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ABSTRACT 

Paper-based microfluidic solution sampling is a viable option for potentiometric sensors 

to be used for determination of analytes in samples with high solid-to-liquid ratios. 

Unfortunately, potentiometric heavy metal sensitive electrodes cannot be easily 

integrated with paper-based solution sampling as heavy metals have strong affinity 

towards the paper matrix. This work addresses development of paper modifications to 

diminish, control or eliminate the heavy metals-paper matrix interactions in order to 

reliably measure ion activities in microvolumes of analytes when ion sensors are 

coupled with paper-based solution sampling.  

In the first study, metal modified paper-based substrates were utilized for microfluidic 

paper-based solution sampling coupled with Pb2+-ion selective electrodes (ISEs) with 

the aim of controlling the super-Nernstian response which usually occurs when using 

unmodified paper substrates. Potentiometric responses of Pb2+-ISEs coupled with gold, 

platinum and palladium coated paper substrates were investigated. Paper-based 

substrates coated on both sides with 38 nm gold layers were found to be the most 

advantageous in controlling the super-Nernstian response of ISEs at non-equilibrium 

conditions. Characterization of paper substrates showed that the favourable quality of 

paper substrates being able to absorb the analyte was preserved while the thin metallic 

layers blocked much of the negatively charged sites on the paper substrates. Durability 

studies indicated that the lifetime of Pb2+-ISEs could be doubled when ISEs are used 

with paper-based substrates in complex environmental samples with high solid-to-liquid 

content compared to when ISEs are used without a paper-based substrate. Determination 

of lead in real samples using metal modified paper substrates coupled with Pb2+-ISEs 

was validated by inductively coupled plasma optical emission spectrometry (ICP-OES). 
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Detailed life cycle assessments were performed for model screen-printed potentiometric 

sensors with and without metal modified paper-based solution sampling substrates. The 

results confirmed that the use of modified paper substrates demonstrated lower 

environmental impact per potentiometric measurement of Pb2+-ISE as compared to 

sensors without the use of paper substrates.  

In the second study, paper substrates were modified with ion-selective membrane (ISM) 

cocktail (used for Pb2+-ion-selective electrodes (ISEs) preparation) and coupled with 

model heavy metal Pb2+-ISEs. Upon investigations with various compositions of ISM 

cocktail, it was found that the super Nernstian response of Pb2+-ISEs was eliminated 

when 10 to 50 mg ml-1 ISM cocktail was used for modification. The modification of the 

paper substrates by Pb2+-ISM allowed elimination of adsorption sites. Also, it resulted 

in improvement of sensor performance in terms of their detection limits to be similar of 

those for conditioned electrodes in standard beaker-based measurements. It is believed 

that the elimination of super-Nernstian response of the electrodes, improving the 

potentiometric responses and detection limits of ISEs was attributed to compatibility 

improvement of the paper substrates and Pb2+-ISEs. 

In the third study, the selectivity of Pb2+-ISEs coupled with newly introduced paper-

based sampling strategies was studied using the separate solutions method (SSM).The 

results confirmed that the modifications of paper-based substrates to improve the 

potentiometric performance with heavy metals influence selectivity of the Pb2+-ISEs, 

however does not adversely impact overall selectivity pattern and ability of the Pb2+-

ISEs to discriminate interfering ions in wide concentration range. The selectivity 

coefficients were also compared with those obtained with solution-based sampling, 

unmodified paper-based sampling and a previously introduced paper-based substrate 

modification in the literature. 
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CHAPTER 1 INTRODUCTION 

1.1. Overview 

Heavy metal ions are introduced to the environment through naturally occurring 

phenomena, e.g. natural weathering of rocks [1] and microbial activity [2], or through 

ever-increasing anthropogenic activities, such as mining [3], industrial practices [4–7], 

agriculture [8], solid waste management and wastewater treatment [9–13]. Since heavy 

metals are toxic, non-biodegradable and are easily mobile in the environment [14–20], 

they can relatively easily enter human body causing extensive damage to various organs 

[21,22]. The monitoring of heavy metal ions in environmental samples and management 

of resources, waste and pollutants is thus essential for human well-being [23–28].  

Several analytical techniques to quantify heavy metal concentrations have been 

established over the years, including but not limited to atomic absorption spectrometry, 

inductively coupled plasma with either optical or mass discrimination, and cold vapour 

atomic fluorescence [29–31]. These techniques, however, require relatively standard 

sample volumes (at least few milliliters), which may not always be available or practical 

if the sample has low volumes of liquid or high solid-to-liquid ratios. They also 

implement timely measurement protocols and require trained personnel to handle the 

measurements, including sample pre-treatment, e.g.  filtration, dilution, or buffering 

[32,33]. The use of potentiometry coupled with microfluidic paper-based solution 

sampling can mitigate some of these limitations. Potentiometry is a fast, low-cost, and 

simple electrochemical technique which does not require complicated sample pre-

treatment prior to the measurement [34–39]. The use of paper as a sampling substrate 

allows potentiometry to be used in cases where the sample volume available is limited 

or samples contain solid matter which can damage the ion-selective membrane (ISM) 
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[40,41]. This is in addition to the desirable chemical and physical properties of paper as 

a sampling substrate which makes it low-cost, lightweight, wettable, and easy to be 

modified [42,43].   

Using paper-based microfluidic solution sampling coupled with ISEs for analysis of ions 

such as K+, Na+ and Cl–, has been shown to be effective and readily available without 

any paper substrate modifications if the measurements are done within clinical sample 

concentration ranges [44,45]. However, the use of microfluidic paper-based solution 

sampling coupled with ISEs for the determination of heavy metal ions poses some 

challenges [46]. Chemical binding and/or physical adsorption of heavy metal ions to the 

negatively charged cellulose material [47], gives rise to a super-Nernstian response of 

most heavy metal-sensitive ISEs [40]. For example, the ideal (thermodynamic) 

Nernstian response for Pb2+-ISEs should be characterized with a slope of 29.6 mV dec-

1. Naturally, due to non-ideal conditions the slope may vary, with the acceptable 

variations of approximately ± 2 mV.  A super-Nernstian response is characterized by 

slopes greater than the acceptable slope. For ISEs coupled with microfluidic paper-based 

solution sampling, such super-Nernstian response is usually observed between 

10−3.1 and 10−4.0 mol dm−3 Pb(NO3)2 [40]. For that reason, modifications of paper 

substrates to avoid or to control the super-Nernstian response of ISEs were explored and 

included conditioning of the paper with inorganic salts [48], adjusting the pH of the 

paper [49] to limit the adsorption of heavy metals onto the paper substrates or replacing 

paper with sponge [50] or textile [51] as solution sampling substrates. Despite the fact 

that various modified and unmodified microfluidic solution sampling substrates coupled 

with heavy metal sensitive electrodes are characterized with close-to-Nernstian 

potentiometric responses at relatively high analyte concentrations, ISEs suffer from 

relatively high detection limit as compared to conventional beaker-based measurements 
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limiting their usability to submicromolar analyte concentrations [52–54]. The possible 

reason for this is uncontrolled metal adsorption/desorption at the solution sampling 

substrates when in contact with the analyte [55]. At present, this effect could not be 

entirely eliminated, giving rise to unreliable potential readings of ISEs close to their 

detection limits [46]. It is expected that same effect occurs at higher analyte 

concentrations, however, its extent is overshadowed by the relatively high concentration 

of the analyte predominantly driving the potential formation at the ISM | paper substrate 

| sample solution interfaces. It is expected then that heavy metal sensitive electrodes 

coupled with paper-based sampling solution substrates operate at non-equilibrium 

conditions, affected by the concentration and time dependent sample solution 

equilibration with the paper substrates [56].   

1.2. Scope and objective  

The aim of this thesis is to develop new strategies to overcome the challenges 

encountered during the potentiometric analysis of heavy metals with paper-based 

solution sampling. The focus is on modifying paper substrates so that modified paper 

substrates may be used for successful determination of heavy metals in environmental 

samples that have high solid-to-liquid ratio.  

The objectives of the thesis are as follows.  

• Investigate the effect of modifying paper substrates with deposition of metallic 

layers on top of paper substrates, which could act as barriers and paper fiber 

surface blockers to control analyte-paper substrate interactions. 

• Investigate the effect of modifying paper substrates with components used to 

formulate heavy metal ion-selective membranes.  
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• Determining influence of modified microfluidic paper-based solution sampling 

on selectivity of ISEs.  

1.3. Outline of thesis 

This thesis contains seven chapters including this introductory chapter.  

Chapter 2 provides a detailed literature review about the presence of heavy metals in 

the environment, analytical techniques for determination of heavy metals, potentiometry 

and the use of paper in analytics.  

Chapter 3 presents the common chemicals, materials, equipment, and methods used for 

the experimental work performed. 

Chapter 4 presents published work on non-equilibrium potentiometric sensors 

integrated with metal modified paper-based microfluidic solution sampling substrates 

for determination of heavy metals in complex environmental samples. 

Chapter 5 presents published work on ion-selective membrane modified microfluidic 

paper-based solution sampling substrates for potentiometric heavy metal detection. 

Chapter 6 presents determination of selectivity of Pb2+-ISEs coupled with modified 

microfluidic paper-based solution sampling substrates. 

Chapter 7 concludes the thesis by providing a summary of work performed and 

recommendations for future experiments. 
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CHAPTER 2 THEORY AND LITERATURE REVIEW  

2.1. Heavy metals in the environment 

The term “heavy metal” is used to refer to metals which are at least five times denser 

than water and possess high atomic weight [57]. Although the exact definition of a heavy 

metal has been debated over the years [58], examples for heavy metals include lead, 

arsenic, mercury, cadmium and chromium.  Heavy metals occur naturally in the 

environment, but they are becoming increasingly more concerning due to anthropogenic 

activities which redistribute them in the atmosphere, soil, water and eventually make 

them easily accessible to living organisms [21,59,60].  

For this thesis, lead (Pb) has been selected as a model heavy metal since it is one of the 

most commonly occurring and highly toxic heavy metals. The primary ores of lead 

include galena, cerussite, and anglesite [61]. Lead is used for a variety of applications 

in lead-acid batteries, paints, ammunition, radiation protection, building materials, and 

some alloys [62]. It can enter the human body mainly via inhalation or ingestion and be 

absorbed depending on different factors such as age and physiological status. Children 

are more susceptible to lead absorption and are prone to impaired neuropsychological 

functioning, growth retardation and behavioral issues [63,64]. In adults, lead poisoning 

causes fertility issues, memory problems, anemia, increased blood pressure levels, renal 

and nervous system issues [65,66].  The current Occupational Safety and Health 

Administration Permissible Exposure Level (OSHA PEL) for lead is 0.050 mg/m3 TWA 

[67].  

2.1.1. Analytical techniques for determination of heavy metals 

The determination of heavy metals in environmental samples is essential for the 

maintenance of human health and environmental management. A brief introduction to 
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some of the commonly used analytical techniques developed by regulatory bodies and 

laboratories are discussed in this section.  

It should be noted that most of these techniques are capable of handling detection of 

different heavy metals including the model heavy metal, Pb. Principles such as 

discrimination of optical or mass spectra, atomic absorption spectra, atomic 

fluorescence spectra and electrochemical properties can be used to distinguish specific 

elements as discussed below.    

2.1.1.1. Inductively coupled plasma - optical emission spectrometry 

(ICP-OES) 

 ICP-OES is one of the most used analytical techniques which can determine a variety 

of elements simultaneously, especially at trace levels. First demonstrated in 1965 [68] 

for the determination of trace metals, it has advanced to be one of the most reliable 

analytical techniques for heavy metal analysis [69–71]. For most elements, the detection 

limits are a part per billion (ng/mL) or below [72]. The ICP-OES uses an argon plasma 

to excite atoms or ions to a higher energy level. When the atoms or ions return to the 

ground state or a lower energy state, it measures the intensity of the specific wavelength 

emitted and compares it with a previously established calibration curve [73]. Samples 

must be pre-treated prior to being tested in the ICP-OES to reduce the impact to sensitive 

parts of the equipment such as the nebulizer and the plasma. Pre-treatment steps include 

filtration, reduction of dissolved solids by dilution, and digestion of solid samples [74].  

2.1.1.2. Inductively coupled plasma - mass spectrometry (ICP-MS) 

ICP-MS is used for ultra-sensitive detection of metals [75]. It can be used for a variety 

of samples such as environmental [76,77], food [78], clinical and biological samples 
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[79], and advanced materials [80].  The detection limit can be as low as parts per trillion 

(ppt) [81].  

The ICP-MS also uses an argon plasma to excite atoms or ions which are then measured 

by a mass spectrometer which consists typically of a scanning quadrupole mass filter 

and a detector [82]. Sample pre-treatment can include dilution, solid digestion, and 

filtration [83] depending on the nature of the sample analyzed. 

2.1.1.3. Atomic absorption spectrometer (AAS) 

Developed in the mid-19th century [84], AAS is a widely used analytical technique for 

simultaneous detection of heavy metals.  Although more recent techniques such as ICP-

OES have surpassed the capabilities of AAS, it is still used for trace metal analysis. The 

AAS works by atomizing the analyte and then recording the reduction of intensity of 

optical radiation when a beam of radiation is passed through it. During data analysis, the 

correct method and wavelength has to be selected to give optimal results while 

performing background corrections such as deuterium and Zeeman background 

correction [85]. 

Sample preparation techniques can involve hot plate, microwave, acid, and high-

pressure digestions [86]. The detection limit for flame atomic absorption spectrometry 

(FAAS) is in the order of 1–100 µg L−1 and for graphite furnace atomic absorption 

spectrometry (GFAAS) it is about 20-200 times lower [87].  

2.1.1.4. Atomic fluorescence spectrometer (AFS) 

AFS is another analytical technique which has been in use for several decades. It has 

similar instrumentation to that found in AAS (light source, atom cell, detector, and 

readout system, etc.)  but provides higher sensitivity [30]. Electromagnetic radiation is 

used to transfer atoms into a state of excitation and the radiation emitted by atoms when 
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returning to their ground state is recorded. Different types of fluorescence such as 

resonance fluorescence, stokes direct line fluorescence, and stepwise fluorescence are 

used for the analysis of metal ions [88]. The detection limit for AFS is at the order of  

ng L−1 [89].  Sample pre-treatment can include acid digestion and dilution [90]. The 

pretreatment methods are mostly targeted at reducing the interferences such as spectral 

interference (overlapping of spectra of two different metals) and chemical interference 

[88]. 

2.1.1.5. Electrochemical techniques 

Electrochemical techniques to determine heavy metals are gaining attention due to their 

ability to overcome some of the challenges posed by traditional techniques. These 

techniques are more cost-effective, less complicated, require less pre-treatment, and 

provide more opportunities for on-site assessment. Examples include potentiometry, 

conductometry, amperometry, impedimentary, and voltammetry [91]. 

2.2. Potentiometry 

Among the different types of electrochemical techniques currently available, 

potentiometry is a commonly used technique. Potentiometry is sensitive, compact, low 

cost, and requires low energy consumption. The technique began to develop in the late 

19th century with the discovery of the Nernst formalism by Walther Nernst [92]. It has 

been used to detect inorganic components such as heavy metals and clinically relevant 

ions, and organic moieties [24,93].  

The setup for potentiometric measurements consists of a reference electrode (RE) and 

an indicator electrode maintained in closed electric circuit through the contact with the 

analyte (Figure 2.1). The reference electrode ought to maintain its potential despite any 
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changes in the composition of the sample or calibrator while the potential of the 

indicator electrode changes depending on the activity of the primary ion in the solution.  

 

Figure 2. 1 Schematic of a potentiometric measurement setup 

To ensure that the chemical composition of the electrodes and analyte remains relatively 

unchanged, the measurement is taken at a near “zero current condition” which is assured 

by the use of a high impedance voltmeter when the system is at an equilibrium condition. 

The electromotive force (EMF) recorded is the difference in potential between the 

indicator and reference electrodes and can be written as follows (Equation 1):  

𝐸𝑐𝑒𝑙𝑙  = 𝐸𝑖𝑛𝑑𝑖𝑐𝑎𝑡𝑜𝑟 − 𝐸𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒                                                                      (Equation 1)   

The Nernst equation describes how the EMF of the cell is related to the activity of ions 

in the solution (Equation 2): 

E =  E0 +  
RT

ziF
ln ai                                                                                          (Equation 2) 

where E is the potential of the electrode (mV), E0 is the standard potential of the 

electrode (mV), ai is the activity of the target (primary) ion, zi is the charge of the 

primary ion, R is the gas constant (8.314 J mol-1 K-1), T is the absolute temperature (K), 

and F is the Faraday constant (96485 C mol-1). 
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Activity (ai) is a quantity which offers the “effective concentration” of a specie in a 

solution, and it is related to concentration by the following equation (Equation 3): 

𝑎𝑖  = 𝑐𝑖𝑓𝑖                                                                                                         (Equation 3) 

where 𝑐𝑖 is the concentration and 𝑓𝑖 is the activity coefficient of the ion in the solution.  

Activity coefficient can be defined by the Debye-Hückel approximation (Equation 4), 

where A and B are constants, z is the charge number and 𝑑𝑖 is the average effective ion 

radius [94]:  

log 𝑓𝑖  = −
𝐴𝑧2√𝐼

1+𝐵𝑑𝑖√𝐼
                                                                                         (Equation 4) 

The ionic strength, I, is a measure of the concentration of charges in a solution and can 

be calculated using Equation 5: 

𝐼 =
1

2
∑ 𝑐𝑖𝑧𝑖

2                                                                                                    (Equation 5) 

Activity (ai) is a complex quantity which can be further explained in relation to Gibbs 

free energy (G) and chemical potential (µ). The Gibbs free energy (G) is a measure of 

the energy that is available to do useful work in a system, such as a chemical reaction. 

The chemical potential (μ) is a thermodynamic quantity that is closely related to the 

Gibbs free energy (G), and it describes the amount of energy required to add one mole 

of a substance to a system at constant temperature and pressure. In the case of an ion in 

a solution, the chemical potential is related to the ion's activity through Equation 6: 

µ = µ° + 𝑅𝑇 𝑙𝑛 (𝑎𝑖)                                                                                        (Equation 6) 

where μ° is the standard chemical potential of the ion, R is the gas constant, T is the 

absolute temperature, and ln (ai) is the natural logarithm of the ion's activity. 
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2.2.1. Ion-selective electrodes (ISEs) 

Ion-selective electrodes are an important group of potentiometric chemical sensors. As 

the name suggests, these electrodes have the ability to distinguish between ions. ISEs 

are usually classified on the basis of the membrane material (glass, crystalline, 

polymeric) or ISE construction (classical with a liquid internal reference system, solid-

contact, screen-printed). ISEs can be characterized by their sensitivity (slope), stability, 

selectivity to the target ion, response time, reproducibility from electrode-to-electrode 

or batch-to-batch, etc. [95]. Some of these characteristics are discussed below.  

2.2.1.1. Sensitivity of ISEs 

The calibration curve (a plot of cell EMF versus logarithm of activity of primary ion) of 

an ISE is used to determine the working range and slope of the sensor. The upper and 

lower detection limits (UDL and LDL) give an indication about the working range of 

the electrode. As shown in Figure 2.2, the linear range is narrower than the working 

range and is more sensitive to measurement error. Thus, ULRL and LLRL refer to Upper 

Linear Range Limit and Lower Linear Range Limit, respectively.  

Figure 2. 2 Schematic for working range and slope of an ISE [95] 
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To understand the slope of ISE, it is important to understand equations governing the 

linear range of the sensor. The potential of an ISE is described by the Nernst equation 

(Equation 2) and can be further simplified as given in Equation 7: 

E =  E0 +  
0.059V

zi
log ai                                                                                    (Equation 7) 

Here, the term 
0.059V

zi
 describes the slope, s = d E/ d log ai , of the linear range of the 

calibration curve. Theoretically, for monovalent ISEs such as Na+- and K+-ISEs, the 

slope should be 59.2 mV dec-1 at 25ºC and for divalent ISEs such as Pb2+- and Cd2+-

ISEs, the slope should be 29.6 mV dec-1 at 25ºC. In practical situations, the slope can be 

greater or smaller than the theoretical values at certain activity ranges. Typically, the 

variations are not more than ± 2 mV, if however the variations are larger than ± 2 mV 

then the slope of the ISEs is referred to as a “super-Nernstian” and “sub-Nernstian”, 

respectively.  

2.2.1.2. Potentiometric selectivity 

The selectivity of an electrode refers to its ability to distinguish the primary ion in the 

presence of other ions, further referred to as interfering ions. The Nikolsky–Eisenmann 

equation (Equation 8) is used to calculate the selectivity coefficient, ki,j, where i refers 

to primary ion and j refers to interfering ion [96]:  

Ε =  Ε0 + 
𝑅𝑇

𝑧𝑖𝐹
ln(𝑎𝑖 +  ∑ 𝑘𝑖,𝑗 𝑎

𝑗

𝑧𝑖
𝑧𝑗⁄

𝑗 )                                                                       (Equation 8) 

Methods for the experimental estimation of selectivity coefficients include separate 

solutions method (SSM), fixed interference method (FIM), fixed primary ion method 

(FPM), two solution method (TSM), and matched potential method (MPM) [97]. The 

SSM is one of the most commonly used techniques for the determination of selectivity 

coefficients. If the EMF recorded in pure “IX electrolyte solution” (I+ being the primary 
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ion) and pure “JX electrolyte solution” (J+ being an interfering ion) at equal ion activity, 

i.e., 𝑎𝑖  = 𝑎𝑗, the selectivity coefficient can be written as in Equation 9 [97]: 

log 𝐾𝑖,𝑗
𝑝𝑜𝑡

=  
(𝐸𝑗−𝐸𝑖)𝑧𝑖𝐹

𝑅𝑇 ln 10
+ (1 −

𝑧𝑖

𝑧𝑗
) log 𝑎𝑖                                                                    (Equation 9) 

If 𝑧𝑖 =  𝑧𝑗  and slope of the calibration curve is denoted by s, the equation further reduces 

to Equation 10: 

log 𝐾𝑖,𝑗
𝑝𝑜𝑡

=  
(𝐸𝑗−𝐸𝑖)

𝑠
                                                                                                   (Equation 10) 

Mixed solution methods such as FIM, FPM, TSM and MPM provide more insight into 

selectivity of ion-selective electrodes in practical situations. However, SSM was 

selected as the technique for determination of unbiased selectivity in this thesis since it 

provides a primary understanding of the behaviour of the ISE before moving on to more 

complex methods.  

2.2.1.3. Response time  

The response time of an ISE gives an indication about the time needed for establishing 

a steady value or near steady value EMF. A faster response time allows for more 

accurate and precise measurements, particularly in dynamic situations where the ion 

activity is changing rapidly. Additionally, a faster response time can also improve the 

overall speed and efficiency of the measurement process. Attempts at quantification of 

the response time included the introduction of terms such as 𝜏90, the time required for 

achieving 90 % of the full potential change [98]. The response time of an ISE is 

dependent on electrochemical reactions at the ISM | solution interface and rates of 

diffusion of the analyte across different phases [99,100].  
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2.3. Use of paper-based microfluidics in analytics 

Microfluidics is the study of manipulation of fluids at the microscopic scale, typically 

on the order of micrometres. It involves the development of devices and systems that 

can handle small volumes of fluid, often with precise control over the flow, mixing, and 

other properties of the fluid [101]. Paper-based microfluidics or microfluidic paper-

based analytical devices (μPADs) is a type of microfluidic technology that uses paper 

as the substrate for the microfluidic devices. Several types of paper such as 

chromatography paper, filter paper, ITW Technicloth, printing paper, and paper towels 

could be used depending on the application [102–104].  

This approach has several advantages over traditional microfluidic materials, such as 

silicon or glass, including low cost, flexibility, biocompatibility, and ease of use [105]. 

One of the major reasons for the growth of μPADs is the fact that capillary forces can 

be used for the control of flow rather than using additional pumps. Paper-based 

microfluidics can be used with different analytical methods such as fluorescent, 

colorimetric, electrochemical, (electro)chemiluminescent, nanoparticles-based, hybrid 

and other detection[106], and can be used for the detection of various analytes such as 

clinically relevant ions, pathogens, heavy metal ions, drugs, metabolites, DNA, proteins, 

pesticides, and antibiotic residues[107–110]. 

2.3.1. Paper-based microfluidics in potentiometry 

Paper-based microfluidic technologies are used for several purposes in combination 

with potentiometric ion sensing. Paper can be used as a sampling substrate, used to 

fabricate a reference electrode or an indicator electrode or even be used to produce an 

all-integrated sensor for potentiometric sensing [41].  
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2.3.1.1. Paper as a sampling substrate 

Traditional potentiometric sensing with ISEs often relies on beaker-based 

measurements. Paper-based solution sampling is more advantageous in certain sampling 

situations due to the unique properties of sampling matrix and extends the use of 

potentiometry for real life applications. Paper-based solution sampling allows 

potentiometry to be used in samples with high solid-to-liquid ratios, for example in 

environmental and food samples. In addition to being able to work with a small volume 

of sample, the paper substrate used for sampling also protects the membrane of the ISE 

from mechanical damage due to the presence of solid components in the sample by 

filtering out the large particles which can damage the fragile ISM. Since paper is a 

cheaper option compared to beaker-based sampling, it is more useful in situations where 

disposable sampling is preferred and facilitates usage in countries with limited 

infrastructure.  Paper is a versatile material which can be easily modified with physical 

and chemical techniques to tailor it to the purpose. The wicking action of paper, i.e. 

material transport by passive capillary forces, allows it to be used in a wide range of 

microfluidic sensing platforms [111].  

The concept of using paper-based sampling for in situ potentiometry was first introduced 

by Gyurcsányi et al.[112]. They investigated the possibility of using potentiometric 

detection instead of the typically employed optical detection of proteins adsorbed onto 

a paper substrate. This was achieved by using Ag+ ions as an indirect tag for proteins 

and quantifying the Ag+ ion content with the use of an Ag+-ISE and Ca2+-ISE as a 

reference electrode.  

Research conducted by Bobacka et al.[44] demonstrated the feasibility of potentiometric 

sensing through paper-based microfluidic sampling, using a solid-contact K+-ISE and 
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solid-contact RE to measure the concentration (activity) of K+ ions absorbed into 

ordinary filter paper placed vertically between the ISE and the RE. The potentiometric 

response was found to be dependent on the pore size and the shape of the paper substrate.  

Usage of the paper substrate in a horizontal configuration as a sampling substrate for the 

potentiometric analysis of Cd2+, Cl-, Pb2+ and pH was conducted by Lisak et al.[40]. 

Even though the potentiometric performance of the paper-based sampling for Cl- was 

barely affected with comparison to beaker-based sampling, a super-Nernstian effect was 

observed in the analysis of Pb2+ and Cd2+ ions. Pb2+ analysis was most affected and 

further studies indicated that formation of complexes with the functional groups in 

cellulose could be the reason for the super-Nernstian effect and the higher detection 

limit observed. Attempts to control the super-Nernstian response observed with Pb2+-

ISEs coupled with paper-based sampling include modifying the paper-substrate with 

inorganic salts[48] and acidification[49].  

Additionally, the use of paper as a sampling substrate is advantageous in reducing 

biofouling effects on the ISE surface. Coating of paper substrates with gold 

nanoparticles was found to be effective in further reducing the biofouling effects 

observed with clinical samples[113].    

2.3.1.2. Paper as a reference electrode or an indicator electrode 

Paper-based electrodes offer several advantages compared to conventional electrodes 

for potentiometry, including cost-effectiveness, ease of fabrication, flexibility, 

portability, and rapid analysis. 

Fabrication of micro-electrodes on a paper-based platform involves different methods 

for the preparation of components such as the electronic conductor, the ion-to-electron 

transducer, the ion selective membrane (in ISEs), or a reference membrane (in REs). 
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These fabrication methods include screen/stencil printing[114], ink painting[115], 

sputtering[116], inkjet printing[117], drop-casting[118], or casting by micro-

capillary[119], etc. for the deposition of the different components.  

The concept of a disposable paper-based strip for determination of ionic species 

(specifically K+) by potentiometry was first developed by Borchardt et al.[120]. A filter 

paper was used as the paper platform and an evaporated silver line was used as the 

conducting path. A hole was made on the heat-sealing layer surrounding the sensor for 

the placement of the K+-ISM. This study demonstrated the feasibility of mass-

fabrication of low-cost ISEs which behave similar to macro-electrodes.  

Miniaturization of the RE has proved to be more challenging due to issues related to 

maintaining a stable potential, particularly due to difficulties in deposition of durable 

and firmly attached Ag/AgCl films, integrating an internal reference electrolyte, and 

ensuring the presence of a liquid junction. Studies have been conducted to develop 

robust paper-based Ag/AgCl REs [54,117,121].   

Recent advances in paper-based electrodes include ready-to-use sensors for multiplex 

determination of ions. For example, Armas et al.[122] developed a paper-based ISE and 

RE combined on a single strip for the determination of Na+, K+, and I− ions. Ongoing 

research and development in the field of paper-based electrodes are addressing 

challenges such as limited durability and narrower measurement range and expanding 

the potential applications of these electrodes. 

2.3.1.3. Paper as an all-integrated sensor for potentiometric sensing 

The development of paper-based electrodes eventually led to the design of platforms 

which combine all the elements of a potentiometric sensor, i.e., ISE, RE and sampling 

platform.  This enables the sensors to be conveniently used in cases where on-site 
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determination of ions is important, e.g. clinical[123,124], environmental[125], and food 

production[126].  

Developing portable readout systems for paper-based sensors is another important and 

interesting area of research that caught the attention of scientists in this field. These 

systems often utilize smartphones or handheld devices for signal acquisition, data 

analysis, and wireless communication. Smartphone integration provides a user-friendly 

interface, real-time monitoring capabilities, and the potential for remote data sharing, 

making paper-based sensors accessible and practical for on-site and point-of-care 

applications. For example, Sakata et al.[127] produced a wearable sensor for 

determination of pH and Na+ ion in sweat which employed a wireless interfacial 

potential detector (IPD) for EMF measurements. Liang et al.[128] utilized a flexible 

printed circuit board (FPCB) for wireless data acquisition in determination of K+ in 

sweat using a three-dimensional paper-based microfluidic electrochemical device (3D-

PMED). A trimodal (potentiometric, fluorometric and colorimetric) sensor for detection 

of the date rape drug “ketamine” was developed by Yehia et al.[129]. 

2.3.1.4. Limitations of using paper-based microfluidics for 

potentiometric heavy metal analysis 

Despite the numerous advantages of using paper as sampling substrates, electrodes, and 

all-integrating sensor platforms in potentiometry, it is still an emerging technology with 

room for improvement, particularly for the sensing of heavy metals. It is important to 

understand the characteristics of paper as material at this juncture.  

Paper is a composite material primarily composed of cellulose fibres (90-99 %) [130]. 

Fillers added for a variety of purposes such as cost reduction, improving aesthetic 

appeal, and adjusting the paper-to-paper friction coefficient constitute the second most 
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abundant material in paper [131]. Materials such as starch and rosin improve the 

bonding between cellulose fibres and fillers [132]. Pigments can be added to make 

coloured paper.  

Even though different types of paper could be used in paper-based potentiometry, 

filter[44,48,49,133] and chromatography paper[114,123,134,135] are used most 

commonly since they can be considered as impurities-free due to their production 

process. Unlike other types of paper (printing paper, parchment, kraft, etc.), additives 

which help to reinforce the structure are absent in filter or chromatography paper, and 

further enables unimpeded performance in analytics[136].   

However, the use of filter paper or chromatography paper for quantification of heavy 

metals by potentiometry is greatly limited by the interactions of heavy metal ions with 

cellulose fibres, more specifically the negatively charged hydroxyl and carboxyl groups 

[137]. Paper exhibits adsorption capability for heavy metals and has even been utilized 

as a raw material for production of adsorbents for heavy metal removal [138,139]. The 

adsorption characteristics of heavy metals onto cellulose was found to be dependent on 

the pH and the presence of competing electrolytes[140]. It is essential to control or 

eliminate unfavourable interactions with cellulose for the successful utilization of paper-

based substrates coupled with heavy metal selective ISEs.  

When comparing the interactions of different  heavy metals with cellulose, and how it 

affects the potentiometric performance when paper-based substrates are coupled with 

respective heavy metal selective ISEs, Pb2+ analysis was more significantly affected 

than other heavy metals[40]. Thus, it is hypothesized that if the performance of Pb2+-

ISEs coupled with paper-based substrates could be improved, response for the other 

heavy metals could also be improved.  
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CHAPTER 3 CHEMICALS, EQUIPMENTS AND METHODS 

3.1. Chemicals and materials 

Chemicals and materials used in the experiments (obtained in analytical grade unless 

otherwise mentioned) are mentioned in Table 3.1. 

Table 3.1 Chemicals and materials used in the experiments  

Chemical/material Supplier 

Nitrates of Mg2+, Ca2+, Na+, K+, Ba2+, Zn2+, Co2+, Cd2+, 

Cu2+ and Pb2+ 

Sigma Aldrich (Germany) 

Sodium polystyrene sulfonate (NaPSS) Sigma Aldrich (Germany) 

3,4-ethylenedioxythiophene (EDOT) Sigma Aldrich (Germany) 

Lead ionophore IV (tert-Butylcalix[4]arene-

tetrakis(N,N-dimethylthioacetamide)) 

Sigma Aldrich (Germany) 

Potassium tetrakis(4-chlorophenyl) borate (KTClPB) Sigma Aldrich (Germany) 

2-nitrophenyl  octyl ether  (o-NPOE) Sigma Aldrich (Germany) 

High molecular weight poly(vinyl chloride) (PVC) Sigma Aldrich (Germany) 

Tetrahydrofuran (THF) Sigma Aldrich (Germany) 

Grade 388, 390 quantitative cellulose filter paper Sartorius (Germany) 

3mm diameter glassy carbon (GC) disk electrode 

encased in Teflon body (6 mm outer diameter) 

X2Lab (Singapore) 
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Ag/AgCl (3 M KCl) reference electrode BAS (Japan) 

Gold (99.999%), platinum (99.95%) and palladium 

(99.95%) sputtering targets 

ACI Alloys (USA) 

Lead calibration standard (1000 µg/ml dissolved in 2% 

HNO3) 

PerkinElmer, Inc. (USA) 

Instrument calibration standard 2 for inductively 

coupled plasma-optical emission spectrometry  

PerkinElmer, Inc. (USA) 

3.2. Equipment utilized  

Equipment utilized for the experiments conducted in this thesis are listed in Table 3.2.  

Table 3.2 Equipment utilized 

Equipment Supplier 

Milli-Q Integral 10 Water Purification System Sigma Aldrich (USA) 

Gamry interface 1000 potentiostat  Gamry Instruments Inc.(USA) 

Sputter coater (JFC-1600) JEOL (Japan) 

EMF16 Interface potentiometer Lawson Labs Inc.(USA) 

Field emission scanning electron microscope 

(FESEM) (JSM-7600F) 

JEOL (Japan) 

OCA 15 goniometer  Dataphysics (Germany) 
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Optima 8300 Inductively Coupled Plasma Optical 

Emission Spectroscopy (ICP-OES) 

PerkinElmer, Inc. (USA). 

Tensor 27 Fourier Transform infrared 

spectroscope  

Bruker 

Profilometer (Tencor P-6) KLA  

 

3.3. Methods 

3.3.1. Preparation of ion selective electrodes 

For the preparation of solid-contact Pb2+-ISEs, the glassy carbon (GC) electrodes were 

first polished on a polishing pad using 0.3 μm alumina slurry (Al2O3) and then rinsed 

with ultra-pure water. The electropolymerization of PEDOT(PSS) on electrodes was 

conducted in a three-electrode cell, where a platinum electrode served as the counter 

electrode and Ag/AgCl (3 M KCl) served as the reference electrode. 

Chronopotentiometry mode on Gamry interface 1000 potentiostat (Gamry, USA) was 

used to apply a constant current of 0.014 mA (0.2 mA cm−2) for 714 s [141]. The 

electrolyte for the electropolymerization of conducting polymer film contained 0.01 M 

EDOT and 0.1 M NaPSS. At the conclusion of electropolymerization, the electrodes 

were rinsed with ultra-pure water and left at room temperature (23 ± 2 ◦C) to dry 

overnight. For the membrane drop-casting, a Pb2+ selective membrane cocktail 

containing 1% lead ionophore IV, 0.5% KTClPB, 65.2% o-NPOE and 33.3% PVC (i.e., 

1 mg of lead ionophore IV, 0.5 mg KTClPB, 62.69 µL o-NPOE and 33.33 mg PVC) in 

2ml of THF was used. Three doses of 20 μL of membrane cocktail portions were casted 

on top of the dry PEDOT (PSS) layer with 1 hour gap between each dose applied. After 
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overnight drying of the ion-selective membrane, the ISEs were transferred to 10−3 M 

Pb(NO3)2  for 24 h for electrodes conditioning. The ISEs were stored in the same solution 

in between measurements. Basic steps in the preparation of an ISE are shown in Figure 

3.1. 

 

Figure 3. 1 Schematic of steps followed in making a Pb2+-ISE.  

3.3.2. Preparation of paper substrates 

For the paper substrate preparation, filter paper (Sartorius grade 388 unless otherwise 

mentioned) was soaked in ultra-pure water for 30 min with gentle stirring to reduce 

water soluble contaminants and then oven-dried at 70°C before being used as 

microfluidic paper substrates. Paper substrates were used then in unmodified, and 

modified arrangements. 

3.3.3. Potentiometric measurements with Pb2+-ISEs. 

EMF16 Interface potentiometer, Lawson Labs Inc. assisted with EMF16_grf software 

was used to carry out the potentiometric measurements and the response of Pb2+-ISEs 

in each solution was logged for 1 minute. The response of Pb2+-ISEs in lead(II) nitrate 

solutions ranging from 10−7.0 to 10−1.4 M in ion activity was analysed in ascending order 

of primary ion activity. The activity coefficients were calculated according to the 

Debye-Hückel approximation [94]. Three same measurements from each ion activity 
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were performed to obtain uncertainty of the measurement in form of the standard 

deviation (n= 3). Standard deviations in figures and text indicate measurement-to-

measurement repeatability for an electrode unless otherwise stated.  

Once the conventional beaker-based potentiometric cell response was validated, i.e., 

electrodes exhibited Nernstian response (slope 29.6 ± 2 mV dec–1), these electrodes were 

selected to be coupled with the paper-based microfluidic solution sampling. In such 

measurements, the indicator and the reference electrodes were both placed on top of one 

piece of filter paper that was previously cut into 2 × 2 cm2 and which was exposed to 

the standard or sample solutions (assuring a volume of solution equal to maximum 

holding capacity of the paper substrate was wicked to the matrix of the paper substrate) 

as shown in Figure 3.2. The electrodes, supported onto laboratory stand were placed 

onto the paper substrate, such that no additional force was applied to keep electrodes 

onto the paper substrate. The EMF of the cell was logged for 1 minute with 1.3 s interval 

between each potential sampling.  

 

Figure 3. 2 Schematic of set-up used for potentiometric sensing coupled with a paper substrate. 



 

48 

 

3.3.4. Characterization methods 

3.3.4.1. Inductively coupled plasma optical emission spectrometry (ICP-

OES) 

ICP-OES was used as the established analytical technique to validate the results of 

paper-based potentiometry. Perkin Elmer Optima 8300 Inductively Coupled Plasma 

Optical Emission Spectroscopy (ICP-OES) was used for the determination of total lead 

concentrations. Samples were filtered with 0.45 µm filter and diluted with nitric acid 

prior to analysis.  

3.3.4.2. Field emission scanning electron microscopy (FE-SEM) and 

energy dispersive X-ray spectroscopy analysis (EDXA) 

Electron microscopy was used for the investigation of surface morphology, topography, 

and composition of paper substrates. Compared to a light microscope, an electron 

microscope provides images of higher magnification and resolution by scanning the 

surface of the material with a fine focused beam of electrons. A field emission scanning 

electron microscope (FESEM) (JSM-7600F, JEOL, Japan) along with energy dispersive 

X-ray spectroscope (EDX) was used to study the surface and cross section of 

unmodified and modified paper substrates. 

3.3.4.3. Fourier-transform infrared spectroscopy (FTIR) 

FTIR spectroscopy uses infrared radiation to analyze a sample and generates spectra 

that can provide insight into the different chemical structures present in the sample [142]. 

Tensor 27 Fourier Transform infrared spectroscope (FTIR) operated in attenuated total 

reflection (ATR) mode was used to investigate the chemical changes in the paper 

substrate after modification. To do that, the paper substrates were crushed using mortar 

and pestle before investigation so that the sample could be homogenized instead of 
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investigating only the surface properties of the paper substrates. The FTIR was also done 

on unmodified paper substrates. 

3.3.4.4. Assessment of hydrophobicity/hydrophilicity  

Hydrophobicity/hydrophilicity of a material refers to its nature of affinity to water 

molecules. It is generally accepted that the static water contact angle being greater than 

or less than 90º can characterize a material as being hydrophobic (repelling water) or 

hydrophilic (attracting water).  Dataphysics OCA 15 goniometer (Germany) equipped 

with SCA20 software was used to evaluate the hydrophobicity/hydrophilicity of the 

paper surface. Hamilton Gastight Syringe (500 μl) was used to deposit an ultrapure 

water droplet of 5 µL onto the sample. The contact angle was determined using the 

Sessile Drop method and three measurements were taken on different parts of the paper 

to investigate the uncertainty of the measurements. 

3.3.4.5. Assessment of liquid absorption capacity 

Liquid absorption capacity refers to the ability of a material to absorb a liquid. Since 

aqueous samples are commonly used for potentiometric measurements, liquid 

absorption capacity of paper substrates was evaluated by immersing a 1 × 1 cm2 paper 

into ultra-pure water for 5 s and determining the mass change.  
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CHAPTER 4 NON-EQUILIBRIUM POTENTIOMETRIC 

SENSORS INTEGRATED WITH METAL MODIFIED PAPER-

BASED MICROFLUIDIC SOLUTION SAMPLING 

SUBSTRATES FOR DETERMINATION OF HEAVY METALS 

IN COMPLEX ENVIRONMENTAL SAMPLES 

4.1. Introduction. 

Sensing heavy metals in environmental samples is important because it allows for the 

identification and quantification of heavy metal contamination in various environmental 

matrices, such as soil, water, and air. Heavy metal pollution is a significant 

environmental concern as it can lead to a wide range of ecological and human health 

impacts[22]. Paper-based potentiometry offers several advantages over existing 

methods for determining heavy metals, making it a promising option for environmental 

monitoring and other applications[46]. However, their use is limited due to unfavourable 

interactions between the negatively charged paper substrate and the heavy metal cations 

which causes a super-Nernstian response[40].  

This study investigates the effect of modifying the paper substrates with thin layers of 

metals that can act as possible spacers between the ISM and the negatively charged 

paper substrates or as modifiers of cellulose fibers to block active adsorption sites on 

the paper substrates. The potentiometric response of Pb2+-ISEs coupled with 

microfluidic solution sampling substrates modified with different metal layer 

thicknesses of gold, platinum, and palladium were investigated. Since using a modified 

paper-based substrate is likely to increase the lifetime of an electrode, a durability study 

was conducted. The data obtained from the study was also used for a detailed life cycle 
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assessment (LCA). However, screen-printed electrodes were considered for the LCA 

since they are smaller, portable, reproducible, and more likely to be used in large 

scale/commercial applications, compared to conventional macro electrodes used in 

research community. Thus, a comparative LCA of a model screen-printed lead(II)-

selective electrode equipped with conventional carbon working electrode (CWE) and 

poly(3.4-ethylenedioxythiophene) doped with polystyrene sulfonate (PEDOT(PSS)) 

solid contact coated with Pb2+-ISM coupled with paper substrates modified with a layer 

of metal were conducted to study their respective environmental footprints as compared 

to same electrode used without microfluidic paper-based solution sampling.   

4.2. Experimental 

4.2.1. Preparation of ion-selective electrodes and microfluidic paper 

substrates.  

Ion-selective electrodes and paper substrates were prepared as described in section 3.3. 

For metal modified paper substrates, a sputter coater (JFC-1600, JEOL, Japan) was used 

to deposit different thicknesses of a layer of metal (either gold, platinum, or palladium) 

on top of one or both sides of paper substrates. For each sputtering run, 40 mA current 

was applied at 3 Pa while varying the time of sputtering to achieve different thicknesses 

of metal on paper substrates. The paper substrates were named as “X nm Y modified 

paper substrate (Z side/s modified)”, where X refers to thickness of metal layer, Y refers 

to type of metal, and Z refers to whether the modification was single side or double side 

(e.g., “38 nm Au modified paper substrate (both sides modified)”). 

4.2.2. Potentiometric measurements with Pb2+-ISEs. 

Initially, potentiometric response on paper sputtered on one side with gold was 

investigated, followed by the response on paper sputtered with metal on both sides. The 
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measurements were conducted in comparison to Pb2+-ISEs coupled with unmodified 

paper substrates. 

4.2.3. Durability of Pb2+-ISEs when coupled with and without paper-based 

microfluidic solution sampling substrates in sample containing high 

solid-to-liquid ratio. 

In order to compare the durability of electrodes at different measurement conditions 

performed on samples with high solid-to-liquid ratios, complex environmental sample 

(soil collected and conditioned in 10–2 M Pb2+) was used with and without paper 

substrate. The Pb2+-ISEs were either directly placed in contact with complex 

environmental sample or were placed in contact with a 38 nm Au modified paper 

substrate (both sides modified). In details, 10 g of potting soil was placed on a petri dish 

and 30 ml of 0.01 M Pb(NO3)2 solution was added. The sample was allowed to 

equilibrate at room temperature overnight. Electrodes were placed on the petri dish such 

that three electrodes touched the soil directly while three more electrodes were in contact 

with a 38 nm gold modified paper substrate (both sides modified) placed on top of soil 

as shown in Figure 4.1. The reference electrode was placed on paper to avoid possible 

damage and clogging solution junction of the electrode. The potentiometric response for 

each electrode was logged as described in section 3.3.3. After each measurement, the 

electrodes were rinsed and wicked dry before taking another measurement. The steps 

were repeated until an electrode lost its membrane, or its potential response indicated a 

flaw in the membrane at which point the particular electrode was removed from the 

system.  
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Figure 4. 1 Measuring setup used in durability test of Pb2+-ISEs. (A) Schematic diagram (B) 

Top view of the actual setup (C) Side view of the actual setup (D) Gold modified paper placed 

on soil. 

4.2.4. Determination of lead(II) in environmental samples.                                                           

In order to validate using metal modified paper substrates in environmental samples, 

four samples were prepared for investigation. All the samples were spiked with random 

amounts of lead(II) nitrate solutions. The first sample was a leaf soaked in lead solution 

to mimic the deposition of heavy metals on plants and was named as “plant dew” 

sample. Graphite powder was added to the solution in another sample to simulate a 

chemical spill condition. Soil was dispersed in another sample to simulate accumulation 

of lead in industrial sites and named as “wet soil” sample. The final sample was prepared 

to simulate street runoff which can contain lead from different sources.  

A 38 nm gold modified paper substrate (both sides modified) was used for the paper-

based measurements using Pb2+-ISEs. The potentiometric response for each electrode 

was logged as described in section 3.3.3. Perkin Elmer Optima 8300 Inductively 

Coupled Plasma Optical Emission Spectroscopy (ICP-OES) was also used to determine 
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the total lead concentration in the samples so that the two different techniques could be 

compared.  

4.2.5. Life cycle assessment (LCA). 

The LCA was conducted using the ISO14040 and ISO14044 standards [143]. The goal 

of the LCA was to determine the environmental impacts of model screen-printed 

potentiometric sensor (CWE) (same arrangement for ISM and ion-to-electron transducer 

as macro Pb2+-ISEs introduced above) and with an additional layer of metal modified 

paper substrate. The screen-printed electrodes were prepared for potentiometric 

measurement with methods mentioned in section 3.3.1 for glassy carbon electrodes, with 

PEDOT(PSS) acting as an ion-to-electron transducer [144]. The individual components 

were as follows: ceramic substrate as a base layer, graphite as the working electrode, 

silver as electric contact, plastic layer to encase the components, PEDOT(PSS) and ISM 

layers. The layout is illustrated in Figure 4.2A. A gold modified paper substrate was 

placed on the top of the ISM layer when studying the effect of using a modified paper 

substrate. The scope of the LCA included the production footprints of the studied 

potentiometric sensors. The functional unit (FU) of the LCA was fixed as one 

potentiometric measurement of Pb2+-ISE in prepared simulated environmental sample. 

IPCC AR5 and ReCiPe midpoint methods were applied for the impact assessment. Life 

cycle inventories (LCI) were built based on a model screen-printed carbon electrode 

from Metrohm (Dropsens) as shown in Figure 4.2. The mass of the individual 

components was estimated based on the physical dimensions and the experimental 

procedure of ISM preparation (Table 4.1). The LCA was conducted on the assumption 

that the number of ISE reuses are independent of the construction of the ISEs and paper 

metal modifications. A profilometer (KLA Tencor P-6) was used to determine the 

thickness of various components of the sensor. Furthermore, a sensitivity analysis with 
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three different masses of metal coatings were studied to determine its influence on the 

environmental impacts.  

 

Figure 4.2 Construction of model screen-printed electrode Pb2+-ISE (CWE) used for LCA. (A) 

CWE detailed components description, including gold modified paper substrate as part of the 

CWE arrangement (gold modified paper substrate was removed for LCA of electrodes used in 

conventional manner, i.e., directly contacting sample) and (B) Assembled model screen-printed 

electrode used as Pb2+-ISE (CWE). 

Table 4. 1 Life cycle inventory data for the potentiometric sensor. 

Material 

components 

Unit Quantity per sensor 

Ceramic g 4.250 × 10–1 

Graphite (Working 

Electrode) 

g 3.974 × 10–4 
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Ag (Electric 

Contacts) 

g 1.343 × 10–3 

Plastic layer g 3.680 × 10–3 

PEDOT(PSS) g 5.825 × 10–6 

ISM µl 6.000 × 101 

Paper as substrate g 3.360× 10–2 

Metal coating on 

paper substrate 

Thickness of metal nm 25 38 50 

Mass of Au g 1.21204 × 10– 5 1.81806 × 10– 5 2.42408 × 10– 5 

Mass of Pt g 8.06352 × 10– 6 1.20953 × 10– 5 1.61270 × 10– 5 

Mass of Pd g 6.35222 × 10– 6 9.52833 × 10– 6 1.27044 × 10– 5 

4.3. Results and discussion. 

4.3.1. Paper based potentiometric solution sampling using gold modified 

paper substrates. 

When cellulose-based paper substrates are used as a solution sampling substrate coupled 

with potentiometric sensors sensitive to heavy metals, usually a super-Nernstian 

response of the ISEs is observed. This occurs due to the alteration of the primary ion 

concentration at the ISM | solution interface due to the ion interactions with negatively 

charged sites on the paper substrate [145,146]. Thus, if the surface of the paper substrate 
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is modified such that the negatively charged sites on the paper substrate become 

unavailable to the primary ions while preserving the beneficial qualities of the paper 

substrates, the super-Nernstian response can be eliminated or controlled. Different 

approaches to eliminate super-Nernstian response of heavy metal selective electrodes 

were previously investigated, namely by modifying paper substrates with primary and 

interfering ions [48] and acidification of the paper substrates [49]. These, however, 

require chemical modification of the paper substrate before actual implementation that 

can be time and resource consuming.  

Interestingly, except of specific applications in heavy metal sensing, paper based 

microfluidic solution sampling was also considered for analysis of clinically relevant 

ions, such as potassium, sodium, and chloride. Recently paper-based substrates 

modified with gold nanoparticles (AuNPs) and sputtered gold were used in order to 

improve response of the ISEs in biofouling conditions [113]. In this study, AuNP 

modified papers were found to be more successful in slowing down/diminishing the 

protein transport across the paper-based substrate. It was also observed that gold 

sputtered paper substrates had increased hydrophobicity and facilitated longer response 

time of ISEs owing to the sputtered layer, which acted as a physical barrier for the 

solution to easily pass through the paper substrate. This effect can be explored for heavy 

metal paper-based determination as sputtered gold can be considered as viable physical 

modification of the paper substrate allowing controlling the functionality of the paper 

substrate in relation to the presence of heavy metals in the sample solution. With this in 

mind, the modification of the paper substrate with metallic gold was investigated to 

identify if layers of metals can act as a spacer between the ISM and the negatively 

charged paper substrates or if metal layer can act as modifiers of cellulose fibers to block 

active adsorption sites on the paper substrates. Thus, the paper substrates were modified 
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such that only one side of the paper substrate was sputtered with metallic gold. Different 

sputtering times were used to achieve different thicknesses of gold layer on the paper 

substrates to investigate whether the thickness of the metal layer influenced the 

potentiometric response of Pb2+-ISEs. In such way, thicker the gold layer at the surface 

of the paper substrate, greater the distance between the ISM and the negatively charged 

paper matrix. Since the gold sputtering time is directly proportional to the thickness of 

the metal layer, provided that other parameters such as distance from target remain 

constant [147], the gold layer thicknesses were estimated to be 10, 15, 25, 38 and 50 nm 

at 2, 3, 5, 7.5 and 10 mins of metal sputtering times, respectively. The estimated 

thickness of gold was further verified experimentally by measuring the mass of a known 

area of paper substrate before and after metal sputtering. The experimentally determined 

thickness of gold deposition rate was found to be approximately 5.2 nm per minute, 

which correlates well with the theoretical estimation.  

According to Figure 4.3, potentiometric responses of Pb2+-ISEs coupled with gold-

modified substrates (at different gold layer thicknesses) were found to be similar to the 

lead(II)-selective electrode coupled with unmodified paper substrates, namely 

exhibiting a super-Nernstian response which was mainly registered between 10–3.06 and 

10–4.02 M Pb2+. Detailed description of the potentiometric response of studied Pb2+-ISEs, 

namely their slopes and low detection limits are provided (Table 4.2). In this 

measurement setup, the gold layers have been facing the ISM, providing different spacer 

thicknesses between the ISM and the negatively charged paper substrates. Since the 

potentiometric response of Pb2+-ISEs was not improved as compared to the one obtained 

with unmodified paper substrate, subsequently the potentiometric response when using 

the paper substrate such that the gold layers were inverted (gold layers facing the 

sample) was also investigated (Figure 4.4 and Table 4.2).  
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Figure 4.3 Potentiometric response of Pb2+-ISEs coupled with paper substrates without and with 

metallic gold modifications of various thicknesses on one side of the paper substrates (facing 

ISM).  

Table 4. 2 Detection limits and slopes of Pb2+-ISEs coupled with unmodified and metallic gold 

modified paper substrates (single side modified). 

ISEs/paper substrates DL 

(log a) 

Slope between 10– 

2.17 and 10– 3.06 M 

Pb2+ (mV dec-1)  

Slope between 10– 2.17 

and 10– 4.02 M Pb2+ 

(mV dec-1) 

In solution -6 25.0 ± 0.2 30.8 ± 0.3 

unmodified -N.D.* 39.2 ± 6.8 58.8 ± 17.2 

10 nm thickness + gold 

touching ISM -4.5 57.3 ± 11.9 63.8 ± 28.8 
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10 nm thickness + 

sample touching ISM -5 31.5 ± 1.3 40.5 ± 10.8 

15 nm thickness + gold 

touching ISM N.D.* 35.1 ± 4.4 85.9 ± 3.6 

15 nm thickness + 

sample touching ISM N.D.* 29.1 ± 14.9 69.4 ± 5.8 

25 nm thickness + gold 

touching ISM N.D.* 47.8 ± 8.7 64.9 ± 7.6 

25 nm thickness + 

sample touching ISM -5 26.3 ± 4.3 62.6 ± 8.8 

38 nm thickness + gold 

touching ISM N.D.* 38.3 ± 3.3 71.8 ± 4.8 

38 nm thickness + 

sample touching ISM N.D.* 34.3 ± 6.0 58.8 ± 7.9 

50 nm thickness + gold 

touching ISM N.D.* 51.5 ± 16.8 20.4 ± 13.3 

50 nm thickness + 

sample touching ISM -4.5 35.1 ± 2.1 55.1 ± 1.4 

*Not determined, owing to non-linear behaviour of the calibration curve 
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Figure 4. 4 Potentiometric response of Pb2+-ISEs coupled with paper substrates without and with 

metallic gold modifications (single side modified). The gold modified side was inverted such 

that the gold surface was facing the sample. 

Similarly, to the previous results, they too exhibited a significant super-Nernstian 

response. The results indicate clearly that purely creating a spacer in form of metal 

between ISEs and the negatively charged paper substrates does not improve electrodes 

response to the analyte and thus simplifies the ISM | papers substrate | sample solution 

interface to be predominantly influenced by the solution-paper substrates interactions, 

unrelated to the proximity of the ISE to the paper substrate. Simply, since the volume of 

the analyte is extremely low (L) the depletion of ion concentration from the solution 

driven by paper substrate interactions results in its unavailability to the ISEs. 

Interestingly for both types of paper modifications with gold (modification to either side 

of the paper substrate), the super-Nernstian response was found to be slightly changing 

depending on the gold thickness applied. This indicated the possibility of using noble 

metals for modification of surface of the wood fibres, to eliminate cellulose 
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functionalities and fibres adsorption sites from participating in sorption of primary ion 

from the standards and sample solutions. For that reason, further exploration based of 

paper substrates modifications with metal layers on both sides were investigated.  

4.3.2. Potentiometric response of Pb2+-ISEs coupled with paper substrates 

modified with different thicknesses of metallic gold on both sides of the 

paper substrates. 

Similar to previously investigated one-side gold-paper modifications in the use as 

microfluidic solution sampling substrates, here, both-side paper substrates 

modifications with different thicknesses of metallic gold were investigated. The 

potentiometric responses of Pb2+-ISEs coupled with gold modified paper substrates 

(both sides modified) are shown in Figure 4.5. The slopes recorded in the 10–2.17 and 10–

3.06 M Pb2+ and 10–3.06 and 10–4.02 M Pb2+ ranges for metal thicknesses of gold ≥25 nm 

(Table 4.3) were found to be similar to each other, yet still super-Nernstian as compared 

to the conventional beaker-based measurements. In comparison, the slopes in the same 

concentration ranges for unmodified and both sides gold modified with thicknesses of 

≤ 20 nm were found inconsistent which translated to nonlinear calibrations curves, with 

higher super-Nernstian response in the 10–3.06 and 10–4.02 M Pb2+. It can be noted that 

some thicknesses of gold on the paper substrates, particularly 25, 38 and 50 nm, 

facilitated favourable potentiometric response of Pb2+-ISEs (linear calibration curves in 

extended lead(II) activity range). For example, 25 nm and 50 nm gold modified paper 

substrates (both sides modified), coupled with Pb2+-ISE, resulted in linear sensor 

response in the range of 10–4.02 to 10–2.2 M Pb(NO3)2 with slopes of 43.5 ± 4.6 and 43.9 

± 2.3 mV dec-1, respectively. The use of 38 nm gold modified paper substrate (both sides 

modified) was found to be particularly advantageous since it resulted in closer to the 

Nernstian response for Pb2+-ISEs. It showed a linear response of 31.3 ± 1.4 mV dec-1 in 
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the range of 10–5.0 to 10–2.2 M Pb(NO3)2. The lower detection limits for 25, 38 and 50 nm 

Au modified paper substrates (both sides modified) were 10–4.5, 10–5 and 10–4 M Pb2+, 

respectively. The low detection limits were found comparable to other types of 

modifications of paper substrates [48,49].  

 

Figure 4. 5 Potentiometric response of Pb2+-ISEs coupled with paper substrates without and with 

metallic gold modifications of various thicknesses on both sides of the paper substrates.  

Table 4. 3 Detection limits and slopes of Pb2+-ISEs coupled with unmodified and with metallic 

gold modifications of various thicknesses on both sides of the paper substrates. 

ISEs/paper substrates 

DL 

(log a) 

Slope between 10– 2.17 

and 10– 3.06 M Pb2+ 

(mV dec-1)  

Slope between 10– 3.06 

and 10– 4.02 M Pb2+ 

(mV dec-1) 

In solution -6 25.0 ± 0.2 30.8 ± 0.3 
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unmodified N.D.* 39.2 ± 6.8 58.8 ± 17.2 

15 nm gold (both sides) N.D.* 25.3 ± 5.1 58.1 ± 8.0 

20 nm gold (both sides) -4.5 40.4 ± 0.9 60.3 ± 10.9 

25 nm gold (both sides) -4.5 45.6 ± 1.3 41.6 ± 10.2 

38 nm gold (both sides) -5 38.0 ± 7.8 31.9 ± 8.2 

50 nm gold (both sides) -4 41.1 ± 2.8 46.5 ± 5.8 

*Not determined, owing to non-linear behaviour of the calibration curve 

The relationship between the gold thickness and super-Nernstian response of Pb2+-ISEs 

(between 10–3.06 and 10–4.02 M Pb2+) when coupled with both side modified paper 

substrates is visualized in Figure 4.6. It can be deducted that the super-Nernstian 

response is reduced when using gold modified paper substrates as compared to 

unmodified paper substrates, and that there is an optimum range of metal thickness at 

which the super-Nernstian response is the lowest (thickness ≥ 25 nm gold modified 

paper substrates on both sides). It can be assumed that nearly full coverage of the 

accessible negative sites on paper surface can be achieved at 25 nm gold layer thickness, 

and higher thicknesses of metal layers simply deposit on top of the already established 

metal layers without significantly blocking the negatively charged sites inside the bulk 

of the paper substrates. To validate that further characterization of the paper substrates 

was performed.  
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Figure 4. 6 Super-Nernstian response of the Pb2+-ISEs between 10–3.06 and 10–4.02 M Pb2+ for 

measurements done with unmodified and gold modified paper substrates (both sides modified) 

4.3.3. Characterization of gold modified paper substrates. 

The gold modified paper substrates (both sides modified) were subjected to 

characterization procedures to shed more light on their performance as solution 

sampling matrices for potentiometric ion determination when coupled with Pb2+-ISEs. 

As shown in Figure 4.7, the surface images indicate that most of the surface was covered 

by the metal, while leaving some pores (indicated by the three-dimensional arrangement 

of wood fibres in the paper substrates) for the transportation of analytes. This suggests 

that the favourable quality of paper substrates being able to absorb the solution is 

preserved while blocking much of the negatively charged sites on the paper substrates. 

When observing the cross-section images, it can be seen that the metal layer (coloured 

in grey) penetrates to some depth of the paper substrates, leaving some of the middle 
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region of the paper (coloured in white) unmodified. Thus, a paper substrate modified on 

both sides will have the metal layers sandwiching a thin layer of unmodified paper.  

 

Figure 4. 7 SEM images for gold modified paper substrates (both sides modified) (A, B, C are 

25 nm Au modified paper; D, E, F are 38 nm Au modified paper and G, H, I are 50 nm Au 

modified paper. Images A, B, D, E, G, H are surface images whereas images C, F, I are cross 

section images). 

This may be seen as limitation of using surface modification, as the sputtered metal 

cannot penetrate throughout the paper substrate. In fact, however, the possibility of 

having partially unmodified region in the middle of the paper substrates may be 

beneficial for assuring successful solution sampling. The unmodified part of the paper 

substrates provides vital analyte sorption capability, as paper was found previously to 

be able to wick significant sample volumes [136]. Naturally, having unmodified paper 

substrates means the response of the ISEs sensitive to heavy metals may be 

uncontrollable and super-Nernstian. Thus, in scope of this work, the thickness of the 

gold modification was optimized to (i) allow solution sampling via unmodified paper 

substrate sandwiched between gold modified regions and (ii) control the response of the 

Pb2+-ISEs to maintain extended linear behaviour (although super-Nernstian) that would 
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allow determination of ions in specific sample type. Thus, having unmodified paper 

region in the paper substrate is a calibrated trade-off between controllable Nernstian and 

super-Nernstian responses of Pb2+-ISEs. It was proven before that ISEs can be found 

useful, even if their response is super-Nernstian provided that their response is 

controllable [148]. Further to that, the EDS was conducted and presented in Figure 4.8 

to further indicate the presence of channels for solution to pass through the gold 

modification. This was done by elemental mapping of carbon that is expected to be 

coming from cellulose amidst the gold modified surface. For comparison unmodified 

paper substrate was also investigated (Figure 4.9) where only carbon and oxygen were 

detected, without the presence of the gold. In Figure 4.9, it can be clearly seen that 

carbon mapping revealed uniformly redistributed sampling solution channels. These 

were possible to be formed because the paper substrates have 3D structure consisting of 

the wood fibres that are impossible to be fully covered by one directional surface 

modification, such as metal sputtering. It is also interesting to note that the availability 

of channels is evidently getting lower with the increasing thickness of gold layers, as 

further build-up of the sputtered gold was able to close smaller solution sampling 

channels. The availability of the sampling channels is expected to influence the response 

of the Pb2+-ISEs. For that reason, surface properties of paper substrates and 

potentiometric response of ISEs when coupled with these substrates were investigated.  
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Figure 4. 9 Elemental Analysis for unmodified paper substrate (Grade 388 filter paper). 

The contact angle measurements obtained from the goniometer as shown in Figure 4.10 

indicated that the hydrophobicity of the paper substrates increased with increasing 

thickness of the metal layer deposited at the paper substrates. The average contact angles 

for 25, 38 and 50 nm Au modified paper substrates (both sides modified) were 86.0 ± 

8.3°, 89.2 ± 6.7° and 91.7 ± 4.6°, respectively. This correlates well with the buildup of 

the gold over the cellulose-based channels [113].  

Figure 4. 8 Elemental Analysis for 25 nm (A), 38 nm (B) and 50 nm Au modified paper substrates 

(both sides modified) (C). 
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Figure 4. 10 Optical images taken in sessile drop mode for 25 nm (A), 38 nm (B) and 50 nm Au 

modified paper substrates (both sides modified) (C). 

Since higher hydrophobicity of the paper substrates and limited solution uptake 

capability partially blocked by deposited metal interface might lead to longer solution 

sampling, response time for electrodes utilizing each type of paper substrate was 

measured. The average response times for 25, 38 and 50 nm Au modified paper 

substrates (both sides modified) were 5.0 ± 2.6 s, 8.0 ± 2.0 s, and 21.0 ± 7.5 s, 

respectively. Even though the response time increases with increasing metal thickness 

as assumed, it is well within the standard measuring interval of 60 s.  

4.3.4. Potentiometric response when utilizing other metal modified paper 

substrates.   

After the response of Pb2+-ISEs coupled with gold sputtered paper substrates was found 

to be controllable in wider activity of lead(II), the responses of Pb2+-ISEs coupled with 

other metals, namely platinum (Pt) and palladium (Pd) were also investigated. This was 

done to validate if the metal modification has an effect on the performance of paper-

based substrates when coupled with Pb2+-ISEs. Since previously higher thicknesses, 

such as 25 nm, 38 nm and 50 nm gold modifications (both sides modified) were found 

to be effective in assuring controllable super-Nernstian response of the Pb2+-ISEs, the 

same thicknesses were also used for platinum and palladium. The potentiometric 

response when utilizing those substrates is shown in Figure 4.11.  
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Figure 4. 11 Potentiometric response of Pb2+-ISEs coupled with paper substrates without and 

with metallic (A) platinum and (B) palladium modifications (both sides modified). 

When comparing their performance with gold modified paper substrates, it can be 

observed that Pt and Pd substrates also have an optimum thickness at which the super-

Nernstian response can be best controlled. For Pt modified paper substrates (both sides 

modified), the 50 nm thickness showed the lowest potential jump between 10–3.06 and 

10–4.02 M Pb2+ (31.4 ± 6.6 mV dec-1) and for Pd, it was at 38 nm thickness (38.0 ± 8.7 

mV dec-1). The 38 nm Pd modified paper substrates (both sides modified) showed a 

linear response in the range of 10–4.5 to 10–2.2 M. The lower detection limit for 50 nm Pt 

modified paper substrates (both sides modified) could not be determined owing to non-

linear behavior. However, the observed potential jump between 10– 3.06 and 10–4.02 M 

Pb2+ as shown in Table 4.4 was considerably higher than that observed in the best 

performing gold modified paper substrates. As expected, the response time was also 

higher than unmodified paper substrates. For 25 nm, 38 nm and 50 nm Pt modified paper 

substrates, the average response times were 9.7 ± 3.2 s, 14.0 ± 4.0 s, and 15.0 ± 6.6 s 

respectively whereas for Pd modified paper substrates, they were 8.0 ± 4.0 s, 10.7 ± 4.2 

s and 21.0 ± 7.9 s respectively. As shown, the use of other metal modifications than gold 
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is feasible. Since gold was used in this study as model system, the determination of 

lead(II) in various samples were conducted only with gold modified paper substrates. 

Table 4. 4 Detection limits and slopes of Pb2+-ISEs coupled with unmodified and metallic 

platinum and palladium modified paper substrates (both sides modified). 

Type of substrate 

DL 

(Log 

a) 

Slope between 10– 2.17 

and 10– 3.06 M Pb2+ (mV 

dec-1) 

Slope between 10– 3.06 

and 10– 4.02 M Pb2+ (mV 

dec-1) 

In solution -6 25.0 ± 0.2 30.8 ± 0.3 

Unmodified paper N.D.* 39.2 ± 6.8 58.8 ± 17.2 

25 nm Pt modified 

paper 

-4.5 39.1 ± 2.7 45.0 ± 6.5 

38 nm Pt modified 

paper 

N.D.* 37.9 ± 3.4 54.8 ± 3.6 

50 nm Pt modified 

paper 

N.D.* 42.1 ± 2.6 31.4 ± 6.6 

25 nm Pd modified 

paper 

-4.5 36.5 ± 3.5 48.0 ± 4.8 

38 nm Pd modified 

paper 

-4.5 37.0 ± 7.1 38.0 ± 8.7 

50 nm Pd modified 

paper 

N.D.* 34.0 ± 3.4 55.6 ± 7.9 

*Not determined, owing to non-linear behaviour of the calibration curve 
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4.3.5. Determination of lead using gold modified paper substrates coupled 

with Pb2+-ISEs. 

As shown in Figure 4.12, the results of lead determination obtained from Pb2+-ISEs were 

mostly comparable to those obtained by ICP-OES. The wet soil sample showed a slight 

deviation from the acceptable range (± 20%), possibly due to the adsorption of lead ions 

into the soil matrix. Another possible reason for the minor difference between results 

using both methods could be the fact the Pb2+-ISE determine ionized component 

whereas the ICP-OES determines total lead content. However, since the samples are 

complex involving processes such as adsorption, formation of complexes, speciation of 

ions, etc, the difference could be expected. In all the cases, the deviation of the ISE from 

the ICP-OES readings was less than 9%. The plant dew sample and street runoff 

exhibited deviations less than 5%. Thus, using 38 nm gold modified paper substrates 

(both sides modified) coupled with Pb2+-ISEs was found to be a feasible technique to 

determine lead in artificial environmental samples even when the electrode had been 

characterized with super-Nernstian response.  

Figure 4. 12 Determination of Pb2+concentrations in environmental samples using ICP-OES 

and Pb2+ - ISEs coupled with Au modified paper substrates (The continuous line is the 1:1 line 

for ICP-OES and ISE readings. The dotted line shows ± 20% variation from the 1:1 line). 
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4.3.6. Durability and life cycle assessment of the Pb2+-ISEs coupled with 

metal modified paper substrates. 

The durability assessment of the Pb2+-ISEs coupled with metal modified paper 

substrates was conducted and compared to the measurements conducted with Pb2+-ISEs 

when in direct contact with the prepared environmental sample containing high amounts 

of solid-to-liquid ratio. Three electrodes of each measuring set up were investigated and 

their response in the environmental samples was measured until (i) the potential readout 

was random indicating damage to the ISMs or (ii) ISMs got detached from the ISEs. 

According to Figure 4.13, the use of 38 nm gold modified paper substrates (both sides 

modified) almost doubles the lifetime of ISEs. The average number of readings for ISEs 

coupled with gold modified papers was 116 ± 1 and the use of paper substrate was 55 ± 

12 measurement potential readings. With regards to the stability of the EMF, the 

readings from electrodes placed directly on soil show more variation which could be 

caused by the impact to the ISM from solid particles. The stability of readings from the 

electrodes protected by gold modified paper substrates was comparatively higher, even 

though it drifted downwards with usage which is an indication of the re-equilibration of 

the sensor to the specific measurement conditions. The information about the durability 

of ISEs (number of ISEs reuses/measurements) with and without paper substrates was 

used to study the LCA of the two measuring setups to identify which of them is 

considered to be more environmentally friendly.  
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Figure 4. 13 Durability of Pb2+-ISEs with and without paper-based solution sampling applied on 

complex environmental sample ((●) signs refer to electrodes used with gold modified paper 

substrates and (▲) signs refer to electrodes placed directly on soil). The end of a series of 

readings indicates failure of the electrode). 

The LCA was conducted on the assumption that the number of ISE reuses are 

independent of the construction of the ISEs and paper metal modifications. Thus in this 

LCA, the design of the ISEs was determined based on the environmentally optimal 

construction of ceramic substrate chip based electrode with screen-printed carbon as 

previously reported [149] (Figure 4.2). In this study, the ion-to-electron transducer layer 

and ISM followed previously studied system of macro electrodes (further called CWE). 

The impact assessment results are presented for the potentiometric sensors with and 

without paper substrates used for microfluidic solution sampling. The results 

demonstrate the influence of adding a metal modified paper substrate to the 

potentiometric sensor from an environmental perspective. 
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The global warming potential (GWP) based on the IPCC AR5 method for the detection 

of Pb2+ in environmental sample using potentiometric sensor with different substrate 

materials is presented in Figure 4.14. The GWP reported in terms of the CO2 emission 

is one of the most significant impact indicators among the environmental impact 

categories. The CWE demonstrated up to 1.7, 1.7, and 2 times greater CO2 emission 

equivalents than the CWE + Au, Pt, and Pd modified paper substrates, respectively. The 

membrane, silver, and ceramic components of the CWE contributed to 37, 35, and 27% 

of the overall environmental impacts. Similarly, impact indicators under the ReCiPe 

midpoint method, including climate change (including and excluding biogenic carbon), 

fine particulate matter formation, fossil depletion, freshwater consumption, freshwater 

ecotoxicity, freshwater eutrophication, human toxicity (cancer and non-cancer), 

ionizing radiation, land use, marine ecotoxicity, marine eutrophication, metal depletion, 

photochemical ozone formation (ecosystem and human health), stratospheric ozone 

depletion, terrestrial acidification, and terrestrial ecotoxicity potentials, are presented in 

Figure 4.15. The contribution analysis of CWE revealed that membrane, silver, and 

ceramic components contributed to about 37, 35, and 27% of the overall environmental 

impacts of climate change potentials. About 77 and 93% of human toxicity - cancer and 

non-cancer potentials, respectively, was associated with the silver component that was 

contributed by chromium and zinc emissions. Similarly, silver contributed to about 87 

and 87%, and 96 and 58% of freshwater ecotoxicity and eutrophication, and marine 

ecotoxicity and eutrophication potentials that was attributed to the long-term emissions 

to freshwater and seawater, respectively. Furthermore, the silver component in CWE 

accounted for 30 and 88% of fossil and metal depletion; 23% of fine particulate matter 

formation; 45% of ionizing radiation; 60% of land use; 32 and 39% of photochemical 

ozone formation (ecosystems and human health); 62% of stratospheric ozone depletion; 
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51 and 34% of terrestrial acidification and ecotoxicity potentials, respectively. Notably, 

the membrane component in CWE accounted for 37% in climate change, 44% in fossil 

depletion, 63% in freshwater consumption, and 41% in terrestrial ecotoxicity potentials. 

Conversely, the ceramic substrate component contributed 65% to the fine particulate 

matter formation, 48% to the photochemical ozone formation (ecosystems), and 42% to 

the photochemical ozone formation (human health) potentials. The CWE demonstrated 

the greatest environmental impacts in all the impact categories, excluding fine 

particulate matter formation, freshwater ecotoxicity, freshwater eutrophication, human 

toxicity (cancer and non-cancer), marine ecotoxicity, marine eutrophication, metal 

depletion, and terrestrial acidification potentials, when compared to the CWE + metal 

modified paper substrates, despite the application of additional layer in CWE + metal 

modified paper substrates. The greater footprint of CWE was attributed to less than 

twice the number of reuses that was facilitated by the application of metal modified 

paper substrates.  

 

Figure 4. 14 The global warming potentials (GWP) for 100 and 20 years using IPCC AR5 

method for one functional unit with different substrates. CWE: Carbon Working Electrode, 

IPCC AR5: The Intergovernmental Panel on Climate Change - Fifth Assessment Report.
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Figure 4. 15 The environmental impact for one functional unit with different substrates using the ReCiPe midpoint method. CWE: Carbon Working 

Electrode, IPCC AR5: The Intergovernmental Panel on Climate Change- Fifth Assessment Report. 



 

 

CWE + Pt modified paper substrate demonstrated 133, 2 and 1% greater impact than 

CWE in terrestrial acidification, metal depletion, and fine particulate matter formation 

potentials, respectively. Furthermore, CWE + Au modified paper substrate 

demonstrated the greatest implications in human toxicity (cancer (4.44E-06 kg 1,4-DB 

eq.) and non-cancer (8.09E-04 kg 1,4-DB eq.)), freshwater ecotoxicity (2.66E-06 kg 

1,4-DB eq.), freshwater eutrophication (1.00E-07 kg P eq.), marine ecotoxicity (5.29E-

06 kg 1,4-DB eq.), and marine eutrophication (1.94E-09 kg N eq.) potentials. The larger 

implications in these impact categories were attributed to the significantly greater 

(>100%) contribution of the respective metal coatings applied in paper substrate. 

However, CWE + Pd modified paper substrate exhibited the lowest implications in all 

the impact categories, except fine particulate matter formation and terrestrial 

acidification. The application of lesser mass of Pd for performing the same 

potentiometric detection function constituted as an advantage, when compared to Pt and 

Au. A sensitivity analysis of 25, 38, and 50 nm metal modifications, which correspond 

to equivalent variations in the masses of metals (Table 4.1), demonstrated ± 33% 

variation in the environmental impacts from the metal component of the respective CWE 

+ metal modified paper substrate. Overall, the CWE + metal modified paper substrates 

exhibited lower environmental impacts in all the impact categories when compared to 

CWE for one FU. 

 

4.4. Conclusions 

Pb2+-ISEs coupled with metal modified paper substrates were investigated with the aim 

of eliminating or controlling the super-Nernstian response commonly observed in heavy 

metal ion determination using microfluidic paper-based solution sampling. It was found 

that the magnitude of the super- Nernstian jump observed varied with the thickness of 
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the metal layer and on whether it was modified on a single side or on both sides. The 

use of 38 nm gold modified paper substrates (both sides modified) was found to be the 

most effective in terms of controllable super-Nernstian potential jump and range of 

linear electrode response. Their effectiveness was validated by measuring lead in 

simulated environmental samples. The life cycle assessment further confirmed the 

advantages of using metal modified paper substrates as compared to using sensors 

directly on complex environmental samples containing high solid-to-liquid ratios.   
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CHAPTER 5 ION-SELECTIVE MEMBRANE MODIFIED 

MICROFLUIDIC PAPER-BASED SOLUTION SAMPLING 

SUBSTRATES FOR POTENTIOMETRIC HEAVY METAL 

DETECTION   

5.1. Introduction 

Potentiometric ion-selective electrodes (ISEs) equipped with polymeric membranes are 

widely used to measure a variety of ions in clinical and environmental samples [93,150–

152]. Their low cost, versatility, and low power consumption makes them more 

desirable in affordable analytical solutions than other standard analytical techniques 

such as atomic absorption, cold vapour atomic fluorescence, and  inductively coupled 

plasma (mass or optical discrimination) [25,35,153–155]. Recently, the applications of 

ISEs have been enhanced by the conversion of electric potential in an ISE into other 

optical [156,157] or electrochemical [158,159] signals to improve sensor sensitivity 

[160].    

The ion-selective membrane (ISM) in an ISE is a vital part which enables the electrode 

to identify and quantify the target ions in the samples. The ISM typically consists of an 

ionophore [150], an ionic additive [161], plasticizer [162], and a polymer matrix [163]. 

Typically, organic lipophilic substances which can selectively bind to the target ion are 

used as ionophores and these constitute about 0.5 – 2 % of the dry mass of membrane 

components. The bulk of the dry mass is usually composed of the polymer matrix mixed 

with the plasticizer. Such a matrix adds elasticity to the membrane, provides more 

homogeneous redistribution of the membrane components and enhances ion transport 
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within ISM [164]. The ionic additives further enhance the ISE’s Nernstian behaviour 

[161]. When the ISE is in contact with the sample solution, the target ions will reach an 

electrochemical equilibrium at the sample | ISM interface. The potential established at 

this interface theoretically is proportional to the activity of ion in the solution, providing 

a base for an analytical determination of analyte in the sample with unknown 

concentration of the primary ion [165].  

Modifying paper substrates with the ISM-components could possibly change the sample 

| ISM interface and alter/improve the potentiometric response of the electrode 

eliminating super-Nernstian behaviour of ISEs that is observed when heavy metal 

sensitive ISEs are coupled with unmodified paper substrates. This study investigates the 

effect of modifying paper substrates with different combinations of ISE’s membrane 

components and using them for solution sampling purpose coupled with Pb2+-ISEs. A 

favorable combination of membrane components for paper substrate modification was 

identified.  

5.2. Experimental 

5.2.1. Preparation of microfluidic paper-based solution sampling 

substrates.  

Unmodified paper substrates were referred to as PS0. Modified paper substrates were 

obtained by soaking the washed and dried pieces of paper substrates in the respective 

solutions for 30 min with gentle stirring followed by drying at room temperature 

overnight (Table 5.1).  
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Table 5. 1 Composition of modifying solutions used for modification of paper substrates  

Paper 

substrate 

Membrane Components 

PVC o-NPOE KTClPB Lead 

ionophore 

IV 

THF 

PS1.0 33.3 mg - - - 2 ml 

PS2.0 33.3 mg 65.2 mg - - 2 ml 

PS3.0 - 65.2 mg - - 2 ml 

PS4.0 - - 0.5 mg - 2 ml 

PS5.0 - - - 1 mg 2 ml 

PS6.0 33.3 mg 65.2 mg 0.5 mg 1 mg 2 ml 

 

Furthermore, different dilutions of PS6.0 were also studied, and the paper substrates 

were named as PS6.1, PS6.2, PS6.3, PS6.4, PS6.5, and PS6.6, with membrane cocktail 

concentrations of 35, 25, 10, 5, 1, and 0.1 mg of total dry mass in 1 ml of THF, 

respectively. For ease of reference, it is to be noted that 50 mg ml-1 is the standard 

concentration of ISM used for preparation of Pb2+-ISEs in this work.  
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5.2.2. Potentiometric measurements with Pb2+-ISEs. 

Initially, the potentiometric responses with paper substrates modified with different 

combinations of membrane components were studied followed by the response with 

paper substrates modified with different concentrations of ISM.  

For the investigation of effect of different measurement configurations on the potential 

formation at the paper substrate│ISM interface only PS6.0 was investigated. The 

following configurations of PS6.0 coupled with Pb2+-ISEs were proposed and tested, 

namely in solution (standard beaker-based measurement), on PS6.0 in solution (the 

paper substrate touching ISM directly, while the whole set up was immersed in beaker 

containing sample solution), on PS6.0 (standard microfluidic paper-based solution 

sampling coupled with ISEs utilizing unconditioned PS6.0) and on conditioned PS6.0 

(standard microfluidic paper-based solution sampling coupled with ISEs utilizing 

conditioned in respective standard solution for 30 min PS6.0) as shown in Figure 5.1.  

 

Figure 5. 1 Different measurement configurations used to investigate the potential formation at 

the paper substrate│ISM interface: in solution (A), on PS6.0 in solution (B), on PS6.0 (C) and 

on conditioned PS6.0 (D). 

For the investigation of effect of conditioning the ISM modified paper substrates with 

primary ion (Pb2+) on the potential formation at the Pb2+-ISEs coupled with microfluidic 
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paper-based solutions sampling, PS6.0 paper substrates were soaked first with different 

activities of lead(II) nitrate solutions (10–1.42, 10–2.17, 10–3.06, 10–4.02, 10–5.01 M Pb2+), 

washed with ultra-pure water, and dried before measurements. The paper substrates 

were subsequently used to register the EMF for standard solutions ranging from 10–4.02 

to 10–2.2 M Pb(NO3)2. For the investigation of effect of interfering ion (Cd2+) on the 

potential formation at the Pb2+-ISEs coupled with microfluidic paper-based solutions 

sampling, PS6.0 paper substrates were soaked in 0.1 M Cd(NO3)2 for 30 min, washed 

with ultra-pure water, and dried before measurements. The same Pb2+-ISE was then used 

for potentiometric measurements coupled with untreated PS6.0. The characterization of 

modified paper substrates was also done, and the detailed information is provided in 

section 3.3.4.  

5.2.3. Determination of lead(II) in environmental samples. 

Different environmental samples, including chemical spill, cultivation soil, wetland, and 

biowaste samples subjected to Toxicity Characteristic Leaching Procedure (TCLP) 

metal leaching procedure [33] were used to validate the sensor performance.  

Three samples were prepared for the validation of the use of ISM modified paper 

substrates for solution sampling of high solid-to-liquid ratio complex environmental 

samples. A simulated chemical spill was prepared by adding a random amount of 

graphite powder into a lead (II) nitrate solution. The sample was named as “chemical 

spill”. A wet soil sample was prepared by spiking Pb2+ into raw soil collected from 

productive farmland in Singapore. The sample was named as “cultivation soil” sample. 

A sample originating from wetland area of a lake containing mostly algal growth and 

sediment was also collected. The sample was named as “wetland”. A random amount of 
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lead (II) nitrate solution was used to spike all samples. Aside from samples that had high 

solid-to-liquid ratios, two more samples with complex solution composition were also 

studied. Two samples were leachates from different biowaste samples subjected to 

Toxicity Characteristic Leaching Procedure (TCLP) metal leaching procedure. The 

leachates were obtained according to the procedure: 100 g of biowaste was soaked in 2 

L of acetic acid solution and placed in a rotator rotating at 30 r min-1 for 18 h. The 

leachate was collected and filtered afterwards. The samples were named as “biowaste 1” 

and “biowaste 2”.  

PS6.0 was coupled with Pb2+-ISEs for the determination of Pb2+ in the complex 

environmental samples and the measurements were obtained as described in section 

3.3.3. Aside of potentiometric determination, the total lead concentrations in all samples 

were determined using Perkin Elmer Optima 8300 Inductively Coupled Plasma Optical 

Emission Spectroscopy (ICP-OES).  

5.3. Results and discussion 

5.3.1. Paper-based microfluidic solution sampling using ISM-components 

modified paper substrates coupled with Pb2+-ISEs 

Several physical and chemical modifications of paper-based substrates have been 

investigated previously to diminish or control the super-Nernstian responses which 

occur during detection of heavy metals with cellulose-based paper substrates coupled 

with potentiometric sensors. For example, pretreatment of the paper substrates with an 

inorganic salt of the respective primary cation was found to be effective for detection of 

Pb2+ and Cd2+ ions [48]. For Pb2+-ISEs, using filter paper treated with 10–3 M Pb(NO3)2 

and then dried prior to solution sampling resulted in a Nernstian response in the range 
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of  10–5. 0 to 10–2.17 M Pb(NO3)2 . Acidification of paper substrates [49] was also found 

to be effective for Pb2+ ion detection. In the case of paper acidification [49], the optimum 

potentiometric response was obtained when Pb2+-ISEs were coupled with paper 

substrates (containing sample solution) at a pH range of 3 to 4. A linear response could 

be obtained in the range of 10–5. 0 to 10–2.17 M Pb(NO3)2 with a lower detection limit of 

10–5 M Pb2+. One of the disadvantages of these methodologies is that the pretreatment 

of paper substrates requires additional chemicals apart from the ones used in the 

preparation of the ISE. Also, the physico-chemical nature of the ISM│modified paper 

substrate interface is vastly changing depending on the modification of the paper 

substrate applied. This in turn may introduce additional interferences to the potential 

formation at the ISM, simply originating from the proximity of the ISM to the modified 

paper substrates. The use of the ISM-components which are already used in the ISM 

preparation can simplify the preparation protocol of the modified paper substrates by 

requiring less chemicals to be used but also simplify the ISM│modified paper substrate 

interface by being more compatible with the one of ISM. Thus, the modifications of 

paper substrates with ISM-components were studied with the objective of controlling 

the super-Nernstian responses which occur when Pb2+-ISEs are coupled with cellulose-

based paper substrates.  

First, paper substrates were modified with single ISM-components as mentioned in 

Table 5.1. As shown in Figure 5.2, most paper substrates showed a super-Nernstian 

response which was observed between 10–3.06 and 10–4.02 M Pb2+, similar to the response 

on unmodified paper substrates (PS0). In the case of PS1.0 (PVC and THF) and PS2.0 

(PVC, o-NPOE and THF), even though the super-Nernstian jump was not observed 

between 10–3.06 and 10–4.02 M, the initial slope of the Pb2+-ISEs was sub-Nernstian 
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between 10–3.06 to 10–2.17 M Pb(NO3)2 (22.8 ± 1.8 mV dec-1 for PS1.0 and 20.0 ± 7.0 mV 

dec-1 for PS2.0), limiting the Nernstian response of the Pb2+-ISEs to a very narrow 

activity range with the lower detection limit of about 10–4.0 M Pb2+. PS3 (o-NPOE and 

THF) and PS5.0 (lead ionophore IV and THF) had super-Nernstian jumps of 51.6 ± 4.7 

mV dec-1 and 80.0 ± 8.0 mV dec-1 between 10–3.06 and 10–4.02 M Pb2+, respectively. PS4.0 

(KTClPB and THF) seemingly showed high uncertainty at each ion activity which was 

found too high to be considered experimentally useful. However, the increase of the 

initial Nernstian slope of PS2.0 (PVC, o-NPOE and THF) between 10–3.06 to 10–2.17 M 

Pb(NO3)2 was obtained by additionally adding to the paper substrate modifying solution 

other typical membrane components, such as KTClPB and lead ionophore IV. In this 

case, all ISM-components modified paper substrates PS6.0 (lead ionophore IV, 

KTClPB, PVC, o-NPOE and THF) coupled with Pb2+-ISEs resulted in a favourable 

potentiometric response with a close to Nernstian linear slope of 34.9 ± 3.3 mV dec-1 in 

the range of 10–5. 0 to 10–2.17 M Pb(NO3)2, and the lower detection limit of 10–5.4 M Pb2+. 

This could be obtained since the exact composition to the electrode’s ISM was used to 

modify the paper substrate allowing to chemically simplify the paper substrate│Pb2+-

ISE interface, thus increasing the compatibility of the paper substrate to the ISM of the 

Pb2+-ISEs. 
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Figure 5. 2 Potentiometric response of Pb2+-ISEs coupled with ISM-components modified paper 

substrates. 

Since PS6.0 performed the best out of investigated paper substrates, variations of PS6.0 

were prepared by changing the concentration of the membrane cocktail components in 

THF that were used for manufacturing of the modified paper substrates. This was 

performed in order to determine whether the Nernstian response of the Pb2+-ISEs could 

be obtained when coupled with paper substrates modified with membrane cocktail 

concentrations lower than the usual concentration used in the ISM preparation (50 mg 

ml-1 dry mass of ISM components in THF). This could be beneficial to reduce the 

amount of chemicals used for modification of paper substrates. According to Figure 5.3, 

paper substrates 6.6 to 6.4 (0.1, 1, and 5 mg ml-1 dry mass of ISM components in THF) 

showed either super-Nernstian responses or random potential responses which were not 
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conducive to potentiometric determination of Pb2+ ions. This could be because the 

concentration of ISM-components on the paper substrates was not sufficient to modify 

the surface and the bulk of the paper substrates. A favorable potentiometric response 

could be obtained for paper substrates 6.3 to 6.0 (10, 25, 35, and 50 mg ml-1 dry mass of 

ISM components in THF). PS6.3 had a slope of 30.8 ± 1.7 mV dec-1 in the range of 10–

4.0 to 10–2.2 M Pb(NO3)2 and PS6.2 had a slope of 25.8± 0.5 mV dec-1 in the range of 10–

6.0 to 10–2.2 M Pb(NO3)2. The slope for PS6.1 was 29.6 ± 1.3 mV dec-1 between 10–4.0 to 

10–2.2 M Pb(NO3)2, and for PS6.0 it was 34.9 ± 3.3 mV dec-1 in the range of 10–5.0 to 10–

2.2 M Pb(NO3)2. Even though the lower detection limit varied between 10–6.0 to 10–4.0 M 

Pb(NO3)2, Nernstian responses of Pb2+-ISEs could be observed for a sufficient 

concentration range that would allow target analysis in specific sample types.  

 

Figure 5. 3 Potentiometric response of Pb2+-ISEs coupled with paper substrates modified with 

different concentrations of Pb2+ membrane cocktail. 
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5.3.2. Effect of different measurement configurations on the potential 

formation at the paper substrate│ISM interface  

As shown in Figure 5.4, PS6.0 was used in different potentiometric measurement 

configurations to see the effect of different measurement configurations on the potential 

formation at the paper substrate│ISM interface. The same electrode was used for all 

measurements to avoid challenges related to the reproducibility of the measurements 

done by set of different electrodes. It could be observed that the potentiometric 

responses of Pb2+-ISE were dependent on the measuring set up investigated. It was 

reported previously that slopes of ISEs when used with microfluidic paper-based 

sampling were in general higher than for the same electrodes in beaker-based 

measurements [40]. Similarly here, the slope of the Pb2+-ISE for microfluidic paper-

based solution sampling was 30.7 ± 0.7 mV dec-1 in the range of 10–5.0 and 10–2.2 M in 

comparison to the same electrode in beaker measurements with a slope of 27.2 ± 0.9 in 

the range of 10–5.0 and 10–2.17 M Pb2+.  Interestingly, when the same electrode was placed 

on the paper substrate that was immersed in the solution, the potentiometric response of 

the Pb2+-ISE was characterized with higher than Nernstian response of 35.8 ± 1.7 mV 

dec-1 in the range of 10–5.0 and 10–2.2 M Pb2+. This shows that the presence of a larger 

volume of solution around the electrode that is available for paper substrate does not 

necessarily improve the potentiometric response of the electrode. The physico-chemical 

state of the paper substrate that is in direct contact with the ISM during the microfluidic 

paper-based solution sampling drives the potentiometric response of the Pb2+-ISE. This 

is valid despite the general availability of the sample solution to the electrode, which 

was vastly higher than the sorption capacity of the paper substrates. Thus, in this case a 

local equilibrium between the ISM and paper substrate was established driven by the 
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paper substrate’s physical and chemical interactions with the sample solution and 

electrode. Finally, the potentiometric measurements done on paper substrates that were 

conditioned with primary ion resulted in slopes comparable to beaker-based 

measurements of 25.9 ± 1.3 mV dec-1 but with much higher detection limit of 10–4.0 M 

Pb2+.  In theory, a longer contact time between the sample solution should lead to better 

absorption of the ions on the paper substrate. However, experimentally, this has resulted 

in a reduction in the linear range of the calibration curve of Pb2+-ISE. This implies that 

additional conditioning with the sample solution also does not improve the 

potentiometric response with PS6.0, as possible over-conditioning of the paper was done 

which could result in possible desorption of the ion (Pb2+) from the paper substrate to 

the sample solution when in contact with low concentrations of Pb2+. Similar 

observations were made for other modifications of the paper substrates [48].   

 

Figure 5. 4 Potentiometric response of Pb2+-ISE in different measurement configurations when 

coupled with PS6.0. 
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Since modification of the paper substrate with ISM resembles common practice in 

preparation of an all-integrated paper-based ISEs [41,115,166,167], the measurement 

configuration of using PS6.0 with electrodes which only had the PEDOT(PSS) (without 

Pb2+-ISM) was also explored to see if the ISM on the ISE could be disposed of to 

simplify the set up to the ones reported for all-integrated paper-based ISEs 

[41,115,166,167]. PS6.0 was used in both unconditioned and conditioned (conditioned 

in 10-3 M Pb2+ solution for 24 hours, washed with water and then dried) states. As shown 

in Figure 5.5, the electrode coupled with unconditioned PS6.0 displayed a linear 

response of 27.2 ± 3.8 mV dec-1 in the range of 10-5 to 10-2.17 M Pb2+. For the electrode 

coupled with conditioned PS6.0, a linear response of 14.0 ± 3.8 mV dec-1 was observed 

in the range of 10-4 to 10-2.17 M Pb2+. Thus, it can be concluded that conditioning state 

of the ISM and PS6.0 plays important role in potential formation and stability at 

PS6.0│PEDOT(PSS) based electrode interface. The conditioned PS6.0 may be 

saturated with salt within available paper matrix and the ISM, affecting sample 

concentration and solution availability in the subsequent solution sampling. It is 

believed the ionic and water conditions are different at PS6.0│PEDOT(PSS) based 

electrode interface for two cases presented. Moreover, in both cases the EMF values had 

higher uncertainty in the lower activity of Pb2+ (e.g., at 10-4 M Pb2+, for unconditioned 

and conditioned PS6.0 were 7.6 and 12.9 mV, respectively) than the ones reported for 

Pb2+-ISEs (3.8 mV). Although PEDOT(PSS) based electrode could potentially be used 

when coupled with unconditioned PS6.0 for specific measurement conditions, the 

overall sensitivity of the PEDOT(PSS) based electrode to the conditioning state of the 

paper substate and higher uncertainties of potential response, highlights the importance 
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of a well-conditioned ISM on the PEDOT(PSS) based electrode for a good 

potentiometric performance with PS6.0 towards Pb2+ detection.  

 

Figure 5. 5 Potentiometric response of Pb2+-ISEs (no ISM) coupled with unconditioned PS6.0 

and conditioned PS6.0 

5.3.3. Effect of conditioning the ISM modified paper substrates with 

primary (Pb2+) and interfering ions on the potential formation at the 

Pb2+-ISEs coupled with microfluidic paper-based solution sampling  

Effect of conditioning the ISM modified paper substrates with Pb(NO3)2 (primary ion) 

was studied to identify if it can further improve the potentiometric performance of the 

Pb2+-ISEs coupled with microfluidic paper-based solution sampling (Figure 5.6A). 

Figure 5.6B further illustrates how the EMF varied at different Pb2+ activities for Pb2+-

ISEs coupled with ISM-component modified paper substrates conditioned with different 
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activity of Pb2+. The potentiometric response was logged only for a limited 

concentration range at which a super-Nernstian response of Pb2+-ISEs could be usually 

observed. When considering the average slope of potentiometric response between 10–

2.2 M and 10–4.0 M Pb2+, there was a gradual increase in the slope for PS6.0 conditioned 

with 10–1.42 M to 10–5.01 M Pb2+ solutions. The slopes were 19.8 ± 0.7, 22.1 ± 2.2, 25.0 ± 

1.5, 25.8 ± 2.3, and 27.1 ± 2.5, mV dec-1, for PS6.0 treated with 10–1.42, 10–2.17, 10–3.06, 

10–4.02, and 10–5.01Pb2+, respectively. In comparison, the slope of the unconditioned PS 

6.0 was 29.4 ± 1.1 mV dec-1. Also, the EMF that was recorded at different Pb2+ activities 

for Pb2+-ISEs coupled with ISM component modified paper substrates conditioned with 

different activity of Pb2+ is shown (Figure 5.6 B). It shows that the ISM-component 

modified paper substrates are chemically active in terms of their selective interactions 

with the analyte (Pb2+). Higher the activity of Pb2+ used for conditioning of paper 

substrates, higher the absolute potential of the Pb2+-ISEs. This is especially valid for 

Pb2+-ISEs responses utilizing 10–1.42, 10–2.17, 10–3.06 M Pb2+ solutions, where the slopes 

of the potential increases were obtained from all sensor responses at specific activity of 

standard solutions, e.g. 2.4 ± 2.5 mV dec-1 (at 10-2.17 M Pb2+), 3.5 ± 3.0 mV dec-1 (at 10-

3.06 M Pb2+), and 8.2 ± 1.7 mV dec-1 (at 10-4.02 M Pb2+). This shows that ISM is selective 

towards Pb2+ and its conditioning state influences the Pb2+-ISEs responses as different 

conditioned membrane phases are in direct contact with each other (phase 1: ISM on 

paper substrate, and phase 2: ISM of ISE). However, considering the performance of the 

PS6.0 conditioned with different primary ion concentrations in comparison to the 

unconditioned PS6.0, the unconditioned PS6.0 was the best performing paper substrate 

in terms of controlled potentiometric response, having the best linearity (R2= 0.9994), 
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and having lower uncertainty (standard deviation in EMFs measured at each Pb2+ 

activity).  

 

Figure 5. 6 Potentiometric response of Pb2+-ISEs coupled with PS6.0 treated with different 

concentrations of Pb2+ (A) and variation of EMF with activity of conditioning solution used (B) 

The effect of conditioning the ISM modified paper substrates with Cd(NO3)2 (interfering 

ion) was also studied and the results are shown in Figure 5.7. The Cd2+ ion was 

considered as a model interfering ion in this study as cadmium is one of the major 

interfering ions for Pb2+-ISEs based on lead ionophore IV with 𝑙𝑜𝑔𝐾𝑃𝑏2+,𝐶𝑑2+ = −3.8 

[168]. It was found that conditioning of PS6.0 with interfering ion (Cd2+) did not 

influence (positively or negatively) the response of the Pb2+-ISEs (having selectivity 

coefficient favoring lead(II) over cadmium(II)). It can be then expected that ISM in the 

structures of the paper substrates maintains the selectivity of the lead ionophore IV-

based ISM.  
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Figure 5. 7 Potentiometric response of Pb2+-ISEs coupled with untreated PS6.0 and PS6.0 treated 

with 0.1 M Cd2+ 

5.3.4. Characterization of ISM-modified paper substrates 

The best performing ISM-modified paper substrates were characterized for their 

chemical and physical properties that may be influencing the potentiometric response 

when coupled with Pb2+-ISEs. For example, liquid absorption capacity gradually 

decreased from PS6.3 to PS6.0. Similarly, the response time of the Pb2+-ISEs increased 

from PS6.3 to PS6.0 (Table 5.2) This can be explained by the fact that membrane 

components occupy the available space in between and within the cellulose fibres that 

ultimately limits wicking ability of the paper. Both liquid absorption capacity and ISEs 

response times assure that all paper modifications are viable for analytical 

measurements within small liquid volumes and time of measurement not being longer 
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than typically assumed 60 s. Furthermore, as ISM is hydrophobic in nature with 

introduction of higher mass of membrane components to the paper substrate the 

imminent increase in hydrophobicity of the modified paper substrates was observed 

(Figure 5.8). Aside of ISM occupying the available space in between and within paper 

fibres, the increase in hydrophobicity of the paper substrates could also be a reason for 

the increase in Pb2+-ISEs response time.  

Table 5. 2 Liquid absorption capacity of the modified paper substrates and response time of the 

Pb2+-ISEs when coupled with modified paper substrates. 

 

 

 

 

 

 

 

 

Figure 5. 8 Contact angle measurements: optical images taken in sessile drop mode for PS6.3 

(A), PS6.2 (B), PS6.1 (C) and PS6.0 (D) 

PS 
Liquid absorption 

capacity (μL cm−2) 

Potentiometric 

measurement 

response time of 

Pb2+-ISEs (s) 

6.3 38.97 ± 5.31 16.7 ± 4.2 

6.2 24.80 ± 4.84 18.7 ± 3.1 

6.1 18.88 ± 3.98 20.0 ± 6.9 

6.0 17.27± 3.27 24.0 ± 4.0 
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When considering the SEM images of the ISM-modified paper substrates (Figure 5.9), 

the images of modified paper substrates and unmodified paper substrate at different 

magnifications did not show much variation in terms of the distribution of the paper 

fibres and overall surface morphology. However, some granular structures could be 

observed at higher magnifications in modified paper substrates and the concentration of 

these structures increased with increasing membrane cocktail concentration (PS6.3 to 

PS6.0) suggesting that more and more ISM-components were distributed throughout the 

surface of the paper substrates. Figure 5.10 shows elemental mapping done with EDX 

where all ISM modified paper substrates indicate the presence of element chlorine apart 

from the usual carbon and oxygen present in unmodified paper substrates. The presence 

of chlorine was from PVC used for the modification of paper substrates (33.3 w/w% in 

ISM). Interestingly, in PS6.0 sulphur could also be observed in addition to chlorine, 

carbon and oxygen. Presence of sulphur most likely originates from lead ionophore IV 

used for modification (1% w/w in ISM). The absence of sulphur in EDX elemental 

mapping from PS6.1 to 6.3 could be due to the low concentration of ionophore within 

the paper substrates and relatively high detection limit of EDX. In order to investigate 

whether the extra elements from the paper modification distribute evenly, the individual 

maps of the elements were also obtained and shown in Figure 5.11 (left). All the 

elements were distributed throughout the surface of the paper, and the elements 

originating from the ISM seemed to be found along the edges of the paper fibres.  The 

cross section of a modified paper substrate was also obtained and EDX was performed. 

Figure 5.11 (right) shows that ISM-components were distributed throughout the cross 

section of the paper substrate indicating full bulk of the paper substrate modification.  
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Figure 5. 9 SEM images for unmodified paper and ISM modified paper substrates at different 

magnifications 

 

Figure 5. 10 Elemental analysis of surface of unmodified paper (A), PS6.3 (B), PS6.2 (C), 

PS6.1 (D), and PS6.0 (E) 
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Figure 5. 11 Elemental mapping of surface (left) and cross section (right) of PS6.0 where A and 

F shows the overlapped elemental image and B, C, D, E, G, H, I show the individual element 

maps of carbon (red), oxygen (green), chlorine (light blue), and sulphur (purple) 

FTIR study was performed to provide additional insight and supporting evidence into 

the chemical modification of paper substrates by ISM. As shown in Figure 5.12 and 

Table 5.3, the FTIR spectra indicated that the modification of PS6.0 paper substrate 

demonstrated multiple additional functional groups (as compared to the unmodified 

paper substrate) that are correlated to the ISM components applied [169–171].  

 

Figure 5. 12 FTIR of an unmodified paper substrate (PS0) as compared to PS6.0 and pure 

ISM-components. 
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Table 5. 3 Wavenumber regions and assigned functional groups 

Origin 

Group frequency, wavenumber 

(cm-1) 

Assignment 

O-H 3570–3200 

Hydroxy group, H-bonded OH 

stretch 

-CH2- 2960-2850 methylene 

C=C-C 1615–1580 Aromatic ring stretch 

NO2 1525 Nitro 

CH2-Cl 1426 Angular deformation 

CH-Cl 1254 Out of plane angular deformation 

C-H 

900–670 (several) Aromatic C-H 

770-730+710-690 Monosubstitution (phenyl) 

770-735 1,2-Disubstitution (ortho) 

 

Peaks observed at 3344 cm-1 for both PS0 and PS6.0 indicates the presence of O-H 

functional groups in cellulose. A peak was observed at 2854 cm-1 in the PS6.0 spectrum 

but absent in the PS0 spectrum. The peak at 2858 cm-1 observed in the o-NPOE spectrum 

corresponds to -CH2- group and suggests presence of similar group in PS6.0 since the 

wavelength range for -CH2- group is 2960-2850 cm-1. The peak at 2959 cm-1 for lead 
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ionophore IV could also be originating from the same group. Since o-NPOE contains an 

aromatic ring, the peak at 1605 cm-1 can be attributed to an aromatic ring stretch and 

could also be the reason for the peak at 1607 cm-1 for PS6.0. A peak appeared at 1526 

cm-1 (corresponding to NO2 group) in both PS6.0 and o-NPOE spectra but absent in PS0 

spectrum.  Peaks at 1427 cm-1 could be observed in both PS6.0 and PVC spectra, 

indicating presence of CH2-Cl angular deformation. The peak observed at 1256 cm-1 in 

PS6.0 spectrum and at 1254 cm-1 in the PVC spectrum can be attributed to the CH-Cl 

out of plane angular deformation. Aromatic C-H group can be seen in a wide range of 

wavenumber and could be the reason for the peaks at 870 cm-1 for lead ionophore IV 

and 854 cm-1 for PS6.0. Peaks appearing in 700-770 cm-1 region for both PS0, PS6.0, o-

NPOE and lead ionophore (IV) spectra could arise from C-H groups (Monosubstitution 

and 1,2-Disubstitution). 

5.3.5. Determination of lead(II) in complex environmental samples using 

ISM-modified paper substrates coupled with Pb2+-ISEs 

Overall, the Pb2+ ion activities determined by the ISEs coupled with ISM-modified 

paper substrates (PS6.0) were found to be comparable to the total lead concentration 

determined by ICP-OES (Figure 5.13). The uncertainties of most measurements were 

within ± 20% between these two measurements with some slight deviation for wetland 

sample, cultivation soil sample and biowaste 1 sample. The higher variations of the 

results between potentiometric and ICP-OES measurements, for wetland and cultivation 

soil samples could be due to the possible interactions of Pb2+ with organic matter that is 

expected to be present in this type of samples. This would partially deplete the ionized 

lead(II) from the samples. For biowaste 1, the ionic strength of the leachate could 

possibly be high enough to shift the calibration and measurement apart inducing 
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measurement errors. Nonetheless, all measurements conducted bring a great promise to 

use ISM-component modified paper substrates coupled with Pb2+-ISEs for measurement 

of ion activity in samples containing high solid-to-liquid ratios and complex 

environmental matrices.   

 

Figure 5. 13 Determination of lead (II) in samples with complex environmental matrices using 

ISM-component modified paper substrates coupled with Pb2+-ISEs as compared to measurement 

done by ICP-OES. 

5.4. Conclusions 

ISM-component modified paper substrates were validated for their use as microfluidic 

sampling substrates when coupled with Pb2+-ISEs. It was found that direct modification 

of paper substrates by traditional ISM cocktail used for preparation of Pb2+-ISEs was 

the most optimal in: (i) eliminating super-Nernstian response of ISEs when unmodified 

paper substrates are used for solution sampling; (ii) improving the uncertainty of 
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measurements when unconditioned ISM-component modified paper substrates were 

used; and (iii) extending the linear working range of the sensor to be comparable to 

standard beaker-based measurements.  

Moreover, the use the same chemicals to prepare ISM of ISE and modify the paper 

substrates simplify the procedure of preparation of the measuring set up and may have 

further direct economic benefits by limiting the preparation of the measuring setup to 

limited number of chemicals. Finally, having ISM on paper substrates simplifies the 

ISM│modified paper substrate interface by being more compatible with the one of ISM. 

It was found that ISM on paper substrates may influence the potentiometric response of 

the Pb2+-ISEs used. For that reason, the unconditioned ISM-component modified paper 

substrates were found the best suited for successful determination of lead(II) in complex 

environmental samples.  
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CHAPTER 6 DETERMINATION OF SELECTIVITY OF Pb2+-

ISEs COUPLED WITH MODIFIED MICROFLUIDIC PAPER-

BASED SOLUTION SAMPLING SUBSTRATES  

 

6.1. Introduction 

The quantification of heavy metals in environmental samples is vital for the maintenance 

of human health and environmental quality [21,22]. Among the analytical techniques 

available for quantification, potentiometry coupled with paper-based solution sampling 

offers many advantages such as reduction of cost, pretreatment procedures and sample 

volume needed for analysis [46,55]. Recently, several modifications were proven to be 

successful in overcoming challenges associated with physicochemical interactions 

between heavy metal samples and paper-based substrates used for solution sampling. 

These include modification with an inorganic salt [48] and acidification [49] of the paper 

substrate.  

Generally, ion-selective electrodes (ISEs) can be characterized by their different 

parameters including working range, response slope, selectivity to the target ion, 

response time, stability, reproducibility from electrode-to-electrode or batch-to-batch 

[95]. The performance of Pb2+-ISEs coupled with modified paper-based substrates 

mentioned above have been characterized based on many of these parameters. However, 

the determination of selectivity coefficients has not been thoroughly investigated since 

the modified paper substrates performed sufficiently well in complex environmental 

samples.  
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Selectivity coefficients of potentiometric ion sensors refer to the electrode’s ability to 

distinguish the target analyte when other interfering ions are present. Quantification of 

potentiometric selectivity can be performed by experimental methods such as separate 

solutions method (SSM), fixed interference method (FIM), fixed primary ion method 

(FPM), two solution method (TSM), and matched potential method (MPM)[97]. 

Understanding the underlying chemical mechanisms governing ion-selective electrode 

responses can provide insights into the selectivity behavior. Factors such as ion-

exchange processes[172], complexation reactions[173], diffusion processes[174], and 

membrane composition[175] contribute to selectivity. 

The ionophore component of the ISM plays a critical role in the selectivity of the 

electrode [150]. In the case of experiments carried out for Pb2+-ISEs with modified paper 

substrates, lead ionophore IV [176] has been used as the ionophore due its superior 

selectivity compared to other lead(II) ionophores available commercially [177]. Lead 

ionophore IV is a thioamide derivative of p-tert-butylcalix[4]arene and its superior 

behaviour is attributed to the affinity of lead (II) cations to the C=S bond and the 

similarity in dimensions between the cavity of the calix[4]arene and the lead (II) 

ion[177]. The selectivity values of this ionophore have been previously reported in 

solution based measurements (conventional setup) [168,178,179].  

Since data on selectivity of electrodes utilizing paper-based sampling is almost non-

existent, this study focuses on the determination of selectivity coefficients for Pb2+-ISEs 

coupled with unmodified and modified paper-based substrates. The effect of specific 

paper-substrate modifications on selectivity coefficients will also be investigated as this 
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will aid in the further development of robust heavy metal sensors which can be used in 

environmental applications.  

6.2. Experimental 

6.2.1. Preparation of electrodes and paper substrates 

Electrodes and paper substrates were prepared as mentioned in section 3.3. For the 

determination of selectivity, the best performing paper substrates from each type of 

modifications (metal and ISM based) were selected. To prepare metal modified paper 

substrates, grade 388 filter paper was coated with a layer of gold using a sputter coater. 

For each sputtering session, 40 mA current was applied at 3 Pa for 7.5 mins on each side 

of the paper to achieve a thickness of 38 nm gold. ISM modified paper substrates were 

prepared by soaking grade 388 filter paper in Pb2+-ISM solution for 30 mins and then 

drying overnight at room temperature (23 ± 2 ◦C).  Paper substrates were also prepared 

for the comparison with previously established paper modifications in literature, such 

as acid based modification. Acid modified paper substrates [49] were prepared by 

soaking grade 390 filter papers in 10-2 M HCl solution for 30 mins, and then drying in 

open air at room temperature (23 ± 2 ◦C) on a clean petri dish.  

6.2.2. Selectivity measurements 

Separate solutions method (SSM) was used to determine the selectivity coefficients of 

Pb2+-ISEs for primary ion over nine different interfering ions. The ion sequence was 

estimated using literature available on selectivity of lead ionophore IV and validated 

through actual measurements [168,178,179].To do that, the beaker-based measurements 

were done prior to measurements with paper-based substrates to establish the ion 

sequence (from least to most interfering, finalized with measurement done with primary 
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ion). Calculation of selectivity coefficients were done only for unconditioned electrodes 

exhibiting close to Nernstian behaviour in activity range of 10−3.06 to 10−2.17 M Pb2+. The 

uncertainty of selectivity coefficients was calculated by noting the EMF recorded with 

three electrodes (n=3). Nikolsky–Eisenmann equation was used for the calculation of 

selectivity coefficients [96].  

6.3. Results and discussion 

6.3.1. Selectivity of Pb2+-ISEs in solution-based/traditional measuring 

setup 

The solution-based selectivity coefficients of solid-contact Pb2+-ISEs consisting of an 

ISM composed of 1% lead ionophore (IV), 0.5% KTClPB, 65.2% o-NPOE and 33.3% 

PVC dissolved in THF was determined with SSM. Figure 6.1 represents the selectivity 

of Pb2+-ISEs in solution-based measurement setup. Mg2+ was observed to be the least 

interfering ion and Cd2+ was the most interfering ion. The Pb2+ slopes of E1, E2 and E3 

for this trial were 25.0  0.5, 26.8 0.5 and 28.3 0.2 mV dec-1, respectively. The 

selectivity coefficient for E1, E2 and E3 range from -18.1 0.1 to -6.2  0.0, -17.3  0.2 

to -5.7  0.1 and -16.5  0.2 to -5.6  0.1, respectively. The values have an uncertainty 

range from 0.3 to 0.8 (between the 3 electrodes). The final ion sequence was Mg2+< 

Co2+< Ca2+< Ba2+< Na+< Zn2+< K+< Cu2+< Cd2+< Pb2+. This was established as the 

default testing sequence for measurements with paper-based substrates. Malinowska et 

al. [168] reported selectivity coefficients for Pb2+-ISEs consisting of a similar ISM 

composition but used electrode bodies with an internal filling solution (liquid contact 

electrodes). A mix of SSM and FIM were used for determination of selectivity. Gupta 

et al. [178] used sodium tetraphenyl borate (NaTPB) and dibutyl phthalate (DBP) in the 
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ISM, and used FIM and MPM for determination of selectivity. Ceresa and Pretsch [179] 

used liquid contact Pb2+-ISEs using DOS in the ISM. The initial ion sequence after initial 

screening varied slighlty, namely between Cu2+ and Cd2+, from the abovementioned 

literature.  

 

Figure 6. 1 Solution-based selectivity coefficients 

6.3.2. Selectivity of Pb2+-ISEs in unmodified paper-based measurement 

setup 

Figure 6.2 shows the selectivity coefficients for Pb2+-ISEs coupled with unmodified 

paper-based substrates. Similar to the solution-based trial, the least interfering ion was 

Mg2+ while the most interfering ion was Cd2+. The Pb2+ slopes of E1, E2 and E3 for this 

trial were 26.9  1.2, 27.3  1.3 and 30.3  3.9 mV dec-1, respectively.  The selectivity 

of Pb2+-ISEs for unmodified paper substrates coupled with E1, E2 and E3 range from -

14.4  0.0 to -5.0  0.0, -13.3  0.0 to -4.5  0.0 and -11.1  0.2 to -3.6  0.1, respectively. 

Although there was a larger average uncertainty from 0.7 to 2.3 between the electrodes 
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for selectivity, the metal ion had similar sequence, starting with Mg2+< Co2+< Ca2+< 

Zn2+< Ba2+< Na+< K+< Cu2+< Cd2+< Pb2+, respectively.  

When comparing the values between solution-based and unmodified paper-based, there 

was only a slight shift in Zn2+ ion in the sequence. The log kPb, M range of solution-based 

were -17.3  0.8 to -5.8  0.3 on average while the value for unmodified paper-based 

was -12.9  1.6 to -4.4  0.7. This means that solution-based results have a slightly 

higher variation than unmodified paper-based. Additionally, the standard deviation of 

average log kPb, M for solution-based set-up ranged from 0.3 to 0.8 while for the 

unmodified paper-based set-up, standard deviation ranged from 0.7 to 2.3. Therefore, 

the result from unmodified paper-based was not as consistent as solution-based. This 

can be expected due to the physicochemical interactions between the metal ions and 

paper-based substrates. When used with solution-based measurements, the electrodes 

were submerged in the metal ion sample solution without any additional layer of a paper 

substrate which allows direct contact reducing other physical and chemical reactions 

that may affect actual results.  

Figure 6. 2 Unmodified paper-based selectivity coefficients 
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6.3.3. Selectivity of Pb2+-ISEs in gold modified paper-based measurement 

setup 

Figure 6.3 illustrates the selectivity coefficients obtained for Pb2+-ISEs coupled with 

gold modified paper substrates. The Pb2+ slopes of E1, E2 and E3 for this trial were 26.6 

 3.0, 34.3  2.4 and 28.1  6.0 mV dec-1, respectively. The log kPb, M values for E1, E2 

and E3 ranged from -15.7  0.2 to -5.4  0.1, -11.6  0.1 to -4.1  0.1 and -13.6  0.2 to 

-4.5  0.1, respectively. The uncertainty of average selectivity coefficients ranged from 

0.7 to 2.1 (between 3 electrodes). The ion sequence was Mg2+< Co2+< Ca2+< Ba2+< 

Zn2+< Na+< K+< Cu2+< Cd2+< Pb2+, respectively. There was a slight shift in ion sequence 

in E1 as Co2+ and Ca2+, Zn2+ and Na+ are in different positions when compared to E2 

and E3 but it was considered insignificant. The selectivity values and order of 

interference obtained across electrodes remain relatively more consistent compared to 

unmodified paper-based measurements. The results also indicate that the ISE retains its 

selectivity despite being used with gold modified paper-based substrate.  

Figure 6. 3 Gold modified paper-based selectivity coefficients. 
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6.3.4. Selectivity of Pb2+-ISEs in ISM modified paper-based measurement 

setup 

Figure 6.4 represents the selectivity coefficients obtained with ISM modified paper-

based measurement setup. The Pb2+-ISEs slopes of E1, E2 and E3 for this trial were 26.5 

 1.7, 31.1  2.6 and 30.9  4.6 mV dec-1, respectively. The log kPb, M for E1, E2 and E3 

ranged from -14.0  0.1 to -6.8  0.1, -13.5  0.1 to -5.7  0.1 and -13.8  0.0 to -6.0  

0.1, respectively. The uncertainty ranged from 0.1 to 0.6 (between 3 electrodes). The 

ion sequence was Mg2+ < Co2+< Ca2+< Ba2+< Zn2+< Na+< K+< Cu2+< Cd2+< Pb2+, 

respectively.   

When compared to solution-based sampling, the selectivity coefficients were 

comparable or slightly higher with those obtained when Pb2+-ISEs used ISM modified 

paper as a sampling substrate. Naturally, the paper matrix may produce additional ionic 

content, making the selectivity coefficients biased and shifting the selectivity of the 

Pb2+-ISEs to higher values when used with paper substrates. What is important to note 

is that the most interfering ions, namely Cu2+ and Cd2+ remain at low interference level 

validating the performance of the Pb2+-ISM to be predominantly Pb2+ selective. 
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Figure 6. 4 ISM modified paper-based selectivity coefficients 

6.3.5. Selectivity of Pb2+-ISEs in acid modified paper-based measurement 

setup 

Selectivity coefficients for acid modified paper-based measurement setup [49] was also 

determined so that it could be compared with modifications presented in this thesis. 

Results for acid modified paper-based substrates are shown in Figure 6.5. The Pb2+ slope 

of E1, E2 and E3 for this trial were 29.3  1.0, 29.9  1.3 and 31.3  1.4 mV dec-1, 

respectively.  The log kPb, M values for E1, E2 and E3 ranged from -14.9  0.1 to -6.2  

0.0, -14.5  0.0 to -6.1  0.0 and -13.7  0.0 to -5.9  0.0, respectively. The uncertainty 

ranged from 0.2 to 0.6 (between 3 electrodes). The ion sequence was Mg2+ < Co2+< 

Ca2+< Ba2+< Zn2+< Na+< K+< Cu2+< Cd2+< Pb2+, respectively.   
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Figure 6. 5 Acid modified paper-based selectivity coefficients 

6.3.6. Comparison of all modifications of paper substrates with solution-

based sampling and unmodified paper-based substrate sampling 

As shown in Figure 6.6 and Table 6.1, most of the modifications had ion sequence and 

selectivity values which were similar to each other. Cd2+ was the most interfering metal 

ion whereas Mg2+ was the least interfering metal ion across the different trials.  

 

Figure 6. 6 Comparison of all selectivity coefficients from different modification of paper 

substrates, solution-based sampling, and unmodified paper substrates 

 



 

 

Table 6. 1 Representative values of selectivity coefficients and slopes obtained by separate solution method for Pb2+-ISEs in solution and incorporated 

with unmodified and modified paper; the slopes indicated are between 10−3.06 to 10−2.17 M of respective interfering ion. 

j 

𝒍𝒐𝒈 𝑲
𝑷𝒃𝟐+,𝒋

𝒑𝒐𝒕
 

in solution 

Slope/mV 

dec−1 in 

solution 

𝒍𝒐𝒈 𝑲
𝑷𝒃𝟐+,𝒋

𝒑𝒐𝒕
 

with 

unmodifie

d paper  

Slope/mV 

dec−1 with 

unmodifie

d paper 

𝒍𝒐𝒈 𝑲
𝑷𝒃𝟐+,𝒋

𝒑𝒐𝒕
 

with gold 

modified 

paper 

Slope/mV 

dec−1 with 

gold 

modified 

paper 

𝒍𝒐𝒈 𝑲
𝑷𝒃𝟐+,𝒋

𝒑𝒐𝒕
 

with ISM 

MP 

Slope/mV 

dec−1 with 

ISM MP 

𝒍𝒐𝒈 𝑲
𝑷𝒃𝟐+,𝒋

𝒑𝒐𝒕
 

with acid 

modified 

paper 

Slope/mV 

dec−1 with 

acid 

modified 

paper 

Mg2

+ 

-17.3  0.8 -15.4  4.2 -12.9  1.6 0.2  8.7 -13.6  2.1 -1.5  3.5 -13.8  0.2 12.1  2.2 -14.4  0.6 1.0  2.0 

Ca2

+ 

-15.8 ± 0.8 20.1  0.5 -10.5  2.3 28.9  0.2 -12.7  1.9 24.2  2.3 -12.6  0.2 11.9  1.2 -12.3  0.2 13.4  0.8 

Co2

+ 

-15.8 ± 0.7 16.8  4.8 -12.0  1.8 27.2  2.3 -12.7  1.8 22.7  3.7 -13.1  0.2 6.6  6.4 -13.5  0.6 21.1  2.3 

Na+ -13.5 ± 0.8 13.1  0.7 -8.8  2.2 37.7  0.9 -10.4  2.0 18.8  2.3 -9.5  0.4 18.0  2.1 -9.1  0.3 25.0  1.3 

Ba2+ -13.4 ± 0.6 26.3  1.7 -9.9  1.7 22.1  0.1 -12.2  1.8 28.8  0.4 -12.2  0.2 5.7  4.2 -12.1  0.2 15.4  5.7 

Zn2

+ 

-11.4 ± 0.6 27.3  0.4 -10.4  1.7 18.0  1.4 -10.5  1.2 37.1  3.8 -11.8  0.1 12.6  1.5 -11.5  0.6 23.7  1.7 

K+ -11.0 ± 0.6 51.8  0.4 -8.4  1.8 34.1  0.4 -9.5  1.2 25.9  2.0 -9.4  0.3 11.4  2.3 -8.9  0.3 32.2  1.1 

Cu2

+ 

-10.6 ± 0.7 19.2  0.9 -7.0  1.1 38.7  2.3 -8.3  1.2 18.0  1.2 -7.0  0.4 50.6  6.2 -6.3  0.3 90.5  3.0 

Cd2

+ 

-5.8 ± 0.3 30.8  1.2 -4.4  0.7 32.3  1.0 -4.7  0.7 37.6  1.0 -6.2  0.6 38.9  2.2 -6.1  0.2 35.5  0.5 

Pb2+ 0 28.3  0.2 0 30.3  3.9 0 28.1  6.0 0 30.9  4.6 0 31.3  1.4 



 

 

6.4. Conclusions  

This study was done to determine of selectivity of Pb2+-ISEs using separate solution 

method (SSM) when Pb2+-ISEs were coupled with newly introduced paper-based 

microfluidic sampling substrates, and to compare the results with solution-based 

sampling and pairing with unmodified and a previously introduced modified paper 

substrate.  

From the results, the paper modification for metal sputtering, acidified and ISM showed 

comparable results in terms of Cd2+ as the most interfering metal ion and Mg2+ as least 

interfering metal ion. The log kPb, M values were also consistent throughout the different 

trials. The uncertainty between the values was small, which shows that the results are 

reliable. These modifications also had very similar ion sequence with only a few slight 

shifts in positions which are negligible.  
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CHAPTER 7 CONCLUSIONS AND FUTURE PROSPECTS  

7.1. Conclusions 

Paper-based potentiometry is a versatile technique that can be used to measure a wide 

range of ions. It is a relatively simple and inexpensive method that can be performed 

using readily available materials. This thesis explored the use of novel paper-based 

substrates for the simple, rapid, and convenient detection of heavy metals in 

environmental samples by potentiometry.  

The first strategy involved modification of paper substrates with thin layers of metals 

that can act as spacers between the ISM and paper fiber surface. The potentiometric 

response of Pb2+-ISEs coupled with paper substrates coated in gold, platinum and 

palladium was investigated. The magnitude of the super-Nernstian jump was found to 

be dependent on the thickness of the metal layer and whether the paper substrate 

modification was on one side or both sides of the paper substrate. Paper substrates coated 

on both sides with a 38 nm thick layer of gold was found to be most advantageous in 

controlling the super-Nernstian response and having a wider linear potential range. They 

were used for the sampling of simulated environmental samples and the results were 

comparable with those obtained by ICP-OES. A lifecycle analysis was performed to 

compare the use of ISEs with and without modified paper substrates and it further 

confirmed the benefits of using metal modified paper substrates for samples with high 

solid-to-liquid ratio. 

The second study was on the use of ISM modified paper substrates for the potentiometric 

determination of heavy metals. Pb2+-ISEs coupled with paper substrates incorporated 

with different combinations of ISM-components were studied. The best potentiometric 
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response was obtained by paper substrates incorporated with all the components 

available in the ISM. Variation of the membrane cocktail concentrations used to modify 

paper substrates indicated that the super-Nernstian response could be controlled by the 

use of 10 to 50 mg ml-1 ISM cocktail.  The success of ISM modified paper substrates 

could be attributed to the improved compatibility with the ISM and the solution 

sampling substrate. The use of chemicals which are already used in the manufacturing 

of the Pb2+-ISEs further enhances the economic aspect of the paper substrates.  

The third and final study was on the determination of selectivity of the newly introduced 

paper-based substrates and comparison with traditional beaker-based sampling and 

other previously introduced strategy for the elimination/control of the super-Nernstian 

response. When using gold modified paper substrates and ISM modified paper 

substrates for solution sampling, the ion sequence of interfering ions was comparable to 

solution-based sampling, and it was confirmed that the ionophore retains its selectivity 

pattern. The selectivity of acidified paper substrates was also similar to the above.  

7.2. Future prospects 

Based on the literature review and the experimental work performed, the following 

recommendations are made for the extension of work presented in this thesis: 

(i) Determination of selectivity coefficients of Pb2+-ISEs coupled with paper-based 

substrates: Though chapter 6 provided a primary understanding about the variation 

of selectivity coefficients based on the paper substrate utilized, further work can be 

done to understand more about the influence of paper modification on selectivity. 

Mixed solution techniques can be used for selectivity determination. It is expected 

that SSM which assume determination of unbiased selectivity coefficients may not 
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be the most optimal methodology in systems where paper may contribute ions to the 

solution and ISE.  

(ii) Lowering the lower detection limit of ISEs coupled with paper-based sensing 

for heavy metals determination: Though research has been conducted for the 

lowering of the lower detection limit of ISEs coupled with traditional beaker-based 

sampling [145,180], there is little research on the same done for paper-based 

sampling. Since the detection limit of all ISEs coupled with paper-based sampling 

is relatively modest, it would be required to investigate strategies to lower the 

detection limit and allow trace heavy metals analysis.  

(iii) Studies with other heavy metals: The studies in this thesis were conducted with 

Pb2+ as a model heavy metal. Studies could be extended to other heavy metal ISEs 

Such work could also lead to multiplexed determination of heavy metal ions.  

(iv)  Control of fouling effects: Even though the use of paper-based sampling devices 

can greatly reduce the fouling effects on the sensor since it prevents direct contact 

of the sample and the sensor, fouling effects can still arise from physical, chemical, 

and biological (biofouling) interactions with the sample or the environment [181]. It 

can affect the reliability of the measurement and give rise to less accurate readings. 

The effect of biofouling and other degradation effects on sensors should be studied 

further.   

(v) Improving the affordability of modified paper-based sampling: Although the 

unmodified cellulose-based paper substrates used for the study are relatively 

inexpensive and widely available, the production of modified paper-based substrates 

can still be expensive. More techniques can be explored for the modification of paper 

substrates such that the material and energy cost can be reduced. Additionally, the 
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feasibility of using mass production techniques such as inkjet printing could also be 

explored.  

(vi)  Enhancing repeatability of paper-based sensors: One of the challenges 

associated with the mass production of paper-based sensors is the tendency to have 

batch-to-batch variations in properties. Standardized manufacturing processes and 

quality control measures can be developed to enhance the repeatability within an 

acceptable error range.  

(vii) Addressing issues related to practical usage of paper-based sensors: Some 

of the advantages of paper which helps in its usage for sensor materials can be 

viewed as a disadvantage in its practical usage. For example, because of its porosity 

to water, the functionality can be impacted if used in a high humidity environment. 

The mechanical strength and chemical stability can change over time depending on 

the environmental conditions. Such issues should be addressed to prolong the shelf 

life of paper-based sensors.  

(viii) Disposal of waste sensors: Even though the cellulose component of paper-

based sensors is generally biodegradable, the disposal of sensors containing 

hazardous materials must be performed in an environmentally safe manner and 

protocols must be developed accordingly.  
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