldrich 
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Table 3.1 Chemicals lists (continue).  

Chemicals Companies 

Propionic acid Merck 

Pyrrole TCI Japan 

Sodium (meta)arsenite Aldrich 

Sodium arsenate Sigma‒Aldrich 

Sodium arsenite Sigma‒Aldrich 

Sodium bicarbonate Sigma‒Aldrich 

Sodium bromide Sigma‒Aldrich 

Sodium chloride Sigma‒Aldrich 

Sodium dihydrogen phosphate Sigma‒Aldrich 

Sodium fluoride Sigma‒Aldrich 

Sodium hydroxide Sigma‒Aldrich 

Sodium iodide Sigma‒Aldrich 

Sodium nitrate Sigma‒Aldrich 

Sodium nitrite Sigma‒Aldrich 

Sodium perchlorate Sigma‒Aldrich 

Sodium sulfate Sigma‒Aldrich 

Sulfuric acid Merck 

Tetrahydrofuran (THF) Sigma‒Aldrich 

Toluene Merck 

Tridodecyl‒methylammonium chloride 

(TDMACl) 

Sigma‒Aldrich 

*
SCRU = Supramolecular Chemistry Research Unit, Department of Chemistry, 

Faculty of Science, Chulalongkorn University 
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3.2 Ion‒selective electrode (ISE) based on di‒tripodal amine calix[4]arene 

copper(II) complex ionophore 

3.2.1 Preparation of materials and experiment set up 

3.2.1.1 Fabrication of polymeric membrane electrode 

To prepare the polymeric membrane, a cocktail solution consists of di‒

tripodal amine calix[4]arene (L1), ion exchanger (KTpClPB), and polymer (PVC) : 

plasticizer (o‒NPOE); 1: 2 w/w in the total amount of 220 mg were dissolved in 2 mL 

of THF and stirred for an hour. Then, the cocktail solution was poured into a glass 

ring (22 mm in diameter). The solution was allowed to evaporate overnight to form 

transparent membrane (0.2‒0.3 mm thickness). The membranes were cut by a hole 

puncher into 8 mm diameter. Before measurement, the membranes were conditioned 

in 1.00×10
‒2

 M of CuCl2 overnight and the sodium salt of primary ion for overnight. 

The scheme of the membrane preparation is illustrated in Figure 3.1.  

 

Figure 3.1 Schematic illustration of the fabrication of the ion-selective membrane. 

3.2.1.2 EMF measurement  

   Potentiometric  measurement were performed using a high impedance 

input 16‒channels EMF monitor (Lawson Laboratories, Inc., Malvern, PA) with 

Ag/AgCl/3M KCl/1 M LiOAc as a reference electrode (Metrohm, Switzerland). The 

conditioned membrane was fitted into an electrode body. The mixed solution of 

1.00×10
‒2 

M primary anion and 1.00×10
‒3

 M NaCl was filled into the electrode body 

as the internal filling solution. The potentials of ion‒selective membrane were 
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measured at room temperature with the following set up (galvanic cell, two 

electrodes): 

Ag, AgCl | 3 M KCl || 1 M LiOAc || sample solution | ion‒selective membrane | inner 

filling solution (IFS) | AgCl, Ag 

   The potentiometric measurement was performed in the concentrations 

of target anion from 1.00×10
‒7 

M to 1.00×10
‒2 

M with stirring. In order to investigate 

the performance of prepared ion‒selective membrane with the analyte anions, the 

activities of anions and the measured EMF were fitted according to Eq. (2.1). The 

analytical performances including detection limit and working range were 

demonstrated with the IUPAC recommendations. 

3.2.2 Central composite experimental design (CCD) 

In this research, central composite design (CCD) was used as an 

experimental design. CCD was a box‒like design covered with a spherical shape 

which used to optimize the amounts of ion exchanger and ionophore for electrode 

composition and pH of the sample solution. Next, each parameter was coded to avoid 

analytical bias from using different levels of each parameter. The code values of each 

parameter are shown in Table 3.2. 

Table 3.2 Code values for pH and the amounts of ion exchanger (KTpClPB) and 

ionophore (L1). 

factor code 

‒1.68 ‒1 0 1 1.68 

pH 5.06 6.25 8.00 9.75 10.94 

KTpClPB (mmol/kg) 0.80 2.50 5.00 7.50 9.20 

L1 (mmol/kg) 5.80 7.50 10.00 12.50 14.20 

 

The following conditions of the ion‒selective membranes was studied 

and optimized. 

‒ The amount of ionophore in ion‒selective membranes: 5.00‒15.00 

mmol/kg. 
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‒ The amount of ion exchanger in ion‒selective membranes: 1.00‒

10.00 mmol/kg. 

  ‒ The pH of sample solution from 4.0 – 10.0 (Table 3.3).  

Table 3.3 Various buffer solutions at different pH. 

pH Type of buffer  

4.0, 5.0, 6.0 0.01 M citric acid/citrate 

7.0 0.01 M NaH2PO4/ Na2HPO4 

8.0, 9.0, 10.0 0.01 M boric acid/borate 

In order to design the experiment by CCD, 20 experiments were 

performed which represent each point inside a simulation box and sphere of all factor, 

as shown in Table 2.3. All experiments in the box were investigated for construction 

of a surface response plot.  

For each point, the potentiometric measurement was performed in the 

concentration of target anion from 1.0×10
‒7

 M to 1.0×10
‒2

 M resulting in the response 

between the logarithm of anion activity and EMF. Then, the slope via Nernst equation 

was calculated from the relationship of the logarithm of anion activity and EMF and 

used to obtain the calculation in CCD process which provided the equation for 

prediction of the optimum value. 

3.2.3 Selectivity  

 For selectivity study, the selectivity coefficients are the parameter which 

generally used to descript the selectivity performance of the ion‒selective membrane 

toward the primary ion over other interfering ions. In order to calculate the selectivity 

coefficient, the experiment was demonstrated followed the detail in section 2.2.2.1 in 

chapter 2. 

 In this work, the selectivity of purposed ion‒selective membrane electrode 

towards primary anions (i) was determined by the separate solution method (SSM) by 

measuring in separate solutions of sodium salts of AsO4
3‒

 , SO4
2‒

, H2PO4
‒
, NO3

‒
, F

‒
, 

I
‒
, Br

‒
, Cl

‒
, SCN

‒
 and ClO4

‒
 (1.00×10

‒7 
M to 1.00×10

‒2 
M) follows the Hofmeister 

selectivity pattern. The membranes were conditioned in 1.00×10
‒2

 M CuCl2 solution 
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for overnight and then conditioned in the solution of 10 mM Na2SO4 for overnight. 

The EMF measurements were performed in 10 mM separate solution containing 

SO4
2‒

, followed by the other containing anions. 

3.3 Paper‒based optode 

3.3.1 Fabrication of the paper‒based optode  

For the paper-based optode preparation (see Figure 3.2), a cocktail solution 

consisted of ionophore (L2 or L3), tridodecyl‒methylammonium chloride 

(TDMACl), and polymer (PVC) : plasticizer (o‒NPOE); 1: 2 w/w in the total amount 

of 90 mg were dissolved in 2 mL of THF and stirred for an hour. Then, 4 µL of the 

cocktail solution was pipetted and drop‒casted onto a filter paper with the diameter of 

10 mm. The paper-beased optode was allowed to evaporate THF for 10 minutes to 

form optode. 

3.3.2 Measurement of anion using paper‒based optode 

The color measurements of the proposed paper‒based membrane were 

performed by dipping the paper-based optode in a solution containing an anion with 

different concentrations. Then, the paper‒based  optode was observed by capturing 

the photographs with DSLR camera (Nikon D5200) under a studio lightbox (Udiobox, 

Thailand). The color value (RGB value) was fitted with Boltzmann equation as shown 

in Eq. (2.13) in section 2.3.2. The scheme of the fabrication, detection and analysis 

methods are illustrated in Figure 3.2.  
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Figure 3.2 Schematic illustration of the fabrication, the detection and analysis 

methods for thiocyanate determination. 

 

3.3.3 Types of paper filter and plasticizer 

  The filter papers studied in this work were Whatman no.1 (pore size: 11 µm) 

and Whatman no.42 (pore size: 2.5 µm). The second parameter was the type of 

plasticizers which were DOS and o‒NPOE. The color measurements of the proposed 

paper‒based optode were performed by dipping the paper-based optode in a solution 

containing 1.00×10
‒4

 M SCN
– 

and captured the photographs with DSLR camera under 

a studio lightbox. 

3.3.4 Response time 

The response time was determined for paper‒based optode in the different 

concentrations of target anions solutions prepared in 0.01 M tris‒HCl buffer, pH 7.4. 

The concentration of the sample solution was studied from 1.00×10
‒7

 to 1.00×10
‒2

 M 

in the varied of time from initial to 30 minutes. 

3.3.5 Effects of the solution of pH  

 The effect of sample solution pH on the color change of paper‒based optode 

was examined by investigating the color change of the optimized paper‒based optode 

with the various pH of the analyte anion solution. The pH of the sample solution was 
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varied from 4.0 to 10.0 with the different buffer as illustrated in Table 3.4. The 

concentration of the sample solution was studied from 1.00×10
‒7

 to  

1.00×10
‒2

 M.  

Table 3.4 Various buffer solutions at different pH. 

pH Type of buffer 

4.0, 5.0 0.01 M CH3COOH/CH3COONa 

6.0 0.01 M NaH2PO4/Na2HPO4 

8.0 0.01 M boric acid/borate 

7.4, 8.4, 9.0 0.01 M Tris‒HCl 

10.0 0.01 M NaHCO3/Na2CO3 

 

3.3.6 Central composite experimental design (CCD) 

 For this experiment, central composite design (CCD) was used as an 

experimental design. The amounts of ion exchanger and ionophore for paper‒based 

optode composition were considered as the factor effected to the color change 

response. And, each parameter was coded to avoid analytical bias from using different 

levels of each parameter. The code values of each parameter are shown in Table 3.5. 

 

Table 3.5 Code values for the amounts of ion exchanger and ionophore. 

factor code level 

‒1.414 ‒1 0 1 1.414 

TDMACl (X1) 0.76 2.50 5.00 8.00 9.24 

Ionophore (X2) 6.47 7.50 10.00 12.50 13.54 

 

In order to design the experiment by CCD, 13 experiments were performed 

which represent each point inside a simulation box and sphere of all factor, as shown 

in Table 3.6. All experiments in the box were investigated for construction of a 

surface response plot.  
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For each point, the color measurement was performed in the concentration of 

target anion from 1.00×10
‒7

 M to 1.00×10
‒2

 M resulting in the response between the 

logarithm of anion activity and color values. Then, the color values were used to 

obtain the calculation in CCD process which provided the equation for prediction of 

the optimum condition. 

Table 3.6 Central composite design for optimization of the amounts of ion exchanger 

and ionophore. 

 

 

 

 

 

 

 

 

 

3.3.7 Selectivity 

  In order in determine the selectivity of the prepared paper‒based optode 

toward the target anion among interfering anions, the selectivity of the purposed 

paper‒based optode was investigated by dipping the paper‒based optode in separate 

10 mM solutions of sodium salt of AsO3
3‒

, AsO4
3‒

, SeO4
2‒

 SO4
2‒

, H2PO4
‒
, NO2

‒
, 

NO3
‒
, F

‒
, I

‒
, Br

‒
, Cl

‒
, SCN

‒
 and ClO4

‒
 in boric/borate buffer at pH 8.0 or in tris-HCl 

buffer at pH 7.4. Then, optode was observed by capturing the photographs with 

DSLR camera (Nikon D5200) under a studio lightbox. The color value (RGB value) 

was fitted with Boltzmann equation as shown in Eq. (2.13) in section 2.3.2. 

Experiment 
Code level 

Factor 1 Factor 2 

1 ‒1 ‒1 

2 1 ‒1 

3 ‒1 1 

4 1 1 

5 ‒1.414 0 

6 1.414 0 

7 0 ‒1.414 

8 0 1.414 

9 0 0 

10 0 0 

11 0 0 

12 0 0 

13 0 0 
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3.3.8 Real sample 

 The purposed paper‒based optode was applied to determine the concentration 

of analyte anion in real sample solutions. In this work, urine samples were employed 

as the real sample for thiocyanate determination. The urine samples were collected 

from a non‒smoker and two smokers. The samples were centrifuged at 3000 rpm for 

2 minutes and stored at 4๐C until analysis before measurement. The scheme of the 

sample preparation, detection and analysis methods are illustrated in Figure 3.3.   

 

 

Figure 3.3 Schematic illustration of the sample preparation, the detection and analysis 

methods for thiocyanate determination in real sample. 

 

Then, the determination of thiocyanate in urine sample was measured using 

spiking technique. For accuracy test, the various concentrations of thiocyanate ion 

were added. In order to validate the performance of the purposed paper‒based optode, 

the ion chromatography, IC (Thermo Scientific, MA, USA) was applied to measure 

the thiocyanate concentration in the urine samples and compared with the results 

using the purposed method. 

The ion chromatographic analysis was demonstrated on a Dionex Integrion 

HPIC (Thermo Scientific, MA, USA) with a suppressed conductivity detector. The 

mobile phase gradients were generated online from milliQ water using the Dionex 

EGC-KOH eluent generator cartridge (Thermo Scientific, Waltham, MA, USA) and 
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then polished off from the contaminants using continuously regenerating trap column. 

Data analysis and instrumental control were evaluated through a Chromeleon Client 

(7) software (Thermo Scientific, Waltham, MA, USA). The optimized ion 

chromatographic conditions for thiocyanate ion detection: The eluent gradient was 0-

20 minutes 36 mmol/L KOH isocratic. The suppressor current was 90 mA. Column 

compartment temperature and detector cell temperature were kept stable with a 

thermostate at 30 and 30°C, respectively. The flow rate was 1.000 mL/min and the 

sample loop was 25 μL. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

CHAPTER IV 

 

RESULTS AND DISCUSSION 

 

 

This research aimed to develop the quantification method for perchlorate and 

thiocyanate in aqueous solutions using potentiometric and colorimetric techniques. 

The potentiometric method of perchlorate-selective electrode using di‒tripodal amine 

calix[4]arene copper(II) complex (L1-Cu) in poly(vinyl chloride) membrane was 

studied. Moreover, the optode sensor was successfully developed as paper-based for 

the determination of thiocyanate in aqueous solution based on colorimetric analysis. 

The metalloporphrin ionophores including 5,10,15,20-tetrakis(4-methoxyphenyl) 

porphyrin cobalt(II) complex (L2) and 5,10,15,20-tetrakis(4-octhyloxyphenyl) 

porphyrin cobalt(II) complex (L3) were used as ionophore. 

4.1 Ion‒selective electrode (ISE) based on copper (II) di‒tripodal amine  

calix[4]arene ionophore  

4.1.1 Fabrication of ion‒selective membrane for ISEs 

 The di‒tripodal amine calix[4]arene copper(II) complex (L1-Cu) has been 

previously synthesized and reported for thiocyanate determination using ISEs method 

[72]. Thus, we have been interested in investigating the anion sensing properties of 

L1-Cu via the potentiometric sensors with the ion‒selective membrane using the 

experimental design approach. 

 In this work, the L1 was synthesized by SCRU. The L1-Cu was first dissolved 

in THF in the presence of cation exchanger (potassium tetrakis(4‒chloro 

phenyl)borate, KTpClPB), plasticizer (1‒(2‒nitrophenoxy)octane, o‒NPOE) and 

polymer (PVC) to fabricate the polymeric membrane as ion‒selective membrane for 

ISEs. To optimize the sensing characteristic of the prepared ISEs, pH, the 

concentrations of ionophore and ion exchanger were examined using CCD method. 
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4.1.2 Central composite experimental design (CCD) for ISEs 

The CCD approach was used to optimize the effected factors of potentiometric 

response including the amounts of ion exchanger and ionophore for electrode 

composition and pH of the sample solution while all of the parameters were coded to 

avoid analytical bias from using different levels of each parameter. The code values of 

each parameter are shown in Table 3.2. All experiments (20 experiments) in the box 

were investigated for construction of a surface response plot.  

According to the experimental results, all variables were considered as 

quadratic terms via more accurate results. Moreover, the relevant between three 

variables was also investigated to determine the effect of each interaction as shown in 

Table 4.1. In order to show the optimum point of each parameter, the linear 

regression was calculated resulting in the coefficients of the equation, as shown in Eq. 

(4.1) which was responded as 3D surface plots to figure out the optimum points for 

each parameter.  

                                         
       

        
        

                                  (4.1) 

Figure 4.1 shows the relationship between the amount of ion exchanger and 

pH of the working solution. The highest and lowest experimental slopes from Nernst 

equation were represented in red and blue colors, respectively. As shown in the x‒

axis, the effect of pH on the slope via Nernst equation, in the results, the blue areas 

(slope around ‒59 mV/decade) were on the middle sides of the figure, which 

corresponded to pH values of lower than 9.75 and higher than 5.06. And, the results 

indicated that the optimum amount of ion exchanger was in the range of 0.80‒9.20 

mmol/kg (blue).  
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Table 4.1 Three parameters with three levels of CCD experiments for optimization of 

pH (Factor X1) and the amounts of KTpClPB (Factor X2)  and L1 (Factor X3) for 

perchlorate determination using ISEs. 

Experiment b0 
Factor Slope 

b1 b2 b3 b1
2
 b2

2
 b3

2
 b12 b13 b23 experiment predict 

1 1 ‒1 ‒1 ‒1 1 1 1 1 1 1 ‒58.78 ‒59.50 

2 1 1 ‒1 ‒1 1 1 1 ‒1 ‒1 1 ‒54.80 ‒55.06 

3 1 ‒1 1 ‒1 1 1 1 ‒1 1 ‒1 ‒58.01 ‒57.69 

4 1 1 1 ‒1 1 1 1 1 ‒1 ‒1 ‒50.59 ‒51.18 

5 1 ‒1 ‒1 1 1 1 1 1 ‒1 ‒1 ‒59.22 ‒58.61 

6 1 1 ‒1 1 1 1 1 ‒1 1 ‒1 ‒57.10 ‒57.41 

7 1 ‒1 1 1 1 1 1 ‒1 ‒1 1 ‒59.22 ‒58.95 

8 1 1 1 1 1 1 1 1 1 1 ‒56.41 ‒55.68 

9 1 ‒1.68 0 0 2.82 0 0 0 0 0 ‒54.70 ‒54.99 

10 1 1.68 0 0 2.82 0 0 0 0 0 ‒48.78 ‒48.51 

11 1 0 ‒1.68 0 0 2.82 0 0 0 0 ‒62.68 ‒62.27 

12 1 0 1.68 0 0 2.82 0 0 0 0 ‒58.87 ‒59.30 

13 1 0 0 ‒1.68 0 0 2.82 0 0 0 ‒57.11 ‒56.36 

14 1 0 0 1.68 0 0 2.82 0 0 0 ‒58.62 ‒59.39 

15 1 0 0 0 0 0 0 0 0 0 ‒57.61 ‒57.51 

16 1 0 0 0 0 0 0 0 0 0 ‒57.11 ‒57.51 

17 1 0 0 0 0 0 0 0 0 0 ‒57.61 ‒57.51 

18 1 0 0 0 0 0 0 0 0 0 ‒57.61 ‒57.51 

19 1 0 0 0 0 0 0 0 0 0 ‒58.02 ‒57.51 

20 1 0 0 0 0 0 0 0 0 0 ‒57.11 ‒57.51 
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Figure 4.1 Effect of the amount of ion exchanger and pH on the slope via Nernst 

equation. 

In addition, the relationship between the amount of ionophore and pH was also 

considered. Results from Figure 4.2 demonstrated a 3D surface plot and contour plot 

showing the relationship beteween the amount of ionophore and pH. Low slope form 

Nernst equation (‒59 mV/decade) was obtained when using  higher pH values than 

5.06 or lower pH values than 8.88. The optimum amount of ionophore was obtained 

in the range of 5.80‒14.20 mmol/kg (blue). In addition, results from both Figures 4.1 
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and Figure 4.2 indicated that ‒59 mV/decade slope was observed from either lower 

pHs than 8.88 or higher pHs than 5.06.  

 

 

Figure 4.2 Effect of the amount of ionophore and pH on the slope via Nernst 

equation. 

However, the relationships between the amounts of ion exchanger and 

ionophore were also demonstrated as illustrated in Figure 4.3. From results, a green 

area is located at the middle of the figure, the optimum amount of ion exchanger was 

considered to be in the range of 2.50‒7.50 mmol/kg while the amount of ionophore 

was in the range of 11.25‒14.20 mmol/kg. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 47 

 

 

Figure 4.3 Effect of the amounts of ion exchanger and ionophore on the slope via 

Nernst equation. 

All of the surface plots and contours plot showed the optimum condition of 

three parameters (pH, the amounts of ion exchanger and ionophore) which was related 

to the good sensitivity via the extraction of ionophore (L1-Cu) and perchlorate via the 

purposed ISEs. From Figure 4.1, Figure 4.2 and Figure 4.3, they indicated the 

optimum values for all parameters that the optimum pH was considered to be in the 

range of 5.06‒8.88, the optimum amount of ion exchanger was considered to be in the 
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range of 2.50‒7.50 mmol/kg while the amount of ionophore was determined to be in 

the range of 11.25‒14.20 mmol/kg.  

Using the multiple linear regressions, a regression model was calculated from 

the responsive surface plots, as shown in the Eq. (4.1). The linear relationship from 

the equation was plotted and shown in Figure 4.4 with R
2
 = 0.9747. 

 

Figure 4.4 Correlation of the experimental (observed) slope and the predicted slope 

via Nernst equation. 

Each coefficient in Eq. (4.1) was indicated the significance of the parameters 

in terms of either an isolated term or a related term. The coefficients of two 

parameters (pH, the amount of ion exchanger) were posititive whlie the coefficient of 

the amount of the ionophore was negative. It can be implied that the slope increased 

when the pH and the amount of ion exchanger increased. However, the slope 

decreased when the amount of ionophore increased.  The optimized values of the 

parameters were figured out using the first derivative method from the constructed 

equation. It was found that the optimized pH, the amounts of ion exchanger 

(KTpClPB) and ionophore (L1-Cu) were found to be 8.0, 3.25 mmol/kg and 13.25 

mmol/kg, respectively. Therefore for the futher experiment, these conditions was used 

as the optimum condition to determine perchlorate by ISEs.  
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4.1.3 Selectivity 

 In order to study the performance of the proposed ion‒selective membrane 

based on L1, the potentiometric selectivity is a key characteristic of the development 

of ISEs. Generally, the potentiometric selectivity represents the preferance of 

ionophore toward primary ion over interfering ions. In this study, the selectivity 

coefficients         
     of the ion‒selective membrane for perchlorate were 

demonstrated using the separate solution method (SSM).  

In this work, the selectivity of purposed ion‒selective membrane electrode 

was measured in separate solutions of sodium salt of AsO4
3‒

, SO4
2‒

, H2PO4
‒
, NO3

‒
,  

F
‒
, I

‒
, Br

‒
, Cl

‒
, SCN

‒
 and ClO4

‒
 (1.00×10

‒7
 to 1.00×10

‒2 
M) in boric/borate buffer pH 

8.0 follows the Hofmeister selectivity pattern resulting in the response between the 

logarithm of anion activity and EMF. Then, the selectivity coefficients were 

calculated followed the detail in section 2.2.2.1.  

The results in Table 4.2 showed that the EMF responses of various anions 

gave the negative EMF response except H2PO4
‒
 showed the positive EMF response. It 

indicated that the optimized membrane with L1-Cu did not show the negatively EMF 

response trough the H2PO4
‒
. Although, the other anions showed the negatively EMF 

response, AsO4
3‒

, F
‒
, Cl

‒
, NO2

‒
, NO3

‒ 
and SO4

2‒
 gave the EMF response different 

from the Nernstian slope (‒59.2   mV/decade). On the other hand, I
‒
, and SCN

‒
 

responded to the ISEs with super‒Nernstian slope and Br
‒ 

responded to the ISEs with 

sub‒Nernstian slope. It is suggested that the optimized membrane with L1-Cu did not 

show good selectivity with these anions while performed good selectivity with ClO4
‒
 

resulting in near‒Nernstian slope of ‒58.02 ± 0.01 mV/decade. 
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Table 4.2 Potentiometric responses of optimized membrane with L1-Cu ionophore 

towards the various of anions. 

Samples 

(10 mM)  

Slope 

(mV/decade) 

Linear range 

(M) 

ClO4
‒
 ‒58.02 ± 0.01 1.00×10

‒6
 – 1.00×10

‒2
 

I
‒
 ‒70.66 ± 6.12 1.00×10

‒5
 – 1.00×10

‒2
 

SCN
‒
 ‒67.45 ± 0.20 1.00×10

‒6
 – 1.00×10

‒2
 

AsO4
3‒

 ‒19.97 ± 0.30 1.00×10
‒6

 – 1.00×10
‒2

 

F
‒
  ‒6.02 ± 1.00 1.00×10

‒3
 – 1.00×10

‒2
 

Br
‒
 ‒51.63 ± 0.05 1.00×10

‒5
 – 1.00×10

‒2
 

Cl
‒
 ‒35.88 ± 0.25 1.00×10

‒4
 – 1.00×10

‒2
 

NO2
‒
 ‒41.15 ± 0.10 1.00×10

‒5
 – 1.00×10

‒2
 

NO3
‒
 ‒38.54 ± 2.71 1.00×10

‒5
 – 1.00×10

‒2
 

SO4
‒
 ‒7.48 ± 2.66 1.00×10

‒4
 – 1.00×10

‒2
 

H2PO4
‒
 2.85  ± 1.35 1.00×10

‒3
 – 1.00×10

‒2
 

 

The results in Figure 4.5 demonstrated that the ion‒selective membrane containing 

L1‒Cu as an ionophore exhibited high selectivity toward perchlorate over all 

interfering anions. The selectivity coefficient of purposed ion‒selective membrane 

electrode was determined using the separate solution method (SSM) by measuring 

EMF in separate solutions of each interfering anions (j), followed by primary anions 

(j), ClO4
‒
 and illustrated in Figure 4.6. The selectivity sequence obtained with ISEs 

was as follows: ClO4
‒
 > SCN

‒
 > H2PO4

‒
 > I

‒
 > SO4

2‒
> AsO4

3‒
> NO3

‒
 > Br

‒ 
> NO2

‒
 > 

Cl
‒ 

> F
‒
.  As illustrated, the anion selectivity sequence exhibited by ion‒selective 

membrane deviated significantly from the Hofmeister sequence with high perchlorate 

selectivity. This deviation from the Hofmeister pattern ensures the existence of a 

selective interaction between L1‒Cu and perchlorate.  
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Figure 4.5 EMF responses of ISEs based on the L1‒Cu toward the different anions. 

  

Figure 4.6 Comparison of the selectivity coefficients of anions in the polymeric 

membrane containing the L1-Cu. 
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4.1.4 Potentiometric responses of perchlorate 

In order to further evaluate the electrochemical behavior of the copper di‒

tripodal amine calix[4]arene membrane, the potentiometric responses of perchlorate 

were demonstrated. The membrane composed of 3.25 and 13.25 mmol/kg of  ion 

exchanger (KTpClPB), and L1, respectively,  the amount of polymer (PVC) : 

plasticizer (o–NPOE) was 1: 2 w/w in the total amount of 220 mg and then applied to 

detect  perchlorate in boric/borate buffer solution at pH 8.0. Before measurement, the 

membranes were conditioned in 10 mM CuCl2 solution for overnight and 10 mM of 

sodium perchlorate solution for overnight, respectively. Potentiometric measurements 

were performed in the concentration of perchlorate ions from 1.00×10
‒8

 to 1.00×10
‒2 

M. 

The results in Figure 4.7 and Figure 4.8 showed that the negative 

potentiometric responses for perchlorate yielded a near‒Nernstian slope (‒58.02 ± 

0.01 mV/decade)  in the working range of 1.00×10
‒6

 to 1.00×10
‒2

 M which suggested 

that the L1‒Cu membrane exhibited the perchlorate responses with the limit of 

detection of 3.00×10
‒5

 M defined by using the cross‒section of the two extrapolated 

linear portions of the calibration curves and showed an excellent correlation with a 

correlation coefficient (R
2
=0.9994). 

 Furthermore, the response time, one of the important performances of ISEs,  

was determined. As can be seen in Figure 4.7, the fabricated perchlorate‒selective 

electrodes with L1‒Cu performed a fast response time to reach its steady‒state EMF 

value which performing as the stable and smooth potential signal after changing the 

perchlorate concentration in sample solution.  
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Figure 4.7 Time‒dependent response of the optimized membrane towards perchlorate 

in the concentration range from 1.00×10
‒7

 to 1.00×10
‒2

 M at pH 8.0. 

 

Figure 4.8 EMF responses of ISEs based on the L1‒Cu toward perchlorate in the 

concentration range from 1.00×10
‒7

 to 1.00×10
‒2

 M at pH 8.0. 
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The di‒tripodal amine calix[4]arene copper(II) complex (L1‒Cu) showed the 

anion sensing properties as the potentiometric sensors for perchlorate determination. 

Moreover, the optical sensor using bulk optode techniques was also interesting. Since 

L1 is colorless, the chromoionophore is necessary to the extraction of analyte ions to 

the membrane. The composition of cocktail solution was L1,  chromoionophore I, 

TDMACl, o-NPOE and PVC. From the results, membrane showed color change 

towards the pH increasing as seen in Figure 4.9(a). There was no color difference of 

the membrane between immersing in the blank and 1 mM AsO4
3‒

 in buffer pH 8.0 

Figure 4.9(b). This poor sensitivity was purposed that L1 ionophore was not suitable 

for the anion sensing with bulk optode technique. 

 

Figure 4.9 Colors of film-based optode with L1 toward (a) the various pH with the 

immersing time of 20 minutes, and (b) 1 mM AsO4
3‒

 in buffer pH 8.0 with the 

immersing time of 20 minutes. 

4.2 Bulk optode technique based on metalloporphyrin ionophores 

 According to the absorption of porphyrin compound, the porphyrins were 

interesting to use as ionophore for anion sensing with bulk optode technique. Thus, 

this part was performed to detect thiocyanate using bulk optode technique based on 

metalloporphyrin ionophores. The metalloporphyrin ionophores in this work were 

5,10,15,20-tetrakis(4-methoxyphenyl)porphyrin cobalt(II) complex (L2)  and 

5,10,15,20-tetrakis(4-octhyloxyphenyl)porphyrin cobalt(II) complex (L3). These two 

ionophores consist of cobalt(II) porphyrin but different alkyl chain substitutions at 

meso-position. Thus, these ionophores provided the different lipophilicity. 
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4.2.1 5,10,15,20‒Tetrakis(4‒methoxyphenyl)porphyrin cobalt(II) complex (L2) as 

an ionophore 

4.2.1.1 Measurement of thiocyanate using the solution of L2  

ionophore 

For the preparation, 1 mg of L2 was dissolved in 2 mL of THF and 

stirred for an hour. Then, the color measurements of the proposed cocktail solution 

were performed by adding 0.1 mL of cocktail solution into 1.9 mL of the solution 

containing thiocyanate with different concentrations in the range from 1.00×10
‒7

 to 

1.00×10
‒2

 M at pH 8.0. The mixed solution was observed by measuring the 

absorption spectra with UV‒visible spectrophotometer and capturing the photographs.  

The colors of the solution after mixing and the absorbance are shown 

in Figure 4.10 and Figure 4.11, respectively. From these results, the color of the L2 

ionophore was changed from orange to green when the concentration of thiocyanate 

in the sample solution was increased. From the absorption spectra, the absorbance at 

525 nm was decreased and the absorbance at 550 nm was increased with the 

increasing of the thiocyanate concentration. It may confirm the complexation of L2 

ionophore and thiocyanate. The characteristic color of the coordination complex is 

exhibited by splitting of an electron from a lower-energy d orbital to a higher-energy 

d orbital. Thus, the deviation of the energy gap of two levels of d orbital results the 

color change of the complex. The color change of L2 may purposed by distortion of 

the structure of L2 after attaching SCN
‒
 as a ligand from the planar of metal-pyrrole 

unit to the octahedral. Thus to apply the L2 ionophore as the thiocyanate sensors, the 

analytical performances were further investigated. 

 

Figure 4.10 Colors of L2 solution in the various concentrations of SCN
‒
 solution at 

pH 8.0 with the mixing time of 15 minutes. 
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Figure 4.11 Absorption spectra of L2 ionophore solution in the presence of various 

concentrations of SCN
‒
 standard solutions from 1.00×10

‒7
 to 1.00×10

‒2
 M in 0.01 M 

boric/borate buffer at pH 8.0 with the mixing time of 15 minutes. 

The sigmoidal curve was demonstrated with the L2 ionophore solution 

in the presence of various concentrations of SCN
‒
 standard solutions from 1.00×10

‒7
 

to 1.00×10
‒2 

M in 0.01 M boric/borate buffer at pH 8.0. The sample solution was 

mixed into the ionophore solution for 15 minutes. The sigmoidal response of the 

solution with logarithm of SCN
‒
 concentrations was fitted with the sigmoidal 

relationship given by the Boltzman equation [41] as expressed in Eq. (2.13) where the 

A1, A2, x0, and dx are parameters given in Table 4.3. The sigmoidal curve illustrated 

the relationship between the ΔBlue values and logarithm of SCN
‒
 concentrations is 

shown in Figure 4.12. Because green was the combination of yellow and blue, the 

Blue value was chosen for the quantitative analysis. The results provided an excellent 

correlation coefficient (R
2
 = 0.9789). The limit of detection (LOD) was 7.94×10

‒5 
M 

of SCN
‒
 which expressed from the cross-section of the  two  extrapolated  linear  

portions  of  the  calibration  curves [36]. The L2 solution showed the working range 

from 1.00×10
‒4

 to 1.00×10
‒2 

M. 
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Figure 4.12 Sigmoidal curve of L2 ionophore solution in the presence of various 

concentrations of SCN
‒
 standard solutions from 1.00×10

‒7
  to 1.00×10

‒2
 M in 0.01 M 

boric/borate buffer at pH 8.0 with the mixing time of 15 minutes. 

Table 4.3 Parameters of Boltzmann equation for SCN
‒
 determination in the L2 

solution. 

Parameters Values 

A1 0.00 

A2 46.00 

x0 –3.40 

dx 0.33 

 

4.2.1.2 Measurement of thiocyanate using the paper‒based optode 

containing L2 ionophore 

  The L2 ionophore has been previously shown as an ionophore for 

thiocyanate determination via the color change of the ionophore after mixing into the 

thiocyanate solutions. Thus, to improve the sensitivity of method for thiocyanate 

determination, these analytical approaches have been implemented in the paper‒based 

couple with bulk optode technique [43]. The cellulose papers are widely used as the 
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substrate to create  colorimetric sensors for the improvement of the analytical 

performance due to the increase of surface contact between analysis area and an 

aqueous solution [81]. Thus, we have been interested in investigating the anion 

sensing properties of L2 ionophore via paper‒based optode sensor using the 

experimental design approach to improve sensitivity.  

From the preliminary study of solution method, the color change of the 

paper‒based platform based on L2 ionophore with thiocyanate was shown obviously 

by naked‒eye from pink to green as illustrated in Figure 4.13. In addition, the color 

values were performed by capturing the photographs with DSLR camera under a 

studio lightbox. The color values in term of Blue values were fitted with Boltzmann 

equation as the quantitative model shown in sigmoidal response which provided the 

excellent correlation (R
2
 > 0.99). The blue value was used to do the quantitative 

analysis because green is the combination of yellow and blue. It was found that the 

paper‒based optode provided the obvious color change of L2 ionophore with lower 

concentration of SCN
‒
 (5.00×10

‒4
 M) than the solution of L2 ionophore (1.00×10

‒4
 

M). 

 

Figure 4.13 Colors of the paper‒based optode with L2 ionphore in various 

concentrations of SCN
‒
 solution. 

4.2.1.3 Types of filter paper and plasticizer on the response of paper-

based optode containing L2 ionophore 

 According to the effect of the composition of optode, the first two 

factors studied were the plasticizer and the filter paper because their properties may 

lead to the efficiency of the color change detection. The filter papers studied in this 

work were Whatman no.1 (pore size: 11 µm) and Whatman no.42 (pore size: 2.5 µm). 

The second parameter was the type of plasticizers which were DOS and o‒NPOE. 

The color measurements of the proposed paper‒based optode were performed by 
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dipping the paper-based optode in a solution containing 1.00×10
‒4

 M SCN
– 

and 

captured the photographs with DSLR camera under a studio lightbox.  

 The results are shown in the Table 4.4 and plotted as the stacked graph 

to compare the relationship of the color change among SCN
– 

in Figure 4.14 which 

were illustrated the Blue values of the paper‒based optode in the buffer solution as 

blank condition as shown in blue area. Then, the paper‒based optode was dipped into 

1.00×10
‒4

 M of thiocyanate solution and the color of the paper‒based optode changed 

as shown in term of ΔBlue value (red area) calculated as followed: ΔBlue value = 

Blue valueblank – Blue valueSCN
-
. To simplify the color change of the paper‒based 

optode in buffer solution and anion solution, the percentage of Blue value was 

calculated as follows: 

               
           

               
    .  (4.2) 

 As can be seen in Figure 4.14, the filter paper no.1 and o‒NPOE 

plasticizer (second column) showed the highest %ΔBlue value and indicating that the 

filter paper no.1 and o‒NPOE plasticizer were the better composition for the 

thiocyanate determination using paper‒based optode. 

Table 4.4 Blue values of the paper‒based optode with L2 ionophore in buffer pH 8.0 

as blank and after dipping in 1.00×10
‒4

 M thiocyanate solution. 

Filter 

paper 

Plasticizer Blue value ΔBlue 

value 

%ΔBlue 

value Blank SCN
‒
 

No.1 DOS 184.15 135.08 49.07 27 

o‒NPOE 170.68 96.76 73.91 43 

No.42 DOS 155.51 122.30 33.51 21 

o‒NPOE 153.45 100.78 52.67 34 
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Figure 4.14  Percentage of color change of the paper‒based optode with L2 

ionophore in buffer solution (blank, blue area) and in the 1.00×10
‒4

 M thiocyanate 

solution (red area).   

4.2.1.4 Effect of immersing time on the response of paper-based 

optode containing L2 ionophore  

 The effect of immersing time for the paper‒based optode to determine 

SCN
‒
 in the solutions was also demonstrated. The paper‒based optode was dipped in 

1.00×10
‒4

 M of thiocyanate solution. The results as shown in Figure 4.15 and Figure 

4.16 indicated that the Blue value was decreased with a function of time. The 

optimized time required to obtain a constant response for SCN
‒
 detection was found 

to be 10 minutes. However for the further experiment, 15 minutes was applied to be 

the immersing time. 

 

Figure 4.15 Colors of the paper‒based optode with L2 ionophore obtained from 

1.00×10
‒4

 M SCN
‒
 solution at different immersing times. 
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Figure 4.16 Effect of immersing time of the paper‒based optode with L2 ionophore. 

Blue values were obtained from 1.00×10
‒4

 M SCN
‒
 solution at different immersing 

times. 

 To optimize the other sensing characteristic of the prepared paper‒

based optode, the concentration of ionophore and ion exchanger were examined using 

CCD method. 

4.2.1.5 Central composite experimental design (CCD) for paper‒

based optode with L2 ionophore 

 The CCD approach was used to optimize the effected factors of color 

response including the amounts of ion exchanger and ionophore for paper-based 

optode composition while all of the parameters were coded to avoid analytical bias 

from using different levels of each parameter. The code values of each parameter are 

shown in Table 3.6. All experiments (13 experiments) in the box were investigated 

for construction of a surface response plot.  

For each point, the Blue values measurement was performed in the 

concentration of SCN
‒
 from 1.00×10

‒7
 M to 1.00×10

‒2
 M at pH 8.0 with the 

immersing time of 15 minutes resulting in the response between the logarithm of 
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activity of anion and Blue value. Then, the Blue value was used to obtain the 

calculation in CCD process which provided the equation for prediction of the 

optimum values. 

According to the experimental results, all variables were considered as 

quadratic terms via more accurate results. Moreover, the relevant between two 

variables were also investigated to determine the effect of each interaction as shown 

in Table 4.5. In order to show the optimum point of each parameter, the linear 

regression was calculated resulting in the coefficients of the equation, as shown in Eq. 

(4.3) which responded as 3D surface plots to figure out the optimum points for each 

parameter.   

                                       
        

                   (4.3) 

Figure 4.17 shows the relationship between the amount of ion 

exchanger and ionophore of the working solution. The highest and lowest 

experimental Blue values from experiments were represented in red and blue, 

respectively.  
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Table 4.5 Two parameters with three levels of CCD experiments for optimization of 

the amounts of ion exchanger (Factor X1) and L2 (Factor X2) for thiocyanate 

determination using paprer‒based optode. 

Experiment b0 
factor Blue value 

b1 b2 b1
2
 b2

2
  b12 experiment predict 

1 1 ‒1 ‒1 1 1 1 148.28 147.88 

2 1 ‒1 1 1 1 ‒1 131.23 130.89 

3 1 1 ‒1 1 1 ‒1 132.33 132.59 

4 1 1 1 1 1 1 110.10 111.01 

5 1 ‒1.414 0 1.999 0 0 143.20 143.76 

6 1 1.414 0 1.999 0 0 119.89 119.11 

7 1 0 ‒1.414 0 1.999 0 143.71 143.63 

8 1 0 1.414 0 1.999 0 116.29 116.15 

9 1 0 0 0 0 0 124.12 124.39 

10 1 0 0 0 0 0 124.08 124.39 

11 1 0 0 0 0 0 124.57 124.39 

12 1 0 0 0 0 0 124.92 124.39 

13 1 0 0 0 0 0 124.27 124.39 

 

As shown in the x‒axis of Figure 4.17, the effect of the concentration 

of the ion exchanger (TDMACl) on the Blue value of the paper‒based optode, in the 

results, the blue areas (Blue value below 120) were on the corner of the figure, which 

corresponded to the concentration of the ion exchanger values higher than 6.50 

mmol/kg. And, the results indicated that the optimum amount of ionophore was 

higher than 12.50 mmol/kg (blue).  

Both of the surface plots and contours plot showed the optimum 

condition of two parameters (the amount of ion exchanger and ionophore) which was 
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related to the good sensitivity via the extraction of ionophore (L2) and thiocyanate via 

the purposed paper‒based optode. From Figure 4.17, it indicated the optimum values 

for all parameters that the optimum amount of ion exchanger was considered to be 

higher than 6.50 mmol/kg while the amount of ionophore was determined to be higher 

than 12.50 mmol/kg.  

 

 

Figure 4.17 Effects of the amount of ion exchanger and L2 ionophore on Blue value. 
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Using the multiple linear regressions, a regression model was 

calculated from the responsive surface plots, as shown in the Eq. (4.3). The linear 

relationship from the equation was ploted and shown in Figure 4.18 with R
2 

was 

0.9984. 

  

Figure 4.18 Correlation of the experimental (observed) Blue value and the predicted 

Blue value of the paper‒based optode with L2 ionophore. 

Each coefficient in Eq. (4.3) was indicated the significance of the 

parameters in terms of either an isolated term or a related term. The coefficient of 

both the amount of ion exchanger and ionophore were negative which implied that the 

Blue value was decrease when the amount of ion exchanger and ionophore were 

increased. The optimized values of the parameters were figured out using the first 

derivative method from the constructed equation. It was found that the optimized 

amounts of ion exchanger and ionophore were found to be 10.10  mmol/kg and 13.88 

mmol/kg, respectively. Therefore for the futher experiment, these conditions were 

used as the optimum condition to determine thiocyanate by paper‒based optode.  
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4.2.1.6 Selectivity 

   In order to determine the selectivity of the prepared paper‒based 

optode toward the target anions among interfering anions, the selectivity of purposed 

paper‒based optode was investigated by dipping the paper‒based optode in the 

separate 10 mM solutions of sodium salts of AsO3
3‒

, AsO4
3‒

, SO4
2‒

, H2PO4
‒
,  

NO2
‒
, NO3

‒
, F

‒
, I

‒
, Br

‒
, Cl

‒
, SeO4

2‒
, SCN

‒
 and ClO4

‒
 at pH 8.0. Then, the optode was 

observed by capturing the photographs with a DSLR camera (Nikon D5200) under a 

studio lightbox.  

For selectivity behavior of the proposed paper‒based optode based on 

L2, the results are shown in Figure 4.19 and Figure 4.20 The thiocyanate showed 

lowest Blue value compared to the Blue value of the paper‒based optode in the blank 

condition. It can be concluded that the L2 showed highest selectivity toward 

thiocyanate over all interfering anions. The selectivity coefficient        
   

  of 

optimized paper‒based optode towards the various anions was calculated and showed 

in Table 4.6. The selectivity sequence obtained with optode was as follows: SCN
‒
 > 

NO2
‒
 > I

‒
 > AsO3

3‒
 > SeO4

2‒
 > NO3

‒
 > Br

‒
 > AsO4

3‒
 > ClO4

‒
 > SO4

2‒
 > F

‒
 >

 
Cl

‒ 
> 

H2PO4
‒
. Generally, the anion selectivity sequence is mostly followed the Hofmeister 

sequence which presented the lipophilicity of the target ions lead to the selectivity 

pattern of the optode [36]. As can be seen, the proposed paper‒based optode exhibited 

the anion optical selectivity sequence that deviates significantly from the Hofmeister 

sequence and intimated high thiocyanate selectivity.  
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Table 4.6 Color responses and selectivity coefficients        
   

  of optimized paper‒

based optode membrane with L2 ionophore towards the several anions. 

Samples 

(1.00×10
‒4

 M)  

Blue value ΔBlue value       
   

 

Boric/borate buffer 166.25 ± 10.37 0 0 

SCN
‒
 84.32 ± 2.21 66.93 ± 2.21 0 

NO2
‒
 125.13 ± 10.09 49.22 ± 11.86 ‒0.15 ± 0.11 

I
‒
 163.10 ± 0.22 11.16 ± 0.23 ‒0.83 ± 0.03 

AsO3
3‒

 162.42 ± 0.41 10.73 ± 0.08 ‒0.84 ± 0.02 

SeO4
2‒

 159.93 ± 0.08 7.94 ± 0.09 ‒0.98 ± 0.02 

NO3
‒
 164.45 ± 6.26 6.38 ± 2.47 ‒1.11 ± 0.22 

Br
‒
 162.55 ± 6.25 5.73 ± 0.68 ‒1.12 ± 0.06 

ClO4
‒
 156.58 ± 0.40 4.46 ± 0.48 ‒1.23 ± 0.04 

AsO4
3‒

 156.25 ± 0.62 4.44 ± 0.20 ‒1.23 ± 0.04 

SO4
2‒

 162.13 ± 8.58 3.43 ± 1.24 ‒1.37 ± 0.17 

F
‒
  161.17 ± 8.88 2.79 ± 0.22 ‒1.43 ± 0.05 

Cl
‒
 159.71 ± 9.09 2.10 ± 1.10 ‒1.60 ± 0.20 

H2PO4
‒
 160.89 ± 10.16 1.50 ± 0.44 ‒1.72 ± 0.14 

 

 

Figure 4.19 Colors of the paper‒based optode with L2 ionophore toward various 

anions in 0.01 M boric/borate buffer solution at pH 8.0 with the immersing time of 15 

minutes. 
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Figure 4.20 Blue values of paper-based with L2 ionophore responses of the sensor 

toward various anions in 0.01 M boric/borate buffer solution at pH 8.0 with the 

immersing time of 15 minutes. 

4.2.1.7 Analytical performance of paper-based optode containing L2 

ionophore  

In order to further investigate the color change behavior of the paper‒

based optode, the optimized conditions were applied to detect thiocyanate in the 

solution. The optode composed of 10.10 and 13.88 mmol/kg of ion exchanger 

(TDMACl), and L2, respectively. The amount of polymer (PVC): plasticizer (o‒

NPOE) was 1: 2 w/w in the total amount of 90 mg and then applied to detect  

thiocyanate in boric/borate buffer solution pH 8.0. The measurements were performed 

in the concentration of thiocyanate ions from 1.00×10
‒7

 to 1.00×10
‒2 

M. 

The calibration curve was demonstrated on the paper‒based optode 

with the L2 ionophore in the presence of various concentrations of SCN
‒
 standard 

solutions from 1.00×10
‒7

 to 1.00×10
‒2 

M in 0.01 M boric/borate buffer at pH 8.0. The 

paper‒based optode was dipped into the thiocyanate solution for 15 minutes. The 

color change of the paper‒based optode with L2 ionophore with thiocyanate ions was 

observed by naked‒eye from pink to green as shown in Figure 4.21. The sigmoidal 

response of the paper-based optode with logarithm of SCN
‒
 concentrations was fitted 

with the sigmoidal relationship given by the Boltzman equation as expressed in Eq. 
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(2.13) where the A1, A2, x0, and dx are parameters given in Table 4.7. The calibration 

curve shown the relationship between the ΔBlue values and logarithm of SCN
‒
 

concentrations is illustrated in Figure 4.22 and provided an excellent correlation 

coefficient (R
2
 = 0.9988). The limit of detection (LOD) was 7.00×10

‒6 
M of SCN

‒ 

defined using the cross‒section of the two extrapolated linear portions of the 

calibration curves. The proposed paper‒based optode showed the working ranges 

from 1.00×10
‒6

 M to 1.00×10
‒3 

M. 

It was found that the paper‒based optode provided the color change of 

L2 ionophore with lower LOD than the solution of L2 ionophore indicating that the 

developed paper‒based optode was successfully improve the analytical characteristic 

features for thiocyanate determination. 

 

Figure 4.21 Colors of paper‒based optode with L2 ionphore in various concentration 

of SCN
‒
 solution under the optimized conditions. 

 

Figure 4.22 Sigmoidal calibration curve of the paper-based optode with L2 ionophore  

in the presence of  various concentrations of SCN
‒
 standard solutions from 1.00×10

‒7
 

to 1.00×10
‒2

 M in 0.01 M boric/borate buffer at pH 8.0 with the mixing time of 15 

minutes. 
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Table 4.7 Parameters of Boltzmann equation for the SCN
‒
 determination of paper‒

based optode with L2 ionphore. 

Parameters Values 

A1 3.00 

A2 66.00 

x0 –4.60 

dx 0.30 

 

4.2.2 5,10,15,20‒Tetrakis(4‒octyloxyphenyl)porphyrin cobalt(II) complex (L3) as 

an ionophore 

L3 ionophore was synthesized by SCRU. The L3 ionophore has been designed 

to contain longer aliphatic hydrocarbon chain than L2 ionophore. The longer aliphatic 

chain of hydrocarbon in metalloporphyrin ionophore provided the higher lipophilicity 

of the ionophore which increased the solubility of ionophore in organic phase. The 

leaking of the ionophore out of the organic phase may lead to the poor sensitivity of 

the optode sensors. Thus, we expected that the L3 would be performed better 

sensitivity among L2 ionophore.  

4.2.2.1 Measurement of thiocyanate using the solution of L3 

ionophore 

First, the study of the color change of L3 and thiocyanate was 

considered. 1 mg L3 was dissolved in 2 mL of THF and stirred for an hour. Then, the 

color measurements of the proposed cocktail solution were performed by adding 0.1 

mL of cocktail solution into 1.9 mL of the solution containing thiocyanate with 

different concentrations in the range from 1.00×10
‒7

 to 1.00×10
‒2

 M at pH 8.0. After 

15 minutes, the mixed solution was observed by capturing the photographs with 

DSLR camera under a studio lightbox. 

As shown in Figure 4.23 there was no response of color change from 

the different thiocyanate concentrations. Compared to L2, the aliphatic chain of L3 in 

porphyrin complex is longer than L2 which leads to the poor sensitivity of the 

detection of target ion in an aqueous solution. Then, the film-based optode containing 

L3 was prepared and immersed in 10 mM SCN
‒
 solution. The blue shift of L3 was 
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illustrated in Figure 4.24. Moreover, to improve the sensitivity of method for 

thiocyanate determination, these analytical approaches have been implemented in 

paper‒based couple with bulk optode technique [43].  

 

Figure 4.23 Color of L3 in the various concentration of SCN
‒
 solution at pH 8.0 with 

the mixing time of 15 minutes. 

 

Figure 4.24 Absorption spectra of film-based optode with L3 ionophore toward SCN
–
 

with the immersing time of 15 minutes. 
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4.2.2.2 Measurement of anion using the paper‒based optode with L3 

ionophore 

For preliminary study, the paper‒based optode was dipped into the 

SCN
‒ 

solution for 15 minutes. The color change of the paper‒based platform based on 

L3 with thiocyanate was shown obviously by naked‒eye from pink to green as 

illustrated in Figure 4.25. In addition, the color values were performed by capturing 

the photographs with DSLR camera under a studio lightbox. The color values in term 

of Blue values were fitted with Boltzmann equation as the quantitative model shown 

in sigmoidal response which provided the excellent correlation (R
2
 > 0.99). It was 

clearly shown that the paper‒based optode provided the color change of L3 while the 

solution of L3 showed no color change indicating that the developed paper‒based 

optode was successfully improve the analytical characteristic features of the 

thiocyanate determination. 

 

Figure 4.25 Colors of the paper‒based optode contained L3 ionophore toward the 

various concentration of SCN
‒
 at pH 8.0 with the immersing time of 15 minutes. 

4.2.2.3 Types of filter paper and plasticizer on the response of paper-

based optode containing L3 ionophore 

 According to the effect of the composition of optode, the first two 

factors studied were the plasticizer and the filter paper because their properties may 

lead to the efficiency of the color change detection. The filter papers studied in this 

work were Whatman no.1 (pore size: 11 µm) and Whatman no.42 (pore size: 2.5 µm). 

The second parameter was the type of plasticizers which were DOS and o‒NPOE. 

The color measurements of the proposed paper‒based optode were performed by 

dipping the paper-based optode in a solution containing 1.00×10
‒4

 M SCN
‒
 and 

captured the photographs with DSLR camera under a studio lightbox.  
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 The results are shown in the Table 4.8 and plotted as the stacked graph 

to compare the relationship of the color change among SCN
‒
 in Figure 4.26 which 

were illustrated the Blue values of the paper‒based optode in the buffer solution as 

blank condition as shown in blue area. Then, the paper‒based optode was dipped into 

1.00×10
‒4

 M of thiocyanate solution and the color of the paper‒based optode was 

changed as shown in term of ΔBlue value (red area). To simplify the color change of 

the paper‒based optode in buffer solution and anion solution, the percentage of blue 

value was calculated follows Eq.(4.2). 

 As can be seen in Figure 4.26, the filter paper no.1 and o‒NPOE 

plasticizer (second column) showed the highest %ΔBlue value indicating that the 

filter paper no.1 and o‒NPOE plasticizer were the better composition for the 

thiocyanate determination using paper‒based optode. 

Table 4.8 Blue values of the paper‒based optode with L3 ionophore in buffer solution 

as blank and after dipping in 1.00×10
‒4

 M thiocyanate solution. 

Filter 

paper 

Plasticizer Blue value ΔBlue 

value 

%ΔBlue 

value Blank SCN
‒
 

No.1 DOS 180.05 129.77 50.28 28 

o‒NPOE 187.55 96.84 90.71 48 

No.42 DOS 169.46 156.66 12.8 8 

o‒NPOE 165.62 99.71 65.91 40 
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Figure 4.26 Percentage of color change of the paper‒based optode with L3 ionophore 

in buffer solution (blank, blue area) and in the 1.00×10
‒4

 M thiocyanate solution  

(red area). 

4.2.2.4 Effect of immersing time on the response of paper-based 

optode containing L3 ionophore 

 The other interesting parameter was the effect of immersing time using 

the paper‒based optode to determine SCN
‒
 in the solutions. The paper‒based optode 

was immersed in the various concentrations obtained from the 1.00×10
‒7

 M to 

5.00×10
‒3

 M of thiocyanate solution. The results were shown in Figure 4.27. 

Moreover, the sigmoidal response curves and ΔBlue values were presented in Figure 

4.28 indicating that the ΔBlue value was increased with a function of time. In 

addition, the ΔBlue values were stabled with the immersing time more than 10 

minutes for the concentration of thiocyanate below 1.00×10
‒5

 M while the 

concentration of thiocyanate higher than 5.00×10
‒5

 M, the constant ΔBlue values 

were observed to be 5 minutes as can be seen as two groups of concentration in 

Figure 4.28. Thus, the optimized immersing time required to achieve a constant 

response for SCN
‒
 detection was found to be 10 minutes. However in this work, 15 

minutes was applied to be the immersing time. 
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Figure 4.27 Colors of the paper‒based optode contained L3 ionophore toward the 

various concentrations of SCN
‒
 at the different immersing times. 

 

Figure 4.28 Effect of immersing time on ΔBlue values of the paper-based optode 

with L3 ionophore toward the various concentrations obtained from the 1.00×10
‒7

 to 

5.00×10
‒3 

M SCN
‒
. 
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4.2.2.5 Effect of pH of the sample solution on the response of paper-

based optode containing L3 ionophore 

The color change of L3 ionophore and thiocyanate may affect by pH of 

the sample solution due to the protonation and deprotonation behavior on 

metalloporphyrin ionophore. Therefore, the pH effect was also studied by measuring 

the color change of L3 ionophore and thiocyanate in various pH buffer solutions. The 

different pH of solutions was prepared in different buffer types (shown in Table 3.4).  

The colors of the paper‒based optode contained L3 ionophore toward 

the various concentrations of SCN
‒ 

at different pH with the immersing time of 15 

minutes were shown in Figure 4.29. The response ΔBlue values were then measured 

and plotted the sigmoidal curve in Figure 4.30. From the results, the response ΔBlue 

values curves were shifted after the pH increased from 4.0 to 10.0. The ΔBlue values 

curves were shifted to the right when the pH was increased. The sigmoidal curve of 

the ΔBlue values in the pH from 4.0 to 8.4 were approximately nearby each other 

apart from the curves of pH 9.0 and 10.0. The results can be assumed that at pH 9.0 

and 10.0, the L3 was disturbed the complexation of L3 and thiocyanate by hydroxide 

ions. Therefore, pH 7.4 was chosen as the optimized pH for further experiments with 

the expected a good detection limit. 

 

Figure 4.29 Colors of the paper‒based optode with L3 ionophore toward the various 

concentrations of SCN
‒
 at different pH with the immersing time of 15 minutes. 
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Figure 4.30 Effect of pH on the sigmoidal response curves of paper-based optode 

with L3 ionophore. ΔBlue values were obtained from various concentrations of SCN
‒
 

solutions in 0.01 M buffer at different pH values with the immersing time of 15 

minutes. Inset graph showed the plot of pH and ΔBlue values-based responses. 

To optimize the other sensing characteristic of the prepared paper‒

based optode, the concentration of ionophore and ion exchanger were examined using 

CCD method. 

4.2.2.6 Central composite experimental design (CCD) for paper‒

based optode with L3 ionophore 

 The CCD approach was again applied to optimize the effected factors 

of color response including the amounts of ion exchanger (TDMACl) and L3 for 

composition of the paper-based optode while all of the parameters were coded to 

avoid analytical bias from using different levels of each parameter. The code values of 

each parameter are shown in Table 3.6. All experiments (13 experiments) in the box 

were investigated for construction of a surface response plot.  

According to the experimental results, all variables were considered as 

quadratic terms via more accurate results. Moreover, the relevant between two 

variables were also investigated to determine the effect of each interaction as shown 

in Table 4.9. In order to show the optimum point of each parameter, the linear 

regression was calculated resulting in the coefficients of the equation, as shown in Eq. 
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(4.4) which was responded as 3D surface plots to figure out the optimum points for 

each parameter.   

                                      
        

                     (4.4) 

Figure 4.31 shows the relationship between the amount of ion 

exchanger and ionophore of the working solution. The highest and lowest 

experimental Blue values from experiments were represented in red and blue, 

respectively.  

As shown in the x‒axis, the effect of the concentration of the ion 

exchanger (TDMACl) on the Blue value of the paper‒based optode, in the results, the 

blue areas (Blue value below 100) were on one side of the figure, which corresponded 

to the concentration of the ion exchanger values in the range lower than 6.50 mmol/kg 

and higher than 3.50 mmol/kg. And, the results indicated that the optimum amount of 

ionophore was higher than 12.50 mmol/kg
 
(blue).  

Both of the surface plots and contours plot (Figure 4.31) showed the 

optimum condition of two parameters (the amount of ion exchanger and ionophore) 

which was related to the good sensitivity via the extraction of ionophore (L3) and 

thiocyanate using the purposed paper‒based optode. From Figure 4.31, it can be 

indicated the optimum values for all parameters that the optimum amount of ion 

exchanger was considered to be in the range of lower than 6.50 mmol/kg and higher 

than 3.50 mmol/kg
 
while the amount of ionophore was determined to be higher than 

12.50 mmol/kg.  
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Table 4.9 Two parameters with three levels of CCD experiments for optimization of 

the amounts of TDMACl (Factor X1) and L3 (Factor X2) for thiocyanate ions 

determination using paprer‒based optode. 

Experiment b0 
factor Blue value 

b1 b2 b1
2
 b2

2
 b12 experiment predict 

1 1 ‒1 ‒1 1 1 1 128.34 ± 0.78 129.26 

2 1 ‒1 1 1 1 ‒1   91.81 ± 0.80 96.63 

3 1 1 ‒1 1 1 ‒1   99.51 ± 2.30 97.89 

4 1 1 1 1 1 1   90.45 ± 2.87 92.73 

5 1 ‒1.414 0 1.999 0 0 123.85 ± 0.50 119.55 

6 1 1.414 0 1.999 0 0   91.74 ± 1.47 92.83 

7 1 0 ‒1.414 0 1.999 0 112.48 ± 1.72 114.53 

8 1 0 1.414 0 1.999 0   94.84 ± 0.68 89.59 

9 1 0 0 0 0 0   96.47 ± 1.45 96.46 

10 1 0 0 0 0 0   97.03 ± 0.28 96.46 

11 1 0 0 0 0 0   96.02 ± 0.58 96.46 

12 1 0 0 0 0 0   96.07 ± 0.31 96.46 

13 1 0 0 0 0 0   96.70 ± 0.64 96.46 
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Figure 4.31 Effects of the amount of TDMACl and L3 on Blue value. 
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Using the multiple linear regressions, a regression model was 

calculated from the responsive surface plots, as shown in the Eq. (4.4). The linear 

relationship from the equation was ploted and shown in Figure 4.32 with R
2 

= 0.9382. 

 

Figure 4.32 Correlation of the experimental (observed) Blue value and the predicted 

Blue value of the paper‒based optode with L3 ionophore. 

Each coefficient in Eq. (4.4) was indicated the significance of the 

parameters in terms of either an isolated term or a related term.  The coefficients of 

both the amount of ion exchanger and ionophore were negative which implied that the 

Blue value decrease when the amount of ion exchanger and ionophore increased. The 

optimized values of the parameters were figured out using the first derivative method 

from the constructed equation. It was found that the optimized amounts of ion 

exchanger and ionophore were found to be 4.70 mmol/kg and 13.75 mmol/kg, 

respectively. Therefore for the futher experiment, these conditions were used as the 

optimum condition to determine thiocyanate by paper‒based optode.  
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4.2.2.7 Selectivity 

   In order to determine the selectivity of the the prepared paper‒based 

optode toward the target anions among interfering anions, the selectivity of purposed 

paper‒based optode was investigated by dipping the paper‒based optode in the 

separate 10 mM solutions of sodium salt of AsO3
3‒

, AsO4
3‒

, SO4
2‒

, H2PO4
‒
, NO2

‒
, 

NO3
‒
, F

‒
, I

‒
, Br

‒
, Cl

‒
, SCN

‒
 and ClO4

‒ 
at pH 7.4. Then, optode was observed by 

capturing the photographs with a DSLR camera under a studio lightbox.  

For selectivity behavior, the proposed paper‒based optode based on L3 

was performed and the results are shown in Figure 4.33 and Figure 4.34. The 

thiocyanate showed lowest Blue value compared to the Blue value of the paper‒based 

optode in the blank condition. It can be concluded that the L3 showed highest 

selectivity toward thiocyanate over all interfering anions. The selectivity coefficient 

       
   

  of optimized paper‒based optode towards the various anions was 

calculated and showed in Table 4.10. The selectivity sequence obtained with optode 

was as follows: SCN
‒
 > NO2

‒
 > AsO3

3‒ 
> AsO4

3‒
 > ClO4

‒
 > NO3

‒
 > Br

‒
 > Cl

‒ 
> 

H2PO4
‒
 > I

‒
 > SO4

2‒
 > F

‒
. Generally, the anion selectivity sequence is mostly 

followed the Hofmeister sequence which presented the lipophilicity of the target ions 

lead to the selectivity pattern of the optode [36]. As can be seen, the proposed paper‒

based optode exhibited the anion optical selectivity sequence that deviates 

significantly from the Hofmeister sequence and intimated high thiocyanate selectivity.  
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Table 4.10 Color responses and selectivity coefficient (      
   

) of optimized paper‒

based optode membrane with L3 ionophore towards the several of sodium salt of 

anion. 

Samples 

(1.00×10
‒4

 M)  

Blue value ΔBlue value       
   

 

Tris‒HCl buffer 174.63 ± 0.39 0 0 

SCN
‒
 127.25 ± 1.01 47.37 ± 1.01 0 

NO2
‒
 141.92 ± 1.37 32.71 ±1.37 ‒0.16 ± 0.01 

AsO3
3‒

 163.08 ± 1.86 11.54 ± 1.86 ‒0.62 ± 0.07 

AsO4
3‒

 164.02 ± 1.67 10.60 ± 1.67 ‒0.66 ± 0.06 

ClO4
‒
 164.18 ± 1.67 10.45 ± 1.67 ‒0.66 ± 0.06 

NO3
‒
 164.87 ± 0.93 9.75 ± 0.93 ‒0.69 ± 0.05 

Br
‒
 166.13 ± 0.97 8.49 ± 0.97 ‒0.75 ± 0.04 

Cl
‒
 167.23 ± 0.34 7.40 ± 0.34 ‒0.81 ± 0.01 

H2PO4
‒
 167.32 ± 1.18 7.31 ± 1.18 ‒0.82 ± 0.06 

I
‒
 168.06 ± 0.46 6.56 ± 0.46 ‒0.86 ± 0.02 

SO4
2‒

 168.13 ± 0.83 6.50 ± 0.83 ‒0.87 ± 0.05 

F
‒
  167.87 ± 2.17 6.75 ± 2.17 ‒0.87 ± 0.14 

 

 

Figure 4.33 Colors of paper‒based optode with the L3 toward different 1 mM of 

anions in 0.01 M tris‒HCl buffer solution at pH 7.4 with the immersing time of 15 

minutes. 
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Figure 4.34 Blue values responses of the paper-based optode with L3 ionophore 

toward various anions in 0.01 M tris‒HCl buffer solution at pH 7.4 with the 

immersing time of 15 minutes. 

4.2.2.8 Analytical performance of paper-based optode containing L3 

ionophore 

In order to further investigate the color change behavior of the L3 

ionophore paper‒based membrane, the optimized condition were applied to detect 

thiocyanate in the solution. The membrane was composed of 4.70 and 13.75 mmol/kg 

of ion exchanger (TDMACl), and L3, respectively,  the amount of polymer (PVC) : 

plasticizer (o‒NPOE) are 1: 2 w/w in the total amount of 90 mg and then applied to 

detect  thiocyanate in tris‒HCl buffer solution at pH 7.4. The paper‒based sensors 

were fabricated from the filter paper Whatman no.1. The measurements were 

performed in the concentration of thiocyanate from 1.00×10
‒7

 to 5.00×10
‒3 

M with the 

immerse time of 15 minutes. 

   The optimized parameters were applied to determine the thiocyanate in 

the solutions. The calibration curve was demonstrated on the paper‒based optode with 

the L3 in the presence of various concentrations of SCN
‒
 standard solutions from 

1.00×10
‒7

 to 1.00×10
‒2 

M in 0.01 M tris‒HCl buffer at pH 7.4 and each concentration 

was evaluated in triplicate. The paper‒based optode was dipped into the thiocyanate 

solution for 15 minutes. As a result in Figure 4.35, the color change of the paper‒

based optode was obviously seen by naked‒eye from pink to green. The sigmoidal 
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response of the paper-based optode with logarithm of SCN
‒
 concentrations was fitted 

with the sigmoidal relationship given by the Boltzman equation as expressed in Eq. 

(2.13) where the A1, A2, x0, and dx are parameters given in Table 4.11. The 

calibration curve shown the relationship between the ΔBlue values and logarithm of 

SCN
‒
 concentrations are illustrated in Figure 4.36 and provided an excellent 

correlation coefficient (R
2
 = 0.9915). The limit of detection (LOD) was 1.26×10

‒6 
M 

of SCN
‒
 defined by using the cross‒section of the two extrapolated linear portions of 

the calibration curves. The proposed paper‒based optode showed the working ranges 

from 1.00×10
‒6

 M to 5.00×10
‒3 

M. 

 

Figure 4.35 Colors of paper‒based optode with L3 in the various concentration of 

SCN
‒
 solution with optimized condition. 

 

Figure 4.36 Sigmoidal calibration curve of paper-based optode with L3 ionophore 

toward the various concentrations of SCN
‒
 standard solutions from 1.00×10

‒7
 to 

1.00×10
‒2

 M in 0.01 M tris‒HCl buffer solution at pH 7.4 with the mixing time of 15 

minutes. 
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Table 4.11 Parameters of Boltzmann equation for the SCN
‒
 determination of paper‒

based optode with L3 ionophore. 

Parameters Values 

A1 ‒0.66 ± 1.03 

A2 68.65 ± 0.41 

x0 –5.00 

dx 0.40 

 

To confirm the development of analytical performance of the 

synthesized ionophore (L3) with the purchased ionophore L2, the L3 containing 

longer aliphatic hydrocarbon chain was investigated. The comparison of the sigmoidal 

calibration curves of the paper‒based optode containing L2 and L3 ionophores 

indicated that the L3 ionophore gave better sensitivity toward thiocyanate resulting in 

the LOD and working range. 

4.2.2.9 Reproducibility 

According to the reproducibility is one of the necessary characteristic 

performances, the reproducibility of the proposed paper‒based optode was explored. 

The paper‒based optodes were fabricated and measured with the range of 

concentration of thiocyanate from 1.00×10
‒7

 M to 1.00×10
‒2

 M in 0.01 M tris‒HCl 

buffer solution at pH 7.4 with the immersing time of 15 minutes.  The paper‒based 

doped with L3 exhibited a stable and a reproducible responses to thiocyanate, the 

colors of the paper‒based optode and the comparison of the sigmoidal curve (as 

illustrated in Figure 4.37 and Figure 4.38) were shown to yield reproducible 

analytical results during short‒term experiments. 
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Figure 4.37 Colors of the paper‒based optode with L3 in the various concentrations 

of SCN
‒
 solution which were demonstrated in different working days. 

 

Figure 4.38 Comparison of the sigmoidal calibration curves of L3 in the paper‒based 

optode with the various concentrations of SCN
‒
 standard solutions from 1.00×10

‒7
  to 

1.00×10
‒2

 M in 0.01 M tris‒HCl buffer solution at pH 7.4 with the immersing time of 

15 minutes in three working day. 
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4.2.2.10 Real sample analysis 

The promising results for proposed paper‒based optode sensors based 

on L3 for thiocyanate detection have led to apply the proposed paper‒based optode to 

determine the concentration of thiocyanate in real sample solution under the 

optimized condition. The relevant & scientific merit had been approved from the 

research ethics review committee for research involving human research participants 

of Chulalongkorn university (COA No. 281/2019) as shown in appendix. 

The urine samples were utilized as the real sample for thiocyanate 

determination. The urine samples were collected from a non‒smoker and two smokers 

in Faculty of Science, Chulalongkorn University operated under the research ethics 

approval for research involving human. For the sample preparation, each urine sample 

was diluted with the different dilution steps via the different concentrations of 

thiocyanate in urine samples to fit with the working range of the proposed method. 

The urine samples no.1 and no.2 were diluted 4 in 5 with buffer solution to adjust the 

pH to pH 7.4 while the urine sample no.3 was diluted 1 in 5 with tris‒HCl buffer 

solution. 

As illustrated in Table 4.12, the concentrations of thiocyanate in the 

urine samples were successfully evaluated by analyzing ΔBlue values of the 

optimized paper‒based optode. The concentration of thiocyanate of urine from non‒

smoker (urine no.1) was not detectable due to the concentration of thiocyanate in this 

sample was below the working range while the concentration of thiocyanate in urine 

sample from smokers (urine no.2 and 3) calculated with the dilution factor were 2.22 

± 0.13 and 6.65 ± 0.14 mg/L, respectively. These were reasonable agreement with the 

concentration obtained from ion chromatography (IC) on the same sample (urine no.1 

: tcritical 2.78 > texp 2.45‒2.57, urine no.2 : tcritical 2.78 > texp 0.74‒1.04 and urine no.3 : 

tcritical 4.30 > texp 0.85‒1.23 with n = 3 at 95% of confidence level). 
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Table 4.12 Comparison of measured concentration of thiocyanate from proposed 

method and IC. 

Urine 
Spike 

(mg/L) 

Paper‒based optode  IC 

concentration 

(mg/L) 

% 

RSD 

% 

recovery 

 concentration 

 (mg/L) 

% 

RSD 

% 

recovery 

no.1b ‒ N.D.
a
    N.D.

a
   

 1 0.86 ± 0.06 7 86  0.75 ± 0.01 2 75 

 3 2.38 ± 0.18 8 79  2.73 ± 0.09 3 91 

no.2b ‒ 1.79 ± 0.08 5 -  1.73 ± 0.02 1 - 

 1 2.79 ± 0.01 5 100  2.86 ± 0.03 1 113 

 3 4.64 ± 0.15 3 95  4.75 ± 0.04 1 101 

no.3c ‒ 1.32 ± 0.02 2 -  1.28 ± 0.05 4 - 

 1 2.32 ± 0.14 6 99  2.44 ± 0.03 1 116 

 3 4.64 ± 0.21 4 111  4.77 ± 0.02 1 116 
a
 N.D. = not detectable 

b
 dilution factor = 0.8 

c
 dilution factor = 0.2 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

CHAPTER V 

 

CONCLUSION 

 

 

The di‒tripodal amine calix[4]arene copper(II) complex (L1‒Cu),  

5,10,15,20‒tetrakis(4‒methoxyphenyl)porphyrin cobalt(II) complex or arsenite 

ionophore (L2) and 5,10,15,20‒tetrakis(4‒octyloxyphenyl)porphyrin cobalt(II) 

complex (L3) were successfully applied as an ionophore for anion determination 

using ISEs and paper‒based optode method. The L1-Cu demonstrated great 

sensitivity and selectivity toward perchlorate ions while the L2 and L3 show the 

appropriate sensitivity and selectivity toward thiocyanate ions. These results proposed 

that the amine calix[4]arene could bind strongly with copper(II) and led to be used as 

the anions carrier. In addition, cobalt(II) porphyrin complex were found to form 

complex with thiocyanate ions  showing good selectivity. The optimized conditions 

were successfully evaluated using CCD approach including the other effective 

parameters were also studied.  

The ISEs based on di‒tripodal amine calix[4]arene complex copper(II) 

complex (L1‒Cu)  was achieved using the membrane prepared from 3.25 and 13.25 

mmol/kg of ion exchanger (KTpClPB), and L1, respectively,  the amount of polymer 

(PVC) : plasticizer (o‒NPOE) are 1: 2 w/w in the total amount of 220 mg and the 

sample solution of  perchlorate ion was prepared in boric/borate buffer solution pH 8. 

As  a result, the negative potentiometric responses for perchlorate ions yielded a near‒

Nernstian slope (‒58.02 ± 0.01 mV/decade)  in the working range of concentration 

from 1.00×10
‒6

 to 1.00×10
‒2

 M, the limit of detection was 3.00×10
‒5

 M and showed 

an excellent correlation with a correlation coefficient (R
2
=0.9994). 

 The development of the platform for bulk optode sensor into the paper‒based 

optode was clearly found that the paper‒based optode provided the color change with 

lower which can be indicated that the developed paper‒based optode was successfully 

improve the analytical characteristic performance of the thiocyanate determination. 
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The paper‒based optode with the L2 and L3 ionophore were demonstrated in the 

various concentrations of SCN
‒
 standard solutions from 1.00×10

‒7
 M to 1.00×10

‒2 
M 

with the immerse time 15 minutes. The color of paper‒based optode was changed 

from pink to green which could be observed by naked‒eye. The factors that affected 

the color change including types of paper substrate and composition of cocktail 

solution were evaluated. The CCD with RSM was also used to perform the optimized 

concentration of the component of cocktail solution: ion exchanger and ionophore 

resulting in the lowest Blue value and illustrated the acceptable correlation 

coefficients (R
2
 > 0.93). In addition, the paper‒based optode based of both L2 and L3 

responded to thiocyanate with the highest selectivity among other anions .The 

calibration curves which shown the relationship between the ΔBlue values and 

logarithm of SCN
‒
 concentrations provided an excellent correlation with a correlation 

coefficient. According to the results, the limit of detection (LOD) of the paper‒based 

containing L2 and L3 were 7.00×10
‒6 

and 1.26×10
‒6 

M of SCN
‒
, respectively. The 

proposed paper‒based optode of L3 showed the wider working ranges from 1.00×10
‒6

 

to 5.00×10
‒3 

M among L2. The L3 was used in the paper‒based optode to determine 

the concentration of thiocyanate ions in urine sample from smoker and non‒smoker 

with favorable agreement with IC technique.  

Suggestion for further work 

 For the further study, the stability and robustness of the developed sensor are 

the interesting factors. The stability and robustness of the polymeric membrane can be 

partially associated by their structures. Therefore, the polymeric material should be 

investigated. The role characteristic of the materials is that they should not interfere 

the interaction between ionophores and analytes ions. The materials have been 

developed for the polymeric membrane such as polyurethane [82], 

polymethylmethacrylate [83, 84] and silicone rubber [85]. 
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