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INTRODUCTION 

Heavy metal contamination is a potential threat to the 

environment.1,2 One such heavy metal ion is cadmium 

and cadmium toxicity can lead to several health hazards.3 

Cadmium contamination raises from fuel combustion, 

fertilizers, industrial wastes.4-8 Selectivity is an important 

performance parameter for an electrochemical sensor.9,10 

To characterize the selectivity, i.e. extent of interference, 

two techniques-the PR technique peak or signal reduction 

technique, and the selectivity coefficient technique are 

widely used. However, both have limitations. The PR 

technique requires a large number of experiments and the 

selectivity coefficient method, which is based on the 

Nicholsky Eisenmann equation, is not suitable for ions 

with different charges.11,12 In our earlier work, a BW 

technique which incorporates the tunneling mechanism 

based on Simmon’s model used in variety of other 
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electrochemical works was used for the first time for 

sensing applications to predict the level of interference of 

different ions for the detection of an analyte (Cd2+) by 

SWV in a conducting polymer based electrochemical 

sensor.10,13-15 In a subsequent work extent of interference 

was explained by involving the PR technique, adsorption 

isotherm and the BW technique.16 In this work, further 

investigations at the electrode-electrolyte interface have 

been undertaken to express the interference effects in 

terms of various thermodynamic parameters.   

Since the present work undertakes further investigation of 

the mechanism of interference, therefore a brief outline of 

the work conducted in our earlier works, is presented.10,16 

A schematic of process of detection of Cd2+ undertaken 

with the possible charge transport mechanism is 

presented in Figure 1.  

The conducting polymer coated stainless steel (SS) 

electrode was used as the working electrode after surface 

functionalization with iminodiacetate groups which 

creates a self-assembled monolayer (SAM) on the 

surface. After preconcentration at open circuit potential, a 

negative potential of -1.2 V was applied to the electrodes 

for 200s. Cd2+ ions got stripped away from the electrode 

surface at -0.78 V while varying the potential towards 

positive direction giving a square wave peak. The 

interference tests were conducted with different test ions 

using the PR and the BW techniques and the ions were 

categorized into four different groups-non-interfering, 

less, moderately and heavily interfering ions. The BW 

technique successfully predicted the extent of 

interference, and a scale of interference was generated 

requiring lesser number of experiments. In the next work, 

Cr6+ (heavily interfering), Fe2+ (moderately interfering) 

and Al3+ (less interfering) ions were selected for further 

studies.16 By incorporating the BW technique, the PR 

technique and the adsorption process, a new scale of 

interference was generated with higher resolution. 

Although a higher resolution was obtained, this required 

a large number of experiments. Moreover, it could not 

provide complete information of the thermodynamic 

properties of the system. To overcome this limitation, an 

attempt is made in the present work to evaluate the 

thermodynamics parameters of the sensing system. 

Various thermodynamic parameters including include 

partition coefficient, enthalpy, reorganization energy can 

explain the electrode surface-analyte interaction which 

gets affected in presence of the interfering species.17,18 It 

is also important to obtain the size or length of the 

reaction site (x) at the electrode surface to capture Cd2+ 

and investigate whether this length is affected by the 

presence of interfering species. By incorporating the 

thermodynamic analysis and the BW technique, it is 

possible to develop some correlation coefficients. The 

utility of such coefficient is that if only d values are 

provided then using these coefficients and by doing a 

handful no of SWV experiments the thermodynamic 

parameters can be estimated without any further study 

and vice versa, in presence and absence of interfering 

ions which is the novelty of this work. Till date, to our 

knowledge, there is no report where thermodynamic and 

charge transport parameters were utilized to explain the 

interference phenomena in an electrochemical sensor. 

The results obtained in this work can be considered for 

development of integrated sensor device. 

 

Figure 1: Schematic of the detection process of Cd2+ in presence of interfering ions, with possible mechanisms of 

charge transport. 
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Figure 2: Illustrations of the various thermodynamic factors which influence the charge transport mechanism -                   

(a) ion partitioning, (b) energy diagram showing enthalpy and activation energy to explain the interference effect, 

(c) Marcus diagram for electron transfer and (d) schematic of the reaction site.40 

In this work, SWV experiments to detect Cd2+ in 

presence of interfering ions were conducted at different 

temperature. From the SWV experiments adsorption 

isotherms were constructed from which the -∆Gad values 

were calculated at different temperatures with different 

concentrations of interfering ions, Al3+ (less-interfering), 

Fe2+ (moderately interfering) and Cr6+ (heavily 

interfering). From these values, thermodynamic 

parameters, were evaluated. The value of x was extracted 

from the reorganization energy. These factors were used 

to explain extent of interference and were benchmarked 

with BW technique performed in our previous works.10,16 

Finally, an attempt was made to establish correlation with 

these thermodynamic parameters and the d values. 

METHODS 

Experimental 

Materials and methods were similar to those reported in 

one of our published works.10 For better understanding, a 

brief description of experimental methods is provided 

here. 

Study period including experiments, analysis, simulation 

and interpretation for this work was from January 2020 to 

December 2023. Study place was department of chemical 

engineering, Indian institute of technology Kanpur.     

As reported in our previous work, a copolymer was 

synthesized from aniline and N-phenylglycine by 

chronopotentiometry onto the SS 304 electrode and 

surface-functionalized with iminodiacetate groups.10 The 

protocols are mentioned in the previous work.10 In the 

present work, for the less interfering, moderately 

interfering and highly interfering categories, Al3+, Fe2+ 

and Cr6+ were chosen, respectively as mentioned in our 

earlier work, and experiments were performed.10 

Experimental design 

The complete procedure is mentioned in experimental 

section of one of our previous work where the 

experiments were carried out at 298 K.10 In the present 

work the same experiments were conducted at different 

temperatures: 288 K, 308K and 318 K. The temperature 

range for this work was chosen from 288 K to 318 K, as 

beyond this range, the LOD was found to be higher than 

50 ppb in absence of interfering ions. Adsorption 

isotherms were constructed as in the earlier works (not 

shown here), and the corresponding values of -∆Gad were 

evaluated.10,16 The complete procedure is described in 

brief as follows.  As described in our earlier work, three 

concentrations: 100 ppb, 1 and 10 ppm of Cd2+ were 

selected. A pictorial description of interfering behavior of 

these test ions is depicted in our earlier publication where 

the terms ‘h’ and ‘ChR’ are explained.9 ChR was the 

highest value of the test ion and ~0.001 ChR was the 

specific concentration of the interfering ions at which no 

interference was observed, i.e., decrease in ‘h’ was not 

observed. To quantify the interference behavior, 2 

extreme values, (ChR) and (0.005 ChR), were selected for 

further studies which were of different values for 

different types of test ions. Table 1 shows concentrations 

for Al3+, Fe2+ and Cr6+ used in present work. 
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Table 1: Concentrations of the interfering ions. 

Interfering ion Concentrations 

Al3+ 100 ppm, 10 ppm, 5 ppm 

Fe2+  10 ppm, 5 ppm, 1 ppb, 500 ppb 

Cr6+ 100 ppb, 10 ppb, 1 ppb, 500 ppt 

Experiments utilizing SWV were conducted for different 

concentrations of Cd2+ in presence of interfering ion with 

the concentration as mentioned illustrated in Table 1. 

Electrolyte was bicomponent solution which comprised 

of Cd2+ and the interfering ion in 0.1 M phosphate buffer 

solution at pH 3.3, 0.1 M of phosphate buffer of 100 ml 

was prepared from 0.1 M di-sodium-hydrogen-phosphate 

solution. Upon gradual addition of 0.1 M solution of 

hydrochloric acid pH 3.3 was obtained. 

Square wave voltammetry 

As mentioned, the SWV experiments were conducted for 

Cd2+ with different concentrations of the interfering 

species as mentioned in Table 1 at a single temperature of 

298 K, reported in our earlier work.10 In the present work 

the same experiments were conducted at 288K, 308 K 

and 318 K.  The electrode surface functionalized with 

IDA was dipped in the electrolyte for about 30 min 

without application of any external potential. A potential 

of -1.2 V was supplied to the working electrode for 

approximately 200 s to deposit the ions at the electrode 

surface. Next, the potential was transposed towards the 

higher values with a square wave pulse and Cd2+ got 

stripped out of the surface at -0.78 V. For all SWV tests, 

amplitude of 0.1 V, step potential of 0.075 V, frequency 

of 25 Hz was maintained. From the SWV plots, the peak 

currents were evaluated, and the adsorption isotherms 

were constructed from which the -∆Gad values were 

evaluated. From the -∆Gad values obtained at different 

temperatures, the -∆H values were evaluated.   

RESULTS  

The variations of P, ΔH, -λ and x for Cd2+ in presence of 

different concentrations of different interfering ions are 

described below.   

Partition coefficient 

In our previous work, the -∆Gad values for Cd2+ were 

calculated in the presence of interfering ions at different 

concentrations.16 The -∆Gad value for Cd2+ in absence of 

any interfering ion was 49.53 kJ/mol as reported in our 

previous work.10 From ∆Gad values, partition coefficients 

were calculated using the following equation (1), 

∆G = −RT ln P ……. (1)19  

where P signifies partition coefficient, R denotes the 

universal gas constant. and T is the temperature.  The ln P 

values obtained from equation (7) were plotted against 

p[Interfering ion] (i.e. p[Al3+], p[Fe2+] and p[Cr6+]) and 

are shown in Figure 3. p[Ion] can be defined as 

−log10[Cion].  Cion is the concentration of that ion. 

 

Figure 3: Variation of ln P with respect to 

p[Interfering ion] (p[Al3+], p[Fe2+], p[Cr6+]).     

From these plots, the slopes (termed here as SPC) with 

respect to p[Al3+], p[Fe2+] and p[Cr6+] were calculated 

and are listed in Table 2.  

Table 2: Values of κBW, SPC, Sλ and SH. 

Interfering 

ion 

κBW  

(Å/p[Cd] 

p[Interfering 

ion])16 

SPC 

([p[Interfering 

ion]]-1) 

SH 

(kJ/mol 

p[Interfering 

ion]) 

Sλ 

(kJ/mol 

p[Interfering 

ion]) 

SX 

(Å/ 

p[Interfering 

ion]) 

Al3+ 0.113 0.712 2.14 0.129 0.433 

Fe2+ 0.123 0.523 2.87 0.092 1.659 

Cr6+ 0.142 0.572 2.83 0.112 0.533 

 

Enthalpy 

Partition coefficient P can be considered as equilibrium 

constant and can evaluated using Van’t Hoff equation.20 

∆G = 2.303 log P…….(3)21,22 

Where, ∆G is the Gibb’s free energy.21 
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To calculate the -∆H values, Van’t Hoff’s isochore can be 

used as shown in equation (4) 

∆G = 2.303 
∆H

RT
+ φ      …….(4)23 

where 𝜑 is a constant.  This method stands with the 

assumption that the ion partitioning is constant over the 

range of temperature used.23   

The -∆Gad values obtained at different temperatures were 

put into equation (3) to calculate log P. Further, the plots 

of (1000/T) vs log P for Cd2+ for the interference effects 

from Al3+, Fe2+ and Cr6+ provided the -∆H values in 

presence of different concentrations of these test ions. 

From these plots of -∆H vs p[Interfering ion], the slopes 

SH values were evaluated and plotted against p[Al3+], 

p[Fe2+] and p[Cr6+] as shown in Figure 4.   

 

Figure 4: Variation of -∆H with respect to 

p[Interfering ion] (p[Al3+], p[Fe2+], p[Cr6+). 

Reorganization energy and length of reaction site (x)  

The energy associated with the activated state is given by, 

∆G# =
(∆G0+λ)2

4λ
………….(6)24 

Where, ∆G# represents free energy of activated state and 

is regarded as reaction barrier and ∆G0 is standard Gibb’s 

free energy. In this work, concept of reorganization 

energy was used to explain interference phenomena.24 

An analytical approach was taken based on the 

experimental data, assuming the values of ∆Gad in 

presence of the interfering ion as the ∆G# i.e., the free 

energy of activated state indicating the reaction process 

overcoming the interference of the several test ions.  In 

order to calculate ∆G0, the following equation was used, 

∆G0 = −nFE0 ………..(7)25 

where n is number of electrons transferred, F is Faraday’s 

constant and E0 is standard electrode potential. Equation 

(6) was solved in simplified format using Matlab. 

 

 

Figure 5: Variation of (a) reorganization energy (-λ) 

kJ/mol and (b) length of the reaction site (x) for 100 

ppb of Cd2+ with respect to p[Interfering ion] (p[Al3+], 

p[Fe2+], p[Cr6+]). 

From equation (6), the values of -λ were plotted against 

p[Interfering ion] (p[Al3+], p[Fe2+] and p[Cr6+]) and are 

shown in Figure 5 (a). From the plots, the slopes (Sλ) with 

respect to p[Al3+], p[Fe2+] and p[Cr6+] were calculated 

and listed in Table 2.  The value of -λ for Cd2+ in absence 

of interfering ions was 2.087 kJ/mol.  While calculating 

the -λ values from equation (6), two values of -λ were 

obtained (as it is a quadratic equation), and the minimum 

amount of energy was considered.   

The -λ value, obtained from equation (1), was used to 

calculate the length of the reaction site (x) for Cd2+ as a 

measure of the interference effects using equation (7).14,16 

λ = e2(
1

ϵ0
−

1

ϵS
)(

1

2r1
+

1

2r2
−

1

rd
)….(7)  
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where, e is the charge transferred, ε0 is the relative 

permittivity of the vacuum, εS is the dielectric constant of 

solvent, 2r1 is assumed to be the length (x) of the reaction 

site at the SAM where the Cd2+ get adsorbed, 𝑟2 is the 

solvated ionic radius of Cd2+ and rd is considered as the d 

values as evaluated in our previous works.10,16 Since, the 

concentration of Cd2+ in electrolyte is very low, i.e. ~100 

ppb, therefore, dielectric constant of water is chosen. 

To calculate the length of the reaction site (x), equation 

(7) was used and the values were plotted against p[Al3+], 

p[Fe2+] and p[Cr6+] as shown in Figure 5 (b).  The length 

of the reaction site (x) for 100 ppb concentration of Cd2+ 

was 0.4191 Å in absence of interfering ions.  As reported, 

the crystal ionic radius, stokes and hydrated ionic radius 

for Cd2+ was 0.97, 3.41 and 2.63 Å.27 In several works, 

the authors have considered the above reported values for 

their works.  In this work the solvated ionic radius for 

Cd2+ was taken to be 2.63 Å. To the best of our 

awareness, till date there is no report till date where x for 

Cd2+ was calculated using the Marcus theory of electron 

transfer incorporating the BW as the distance between the 

analyte and sensing surface. 

DISCUSSION 

Partition coefficient 

In our previous work, the -∆Gad values for Cd2+ were 

calculated in the presence of interfering ions at different 

concentrations.16 It was seen that with increase in the 

concentrations of the test ions, the -∆Gad values 

decreased, predicting comparatively weaker interactions 

between the electrode and the target analyte. For each of 

the cases, the values were found to be more than 40 

kJ/mol which indicates chemisorption.28,29 In our earlier 

works, it was evident that higher the adsorption lower 

was the limit of detection.4,10,16 The process of adsorption 

is accompanied by partitioning of ions i.e., distribution of 

ions among the electrode surface and electrolyte.30 Figure 

2(a) shows a pictorial representation of ion partitioning 

between electrode surface and electrolyte. Effect of 

interference on partition coefficient of the desired analyte 

was investigated for adsorption of benzene (desired 

analyte) in presence of interferents such as n-butanol, o-

xylene, n-pentane in Tenax-GC system, however, for 

electrochemical sensors concept of dependency of 

partition coefficient on interferants is employed here for 

first time to predict extent of interference.30,31 

It was seen from Figure 3 that with decrease in the 

concentration of the interfering ions, the values of ln P 

increase. As mentioned earlier, partition coefficient is a 

measure of the distribution of ions between the electrode 

and the electrolyte. Therefore, it is evident that with 

increase in interfering species concentration, less number 

of Cd2+ ions get adsorbed into the active site of the 

electroactive surface. 

In our previous work, the plots of the d values of Cd2+ in 

presence of varying interfering ion concentrations against 

p[Cd] are illustrated in Figure 4 of that work.16 The d 

values showed a decreasing trend with decrease in 

interfering ion concentrations.  The values of the slopes 

(SBW) were evaluated and plotted SBW against 

p[Interfering ion] was shown in ‘Figure 5’ of that work.16 

From the plots of p[Interfering ion] vs SBW, slopes (κBW) 

were calculated and are listed in Table 2.16 The above 

analyses based on partition coefficient and d shows that 

increase in ln P is accompanied by decrease in d. Higher 

the interference lesser number of Cd2+ ions will be 

adsorbed at electrode. Similarly, higher the interference, 

the charge has to cover more distance to tunnel through, 

resulting in a higher value of d. Therefore, there could be 

some interrelation between the partitioning of ions and d 

values. To find this out, a simple simulation was carried 

out by using the values of SPC and κBW in different sets of 

equations, and a following correlation coefficient 𝑎, with 

units of Å/p[Cd](p[Interfering ion])2, is proposed where 

a = (κBW)(SPC)……. (2) 

The value of 𝑎 is almost constant and lies in the range 

~0.065 to 0.08.  

Enthalpy 

The thermodynamic properties can be used to understand 

the charge transport mechanism simultaneously can 

predict the extent of interference. As shown in Figure 2 

(b), activation energy is needed for a reaction to occur. 

The total energy required for the reaction includes 

enthalpy, ∆H, of the reaction.33 In absence of any barrier 

as well as interference effect, the energy required is lower 

as compared to that in presence of the interference effect. 

This concept is based on catalysis-in presence of 

catalysts, the total energy requirement is lower than that 

in absence of catalysts.34 

From the Figure 4, it was obvious that the -∆H values 

were increasing with decrease in interfering ion 

concentrations.  As from the Figure 2 (b), it can be 

understood that with decrease in -∆H, more energy would 

be needed in order to bring about a successful reaction. 

From the plots of p[Interfering ion] vs -ΔH, the slopes SH 

values were evaluated as well as are mentioned in the 

Table 2.  

It can be observed that, increase in -ΔH was accompanied 

by decrease in values of d. Higher the interference, lower 

was the value of -ΔH, and higher was the value of d. 

Therefore, there may be some interrelation between the 

enthalpy and the BW of electron transfer. To investigate 

this, a simple simulation was carried out by fitting the 

values of SH and κBW in different sets of equations and a 

following correlation coefficient b (Å kJ/mol p[Cd] 

(p[Interfering ion])2) was obtained which is described in 

equation (5), 
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b =  ( log SH) (κBW)…….(5) 

The value of b is almost constant and varies between 

0.035-0.065.  Higher the interference, higher will be the 

value of the coefficient b.  

Reorganization energy and length of reaction site (x)  

As reported, the SAM modified electrodes gained 

interests in studying the long-range transfer of electron 

between the electrodes and redox active molecules.35,36 

According to Marcus theory of electron transfer, rate 

constant of electron transfer depends on the free energy 

barrier which in turn depends on the reorganization 

energy.37 The reorganization energy can be defined as the 

energy required for deforming the nuclear configuration 

from the donor to the acceptor state without any transfer 

of electrons.38,39 It may be evaluated by designing a 

model in which there is rapid transfer of electrons to the 

acceptor state so that there is no change in the nuclear 

configuration in the donor state and following to this, 

there is a change in the nuclear configuration of the 

acceptor state.  This change in free energy correspond to -

λ. This design strategy was defined by Sharp and was 

followed in this work.40 Figure 2 (c and d) shows the 

Marcus diagram of the electron transfer and the 

schematic of the reaction site. 

It was seen from Figure 5 (a) that with decrease in 

interfering ion concentration, the values of -λ decrease. In 

all the cases, the values of -λ for Cd2+ in presence of 

interfering ions were less than that in absence of 

interfering species. For all cases in presence of interfering 

ions, the length of the reaction site (x) for Cd2+ was 

higher than that in absence of any interfering species.  It 

was observed that with increase in concentration of the 

interfering species, the values of the length of the reaction 

site (x) for Cd2+ decreased.  This indicates that other 

solvated ions occupy the space at the electrode-electrolyte 

interface which increases the length of the reaction site 

(x) for Cd2+. From Figure 5 (b) the slopes (SR) for each of 

the cases of interference were extracted, and were 0.433, 

1.659 and 0.533 Å/p[Interfering ion] for Al3+, Fe2+ and 

Cr6+, respectively. Again, it is pertinent to mention here 

that in this work an attempt has been made to explore the 

mechanism of the interference phenomena with the help 

of the concept of the reorganization energy, based on the 

Marcus electron transfer theory, with the assumptions 

configured depending on the experimental conditions.  

The d values for 100 ppb of Cd2+ in presence of 

interfering ions were mentioned in our previous work.16 

Based on the analyses incorporating (-λ) and the d values, 

it was obvious that decrease in -λ was accompanied by 

increase in the d values. Higher the interference, lower is 

the energy necessary for the distortion of the nuclear 

configuration from reactant to product indicating lesser 

interaction between the electrode surface and Cd2+. 

Similarly, higher the interference, higher is the value of d. 

Therefore, there may be some interrelation between the 

reorganization energy and the BW of electron transfer.  In 

order to investigate further, a simulation was carried out 

by putting the values of Sλ and κBW in different sets of 

equations and a following correlation coefficient 𝑐 was 

achieved as shown in equation (8). 

c = κBWSλ……. (8) 

The value of 𝑐 (with the unit Å kJ/mol p[Cd] 

(p[Interfering ion])2) is almost constant and lies in the 

range ~0.012-0.016.   

Analysis based on correlation coefficients 

From the above analyses, it is evident that the correlation 

coefficients a, b, c can be used to explain the interference 

effects of several ions towards Cd2+. Using these 

coefficients and the d values, with limited number of 

experiments, information about the interference effects 

which can explain the fundamental mechanisms for 

sensing can be gathered. Similarly, if -ΔGad values are 

known then the other thermodynamic properties can be 

estimated, and using the correlation equations, values of 

the d can be predicted in presence or absence of 

interfering ions. These correlation coefficients can be 

used for the design and testing of specific molecules and 

the electrode-electrolyte interactions so that better 

sensing or better performance for a sensor or any other 

processes can be achieved. 

Limitations 

The correlation coefficients obtained from this work are 

limited for this specific sensor i.e., conducting polymer 

synthesized from aniline and N-phenylglycine based Cd2+ 

sensor only.  For a different sensor, a similar study should 

be conducted and new correlation coefficients should be 

generated. The analytical study is tedious but once the 

correlation coefficients are generated these minimize the 

efforts.      

CONCLUSION 

In this work, three interfering ions Cr6+ (heavily 

interfering), Fe2+ (moderately interfering) and Al3+ (less 

interfering) ions were used. The partition coefficient for 

Cd2+ was calculated from the -∆Gad values for Cd2+ in 

presence and absence of interfering ions. Then the 

enthalpy and reorganization energy values were 

evaluated. From the λ values, the lengths of the reaction 

sites (x) for Cd2+ were calculated. From the plots of ln P, 

-ΔH, -λ and x against p[Interfering ion], the slopes SPC, 

SH Sλ and SX, respectively, were extracted respectively. It 

was observed that ln P and -∆H values showed a 

decreasing trend with increase in interference while the 

reorganization energy as well as the length of the reaction 

site showed an increasing trend. As mentioned in our 

previous work, for each concentration of Al3+, Fe2+ and 

Cr6+, the slopes SBW were evaluated, plotted against 

p[Interfering ion], from which slopes κBW values were 
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extracted. Correlation coefficients a, b and c were 

evaluated from Sλ and κBW, from SH and κBW, Sλ and from 

κBW values, respectively. The values of a, b and c were 

almost constant and lie in the ranges 0.065-0.08, 0.035-

0.065 and ~0.012 to 0.016, respectively. A highlight of 

this work is that d values along with correlation 

coefficients are sufficient to explain interference 

phenomena as well as various thermodynamic parameters 

such as enthalpy, partition coefficient, reorganization 

energy without performing SWV experiments as well as 

constructing adsorption isotherms. Similarly, if 

thermodynamic parameters are provided along with the 

correlation coefficients, charge transport parameter d can 

be evaluated without performing the BW analysis. Utility 

of the correlation coefficients lies in the fact that by doing 

limited analysis, several information related to transport 

and sensing could be obtained. These coefficients can be 

used for design of materials and processes.     
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