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An effective and facile method for the simultaneous determination of dihydroxy-benzene isomers, 

hydroquinone "HQ" and catechol "CC", at NdFeO3 nano-perovskite/ionic liquid crystal modified 

carbon paste electrode in presence of sodium dodecyl sulfate (NFILCCP-SDS) is introduced. The 

proposed nano-composite offered high current responses and low detection limits due to the inherent 

catalytic properties of its individual modifiers. The proposed sensor has high electro-catalytic activity 

toward simultaneous determination of HQ and CC in the linear dynamic range of 10 µmol L
-1

 to 180 

µmol L
-1

 with correlation coefficients 0.989 and 0.989; detection limits of 0.118 µmol L
-1

 and 0.252 

µmol L
-1

 and quantification limits of 0.392 µmol L
-1

 and 0.840 µmol L
-1

, respectively. Three isomers; 

HQ, CC and resorcinol RC were simultaneously identified with good potential peaks separation. The 

determination of HQ and CC in presence of interfering species was also successful. Real sample 

analysis in tap water was achieved with acceptable recovery. 

 

 

Keywords: Hydroquinone; Catechol; Tap water; NdFeO3 perovskite; Carbon paste electrode. 

 

 

1. INTRODUCTION 

Hydroquinone "HQ" and catechol "CC", dihydroxy benzene isomers, have been widely used in 

different fields like cosmetics, dye, pesticides, antioxidants, medicines, flavoring agents, photography 

chemicals, pharmaceutical and chemical industries [1-3]. They are considered by the US Environment 

Protection Agency and the European Union as major environmental pollutants. They are highly toxic 

to both environment and humans even at their very low concentration. Also, they are difficult to 

degrade under the typical environmental conditions [1-8]. They might originate from different sources 

like factory effluents, waste water treatment, plants, agriculture, etc. [8-11]. 

http://www.electrochemsci.org/
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Also, they could get inside the human body through digestive and respiratory systems and skin 

causing severe impacts for skin, mucosa and central nervous system [12-15]. On the other hand, HQ 

and CC show similar structures and properties so it is necessary to present a simple and rapid method 

for their simultaneous determination [16-18]. Different methods have been presented for this purpose 

including spectrophotometry, chromatography, fluorescence, chemiluminescence, and electrochemical 

methods [1, 2, 4, 8]. Electrochemical methods showed superior advantages compared to other methods 

like sensitivity, high efficiency, simplicity, no pretreatment steps, wide linear range, time saving 

analysis and low cost [2-4, 8]. Bare solid electrodes might lose the advantage of the simultaneous 

determination of HQ and CC due to their close oxidation potentials which resulted in overlapping of 

their voltammetry responses [2, 3, 8, 18]. Also, unmodified electrodes suffer from some drawbacks 

such as low sensitivity and reproducibility and slow electron transfer rate [4, 18, 19]. To overcome 

these drawbacks, modification of bare electrodes was achieved using different nanomaterials, 

transition metal compounds [3], ionic liquids [8], polymer films [18] and multiwalled carbon 

nanotubes [20-22]. 

Carbon paste electrode "CP" is considered as an important type of carbon-based electrodes with 

renewable surface. CP electrodes have been widely used in sensor applications due to their stable 

response, considerable life time, ease of fabrication, corrosion resistance and wide anodic and cathodic 

potential ranges [23-25]. Ionic liquid "IL" modified CP showed high conductivity, anti-fouling, good 

electro-catalytic activity and lower overpotential toward different studied compounds [26-30]. 

Ionic liquid crystals "ILCs", which compile the fascinating properties of ionic liquids ILs and 

liquid crystals, showed superior properties compared to ILs. ILCs, consisting of salts of cations and 

their counter ions, showed enhanced anisotropic conductivity and molecular orientational ordering [23, 

26, 30]. One of the most common ILC is 2-chloro-1,3-dimethyl-imidazolinium hexafluorophosphate 

containing imidazolium cation. This ILC showed good properties of chemical and electrochemical 

stability, low melting point and anisotropic ionic conductivity [23]. 

On the other hand, the modification of the ionic liquid crystal modified electrodes with 

nanomaterials offer more advantages over the traditionally ionic liquid modified electrodes involving 

enhanced stability, increased sensitivity and compatibility [23].  

ABO3 nano-perovskites have been widely used in different applications because of their 

electronic conductivity, mobility of oxide ions within the crystal, electrically active structure, 

variations of oxygen content, thermoelectric, magnetic, catalytic activity and thermal and chemical 

stability [31-33]. NdFeO3 nano-oxide with 3D orthorhombic structure is considered one of the rare-

earth orthoferrites group. There are three competing magnetic interactions between Nd–Nd, Nd–Fe and 

Fe–Fe affecting the structural and magnetic properties of NdFeO3. NdFeO3 nano-perovskites have 

potential applications in catalysis, fuel cells, gas sensor and electrochemical sensor [26, 34-37]. 

Surfactants, amphiphilic compounds with hydrophilic head and hydrophobic tail, have found 

reflective impact in electrochemistry by improving the electrode/solution interface characteristics [1, 

23, 30]. Surfactants can improve the electrochemical signal of the electroactive species, enhance the 

current response, selectivity, sensitivity and facilitate the electron transfer rate by reinforcing the 

accumulation/aggregation of the electroactive species at the electrode surface. Also, they can affect the 
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electrode processes in terms of redox potential and diffusion and charge transfer coefficients [1, 26, 

30]. 

In the present work, we introduce an electrochemical sensor, NFILCCP-SDS, based on nano-

perovskite NdFeO3/ILC modified carbon paste electrode in presence of SDS. The aim is to use the 

fabricated sensor for the first time, in the sensitive determination of HQ and CC that are well known 

water-pollutants and used as ingredients in cosmetic industry. The electrochemical characteristics and 

figures of merits of the sensor will be presented. 

 

 

2. EXPERIMENTAL 

2.1. Materials and reagents 

Catechol (CC), hydroquinone (HQ), resorcinol (RC), 2-chloro-1,3-dimethylimidazolinium 

hexafluorophosphate ionic liquid crystal (ILC), 1-butyl-4-methylpyridinium tetrafluoroborate (IL1), 1-

n-hexyl-3-methylimidazolium tetrafluoroborate (IL2), graphite powder, paraffin oil and sodium 

dodecyl sulfate (SDS) were purchased from Sigma Chemicals Co. The supporting electrolyte used in 

this work was 0.1 mol L
−1

 phosphate buffer solution (PBS, consisting of 1 mol L
−1

 K2HPO4 and 1 mol 

L
−1

 KH2PO4) of pH 2–9. pH was adjusted using 0.1 mol L
−1

 H3PO4 and 0.1 mol L
−1

 KOH. Buffer 

solutions were stored in a refrigerator. Analytical grade chemicals and deionized water were used to 

prepare all solutions. 

 

2.2. Instrumental and experimental set-up 

2.2.1. Electrochemical measurements 

A standard three-electrode/one compartment glass cell was used for electrochemical 

characterizations. Carbon paste electrode (CP) with diameter of 6.3 mm and large surface area 

platinum electrode were used as the working and auxiliary electrodes, respectively. Ag/AgCl (4 mol L
-

1
 KCl saturated with AgCl) electrode was used as the reference electrode in all electrochemical studies. 

All experiments were carried out at 25
 

°C ± 0.2 °C. A BAS-100B electrochemical analyzer 

(Bioanalytical Systems, BAS, USA) controlled with a PC for experiment control, data acquisition and 

analysis was used for the electrochemical characterizations. Quanta FEG 250 instrument was used for 

the investigation of the microstructure of different samples. 

 

2.2.2. Electrochemical impedance spectroscopy measurements 

A Volta-lab system instrument and a lock-in-amplifier connected to a personal computer were 

used to perform the electrochemical impedance spectroscopy experiments. The data analysis software 

was supplied with the instrument. The parameters for all impedance experiments were; frequency 

range of 0.1 Hz and 100 kHz and an excitation signal of 10 mV. The measurements were carried out 

under at certain potential values selected from the studied cyclic voltammograms. 
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2.3. Preparation of modified electrodes 

CP was prepared by mixing graphite powder (0.5 g) with paraffin oil (0.3 mL) in a glassy 

mortar as reported earlier [26]. NdFeO3 was prepared via microwave assisted-citrate method [26]. CP 

in-situ decorated with NdFeO3 perovskite was prepared by mixing different amounts of graphite 

powder (95, 90, 85, 80 and 75 %) with NdFeO3 (5, 10, 15, 20 and 25 %) to obtain 100 % total percent 

of the modified graphite. Then 250 μL paraffin oil was mixed with 1 g of the modified graphite till a 

homogenous paste is obtained. The modified CP in this case was recognized as NFCP.   

The optimized percentage of NdFeO3 perovskite was further mixed with 2-chloro-1,3-

dimethylimidazolinium hexafluorophosphate ionic liquid crystal (ILC). 25 % NdFeO3 was further 

mixed with different amounts of graphite powder (70, 65, 60, 55 and 50 %) and ILC (5, 10, 15, 20 and 

25 %) to obtain 100 % total percent of the modified graphite. Then 250 μL paraffin oil was mixed with 

1 g of the modified graphite till a homogenous paste is obtained. NdFeO3/ILC modified CP in this case 

was recognized as NFILCCP.  

The previously prepared electrodes CP, NFCP and NFILCCP were utilized to examine the 

electrochemistry of 1 mmol L
−1

 HQ and CC, each prepared in 0.1 mol L
−1

 PBS/pH 7.0 in the presence 

of 100 μL of 0.1 mol L
−1

 SDS. The resulting electrodes were recognized as CP-SDS, NFCP-SDS and 

NFILCCP-SDS, respectively. 

Moreover, two other ionic liquids; 1-butyl-4-methylpyridiniumtetrafluoroborate (IL1) and 1-n-

hexyl-3-methylimidazolium tetrafluoroborate (IL2), were prepared by mixing ionic liquids with 

graphite powder with a ratio of 1% (w/w) using 250 μL paraffin oil. Then 75% of ILs modified 

graphite was mixed with 25% NdFeO3. The resulting electrodes were recognized as NFIL1CP and 

NFIL2CP, respectively. The electrodes were recognized as NFIL1CP-SDS and NFIL2CP-SDS, 

respectively in the presence of 100 μL of 0.1 mol L
−1

 SDS. 

 

2.4. Optimization of NdFeO3 and ILC in the CP 

To achieve the highest electrochemical response toward the studied compounds, it is crucial to 

optimize the weight % of NdFeO3 perovskite and ILC inside the CP. The relation between the anodic 

peak current of 1 mmol L
-1

 CC/0.1 mol L
-1 

PBS/pH 7.0 and the weight % of NdFeO3 inside CP was 

studied. The highest current response of CC was obtained upon using 25 % NdFeO3 indicating that the 

optimum loading of NdFeO3 is 25 %, due to the increased number of active sites available for the 

reaction and increased active surface area. On the other hand, the relation between the anodic peak 

current of 1 mmol L
-1

 CC/0.1 mol L
-1 

PBS/pH 7.0 and the weight % of ILC (0 to 25 %) in presence of 

25% NdFeO3 inside CP indicated that optimum % of ILC was 20 %. A slight increase in the current 

response and an obvious shift in the oxidation potential were observed upon any further increase in the 

ILC loading (> 20%). So, the optimum loading of ILC is 20 % (Figures not shown). 

 

2.5. Real sample analysis 

It is crucial to examine the real applicability of the studied method for simultaneous 

determination of HQ and CC in local tap water without any pretreatment steps. The local tap water 
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sample was used to prepare a stock solution of HQ and CC then standard additions were carried out 

from the stock solution in 10 mL of 0.1 mol L
-1

 PBS/pH 7.0.  

 

 

 

3. RESULTS AND DISCUSSION 

3.1. Morphology study 

  

 
 

Figure 1. SEM of CP (A), NFILCCP (B) and NFILCCP-SDS (C). 

 

Scanning electron microscopy has been used to investigate the morphology of the different 

electrodes surfaces. Figure 1 (A, B, C) shows the SEM of CP, NFILCCP and NFILCCP-SDS surfaces, 

respectively. The SEM of CP showed separated irregular graphite flakes (Figure 1(A)). A compact and 

blurry structure of NFILCCP was obtained upon modification of CP with NdFeO3 and ILC modifiers 

(Figure 1(B)). The moderate viscosity and good conductivity of the ILC facilitated its distribution into 

the voids between the graphite flakes and enhanced its dispersion with the graphite powder and 

(A)  

(C) 

(B) 
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NdFeO3 in the paste. ILC proved to be excellent binder and ionic transportation channel between 

graphite flakes resulting in more conductive surface. Furthermore, spontaneous orientation of the ILC 

may induce NdFeO3 inside the paste to form ordered molecularly packed microstructures, resulting in 

enhanced conductivity of the proposed composite [26]. The SEM of NFILCCP-SDS showed spongy 

films assembled on the surface of NFILCCP, enhancing the accumulation of analytes at the electrode 

surface (Figure 1(C)).  

 

3.2. Electrochemical behavior of HQ and CC at different modified electrodes 

In-situ modification of CP with NdFeO3 nano-perovskite and ILC in presence of SDS resulted 

in enhanced electrochemical responses toward HQ and CC isomers. To demonstrate the electro-

catalytic activity of the proposed composite, it is important to investigate the electrochemical 

responses of HQ and CC at different electrodes. The electrochemical responses of 1 mmol L
−1

 HQ and 

1 mmol L
−1 

CC, each prepared in 0.1 mol L
−1

 PBS/pH 7.0 are recorded at different working electrodes 

(bare CP, ILCCP, NFCP, NFILCCP and NFILCCP-SDS) as shown in Figure 2 (A, B), respectively.  

 

  
 

Figure 2. Cyclic voltammograms of (A) 1 mmol L
-1

 of HQ/0.1 mol L
-1

 PBS/pH 7.0, and (B) 1 mmol 

L
-1

 of CC/0.1 mol L
-1

 PBS/pH 7.0 recorded at different working electrodes; CP, NFCP, ILCCP, 

NFILCCP, CP-SDS, NFCP-SDS, ILCCP-SDS and NFILCCP-SDS, scan rate 50 mV s
-1

. 

 

The anodic and cathodic peak current, anodic and cathodic peak potential and potential peak 

separation values are summarized in Table 1 for HQ and CC. Modification of CP with NdFeO3 nano-

perovskite and ILC resulted in a slight increase in the current responses of HQ and CC. Upon the 

addition of SDS, further noticeable increase in the anodic and cathodic peak current values in both HQ 

and CC was observed compared to the modified electrodes in absence of SDS. At NFILCCP-SDS, 

higher current responses toward electro-oxidation of both HQ and CC were obtained compared to 

other studied electrodes in presence of SDS (CP-SDS, NFCP-SDS, ILCCP-SDS) confirming the 

electro-catalytic activity of the proposed sensor (Table 1). The characteristic features of the proposed 

(B) (A) 
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sensor components are: high catalytic properties of NdFeO3 perovskite, high polarizability and 

excellent ionic conductivity of ILC. The NdFeO3 orthorhombic crystals are covered and separated with 

ILC conductive shell, resulting in enhanced conductivity, larger surface area and increase in the 

number of active sites available for the electrochemical reaction [26]. Furthermore, the SDS played a 

main role in enhancing the preconcentration/accumulation of HQ and CC at the conductive NFILCCP 

modified surface that in turn is reflected on the current signals. A synergistic role was realized by the 

coexistence of NdFeO3 perovskite, ILC and SDS resulting in enhanced electron transfer kinetics of HQ 

and CC at the proposed surface. 

 

Table 1. Summary of CV results obtained at different electrodes for 1 mmol L
-1

 HQ and 1 mmol L
-1 

CC, each prepared in 0.1 mol L
-1 

PBS/pH 7.0. 

 

Electrode HQ CC 

Ipa 

μA 

Ipc 

μA 

Epa 

mV 

Epc 

mV 

∆E 

mV 

D× 

10
-6 

cm
2
 s

-1
 

Ipa 

μA 

Ipc 

μA 

Epa 

mV 

Epc 

mV 

∆E 

mV 

  

D× 

10
-6 

cm
2
 s

-1
 

CP 72.80 82.98 170 -43 213 1.94 80.80 79.00 270 54 216 2.39 

ILCCP 114.9 112.7 210 -48 258 4.84 133.0 109.0 291 31 260 6.48 

NFCP 112.8 76.48 287 -60 347 4.66 127.5 102.0 328 41 287 5.96 

NFILCCP 125.4 153.6 223 -9 232 5.76 172.2 145.4 229 90 139 10.9 

CP-SDS 54.00 58.47 253 -83 336 1.07 80.60 74.20 290 45 245 2.38 

ILCCP-SDS 260.3 306.4 153 -51 204 24.8 427.7 308.3 289 98 191 67.05 

NFCP-SDS 148.9 186.3 103 -1 104 8.13 338.2 308.9 248 107 141 41.93 

NFILCCP-

SDS 

355.5 401.5 158 -13 171 46.3 550.7 560.9 297 72 225 111.2 

 

3.3. Electrochemical behavior of ILC based electrode versus ILs 

The catalytic activity of the proposed composite is affected by the type of ionic liquid used. 

The electrochemistry of 1 mmol L
−1

 HQ and 1 mmol L
−1 

CC, each prepared in 0.1 mol L
−1

 PBS/pH 7.0 

was studied at NFILCCP-SDS, NFIL1CP-SDS and NFIL2CP-SDS, respectively (Figure not shown). 

The anodic peaks of HQ and CC were more resolved with enhanced current responses at NFILCCP-

SDS compared to other electrodes. This result strongly proved the role of ILC in increasing the 

conductivity of the proposed composite. ILC with imidazolium cations showed good characteristics of 

chemical and electrochemical stability, low melting point and anisotropic conductivity resulting in 

highly conductive surface for further improved electrochemical oxidation of HQ and CC. 
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3.4. Effect of operational parameters 

3.4.1. Scan rate 

It is very important to study the effect of applying different scan rates on the electrochemical 

responses of NFILCCP-SDS toward HQ and CC analytes. Figure 3 (A, B) shows the electrochemistry 

of 1 mmol L
-1

 HQ and 1 mmol L
-1

 CC, each prepared in 0.1 mol L
-1 

PBS/pH 7.0 at NFILCCP-SDS at 

different scan rates from 10 to 100 mV s
-1

, respectively. Upon increasing the scan rate, the anodic peak 

current of each analyte increased and oxidation potential was shifted to more positive value. This 

indicated that the electrochemical oxidation of HQ and CC at NFILCCP-SDS is a quasi-reversible 

process. Inset of Figure 3 (A, B) shows the relations between the anodic and cathodic peak current 

values and the square root of the scan rate from 10 to 100 mV s
-1

 for HQ and CC, respectively. Linear 

relations were obtained in HQ and CC indicating that the electrochemical oxidation of HQ and CC was 

under diffusion control [1, 3, 4, 6]. 

The linear relations for HQ were obtained and fitted to equations 1, 2:  

Ipa (A) = 2.076×10
-3

 V
1/2

 (V/s)
1/2

 – 1.145×10
-4

                                    (1) 

R
2
 = 0.999 

Ipc (A) = -2.592×10
-3

 V
1/2

 (V/s)
1/2

 + 1.371×10
-4 

                                  (2) 

R
2
 = 0.998 

 And the linear relations for CC were obtained and fitted to equations 3, 4: 

Ipa (A) = 2.030×10
-3

 V
1/2

 (V/s)
1/2

 – 1.354×10
-5

                                     (3) 

R
2
 = 0.997 

Ipc (A) = -2.569×10
-3

 V
1/2

 (V/s)
1/2

 + 1.010×10
-4 

                                   (4) 

R
2
 = 0.999 

Randles-Sevcik equation (eqn. 5) for a quasi-reversible process was used to calculate the 

apparent diffusion coefficients (Dapp, cm
2
/s) of HQ and CC at different modified electrodes to confirm 

the difference in their electro-catalytic activities. 

                                (5) 

Where A is the geometric area (cm
2
), n is the total number of electrons transferred per molecule 

in the electrochemical process, Dapp is the apparent diffusion coefficient (cm
2
/s), C is the analyte 

concentration (mol/cm
3
) and ν is the scan rate (V/s) at the absolute temperature (T= 298 k) [38]. The 

values of Dapp for HQ and CC at different modified electrodes are summarized in Table 1 showing the 

highest values are obtained at NFILCCP-SDS for both HQ and CC. Increasing in the values of Dapp 

upon modification confirming the electro-catalytic activity of the proposed surface. 
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Figure 3. Cyclic voltammograms of (A) 1 mmol L
-1

 of HQ/0.1 mol L
-1

 PBS/pH 7.0 and (B) 1 mmol L
-

1
 of CC/0.1 mol L

-1
 PBS/pH 7.0 recorded at NFILCCP-SDS at different scan rate values from 

10 to 100 mV/s. Insets: Plots of the anodic and cathodic peak current values of HQ and CC as a 

function of the square root of scan rate. 

 

3.4.2. pH of the supporting electrolyte 

The effect of the pH on the electrochemical oxidation responses for of 1 mmol L
-1

 HQ and 1 

mmol L
-1

 CC, each prepared in 0.1 mol L
-1 

PBS of different pH values (2-9) at NFILCCP-SDS was 

investigated (Figures not shown). Upon increasing the pH of the supporting electrolyte, the anodic 

peak potential of each analyte was shifted to less positive value indicating that protonation and 

deprotonation are taking part in the electrochemical process.  

 

 
 

Scheme 1. Electrochemical oxidation of HQ and CC. 

 

Figure 4 (A, B) shows the relations between the anodic peak potential values of HQ and CC at 

NFILCCP-SDS and the pH respectively. Linear relations were obtained and fitted to (eqns. 6 and 7) 

for HQ and CC, respectively. 
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Epa (V) = 0.544 – 0.0515 pH                                                           (6) 

R
2
 = 0.977 

Epa (V) = 0.732 – 0.0543 pH                                                           (7) 

R
2
 = 0.913 

The slopes of these relations are (–0.0515 V/pH) and (–0.0543 V/pH) for HQ and CC, 

respectively which is nearly the same as the Nernstian slope. The results ascertain that the number of 

protons and electrons involved in the electron transfer step is the same (2e¯/2H
+
) [1, 4, 6]. Scheme 1 

indicated the electrochemical oxidation of HQ and CC. 

Insets of Figure 4 (A, B) show the relations between the anodic peak current values of HQ and 

CC versus the pH, respectively. The anodic peak current of HQ reached its maximum value at pH 7 

then decreased again. While for CC, the anodic peak current of CC increased until became constant 

with increasing the pH value. In the present study, pH 7.0 was chosen for subsequent measurements. 

 

3.5. Performance characteristics of the proposed sensor 

3.5.1. Stability studies 

Stability of the electrochemical response is an important characteristic of any sensor affecting 

its performance and impact toward the determination of different analytes. The stability of NFILCCP-

SDS sensor was investigated via repeated cycle stability up to 25 cycles in 1 mmol L
-1

 HQ/0.1 mol L
-1 

PBS/pH 7.0 and 1 mmol L
-1

 CC/0.1 mol L
-1 

PBS/pH 7.0. Stable response without obvious decrease in 

the anodic peak current or shift in the anodic peak potential was obtained in each analyte indicating the 

resistance of the suggested surface from fouling by the oxidation products (Figures not shown).  

The long-term stability of NFILCCP-SDS up to one month of storage was studied in 1 mmol L
-

1
 HQ/0.1 mol L

-1 
PBS/pH 7.0 and 1 mmol L

-1
 CC /0.1 mol L

-1 
PBS/pH 7.0. The electrodes were stored 

in open air at room temperature. There is no decrease in the current responses after one month of 

storage in both cases indicating excellent long-term stability of the electrochemical signals of HQ and 

CC at the suggested surface. 

Furthermore NFILCCP-SDS sensor was used to investigate the electrochemical responses 

toward each of 1 mmol L
-1

 HQ/ 0.1 mol L
-1 

PBS/pH 7.0 and 1 mmol L
-1

 CC/0.1 mol L
-1 

PBS/pH 7.0; 

for three times using the same electrode tested in the same solution. The relative standard deviation 

values were 0.736 % and 0.699 % for HQ and CC, respectively. Three different NFILCCP-SDS 

electrodes prepared by the same way tested in the same solution were utilized to perform three 

independent measurements in each of 1 mmol L
-1

 HQ/0.1 mol L
-1 

PBS/pH 7.0  and 1 mmol L
-1

 CC /0.1 

mol L
-1 

PBS/pH 7.0 to confirm the reproducibility of the proposed surface. The relative standard 

deviation values were 0.327 % and 0.466 % for HQ and CC, respectively. 
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Figure 4. Plots of the anodic peak potential of 1 mmol L
-1

 of HQ/0.1 mol L
-1

 PBS (A) and 1 mmol L
-1

 

of CC/0.1 mol L
-1

 PBS (B) versus the pH values in the range of (2-9). Insets: The relation 

between the current values of each analyte versus the pH values. 

 

3.5.2. Robustness` 

The stability of the current response was examined upon the influence of minor variation in the 

experimental parameters. The parameters under study were ILC % (20% ± 0.1), time before 

measurement (2 minutes ± 20 s) and pH change (7.0 ± 0.2). The relative standard deviation values 

were 0.750 %, 0.460 % and 0.742 % for HQ and 0.786 %, 0.442 % and 1.08 % for CC, respectively. 

These values confirm the robustness and the credibility of the present method during the 

measurements.  

 

3.5.3. Precision 

Analyses of the same concentration in a single run and in three separate runs three times were 

achieved for every compound to examine the intra-day and inter-day precisions, respectively. The 

relative standard deviation values were 0.674 % and 1.06 % for HQ and 0.209 % and 0.584 % for CC, 

respectively. These values confirm the convenience of the applied method for quality control analysis 

of HQ and CC with good precision. 

 

3.6. Selectivity and Interference studies 

Since the oxidation peak potentials for HQ and CC were close to each other, so the interference 

studies were investigated when they coexist in the same solution. Figure 5 shows the square wave 

voltammogram (SWV) of tertiary mixture of equimolar concentration of 1 mmol L
-1

 of HQ, CC and 

RC prepared in 0.1 mol L
-1

 PBS/pH 7.0 at NFILCCP-SDS. Three well-defined oxidation peaks were 

obtained with good potential peaks separation of 130 mV and 340 mV between HQ /CC and CC /RC, 
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respectively demonstrating the ability of the proposed surface to simultaneously detect HQ, CC and 

RC. 

Besides, the interference of various cations and anions existing in water samples like Na
+
, 

Mg
2+

, Pb
2+

, Cd
2+

, Mn
+2

, K
+
, Ca

+2
, Cu

2+
 and Cl

‒
 with 100-folds concentration has been investigated on 

the simultaneous
 
determination of HQ and CC at NFILCCP-SDS. It was found that no significant 

variation of the anodic peak current values of HQ and CC (less than 5%) due to the presence of these 

interfering ions with no shift in the oxidation potential values. This indicated the good selectivity and 

anti-interference capability of the proposed surface toward the simultaneous detection of structurally 

similar compounds in the presence of interfering ions. 

 

3.7. Analytical performance 

3.7.1. Determination of HQ and CC at NFILCCP-SDS 

The sensitivity of NFILCCP-SDS toward HQ and CC determination has been studied using 

square wave voltammetry (SWV) technique. Figure 6A (inset) shows the SWVs of the determination 

of HQ in the concentration range of 30 to 260 µmol L
-1

 in the presence of 200 µmol L
-1

 CC at 

NFILCCP-SDS. The calibration curve of HQ in the presence of 200 µmol L
-1

 CC is shown in Figure 

6A. The linear regression equation of HQ could be fitted to (eqn. 8): 

Ip (µA) = 0.3345 C (µmol L
-1

) + (–15.57)                          (8)                                        

R
2
 = 0.982 

The sensitivity of the proposed sensor toward HQ in the presence of 200 µmol L
-1

 CC is 0.3345 

µA/µmol L
-1

, detection limit is 0.120 µmol L
-1

 and quantification limit is 0.402 µmol L
-1

. 

 

 
 

Figure 5. SWV for tertiary mixture of equimolar concentration of 1 mmol L
-1

 of HQ, CC and RC 

prepared in 0.1 mol L
-1

 PBS/pH 7.0 at NFILCCP-SDS. 

 

On the other hand, the SWVs of the determination of CC in the concentration range of 30 to 

260 µmol L
-1

 in the presence of 200 µmol L
-1

 HQ at NFILCCP-SDS are shown in the inset of Figure 
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6B.The calibration curve of CC in the presence of 200 µmol L
-1

 HQ is shown in Figure 6B. The linear 

regression equation of CC could be fitted to (eqn. 9): 

Ip (µA) = 0.2696 C (µmol L
-1

) + (–10.34)                                        (9)                                   

R
2
 =0.975 

The sensitivity of the proposed sensor toward CC in the presence of 200 µmol L
-1

 HQ is 0.2696 

µA/µmol L
-1

, detection limit is 0.150 µmol L
-1

 and quantification limit is 0.498 µmol L
-1

.  

Moreover, the SWVs of the simultaneous determination of HQ and CC in the concentration 

range of 10 to 180 µmol L
-1

 at NFILCCP-SDS are shown in the inset of Figure 6C. The calibration 

curves of HQ and CC in the concentration range of 10 to 180 µmol L
-1

 are shown in Figure 6C and the 

inset, respectively. 

The linear regression equation of HQ in the concentration range of 10 to 180 µmol L
-1

 could be 

fitted to (eqn. 10): 

Ip (µA) = 0.3429 C (µmol L
-1

) + (0.3095)                              (10)                                         

R
2
 =0.989 

The sensitivity is 0.3429 µA/µmol L
-1

, detection limit is 0.118 µmol L
-1

 and quantification limit 

is 0.392 µmol L
-1

.  

And the linear regression equation of CC in the concentration range of 10 to 180 µmol L
-1

 

could be fitted to (eqn. 11): 

Ip (µA) = 0.1600 C (µmol L
-1

) + (–0.1105)                              (11)                                         

R
2
 = 0.989 

The sensitivity is 0.1600 µA/µmol L
-1

, detection limit is 0.252 µmol L
-1

 and quantification limit 

is 0.840 µmol L
-1

.  

The detection limit (DL) and quantification limit (QL) were calculated from the equations 

(eqns. 12, 13), respectively: 

DL= 3 s /b                                                                                (12) 

QL = 10 s/ b                                                                             (13) 

Where s is the standard deviation and b is the slope of the calibration curve. 

Table 2 shows comparison for simultaneous determination of HQ and CC at different 

electrodes based on literature showing a lower detection limit at the proposed sensor compared to other 

electrodes mentioned in literature. This comparison revealed that the synergistic presence of NdFeO3, 

ILC and SDS, facilitated the electron transfer rate and improved the detection limit values of HQ and 

CC at the proposed surface. 

 

3.7.2. Determination of HQ and CC in tap water samples 

The application of the simultaneous determination of HQ and CC in tap water sample was 

examined to evaluate the practicability of NFILCCP-SDS in real sample analysis. The recovery results 

were in the acceptable range of 98.6 % to 103.1 % and 99.04 % to 100.7 % for HQ and CC, 

respectively as shown in Table 3. This result ensured that this method is applicable for the 

simultaneous determination of HQ and CC in real samples with good accuracy and satisfied results. 
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Figure 6. (A) Calibration curve of HQ in the concentration range of 30-260 µmol L
-1

 in the presence             

of 200 µmol L
-1

 CC at NFILCCP-SDS. Inset: SWVs of HQ in the concentration range of 30- 

260 µmol L
-1 

in the presence of 200 µmol L
-1

 CC at NFILCCP-SDS.  (B) Calibration curve of 

CC in the concentration range of 30-260 µmol L
-1

 in the presence of                                                          

200 µmol L
-1

 HQ at NFILCCP-SDS. Inset: SWVs of CC in the concentration range of 30-260 

µmol L
-1     

in the presence of 200 µmol L
-1

 HQ at NFILCCP-SDS. (C) Calibration curve of HQ 

in the concentration range of 10-180 µmol L
-1

 at NFILCCP-SDS. Insets: SWVs of 

simultaneous determination of HQ and CC in the concentration range of 10-180       µmol L
-1 

at 

NFILCCP-SDS and calibration curve of CC in the concentration range of 10-180 µmol  L
-1

 at 

NFILCCP-SDS. 
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Table 2. Comparison of NFILCCP-SDS electrode with different modified electrodes mentioned in 

literature for simultaneous determination of HQ and CC. 

 

Electrode Linear dynamic range 

/ μmol L
−1

 

Detection limit / 

μmol L
−1

 

 

HQ  CC  HQ CC 

Copper(II) complex and single-walled 

carbon nanotubes modified glassy 

carbon electrode [3] 

5–370  5–215  1.46 3.50 

Activated graphene oxide modified 

screen printed electrode [5] 

1 –312  1 – 350  0.270 0.182 

Glassy carbon electrode modified 

with penicillamine [6] 

15–115  

 

25–175  1 0.6 

Cu-based metal organic frame and 

graphene oxide [7] 

0.1-476 0.1-566 0.1 0.1 

Carbon dots/ reduced graphene oxide 

composite on the glassy carbon 

electrode [8] 

0.5-1000 1.0-950 0.17 0.28 

Graphene–chitosan composite film 

modified glassy carbon electrode [11] 

1-300 1-400 0.75 0.75 

Cobalt ferrite modified carbon paste 

electrode [15] 

1-120 1-85 0.3 0.15 

Poly(3-thiophenemalonic Acid) 

modified glassy carbon electrode [18] 

7.81-500  3.91-500 7.81 3.91 

Poly(4-vinylphenylboronic acid) 

functionalized polypyrrole/graphene 

oxide nanosheets [20] 

4-22 7-16 0.53 0.96 

Graphene screen-printed electrode 

[39] 

1-35 1-38.1 2.7 1.7 

Gold nanoparticles mesoporous silica 

modified carbon paste electrode [40] 

10-1000 30-1000 1.2 1.1 

Glassy carbon electrode modified 

with carboxy-functionalized carbon 

nanotubes in a chitosan matrix and 

decorated with gold nanoparticles [41] 

0.5-1500 5-900 0.17 0.89 

Poly(niacinamide) modified glassy 

carbon electrode [42] 

10-160 10-120 0.31 0.24 

Electrochemically polymerized 

neutral red on the surface of carbon 

paste electrode [43] 

20-120 10-100 4.97 6.46 

Three-dimensionally ordered 

macroporous polycysteine film 

modified electrode [44] 

9-700 3-700 2 0.5 

A disposable pencil graphite electrode 

modified with cobalt-phthalocyanine 

[45] 

0.5-100 0.5-100 0.338 0.34 

Au-Pd nanoflower/reduced graphene 

oxide nanocomposite [46] 

1.6-440 2.5-460 0.5 0.85 
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Flower-like Pd–graphene composites 

[47] 

10-1000 10-1000 1.25 1 

Covalent layer-by-layer self-assembly 

of carboxylated- multiwall carbon 

nanotubes [48] 

10-120 5-80 2.3 1 

Reduced graphene oxide and 

multiwall carbon nanotubes hybrid 

materials [49] 

8-391 5.5-5400 2.6 1.8 

Poly (malachite green) coated 

multiwalled carbon nanotube film 

[50] 

10-480 30-1190 1.6 5.8 

NFILCCP-SDS [This work] 10-180 10-180 0.118 0.252 

 

                                          

Table 3. Evaluation of the accuracy and precision of the proposed method for the determination of HQ 

and CC in tap water sample. 

 

Sample. added µmol L
-1

 found µmol L
-1

 Recovery % 

HQ CC HQ CC HQ CC 

1 50 50 49.3 50.35 98.6 100.7 

2 70 70 72.17 69.33 103.1 99.04 

3 180 180 179.86 179.86 99.92 99.92 

4 320 320 319.74 321.31 99.92 100.41 

 

3.8. Electrochemical Impedance Spectroscopy 

Electrochemical impedance spectroscopy can successfully be employed for characterization of 

different electrochemical systems and to elucidate the electrode/electrolyte processes. A brief image of 

the surface modification and its corresponding variation in the charge transfer kinetics and capacitive 

components of the system can be presented by the aid of EIS. The impedance spectra in the form of 

Nyquist plots for CP and NFILCCP-SDS electrodes in HQ and CC are shown in Figure 7A and 7C, 

respectively. EIS experiments were applied in 1 mmol L
-1

 HQ/0.1 mol L
-1

 PBS/pH 7.0 and CC/0.1 mol 

L
-1

 PBS/pH 7.0 at an AC frequency (0.1 Hz to 100 kHz) at the corresponding oxidation potential 

values of analytes at the CP and NFILCCP-SDS electrodes, respectively. The Nyquist plots for CP in 

both cases of HQ and CC were identified by a semicircle part at higher frequency and a linear part at 

lower frequency. These parts are corresponding to electron-transfer limited and diffusion-limited 

processes, respectively. The semicircle diminished sharply, while a linear part only was obtained for 

NFILCCP-SDS in both analytes. These observations reflected that upon modification, the charge 

transfer resistance decreased reflecting the enhancement of the charge transfer rate owing to the 

interactive impact of the individual components of the proposed composite. Also, there is an obvious 

decrease in the values of the total impedance in the order of NFILCCP-SDS < CP at the same 

frequency value in both analytes (Figure 7A and C). A modified Randle’s circuit is used to fit the 

corresponding EIS data for both analytes (Inset of Figure 7A). The fitting data using this circuit are 

represented as solid lines in EIS spectra and a good agreement was obtained between the experimental 
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and fitting data. The proposed process involved a combination of kinetic and diffusion controlled 

processes. So, the equivalent circuit contained: Rs (ohmic solution resistance), Rct (charge transfer 

resistance), Yo1 (constant phase element owing to the roughness of the corresponding surfaces and 

reaction rates inhomogeneity at the surfaces) and Ws1 (Warburg impedance due to diffusion of 

corresponding ions from the bulk of solution to surface of the electrode). Table 4 contains the fitting 

data for both compounds corresponding to Figure 7.  

 

  

  
 

Figure 7. (A), (C) Typical impedance spectra presented in the form of the Nyquist plots for CP (○) and 

NFILCCP-SDS (∆) for HQ and CC, respectively. (Symbols and solid lines represent the 

experimental measurements and the computer fitting of impedance spectra, respectively). 

(Inset): Equivalent circuit used in the fit procedure of the impedance spectra. (B), (D) Bode 

plots for CP (○) and NFILCCP-SDS (∆) for HQ and CC, respectively. 

 

There is a decrease in the values of Rct and Ws1 of NFILCCP-SDS upon modification compared 

to CP indicating the characteristic features of the proposed surface. In addition, an obvious increase in 
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Yo1 value of NFILCCP-SDS compared to CP with n ~ 1 confirming the capacitive nature of the 

proposed composite. The impedance spectra in the form of Bode plots for CP and NFILCCP-SDS 

electrodes in HQ and CC are shown in Figure 7B and 7D, respectively. The total impedance values at 

relatively lower frequencies decreased in the order of NFILCCP-SDS < CP demonstrating a good 

agreement regarding total impedance between Nyquist and Bode plots. The total impedance at low 

frequency is corresponding to Rct values with the expected order in Table 4 showing the lowest values 

for NFILCCP-SDS in both analytes. EIS values revealed the combined interaction between the 

components of the proposed composite resulting in enhancing kinetic and thermodynamic favoring 

routes. 

 

Table 4. EIS fitting data corresponding to Figure 7 for HQ and CC. 

  

                                          HQ                                   CC 

CP NFILCCP-SDS CP NFILCCP-SDS 

Rs ( cm
2
) 232.1 76.85       82.75 71.19 

Rct ( cm
2
) 3158     1051  4214 1232 

Ws1 ( s
-1/2

) 4203 1321 3245 653.5 

Yo (F cm
−2

) 6.123  10
-6

 1.217  10
-3

 9.225  10
-6

 1.280  10
-4

 

n 0.862 0.898 0.871 0.913 

 

4. CONCLUSIONS 

In the present work, we utilized NdFeO3/ILC as in-situ modifiers for carbon paste electrode for 

the simultaneous determination of HQ and CC in the presence of sodium dodecyl sulfate. The 

NdFeO3/ILC modifiers increased the conductivity level and the surface area of the modified surface. 

Furthermore, SDS was used to enhance the current response and selectivity toward HQ and CC at 

NFILCCP electrode surface. Under the optimum conditions, the linear dynamic range for HQ and CC 

was 10 to 180 µmol L
-1

 with limit of detections of 0.118 µmol L
-1

 and 0.252 µmol L
-1

, respectively. 

The proposed composite showed a characteristic performance making it useful for determination of 

HQ and CC pollutants in environment and biological samples.  
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