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KEYWORDS Abstract This research not only assesses the phthalate molecular blocking effect on differential
Phthalic acid esters; pulse voltammetric nanosensor, but also qualifies phthalate blockers at too low concentrations.
Multi-walled carbon nan- To achieve these goals, the copper surface is modified by a two-ingredient paste containing elec-
otubes; troencephalographic gel (EEG) and multi-walled carbon nanotubes (MWCNTs). The Fe2+/Fe3 *
Molecular blocking effect; couple was chosen as a voltammetric signal generator. Di-buthyl phthalate (DBP), di-methyl phtha-
Voltammetric nanosensor; late (DMP), diethyl hexyl phthalate (DEHP) and dicyclo hexyl (DCHP) phthalate were assessed to
Box-Behnken design block the surface of fabricated nanosensor. The Box-Behnken design (BBD) was used to optimize

the experimental major parameters; Fe?™ and supporting electrolyte (KCI) concentrations, pH and
MWCNTSs/EEG ratio. The phthalate molecular blocker cuts the Fe?* oxidation signal because of
holding Fe?* ions back from the surface of the nanosensor. The optimum conditions were obtained
as Crea+ = 402 uM, Cgcy = 0.13 M, pH = 8.2 and MWCNTSs/EEG ratio = 0.09. The field emis-
sion scanning electron microscopy (FESEM), X-Ray diffraction (XRD), Fourier transform infrared
spectroscopy (FT-IR), Brunauer—-Emmett-Teller (BET) porosity analysis, differential pulse voltam-
metry (DPV) and electrochemical impedance spectroscopy (EIS) were employed for evidence giving
and gathering. The obtained results confirmed the molecular blocking effect of phthalates; and an
accepted linear relationship between signal cutback and blocker concentration was observed. The
limit of detection (LOD) and limit of quantitation (LOQ) were equal to 0.004-0.009 pgL ' and
0.01-0.03 pgL ™", respectively. Finally, the fabricated nanosensor was successfully utilized in aque-
ous real sample analyses, and satisfactory results were obtained.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Environmental pollution, especially pollution of water resources, is
currently an important challenge for humans and living organisms.
The wastewater produced by industries can contaminate water
resources and create adverse effects on ecosystem life as well as the
environment (Yousefi et al., 2019). Most of the water pollutants are
organic compounds with toxic, carcinogenic, mutagenic and terato-
genic effects (Zhang, et al., 2014). Among the pollutants, phthalic acid
esters (PAEs) with an estrogen-like structure are of great importance
due to the capability of disrupting the reproductive system of living
organisms. These chemicals are commonly used in plastic (Julinova
and Slavik, 2012; Zulfikar et al., 2022; Razavi et al., 2022), paint
(Pirsaheb et al., 2022), and cosmetic industries (Tang et al., 2021) to
increase the transparency, flexibility, durability, and longevity of the
products. Based on the reported studies, there are many concerns
about exposure to PAEs (Chen et al., 2005). Naarala (Naarala and
Korpi, 2009) and Olujimi (Olujimi et al., 2012) reported carcinogenic
effects of PAEs on the human body. Sedha et al. (Sedha et al., 2021)
showed that PAEs interfere with normal spermatogenesis and cause
DNA damage, testicular atrophy and cryptorchidism. Hoyer et al.
(Hoyer et al., 2018) investigated the impact of DEHP metabolites on
male reproduction and found a negative association between DEHP
metabolites and testosterone levels. In another study, researchers
determined the effects of DBP on lipid metabolism in liver and hepa-
tocytes. Results suggested that DBP could cause hepatotoxicity in nor-
mal body and abnormal metabolic bodies are more sensitive to the
toxicity (Yang et al., 2021).

PAEs can be determined by gas chromatography (GC) (Holadova
et al., 2007), high performance liquid chromatography (HPLC) (Liang
et al., 2008; Orsi et al., 2006), liquid chromatography coupled to mass-
spectrometry (LC-MS) (Net et al., 2015), GC-MS (Li et al., 2021a,b),
and liquid chromatography-gas chromatography coupled to mass-
spectrometry (LC-GC-MS) instruments (Espinosa et al., 2021). More-
over, different electrochemical methods have been employed for sensi-
tive determination of DEHP (Xiong et al., 2014; Annamalai and
Vasudevan, 2020), DEHP, DEP, DMP, and DBP (Zia et al., 2013),
DBP (Bolat et al., 2019), and DPP (He and Li, 2021).

In recent years, electrochemical analyses based on the chemically
modified electrodes have been widely used as selective and sensitive
analytical methods in environmental assays (Wu et al., 2017). These
studies have shown that chemical modification of an electrode may sig-
nificantly improve the quality of the electrochemical results (Padigi
et al., 2007; Yu et al., 2012).

Multi-walled carbon nanotubes are attractive nanomaterials for
electrochemical applications due to specific chemical, geometrical,
conductivity, electrical, and mechanical features (Wang et al.,
2009; Baughman et al., 2002). Moreover, a gigantic surface area
has made MWCNTs a promising choice for fabrication of electro-
chemical sensors (Keyvanfard et al., 2014; Dorraji and Jalali,
2014; Naganathan et al., 2018, Liao and Ko, 2015). In recent years,
MWCNTs-based electrodes have been successfully utilized for detec-
tion of various substances such as H,O, (Duan et al., 2020), 4-
aminoantipyrine (Gowda et al., 2015), dopamine (Keerthi et al.,
2019), glucose and amino acids (Gutierrez et al., 2016), quercetin
(Kan et al., 2016), clostridium tetani (Liu et al., 2016), heavy metals
(Palisoc et al., 2018), phenol (Wang et al, 2018), bilirubin
(Thangamuthu et al., 2018), meldonium (Gtiney, 2019), methdilazine
(Khan et al., 2017), ibuprofen, naproxen (Montes et al., 2016), tetra-
bromobisphenol A (Zhou et al., 2016), sulpiride (Khalil et al., 2020),
and luteolin (Zeng et al., 2021). The major part of published
research only focused on electrochemical signal enlargement. In con-
trast, the blocking effect of organic molecules on the surface of elec-
trodes on different redox probes has recently received some
attention in the field of electrochemical sensors. Kullapere et al.
(2012) reported the blocking effects of 4-nitrophenyl and 4-
decylphenyl groups on the Au electrode for electrochemical reduc-

tion of oxygen. Mooste et al. (Mooste et al., 2015) compared the
effects of different surface blockers on the Ni electrode on cathodic
peak current of ferricyanide ions and found that 4-bromobenzene
and 4-nitrophenyl had the minimum and maximum blocking effects,
respectively. The blocking effect of 1,10-phenanthroline on the sur-
face of a platinized-platinum electrode on the Cu®*/Cu® redox cou-
ple has been previously indicated by Rospendowiski et al. (2018).
Moreover, Tabanlgil Calam and Yilmaz (2021) suggested
1-amino-2-naphthol-4-sulphonic acid as an effective blocker which
decreases the anodic peak current of ferrocyanide ions on the sur-
face of a glassy carbon electrode. Dick et al. (2015) reported detec-
tion of electrochemically inactive biomacromolecules such as
antibodies, enzymes, and DNA by blocking a solution redox reac-
tion when molecules were adsorbed on the electrode sites and
blocked them. In that study, they were used a large concentration
of potassium ferrocyanide on an ultra-microelectrode. Darvishi
et al. (2021) reported surface blocking of an azolla modified copper
electrode for trace determination of PAEs as molecular barricade by
differential pulse voltammetry.

The response surface method (RSM) includes a collection of math-
ematical and statistical methods for optimization of the process
parameters and identifying the optimal conditions to obtain the best
analytical response. The method consists of three main steps of: (i) per-
forming statistically designed experiments, (ii) developing a significant
mathematical model, and (iii) prediction of the optimum responses via
the experimental data (Maran and Manikandan, 2012). The Box-
Behnken design is one of the most widely used response surface designs
for obtaining statistical conclusions from experiments. The Box—Behn-
ken design makes possible to study the main and interactive effects of
the various factors on the response (Tekindal et al, 2012).

To assess the phthalate molecular blocking effect on the fabricated
nanosensor, differential pulse voltammetric signal of a Fe*>* /Fe® " cou-
ple was utilized. The powerful instruments were employed to give valu-
able information during nanosensor fabrication and its surface
blocking. The Box-Behnken design was used to optimize the experi-
mental parameters including modifier to gel ratio, solution pH, con-
centrations of Fe?' ions and the supporting electrolyte. In
continuing with our previous study on the blocking of an azolla mod-
ified electrode surface (as a biosensor) (Darvishi et al., 2021), we utilize
MWCNTs for modification of Cu electrode surface to obtain a
nanosensor for detection of trace PAEs in aqueous solutions via the
blocking effect of PAEs to decrease the Fe?" /Fe*™ anodic signal.
According to the information we have, the electrode modification by
MWCNTs and the optimization of parameters by the Box-Behnken
design were investigated for the first time in this study.

In fact, in this research, phthalate blocks the electrode surface and
reduces the signal, and we obtained the concentration from the reduc-
tion of the signal. In previous reports, the increase of a substance led to
the growth of the signal, but herein, instead of increasing the signal, its
decrease was investigated.

2. Materials and methods

2.1. Chemicals and reagents

MWNTs with a purity of >95 wt% (carbon nanotubes), outer
diameter of 20-30 nm and the length of 10-30 um were
obtained from Nanosany corporation (Mashhad, Iran).
Phosphoric acid 85% (w/w), iron (II) chloride tetrahydrate
(FeCl,-4H,0) 99% (w/w), iron (III) chloride hexahydrate
(FeCl3-6H,0) 99% (w/w), potassium chloride 99% (w/w),
sodium chloride 99% (w/w), were purchased with high purity
from Merck (Darmstadt, Germany). Sodium hydroxide,
DBP, DMP, DCHP and DEHP were purchased from
Sigma-Aldrich (Milwaukee, WI, USA).
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The electroencephalography gel was purchased from Abzar
darman corporation (Tehran, Iran). Based on EDAX results,
the MWCNTs have C -more than 97% (w/w) and Co, Cl, S
and Al elements lower than 3% (w/w).

Stock solutions of PAEs (1000 mg L™!) were prepared by
dissolution of known amount of each chemical in methanol.
Moreover, a stock solution of Fe?" ions (107> mol L™") was
prepared by dissolving a certain amount of FeCl,-4H,O in
doubly distilled water. Phosphate buffer (0.01 mol L7,
pH = 7) was utilized for pH adjustment of the solutions,
and KCl, NaCl, KNO; and Na,SO, solutions (1 mol L™ ') were
prepared and used as the supporting electrolyte.

2.2. Instruments

All the electrochemical experiments were performed with a
Potentiostat-Galvanostat instrument (pAutolab, Netherlands)
equipped with a three-electrode cell consisting of nanosensor,
Ag/AgCl, and platinum rod as the working, reference and aux-
iliary electrodes, respectively. FT-IR spectrometer (Shimadzu,
Model 8900, Japan) was used to characterize the functional
groups of the MWCNTs before and after injection of PAEs.
Crystal structure of the MWCNTSs was determined by an X-
ray diffractometer (XRD, Model PW1730, Philips, the Nether-
lands) using Cu Ka radiation (A = 0.1541 nm) at 20 angle in
the range of 10° to 80°, and energy dispersive X-ray spec-
troscopy (EDS, Model MIRAII, TESCAN, Czech Republic)
was employed for the elemental analysis. Porosity of
MWCNTs was determined by Brunauer—-Emmett—Teller anal-
ysis (Model BELSORP MINI II, BEL, Japan) via heating up
to 450 °C in vacuum. Moreover, the morphology and size of
the MWCNTs were characterized by field emission scanning
electron microscopy (FESEM, Model MIRAII, TESCAN,
and Czech Republic). A Metrohm pH meter (model 827,
Switzerland) was utilized for pH adjustments.

2.3. Modification of copper electrode surface with MWCNTs

In this work, a cylindrical copper electrode (I.D. = 7 mm, O.
D. = 10 mm) was modified by MWCNTs and used as the
working electrode for trace determination of PAEs by DPV.
To modify the copper electrode, a certain amount of
MWCNTs was mixed with the electroencephalography gel
and the copper electrode was uniformly coated by the smooth
and adhesive paste. The modified electrode was then air-dried
for 10 min and the fabricated nanosensor was used for PAEs
determinations via blocking the surface of the electrode and
reduction in the DPV signal of the Fe**/Fe®" anodic peak.

2.4. Analytical procedure for determination of PAEs

Electrochemical determination of the PAEs was performed
based on their surface blocking effect on the fabricated
nanosensor for oxidation of ferrous ions. In each experiment,
5 mL Fe?" solution (10~ mol L™"), 1 mL phosphate buffer
(0.01 mol L', pH = 7), and 4 mL supporting electrolyte solu-
tion (0.1 mol L™') were added to the electrochemical cell.
Then, the differential pulse voltammogram was recorded in
the potential range of —1.0 to 1.0 V with a scan rate of
0.1 V s7! and the anodic peak current was measured for
Fe?*/Fe** as the redox probe. The same procedure was

repeated after injecting 20 puL of each PAEs solution into the
surface of the modified electrode by a microsyringe, which
resulted in a decrease in the anodic peak current for Fe? " jons.
Finally, the difference between the measured peak currents (Ai)
was recorded as the DPV response. After each experiment, the
modified working electrode was rinsed with pure methanol,
sanded and washed again with pure methanol to ensure remov-
ing the modifier from the electrode surface. Finally, the elec-
trode was placed in doubly distilled water. Surface
modification of copper electrode and the electrochemical sys-
tem are schematically indicated in Fig. 1.

2.5. Optimization of the conditions

In the study, the univariate method was first employed to
determine the optimum value of the solution pH, type of the
supporting electrolyte, and volume of the DBP solutions. In
the experiments, the anodic peak current of the Fe>" /Fe’ ™"
pair was recorded before and after injection of DBP into the
electrode surface to obtain the DPV response (Ai). Further
studies were then conducted through designing the experiment
and subsequent statistical analyses using Design-Expert soft-
ware (version 11.0). A Box-Behnken design with four factors
(modifier to gel ratio, solution pH, concentrations of Fe**
and the supporting electrolyte) was used for statistical opti-
mization of the electrochemical process. The studied factors
and their levels can be seen in Table 1 and the BBD matrix
is given in the Table S1.

3. Results and discussion

3.1. Characterization of MWCNTs modified copper electrode

BET analysis was used to measure the specific surface area
(SSA) and the porosity of the MWCNTs. The bigger the sur-
face area, the higher chance of Fe2" electrooxidation on the
modified surface of electrode. The results were: SSA = 62.21 m>

¢!, total volume of pores = 0.473 cm’® g~' and specific
Pt electrode

Ag/AgCl Modified Cu electrode

electrode

P

<:.\ IWCNT

+gel

/

a

BY )

PAEs infusion

/H

Fig. 1 Schematic image of modification of Cu electrode by
MWCNTs.
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Table 1 Independent variables and corresponding level setting.

Variable Symbol Levels
—1 0 +1
Fe?* (umol L™ A 250 400 550
pH B 7.2 7.7 8.2
Supporting electrolyte (mol L") C 0.05 0.10 0.15
Modifier/gel ratio D 0.05 0.07 0.09
diameter of each pore = 30.4 nm. These findings are so Adequate mechanistic information regarding nanosensor-

promising for on-going modification steps.

Fig. 2 shows the XRD pattern of MWCNTs which displays
a peak at 20 ~ 26° corresponding to the 002 plane of the gra-
phitic structure of the modifier. Also, the peaks at 43° and 54°
correspond to the 100 and 004 reflections (Atchudan et al.,
2015). These characteristic peaks confirm the structure of
MWCNTs.

To visualize very fine topographic properties of the modi-
fied surface of electrode, before and after PAEs injection,
low-kinetic-energy electrons penetrated to the immediate mate-
rial surface employed via FESEM. The images of MWCNTs
and MWCNTs-PAEs were shown in Fig. 3. The nano-scale
dimensions of the MWCNTSs are completely obvious in the
first image (a). Comparison of the images suggests that no sig-
nificant change occurs in the surface structure of the
MWCNTs after spiking by PAEs.

blocker interaction is so complicated to obtain. In spite of this
obstacle, FT-IR was used to study the interaction. The spectra
of raw MWCNTSs, nanosensor and PAEs-injected nanosensor
were shown in Fig. 4. In Fig. 4a, several peaks at 1725 cm ™',
2353 cm ™! and 3400-3600 cm ™' are good indications for the
carbonyl, carboxylic and hydroxide groups of MWCNTs elec-
trocatalyst, respectively. After blending the MWCNTs with
EEG, the fabricated nanosensor was analysed as shown in
Fig. 4b. The carbonyl stretching vibration appeared at
1725 cm™'. In the other region, a decrease was observed on
the COOH peak around 2352 cm~'. Moreover, additional
peaks in the range of 3400-3700 cm ! were detected. Here is
the start of a challenging part of mechanistic insight into inter-
actions. The EEG gel is mainly based on polyacrylate and
sodium chloride. The sodium acrylate ingredient is a suitable
candidate for Naexchange with strong H-bonded (COOH)

L ]
4 250
@ ®
JCPDS Na 01 0646
250001 2000 4
1 310
20000
? 1000 4
KA
&
2 15000 %01 “
S 0 v v v v v
4] "w ) xN -« ® w »
10000 20(ed)
5000
T o TR0 T IR 50 RNt TRt g Mar
26(deq)

Fig. 2 XRD pattern of MWCNTs (a) and ref pattern (b).
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Fig. 3 FESEM images of MWCNTs before (a) and after spiking by DEHP (b), DBP (¢), DCHP (d), and DMP (e).
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on MWCNTs electrocatalyst. The proposed reactions are sum-
marized below:

(0)
H
)’ko/ + Na®

|

0]

\)]\6+H+

It seems that the above-mentioned reactions and high cov-
erage of the surface (because of the high weight fraction of
EEG in the nanosensor) are responsible for the remarkable sig-
nal decrease around 2355 cm ™. Also, since the proposed reac-
tions are in equilibrium, new peaks were created in the OH
range (34003700 cm~'). Fig. 4c-d correspond to the
blocker-injection step. It’s clear that the injection of various
blockers carries the peaks, somewhat.

Transmittance

N e

0 500 1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm‘l)

Fig. 4 FT-IR spectra of MWCNTs before spiking (a),
MWCNTSs-EEG (b) and MWCNTs after spiking by DEHP (c),
DBP (d), DCHP (e) and DMP ().

(0]
)J\ Y
_ Na
o

The carbonyl stretching vibration was observed at
1628 cm~! (DCHP), 1626 cm™! (DMP), 1718 cm~' (DEHP)

H+

0
\)j\O/H

and 1720 cm™!' (DBP). The conjugated carbonyl in cases of
DCHP and DMP tend to lower FT-IR wavenumbers. The
major alteration occurred in the OH region (3400—
3700 cm™!). These changes in OH signals may be related to
an oxygen-hydrogen interaction of the phthalate carbonyl
group and MWCNTs surface hydroxyl. This idea is in agree-
ment with previously reported one (Baghayeri et al., 2014;
Yu et al., 2014; Gupta et al., 2013; Lehman et al., 2011;
Rausch et al., 2010; Ren et al., 2011; Abdel-Ghani et al.,
2015). At a pH higher than 6, the surface of the MWCNTs
electrocatalyst is negatively charged. This negative surface
attracts Fe?" ions via immigration. As a result, this immigra-
tion amplifies the total oxidation current of Fe*'. After
blocker injection, the negative sites on MWCNTs electrocata-
lyst surface (O7), fall in electrostatic attraction with partially
positive carbon of carbonyl groups of PAEs. This phe-
nomenon not only blocks the negative sites (O™) of the electro-
catalyst (MWCNTs), but also creates spatial hindrance on
interface of the nanosensor.

3.2. Optimization strategies

As previously mentioned, in preliminary experiments, the opti-
mum levels of the solution pH, type of the supporting elec-
trolyte and volume of the DBP solution were determined by
the univariate method. Fig. 5 displays the effect of the solution
pH on the value of Ai showing the maximum value of Ai at
pH = 8. Therefore, this pH was chosen as the optimal pH
level. The effect of the supporting electrolyte type on the value
of Ai in DBP solution is illustrated in Fig. 5. As indicated, KCl
(0.1 mol L") resulted in the best response and was chosen as
the supporting electrolyte. Additionally, Fig. 5 illustrates the
effect of the DBP solution volume on the Ai value. As shown,
the best response belonged to the 20 uL. of DBP solution and
then, this volume was selected as the optimum volume.

In this study, BBD as a response surface design was utilized
to obtain the optimum levels of the parameters affecting the
electrochemical response of the modified electrode. The effects
of the experimental variables including the modifier to gel mass
ratio (0.05-0.09), solution pH (7.2-8.2), Fe’** concentration
(250-550 pmol L™"), and supporting electrolyte concentration
(0.05-0.15 mol L™") on the response (Ai) were investigated to
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Fig. 5 The results of optimizing the effects of solution pH, the

volume of DBP solution, and type of the supporting electrolyte by
the univariate method.

determine the best combination of variables for the analyses.
The statistical parameters of the polynomial models developed
for the determination of DBP are shown in Table 2. As shown,
the highest values of the correlation coefficient (R?), adjusted
correlation coefficient (Adj R?) and predicted correlation coef-
ficient (Pred R?) were observed for the quadratic model devel-
oped for the electrochemical response. A value close to 1 for

R? indicates a strong relationship between the experimental
and predicted responses. Furthermore, adjusted R*> (0.9187)
indicated an improvement in fitting with the use of a quadratic
model. The predicted R® value (0.8537) matches with the
adjusted R?. The quadratic response surface model in terms
of actual factors is as follows:

Y=-31-0.02A4+5B+31.50 C+247 D +0.07 AD
—0.39 BC —32.50 BD — 247 CD — 0.16 B
—45C*-25D? (1)

The statistical significance of the developed quadratic
model was evaluated by ANOVA. Table 3 shows the results
of ANOVA for the quadratic model. According to the results,
p-value lower than 0.0001 for AD, BD, CD, and AZ? indicates
significant effects of the factors on the response. Moreover, the
parameters C, D and C? showed significant effects at a cer-
tainty of >99%.

Normal probability plot of the residuals and the plot of the
predicted versus actual responses are shown in Fig. 6. As
shown in Fig. 6a, the normal probability plot of residuals is
linear that confirms the model adequacy. Also, because of
the small residuals, it can be concluded that there are no pos-
sible irregularities. According to Fig. 6b, the model predicted
Ai values are relatively close to the diagonal line showing
goodness of fit of the developed model for predicting the elec-
trochemical responses and confirmed that the obtained
responses are very close to the predicted responses.

Table 2 The statistical parameters of the polynomial models developed for determination of DBP.

Model Standard deviation F p-value  Sequential Lack of Fit PRESS R? Adj R? Pred R?
p-value p-value

Linear 3.17 x 10°° 0.9091  0.0277 0.4744  0.0277 372 x 1071 0.1316  —0.0132  —0.03426

2-factor interaction  2.73 x 107° 2.40 0.0443 0.0704  0.0443 422 x 1071 0.5172 0.2489  —0.5202

Quadratic 8.97 x 1077 38.07 0.9043 < 0.0001  0.9043 406 x 107" 0.9593 0.9187 0.8537

Cubic 1.13 x 10°° 0.3532  0.5743 0.9124  0.5743 276 x 1071 09724  0.8710  0.0034

Table 3 Results of ANOVA for the quadratic model.

Source Sum of squares df Mean square F-Value p-value

Model 2.660 x 10710 14 1.900 x 10~ ' 23.60 < 0.0001 significant

A 5.796 x 102 1 5.796 x 10712 7.20 0.0178

B 1.421 x 10712 1 1.421 x 10712 1.77 0.2052

C 1.608 x 107! 1 1.608 x 107! 19.97 0.0005

D 1.319 x 107! 1 1.319 x 107! 16.38 0.0012

AB 2352 x 10713 1 2352 x 10713 0.2921 0.5973

AC 2.220 x 10712 1 2.220 x 10712 2.76 0.1190

AD 2.647 x 107! 1 2.647 x 107! 32.88 < 0.0001

BC 3.803 x 10714 1 3.803 x 1014 0.0472 0.8311

BD 4219 x 1071 1 4219 x 10! 52.39 < 0.0001

CD 3.576 x 107! 1 3.576 x 107! 44 .41 < 0.0001

A? 9.195 x 107! 1 9.195 x 107! 114.19 < 0.0001

B? 1.263 x 107'2 1 1.263 x 1012 1.57 0.2309

c? 9.994 x 1072 1 9.994 x 10712 12.41 0.0034

D? 2.160 x 10713 1 2.160 x 10713 0.26383 0.6126

Residual 1.127 x 1071 14 8.052 x 10713

Lack of Fit 5.465 x 1072 10 5.465 x 107" 0.3764 0.9043 Not significant

Pure Error 5.808 x 10712 4 1.452 x 1072

Total 2.773 x 10710 28
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Fig. 7 shows the perturbation plot exhibiting the effect of
each of the independent variables on the response. This figure
is useful to compare the effect of all factors in the experiment
and each response was plotted by changing one factor over its
entire range with other factors as constants (Maran and
Manikandan; 2012). As shown in Fig. 7, parameter A has
more deviation than B, C and D from the reference point.
Also, B and C have small deviations comparatively. A steep
slope or curvature in the plots suggests the sensitivity of the
response factor on the variable (Oh et al., 1995).

The three-dimensional response surface plots for the signif-
icant two-factor interactions of AD, CD, and BD are pre-
sented in Fig. 8. The interaction effect of the modifier/gel
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Fig. 7 Perturbation plot showing the effects of experimental
variables on the response. A: Fe’" concentration, B: pH, C:
supporting electrolyte, D: modifier/gel ratio.

ratio and solution pH on the response (C3; = 400 pM and
Ckc1 = 0.1 M) is shown in Fig. 8a. The plot shows that with
increasing the modifier/gel ratio, the response of the electrode
increased. Also, the figure indicates that pH effect on the
response depends on the modifier/gel ratio. Fig. 8b shows
the combined effects of modifier/gel ratio and the supporting
electrolyte concentration at pH = 7.7 and C&; = 400 pM.
As it can be seen, the response increases by increasing the sup-
porting electrolyte concentration and the effect of modifier/gel
ratio is similar to plot a. Fig. 8c indicates the interaction effect
of modifier/gel ratio and Fe>" concentration on Ai value at
pH = 7.7 and 0.1 M KCI. Obviously, the response decreases
by increasing the Fe? " concentration. Also, above 430 uM of
Fe?*, the response increases with increasing the concentration.
The main purpose of the response surface technique was to
obtain the optimal values for each factor that cause maximum
response (Ai). To obtain the optimal conditions, four model
predicted experiments were conducted, and the experiment
for which the response was close to the predicted answer by
the design was selected. According to the percentage of error
obtained, one experiment was selected as the optimal condition
and was used for further experiments. Comparison of the error
percentage, predicted and experimental values were shown in
Table 4. Therefore, Fe’" concentration of 402 pM,
pH = 8.2; and concentration of 0.13 M for KCI as the sup-
porting electrolyte was selected as the optimal condition.

3.3. Electrochemical impedance spectroscopy

Surface modification of the nanosensor and injection of PAEs
to its modified surface will change the resistive nature of the
interface. The electrochemical impedance spectroscopy was
used to touch these changes during above-mentioned steps.
Fig. 9(a) shows the Nyquist plot of the nanosensor. Based
on the circuit fitting and simulation, the constructed circuit
can be drawn as Fig. 9(b). Analysis of the proposed circuit
resulted to these figures: total resistance (Rt) = 654.8 KQ
and charge transfer resistance (Rcr) = 549.4 KQ. The Ry
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Table 4 The percentage of error, the predicted and experimental values by the model.

Fe’* (umol L") pH  Supporting electrolyte (mol L")

Modifier/gel ratio

Predicted Ai x 107> Experimental Ai x 107> E %

475 7.4 0.06 0.05
443 7.5 0.05 0.05
350 82 0.12 0.09
402 82 0.13 0.09

—5.02112 —4.5852 8.682
—5.0443 —4.6316 8.182
—5.03389 —4.935 1.964
—5.0349 —5.123 1.749

assigned for solid Fe(OH); and electrolye interface layer due to
trace formation of Fe(OH); in just vicinity of the bare copper
surface at pH = 7.0.

From the Nyquist plot in Fig. 10(a), it is obvious that a new
element should be added to the equivalent circuit of the mod-
ified surface of a nanosensor as drawn in Fig. 10(b). The

Rianosensor €lement comprises the modification step and an
MWCNTSs/EEG paste layer. In this case, Ry = 571.2 KQ
and Rer = 489.3 KQ. The Rggy rises 1.5 times, which means
well-built coverage of the bare surface of the copper electrode
during the modification step. The modification step uses two
materials; first, MWCNTSs powder that will increase conduc-
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Fig. 10 Nyquist plot of the modified electrode (a) and equivalent circuit model (b).

tance as an electrocatalyst and second, EEG that amplifies not —12.8% decrease in Rt and —10.9% decline in R, The
only charge transfer process but also paste conductance. These recent findings reveal the most important role of bare copper
ingredients determine the resistance of prepared paste. Accord- surface modification by MWCNTSs/EEG, which makes elec-

ing to above-mentioned data, the modified surface shows a tron transfer easier. This may be related to the large specific
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Table 5 Various Rcr values after PAEs injection as blocker.

Impedance spectra of nanosensor after injection of PAEs (a) and equivalent circuit model (b).

PEAs Rer (KQ) Error (%) ARc1* (KQ) AError” (%)
DBP 612.2 2.3 122.9 3.7
DMP 624.1 2.2 134.8 3.6
DCHP 645.0 2.4 155.7 3.8
DEHP 637.3 2.1 148.0 3.5

* Rt = 489.3 KQ for nanosensor, Error for nanosensor = 2.9%.

™ Error; % for nanosensor.

surface area, high porosity and electrocatalytic character of
MWCNTs.

In Fig. 11(a), the impedance spectrum of nanosensor after
blocker injection could be seen. Injection of PAEs as blockers
enlarges charge transfer resistance because of their blocking
effect on the nanosensor’s surface. This remarkable increase
caused the Rggg to be lost inside of the semicircle part. Blocker
injection not only alters the resistance (Rt = 665.8 KQ and
Rer = 612.2 KQ), but also eliminates one part of circuit as
seen in Fig. 11(b). Both of surface modification and injection
of blocker increase the resistance. Comparing with modified
surface, these growths are equal to 16.6% in Rt and 25.1%
in Ret. For that reason (25.1% magnification of Ret), blocker

effectively interacts with the surface of nanosensor and blocks
active sites of oxidation and consequently, oxidation peak
appears on the lower position in DPV. Fig. 11 and its equiva-
lent circuit lead us to the most interesting reason of this
research.

The various R¢r values for PAEs were calculated and sum-
marized in Table 5. The results in table, confirm the existence
of correlation between PAEs nature and changes in resistance
(ARc7). In the other words, chemical structure of PAEs is a
key factor affecting ARct. So, this can be used in characteriza-
tion of various PAEs based on ARt at the same concentra-
tion level. By taking a closer look, spatial hindrance of PAEs
plays major role in R shifts. The smaller blocker provides
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Table 6 Data obtained from differential pulsed voltammograms at different concentrations.
—Ai (A) x 10"3

CugLl™ DBP DMP DCHP DEHP
0.1 1.52 4.68 2.52 1.28
0.5 1.7 4.72 2.58 1.37
1 1.85 4.77 2.64 1.45
3 2.38 4.89 2.83 1.68
5 2.73 5.10 3.14 1.86
10 2.92 5.17 3.17 2.00
15 3.07 5.35 3.22 2.13
25 3.22 5.52 3.47 2.31
50 3.45 5.75 3.64 2.55
75 3.69 5.92 3.87 2.75
100 3.86 6.14 4.01 2.99
250 4.05 6.33 4.25 3.17
500 433 6.01 4.37 3.28
750 4.47 6.78 4.66 3.53
1000 5.05 6.95 4.95 3.74
5000 5.87 7.16 5.12 3.97
a
( ) 0.0001 (b) 0.0001
—— Without DCHP
13z L-1 DCHP —— Withoot DMP
g 155L-1 DMP
0.00008 10pgL-1 DCHP 0.00008 : 31
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Fig. 12 Anodic peak current of Fe**/Fe®" pairs after addition of PAEs as blocker to the MWCNTs modified Cu electrode. (Fe?*
concentration of 402 uM, 0.10 M KCI, pH = 8.0, modifier to gel ratio = 0.09, and 20 uL of PAEs solution).



DPV assessment of phthalate molecular blocking effect on MWCNTs modified Cu electrode 13

Table 7 Results of the PAEs determination by the proposed method.

PAEs LOD (ng LOQ (ug LDR (pg Linear equation Correlation coefficient
L) L) L) (R%)
0.1-5 y=-2x10"°%%—-2x10"° 0.9836
DBP 0.004 0.01 10-100 =-1x107x-3x107° 0.9747
250-1000 y=—-1x10%—-4x10"° 0.9252
0.1-5 y=-8x10"x=5x10"° 0.9875
DMP 0.009 0.03 10-100 =—1x10x=5x%x10"° 0.96
250-1000 y=-8x10"x—6x107° 0.9813
0.1-5 y=—-1x10°%%—-3x10"° 0.9888
DCHP 0.008 0.03 10-100 y=-9x10"%%—-3x107 0.9594
250-1000 y=—-1x10"%—-4x107° 0.9707
0.1-5 y=—-1x10°%%—1x10"° 0.9847
DEHP 0.008 0.03 10-100 =-1x107x-2x107° 0.9779
250-1000 y=—-8x10"x—-3x107° 0.9800
Table 8 Results of analyzing the real water samples.
Sample PAEs Added (ng LY Found (ug L™ Recovery% RSD%*
Tab water DBP 3.0 2.96 + 0.07 98.7 2.09
DMP 1.0 0.98 £ 0.08 98.0 2.52
DCHP 1.0 0.99 + 0.08 99.0 3.12
DEHP 3.0 2.96 + 0.05 98.7 2.93
Sea water DBP 3.0 2.93 + 0.04 97.7 2.95
DMP 1.0 0.99 £ 0.08 99.0 2.74
DCHP 1.0 1.00 £ 0.05 100.0 6.32
DEHP 3.0 2.95 + 0.05 98.3 1.68
Well water DBP 3.0 2.96 + 0.05 98.7 1.43
DMP 1.0 0.98 £ 0.08 98.0 2.83
DCHP 1.0 1.00 £ 0.05 100.0 6.43
DEHP 3.0 2.96 + 0.07 98.7 2.33
River water DBP 3.0 2.96 + 0.07 98.7 2.09
DMP 1.0 0.98 £ 0.08 98.0 1.53
DCHP 1.0 1.00 + 0.04 100.0 6.31
DEHP 3.0 2.96 + 0.07 98.7 3.09

* __ Standard deviation
RSD = T b

the better point-by-point coverage of surface that concludes
the bigger shift in charge transfer resistance.

The above-mentioned results, give us exciting sign of future
opportunity for developing the impedimetric nanosensor of
PAEs. This nanosensor will work based on the charge transfer
resistance shifts versus changes of PAEs concentration. It is
clear that the small changes in carbonyl group polarity will
affect ARct and bring selectivity for impedimetric nanosensor
of PAEs. Further research is needed to confirm these novel
findings.

3.4. Electroanalytical performance of nanosensor

3.4.1. Figures of merit

The figures of merit provide valuable information about the
sensitivity, precision and linear range of nanosensor. So, the
figures of merit of the proposed nanosensor were determined
under the optimum conditions for determination of PAEs. In
this study, separate standard solutions of PAEs in the concen-
tration range of 0.1 to 5000 pg L™ were used as blocker and

the resulted DPV signals were measured. Correlation between
the response (Ai) and the concentration of PAEs via DPV used
as the calibration curve. A linear relation between response
and Cpags were obtained in this range under the optimum con-
ditions. The oxidation current was extracted from the differen-
tial pulse voltammogram and was given in Table 6 along with
the concentrations of PAEs that show a good linear relation-
ship between the oxidation current and the concentration. As
shown in Fig. 12, different solutions of PAEs were used as
blocker and the resulted DPV signals were measured. It was
concluded that with increasing in the concentration of PAEs,
the current decreases and the potential shifts to the right and
positive values.

Limit of detection and limit of quantification were obtained
based on the following equations:

30

LOD =~ (2)
100

LOQ = (3)
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Table 9 Comparison of the proposed method with the previous works for determination of PAEs.

PAEs  Electrode LDR (ug LOD (ug LOQ (ug Correlation Ref.
LY LY L coefficient (R?)
DBP Hanging Mercury Drop Minielectrode 55.67— = 2324.14 0.9995 Qureshi
2783.40 et al., 2010
DBP Meniscus Modified Silver Solid Amalgam Electrode 556.68— - 556.69 0.9978 Qureshi
27834 et al., 2010
DEHP B-cyclodextrin—graphene hybrid composite modified 781.10— 46.87 - 0.9960 Xiong et al.,
glassy carbon electrode 7029.92 2014
DEHP glassy carbon electrode modified with - 78.11— 3.91 - 0.991 Xiong et al.,
cyclodextrin/graphene/1,10-diaminodecane 468.67 2015
DBP nitrogen doped graphene-CoSe,/gold nanowires 0.001— 0.00049 - 0.9940 Li et al.,
1000 2021a,b
DMP  Molecularly imprinted electrochemical impedance sensor 1.94— 0.87 - 0.9797 Bolat et al.,
194.18 2019
DBP Bimodal sensor based on Upconversion fluorescent 1073 =100  0.0087 - 0.9736 Rong et al.,
signal 2021
DBP Bimodal sensor based on surface-enhanced raman 1072 —=100 0.0109 - 0.9813 Rong et al.,
scattering signal 2021
DMP  Azolla modified copper electrode 0.5-1000 0.2-0.4 0.5-1.0 >0.99 Darvishi
DBP et al., 2021
DCHP
DEHP
DMP  Nanosensor 0.1-1000 0.004-0.009  0.01-0.03 >0.92 This study
DBP
DCHP
DEHP

where o is standard deviation of five replicates of blank mea-
surements and S is the slope of the calibration curve. More-
over, the linear dynamic range (LDR) was obtained from the
linear correlations between the response and PAEs concentra-
tions. Table 7 lists the LOD, LOQ, LDR and the linear regres-
sion equations.

3.5. Real samples

The real samples create a real challenge for the nanosensor. To
evaluate the suitability of the proposed modified electrode for
analysis of real samples, PAEs were measured in different sam-
ples including well water (Lakani Street, Rasht, Guilan, Iran),
tap water (Rasht, Iran), sea water (Caspian Sea, Guilan, Iran)
and river water (Shafarood River, Masal, Guilan, Iran). The
samples were first filtered to remove any particulates and then
were analyzed by the standard addition method. Based on the
method, the water samples were separately spiked by 20 pL of
each PAEs (1 pg L™!) and the DPV responses were obtained at
the optimum electrochemical conditions. Table 8 indicates the
results of five replicated measurements. As shown, the recovery
percentages were in the range of 98.0-100.0 with RSD values
ranging from 1.4 to 6.3%, which confirmed the high accuracy
and precision of the proposed method for determination of
PAEs in real water samples.

3.6. The comparative performance

In order to show the comparative efficiency of nanosensor, the
obtained results were tabulated with those reported by other
researchers for PAEs determination (Table 9). As shown in
Table 9, the detection limits of this work stay in the range of

0.004-0.009 pg L~! which is better than other studies. As is
evident, the proposed nanosensor possesses high sensitivity
and satisfactory performance for determination of PAEs in
the aqueous solutions.

4. Conclusions

The voltammetric signal decrease is the opposite side of routine elec-
trochemical sensor modification. In this side, we intentionally injected
the isolating molecular blocker into a fabricated nanosensor to mea-
sure signal cutback. The major parameters including Fe>" and sup-
porting electrolyte concentrations, pH and MWCNTSs/EEG ratio
were optimized using the Box-Behnken design. After optimization,
an acceptable correlation appeared in the signal cutback-PAEs concen-
tration graph. This finding not only assesses the phthalate molecular
blocking effect on differential pulse voltammetric nanosensor, but also
qualifies phthalate blockers at very low concentrations. After blocker
injection, the negative sites on the surface of MWCNTSs electrocatalyst
(O7), fall into electrostatic attraction with partially positive carbon of
phthalate carbonyl groups. This phenomenon not merely blocks the
negative sites (O™) of the electrocatalyst (MWCNTS), but also creates
spatial hindrance on interface of the nanosensor.
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