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In this work, a sensitive and efficient voltammetric biosensor was introduced for differential pulse
voltammetric (DPV) determination of some phthalic acid esters (PAEs) including dibutyl phthalate (DBP),
dimethyl phthalate (DMP), di(2-ethylhexyl)phthalate (DEHP) and dicyclohexyl phthalate (DCHP) in
aqueous solutions. Briefly, the surface of a copper electrode was modified by azolla paste prepared
using azolla powder and electroencephalography gel (EEG). The modified surface was characterized by
electrochemical impedance spectroscopy (EIS), field emission scanning electron microscopy (FESEM),
transmission electron microscopy (TEM), Fourier transform infrared spectroscopy (FT-IR), Brunauer—
Emmett-Teller (BET) analysis and energy dispersive X-ray (EDX) methods. Determination of PAEs was
conducted based on their blocking effect on the electrode surface for ferrous ion oxidation. The central
composite design (CCD) was conducted to optimize the effects of four experimental parameters
including the concentration of Fe2* ions (Cre2+) and supporting electrolyte (Csup. elec). solution pH and
modifier/gel mass ratio on the decrease in the anodic peak current of ferrous ions as the response.
Predicted optimal conditions (Crez+= 319 pM, Cqip. elec= 0.125 M, pH = 7.52 and modifier/gel mass ratio
= 0.19) were validated by experimental checking which resulted in an error of 1.453%. At the optimum
conditions, linear relationships were found between the DPV responses and PAEs concentrations and the
limit of detection (LOD) and limit of quantification (LOQ) values were in the ranges of 0.2—-0.4 ng L™* and
0.5-1.0 pg L™, respectively. Good recovery percentages ranging from 97.3 to 100.3% with RSD < 3.2%
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DOI: 10.1039/d1ra04714k suggested the proposed method for efficient, accurate and quick determination of PAEs in real water
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1_ Introduction cosmetics, perfumes and plastics. United States Environmental

Protection Agency (US-EPA) classified PAEs as major pollutants,
Phthalic acid esters (PAEs) are a group of hand-made chemicals ~according to which the maximum allowable limit of DEHP in
used as softeners, stabilizers or additives in many consumer drinking water was considered at 6 pg L' Also, the
and industrial products. Humans are exposed to these threshold limit values for DCHP, DBP, DMP and DEHP that
substances throughout their lives, even in the womb through cause apparent changes (color, smell, taste) in water are 0.55,
maternal contact.' They lower testosterone and cause abnor- 0.45, 5.0 and 5.0 mg L', respectively."* PAEs are commonly
malities in the male reproductive system and may have carci- determined using gas chromatography (GC),"* high perfor-
nogenic effects and cause genetic damage.>* These substances mance liquid chromatography (HPLC),** LC-MS and GC-MS
may enter the environment during production, use or destruc- instruments.'”** Although these techniques are accurate and
tion of products and cause pollution to water, soil and atmo-  sensitive, they require very expensive and sophisticated tools,
sphere. Some PAEs such as dibutyl phthalate (DBP), di(2- skilled users, and sample pretreatment methods. Therefore,
ethylhexyl)phthalate (DEHP), dimethyl phthalate (DMP) and utilizing inexpensive, rapid and sensitive methods for deter-
dicyclohexyl phthalate (DCHP) are used in insecticides, mining of PAEs is very essential. Electrochemical methods
including electrochemical sensors have been used as a powerful
analytical tool for studying and determining PAEs due to their
sensitivity, simplicity, low cost and easy sample
miniaturization.**-**
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Azolla fern that is seen in still waters has small leaves with
dark green or reddish-brown color and a length of 2.5 cm. It has
symbiosis with the blue-green algae, called Anabaena that acts
for assimilation and fixation of atmospheric nitrogen.*® Six
known species of azolla are widely distributed in temperate,
tropical and subtropical regions of the world. The growth rate of
this plant is so high that it weighs twice as much every day. The
life cycle of azolla plant is 15 to 30 days. The chemical compo-
sition of azolla varies according to the growth stage and envi-
ronmental conditions.?® Up to now, raw and magnetite modified
azolla have been successfully employed for adsorption and
phytodegradation of different water pollutants.””-**

In this work, PAEs played as the electrode surface blocking
and reducing the anodic peak current. As it was published in
the earliest report, detecting electrochemically inactive bio-
macromolecules, such as enzymes, antibodies, and DNA was
demonstrated by blocking a solution redox reaction when
molecules adsorb and block electrode sites. For this purpose,
a large concentration of potassium ferrocyanide on an ultra-
microelectrode was used.** In a previous study, reduced gra-
phene oxide/glassy carbon electrode (rGO/GCE) was used for
electrochemical detection of alloxan. Differential pulse vol-
tammetry (DPV) was used for improving the sensitivity of
alloxan detection through its blocking effect on the electrode
surface.*® In another work, DPV was used for the electroana-
lytical detection of p-nitroaniline as a surface blocker for the
synthesized silver nanoparticles.** In other study, a core-shell
structure was synthesized by porous conjugated metal-
loporphyrins and graphene oxide, with excellent performance
in the electrocatalytic reduction of trace nitrobenzene. The DPV
current decreased with increasing the concentration of nitro-
benzene.*® In another study, the nonylphenol molecularly
imprinted polymers were grafted on the surface of acrylamide
functionalized MWCNT modified glassy carbon electrode. This
sensor was used for detection of nonylphenol. Based on the
results, DPV signal was reduced by increasing the concentration
of nonylphenol on decreasing current.*® In another work, the
electrochemical sensor was designed by electrodepositing
molecularly imprinted poly p-aminothiophenol (PATP) based
on graphene-Au nanoparticles multilayer films. According to
DPV signal, this sensor exhibited high sensitivity to detection of
nonylphenol. It was observed that with increasing the concen-
tration of nonylphenol, the obtained current decreased.*”
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Fig.1 The molecular structure of PAEs.
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Central composite design (CCD) is one of the most popular
response surface methodology (RSM) designs for modeling the
relationship between the experimental factors and the observed
responses. Optimization of chemical processes using this
scheme consists of three steps: (i) performing statistically
designed experiments, (ii) developing a significant mathemat-
ical model, and (iii) predicting the optimum responses through
the experimental space.® Central composite design (CCD) is
a RSM that have been used for process modeling from two or
more factors, generally involving five levels. The CCD consists of
a two-level full factorial design, a star design, and the central
point. One of the advantages of the CCD is that the full two-level
factorial design can be performed preliminarily for a previous
evaluation of the factors and afterward used in the RSM.***

In some electrochemical studies, RSM design was used to
determine the optimal values of experimental factors. In one
study, magnetic ion imprinted polymer modified glassy carbon
electrode (GCE) was synthesized and used for determination of
Pb>" contents in complicated samples. Effective parameters for
detection of Pb>" were studied by DPV and Box-Behnken design
(BBD) method to establish optimum conditions.** In other
study, Au nanoparticles modified choline chloride functional-
ized graphene oxide (AuNPs-ChCl-GO) was fabricated for DPV
measurements and CCD design was used for optimizing of
experimental factors.”” In another research, an electrochemical
sensor for the detection of amoxicillin was prepared using TiO,-
g-C3N,@Au NPs composites after obtaining the optimal condi-
tions by BBD design.*®

In this effort, we report new approach for surface modifica-
tion and surface blocking of biosensor. The biosensor response
was optimized by RSM-based method using DBP and after that
the optimized biosensor was utilized for determination of four
PAEs in aqueous solutions. Specifically, we investigated the DPV
signal cutback track that has been established by A. J. Bard.*?
PAEs were determined based on their blocking effect on the
electrode surface for oxidation of ferrous ions. RSM method was
followed to optimize the effects of four experimental variables
on the decrease in the anodic peak current of Fe>" ions as the
electrochemical response. Finally, figures of merit of the
proposed electrode for determining PAEs were obtained. To the
best of our knowledge, combination of an azolla modified
copper electrode with RSM has not been already employed for
determination of PAEs based on their surface blocking effect.
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Fig. 2 Effect of azolla modification of copper electrode on the anodic
peak current of Fe?*/Fe" pairs.

2. Experimental
2.1. Materials and apparatus

Phosphoric acid 85% (w/w), iron(u)chloride tetrahydrate
(FeCl,-4H,0), potassium chloride, sodium chloride, potassium
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nitrate and sodium sulphate were purchased with high purity
from Merck (Darmstadt, Germany). Sodium hydroxide, DBP,
DMP, DCHP and DEHP were purchased from Sigma-Aldrich
(Milwaukee, WI, USA). Chemical structure of the studied PAEs
is shown in Fig. 1. Electroencephalography gel was purchased
from Abzar darman (Tehran, Iran).

In the work, a cylindrical copper electrode (LD = 7 mm and
O.D. = 10 mm) along with an Ag/AgCl reference electrode and
a platinum counter electrode were utilized. All electrochemical
experiments were performed with Potentiostat-Galvanostat (pAu-
tolab, Netherlands) equipped with a three-electrodes cell at room
temperature (r.t). The cell consisted of the azolla modified copper
electrode as working electrode, an Ag/AgCl reference electrode and
a Pt counter electrode. A WTW pH meter (InoLab 7110, Germany)
was utilized to adjust the pH of solutions. Fourier transform
infrared spectroscopy (FT-IR) (Shimadzu, 8900, Japan) was used to
study the azolla surface before and after exposure to PAEs. Field
emission scanning electron microscopy (FESEM) (TESCAN, Mira3,
Czech Republic) and transmission electron microscopy (TEM,
Philips, CM120, Netherlands) images were obtained to study the
size and morphology of particles. Nitrogen adsorption-desorption
experiments were carried out at 77 K on a Belsorpmini II acceler-
ated surface area and porosimetry system (Microtrac Bel Crop,
Japan). The Brunauer-Emmett-Teller (BET) surface area (Sggr) was
calculated from the linearity of the BET equation. The surface area,
volume and pore diameter of particles were calculated from pore
size distribution curves using the Barrett-Joyner-Halenda (BJH)

Pt counter electrode

/
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PAEs
injection

Cu electrode

Ag/AgCl Reference
Electrode

Sample vial

Fig. 3 Schematic image of azolla modification of Cu electrode in the three-electrodes cell.

32632 | RSC Adv, 2021, 11, 32630-32646

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra04714k

Open Access Article. Published on 05 October 2021. Downloaded on 1/20/2026 1:52:28 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

Paper

formula. Energy dispersive X-ray (EDX, TESCAN, Mira2, Czech
Republic) analysis was carried out to obtain the elemental
composition of azolla.

The Design-Expert software was utilized (the Design-Expert
12, DOE software, Stat-Ease, Minneapolis, MN55413, USA) to
optimize the effective parameters via CCD method.

2.2. Preparation of standard solutions

Standard solution of Fe®" ions (10~ mol L") was prepared by
dissolving a certain amount of FeCl,-4H,0 in doubly distilled
water (DW). Phosphate buffer (0.01 mol L', pH = 7) for
adjusting the pH of solutions and KCl, NaCl, Na,SO, and KNO;
solutions (0.1 mol L") were prepared as supporting electrolyte.

2.3. Preparation of azolla powder

To prepare the azolla powder for modification of electrode
surface, sufficient amount of Azolla filiculoides Lam was
collected from Anzali wetland (Guilan, Iran) and washed five
times with tap water and then, with DW. After that, the cleaned
azolla was dried in an oven at 60 °C for three days and then, was
grounded in a mortar. The resulting powder was sieved through
a 200-mesh sieve to produce the particle size of <74 microns.?®

2.4. Electrochemical measurements

To modify the copper electrode, a certain amount of azolla
powder was mixed with electroencephalography gel to obtain
a smooth paste with good adhesion and the surface of copper
electrode was covered by this paste. After each experiment, the
modified working electrode was rinsed with pure methanol to
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remove the modifier from the electrode surface. Then, it was
sanded and washed again with pure methanol and finally
placed in distilled water. Fig. 2 shows the effect of modification
of the surface of copper electrode on the oxidation peak current
of Fe*"/Fe®" pairs. Obviously, the anodic peak current increases
in presence of the azolla modifier on the surface of the copper
electrode.

In each experiment, 1 mL of phosphate buffer (0.01 mol L™,
pH = 7), 5 mL of Fe** solution (10 ® mol L") and 4 mL of
supporting electrolyte solution (0.1 mol L"), were added to the
electrochemical cell. For measuring the anodic peak current of
Fe®'/Fe*" pairs on the surface of un-modified and azolla modi-
fied copper electrodes, the applied potential was scanned
between —1.5 to +1.5 V during pretests. After that, well-defined
peak was recognized between —0.2 to +0.4 V, but all experiments
were done on the potential range of —1 to +1 V (Fig. 2). Then, 20
pL sample solution containing certain concentration of each
PAE, as blocking agent, was separately injected into the surface
of modified electrode with a microsyringe. Thereafter, the
cutback in DPV response of Fe*'/Fe’" pairs was measured by
scanning potential between —1 to 1 V. Fig. 3 shows the sche-
matic of azolla modified working electrode in the three-
electrodes cell.

3. Results and discussion

3.1. Characterization of azolla powder

TEM and FESEM images of azolla powder, before and after
spiking by 3 ug L™ " PAEs, were shown in Fig. 4. As shown, the
average particle size and the pore size were in the micrometer
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Fig. 4 FESEM images of (a) azolla, (b) azolla + DMP, (c) azolla + DEHP, (d) azolla + DBP, (e) azolla + DCHP and (f) TEM image of azolla.
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Fig. 5 FT-IR spectra of azolla before and after PAEs injection: (a)
azolla, (b) azolla + gel, (c) azolla + gel + DBP, (d) azolla + gel + DMP, (e)
azolla + gel + DCHP, (f) azolla + gel + DEHP.

and nanometer scales, respectively. EDX analysis was used to
investigate the composition of elements in azolla powder.
According to the obtained results (Fig. S1t), C (56.3%) and O
(36.5%) were the most abundant elements in the powder.
Moreover, Si (1.5%), Na (1.2%), K (1.1%), Al (0.9%) and other
elements including Mg, S, Ca and Cl (<2.5%) were observed in
the azolla powder. BET analysis was used to measure the
porosity and surface area of azolla powder. According to the
obtained results (Fig. S2), V,, (BET monolayer capacity), the
BET surface area (Sggr), total pore volume (p/p, = 0.990) and
mean pore diameter were 0.178 cm® (STP) g%, 0.775 m> g,
0.0051 cm® g~ ' and 26.554 nm, respectively. The pore size
distribution of the sample was calculated by the desorption
branches of the isotherm using the BJH formula. Values of V,
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Table 1 Independent variables and levels
Levels

Variable Symbol —« -1 0 +1 +a
Fe** (uM) A 200 300 400 500 600
pH B 7.20 7.45 7.70  7.95 8.2
KCl (M) C 0.050 0.075 0.100 0.125 0.220
Modifier/gel mass ratio D 0.10 0.3 0.16 0.19 0.22

(the mean volume of the pores) = 0.005425 cm® g, a;, (surface
of pores) = 1.6527 m”> g~ ', and rp pear (area) = 1.64 nm were
obtained by the BJH plot (Fig. S3t1) showing that the azolla
powder has pores with a diameter of nanometers.

FT-IR spectra of azolla before and after spiking with each
PAE were shown in Fig. 5. Azolla peaks are marked and the band
at 3438.84 cm ™! is related to the stretching vibration of hydroxyl
group. The band at 2918.10 cm™' is related to the C-H
stretching. The bands at 1656.74 cm ™" and 1631.67 cm ™' can be
attributed to C=0 and N-H stretching vibrations, respectively.
Additionally, the bands of C-O and C-N stretching vibrations
are observed in 1105.14 cm ™' and 1066.54 cm™ ", respectively.
Notably, the peaks observed in the azolla spectrum showed
a relative reduction after injection of PAEs. The observation is
probably due to the fact that amino acid groups of azolla binds
to the C-O group in PAEs. As the amount of PAE increases, more
surface area of the electrode is occupied. With the formation of
this molecular barrier, the possibility of reaching Fe** to the
electrode surface decreases and the oxidation peak of Fe**/Fe**
pair is reduced.

3.2. Optimization experiments

In this research, firstly we tried to select the proper potential for
redox pair of Fe*'/Fe’" and made efforts to maximize the cor-
responding DPV signal. After that, in preliminary experiments,
we examined the various levels of each parameter to find the
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Fig. 6 The results of optimizing the effects of (a) type of the supporting electrolyte, (b) solution pH and (c) the volume of DBP solution.
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Table 2 Matrix of CCD and DPV response (Ai) for DBP as model PAE
compound

i“ i —Ai
Std order A B c D (x10%)  (x10°)  (x10°%)
1 300 7.45 0.075 0.3 10.30 4.87 543
2 500 7.45 0.075 0.13  8.31 3.16  5.15
3 300 7.95 0.075 0.13 11.57 6.22  5.35
4 500 7.95 0.075 0.13 26.90 2170  5.20
5 300 7.45 0125 0.13 1130 6.07  5.23
6 500 7.45 0125 0.13  9.89 5.63  4.20
7 300 7.95 0125 0.3 1690 1170  5.20
8 500 7.95 0125 0.13  10.40 5.95  4.45
9 300 7.45 0.075 019  8.35 595  5.00
10 500 7.45 0.075 0.19 22.00 16.70  5.30
11 300 7.95 0.075 0.19 26.90 2230  4.60
12 500 7.95 0.075 0.19 2670 2170  5.20
13 300 7.45 0125 0.19  14.00 857  5.43
14 500 7.45 0125 019 8.2 3.03 5.9
15 300 7.95 0125 0.19 10.10 4.87 523
16 500 7.95 0125 0.19  8.24 3.05  5.19
17 200 7.70 0.100 0.16  8.37 320  5.17
18 600 7.70 0.100 0.16 1530  10.60  4.70
19 400 7.20 0.100 0.16 2630  21.10  5.20
20 400 820 0.100 0.16 11.70 6.67 5.3
21 400 7.70  0.050 0.16 27.00  21.80  5.20
22 400 770  0.150 0.16  9.90 4.87  5.03
23 400 7.70 0.100 0.10  8.37 3.20  5.00
24 400 770 0.100 0.22 26.80  21.60  5.20
25 400 7.70  0.100 0.16  11.50 6.27  5.23
26 400 770  0.100 0.16  14.70 9.41  5.29
27 400 7.70  0.100 0.16  9.99 4.69  5.30
28 400 770  0.100 0.16  12.50 722 5.28
29 400 7.70  0.100 0.16  11.40 6.17  5.23
30 400 770 0.100 0.16  8.40 311  5.29

4§, = DPV response of azolla modified copper electrode. ? i, = DPV
response after DBP injection as blocker.

best electrolyte salts and the best effective intervals for each
parameter for further optimization by CCD. The optimization
was performed for DBP and the optimum parameters were used
for measurements of all the investigated PAEs compounds.
3.2.1. Preliminary experiments. At first, the effects of type
of supporting electrolyte, solution pH and the volume of injec-
ted DBP solution on the electrochemical response were inves-
tigated by one at a time method. The results of the experiments
were shown in Fig. 6. As shown in Fig. 6a, among the utilized
supporting electrolyte (KCl, NaCl, Na,SO, and KNOj;), KCl
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(0.1 mol L") caused the highest value of A7 and was selected as
the best supporting electrolyte (pH = 7 and the volume of
injected DBP solution = 10 pL). The results of the effect of
solution pH (in the range of 7-9) on Ai is illustrated in Fig. 6b
(KCI = 0.1 mol L ™" as supporting electrolyte and the volume of
injected DBP = 10 pL). According to the results, pHs around 8
showed the better response. To investigate the volume of
injected DBP solution to the surface of electrode, injection
volumes of 5-25 pL were studied (KCl = 0.1 mol L™ " and pH =
8). DPV response (A7) was enhanced by increasing the volume of
analyte. According to surveys (Fig. 6¢), 20 uL of DBP was selected
as the best.

3.2.2. The central composite design optimization method.
In the present study, CCD as a response surface design was
utilized to obtain the optimum levels of the parameters
affecting the electrochemical response (Ai) of the modified
electrode. The effects of four experimental variables, including
Fe®" concentration (200-600 pM), KCl (0.05-0.22 M), solution
pH (7.2-8.2) and azolla modifier to gel mass ratio (0.10-0.22)
were studied. As mentioned earlier, optimization was per-
formed for DBP and the optimum parameters were used for
measurements of all the investigated PAEs compounds. Levels
of the independent variables can be seen in Table 1 and CCD
matrix is shown in Table 2.

To investigate four factors, CCD consisted of 30 experiments
were designed with CCD model. In this model, each factor has
five different levels including: —a (1 run), —1 (8 runs), 0 (12
runs), +1 (8 runs), +« (1 run). Center runs provided information
about the presence of curvature in the system, and « value was
calculated as a = (2n)"'* where 7 is the number of factors.*

Performance of the process was evaluated by analyzing the
obtained responses using the ANOVA table to evaluate the
model.

The statistical characteristics of the regression models
developed for the experimental data were compared in Table 3.
According to the results, a quadratic model was identified as the
best response surface model for the electrochemical response.
The model in terms of actual input variables is as follows:

Ai=3.8+0.01494 — 3.3B + 46.6C — 26D — 0.0023AB
+0.06324C — 0.05894D (1)

~5.5BC + 7.4BD — 249.2CD + 0.000008 4> + 0.238 B>
+ 63.8C% + 48.5D7

Table 3 The statistical parameters of the polynomial models developed for DPV response of DBP

Source Sequential p-value Lack of fit p-value R* Adjusted R* Predicted R

Linear 0.2392 <0.0001 0.1911 0.0617 0.2350

2-Factor interaction <0.0001 0.0022 0.8826 0.8209 0.7836

Quadratic <0.0001 0.2135 0.9886 0.9780 0.9439 Suggested
Cubic 0.2720 0.2202 0.9960 0.9834 0.7347 Aliased

“ The correlation coefficient value must be in the range of 0-1, with the larger values being more desirable.
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Table 4 ANOVA results for the quadratic model obtained for DBP as PAE model compound

Source Sum of squares Df Mean square F-value p-Value Remark
Model 2.258 x 107 14 1.613 x 10~ 93.02 <0.0001 Significant
A 2.667 x 10! 1 2.667 x 107" 153.82 <0.0001 Significant
B 8.438 x 10° 1 8.438 x 107" 4.87 0.0434

c 8.760 x 10~ '? 1 8.760 x 10~ 2 50.52 <0.0001 Significant
D 7.370 x 1072 1 7.370 x 1072 42.51 <0.0001 Significant
AB 5.176 x 10~ "2 1 5.176 x 10~ 2 29.85 <0.0001 Significant
AC 4.001 x 10! 1 4.001 x 10~ 230.73 <0.0001 Significant
AD 5.006 x 10~ 1 5.006 x 10~ 288.69 <0.0001 Significant
BC 1.891 x 107" 1 1.891 x 1072 10.90 0.0048 Significant
BD 4.951 x 102 1 4.951 x 10 *? 28.55 <0.0001 Significant
CcD 5.588 x 10" 1 5.588 x 10~ 322.26 <0.0001 Significant
A® 1.977 x 107! 1 1.977 x 107" 114.01 <0.0001 Significant
B 6.086 x 10" 1 6.086 x 10~ 3.51 0.0806

c? 4.366 x 102 1 4.366 x 1072 25.18 0.0002 Significant
D’ 5.225 x 1072 1 5.225 x 10~ 2 30.13 <0.0001 Significant
Residual 2.601 x 102 15 1.734 x 107"

Lack of fit 2.101 x 1072 10 2.101 x 107 2.10 0.2135 Not significant
Pure error 5.000 x 10 5 1.000 x 10° "

Core total 2.284 x 107 29

The model showed a p-value <0.0001, lack of fit p-value =
0.2135, correlation coefficient (R*) = 0.9886, adjusted correla-
tion coefficient (Radjz) = 0.9780, predicted correlation coeffi-
cient (Rprea’) = 0.9439 was identified as the best response
surface model for the electrochemical response. It can be seen
that the numerical values of the correlation coefficient and the
adjusted correlation coefficient are close to each other and both
are more than 97%. The statistical quality of the quadratic
model and its significance were assessed by analysis of variance
(ANOVA).

The results of ANOVA for the quadratic model were shown in
Table 4. According to this table, the Fisher ratio was equal to
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93.02, which indicated high statistical validity and excellent
matching to the response level. Moreover, p < 0.0001 implied
the model was significant at 99.99% confidence level. The
results also indicated that the lack of fit was not significant
relative to the pure error. Based on ANOVA results, the main
effects of A, C, D, interaction effects of AB, AC, AD, BD, CD and
second order effects of A>, C* and D were highly significant to
the response at 99.9% of confidence level. The terms of B, B>
and BC had also significant effects on the response at >99%
confidence level.

Correspondence of the generated response surface model to
the electrochemical responses is graphically illustrated in Fig. 7.
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(a) Scatter plot of the predicted versus actual responses (b) normal plot of residuals response.
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Fig. 8 Perturbation plot showing the effects of experimental variables
on the response.

The data were calculated by the Design Expert software through
employing the values of four studied variables as inputs of the
quadratic model (eqn (1)), and obtaining the corresponding Ai
values. As shown in Fig. 7a, the model predicted Ai values very
close to the diagonal line, which indicates that the obtained
responses are very close to the predicted responses. Moreover,
the normal probability plot given in Fig. 7b proves the existence
of homogeneous error variances.

Fig. 8 indicates the net effects of the experimental variables
on the electrochemical response. Based on the perturbation
plot, clear nonlinear correlations exist between the response
and the studied factors. As shown, the steepest curvature
belonged to A (Fe** concentration) suggesting that A/ was very
sensitive to the variable. Moreover, the response was more
sensitive to D (modifier/gel mass ratio) compared to the other
experimental variables.

For accurate understanding of the significant two-factor
interaction effects on the response of the model, response
surface 3D plots as a function of the two independent variables,
maintaining other variables at their middle levels were used.

Fig. 9(a) shows the significant combined effects of pH and
the Cge. It can be seen, the response (Af) was decreased by
increasing the concentration of Fe*" and after 400 uM of Fe*",
the response was increased. Also, the figure indicates that pH
effect on the response depends on the concentration of Fe*'.
Fig. 9(b) indicates the effects of Cgyup. ciecc and Cpe2. The plot
shows that with increasing of the concentration of the sup-
porting electrolyte, the response of the electrode decreased. The
effect of Cge>- in this plot is similar to the plot A. Fig. 9(c-f)
indicate the effects of the modifier/gel ratio and Cge2; Csyp. elec
and pH; modifier/gel ratio and pH; modifier/gel ratio and Cqyp,.
elec; Tespectively. According to the results, the optimal condi-
tions including, Cge = 319 uM, KCl supporting electrolyte
concentration = 0.125 M, pH = 7.52 and modifier to gel ratio =
0.19 were displayed as the software output.
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3.3. Electrochemical impedance spectroscopy

In order to detect the electrode/electrolyte interaction and
obtain information about changes during modification and
injection of PAEs on the electrode surface, the electrochemical
impedance spectroscopy (EIS) technique was used. This method
can provide crystal clear information regarding modification
step, interface and PAEs-caused surface change after injection.*
Fig. 10(a) shows the Nyquist plot of the bare copper electrode.
Based on circuit fit and simulation, the constructed circuit can
be drawn as Fig. 10(b). Analysis of proposed circuit conducts us
to these figures; total resistance (Ry) = 542.8 KQ and charge
transfer resistance (Rcr) = 468.8 KQ. The R assigned for solid
Fe(OH); and electrolyte interface layer because of trace amount
of Fe(OH); formation in just vicinity of the bare copper surface
at pH 7.0.

From the Nyquist plot of the modified electrode in Fig. 11(a),
it is obvious that a new element should be added to equivalent
circuit as drawn in Fig. 11(b). The R, element comprises from
modification step and azolla paste layer. In this case; Ry = 551.6
KQ and Rcr = 438.7 KQ. The Rgg; raises two times which means
well-built coverage of bare surface of copper electrode during
modification step. The modification step uses two materials;
first, azolla powder which will increase resistance as an insu-
lating matrix and second, EEG that amplifies charge transfer
process but decrease resistance. These ingredients determine
the resistance of prepared paste. According to above-mentioned
data, the modified surface shows just 1.6% growth in Rt and
—6.4% diminishing in Rcr. The recent findings reveal the most
important role of EEG which makes electron transfer easier.

In Fig. 12a impedance spectrum of biosensor after blocker
injection could be seen. Injection of PAEs as a blocker enlarges
charge transfer resistance because of its blocking effect on
biosensors surface. This remarkable increase caused the Rgg; to
be lost inside of the semicircle part. Blocker injection not only
alters the resistance (Rr = 614.5 KQ, Rcr = 563.9 KQ), but also
eliminates one part of circuit as seen in Fig. 12b. Both of surface
modification and injection of blocker increase the resistance.
These growths are equal to 1.6% in modification step and 28.5%
in the blocker injection. For that reason (18 times magnification
of Rcr), blocker effectively interacts with the surface of
biosensor and blocks active sites of oxidation and consequently
oxidation peak appears on the lower position in DPV. Fig. 12
and its equivalent circuit lead us to the most interesting season
of this research. The various Rqy for PAEs were calculated and
summarized in Table 5. The results in table, confirm the exis-
tence of correlation between type of PAEs and changes in
resistance (ARcr). In the other words, structure of PAEs is a key
factor affecting ARcr. So, this can be used in characterization of
various PAEs based on ARcr at the same concentration level. By
taking a closer look, spatial hindrance of PAEs play major role in
Rcr shifts. The smaller blocker provides the better point-by-
point coverage of surface which conclude the bigger shift in
charge transfer resistance.

The above-mentioned results, give us exciting sign of future
opportunity for developing the impedimetric biosensor of PAEs.
This biosensor will work based on the charge transfer resistance

RSC Adv, 2021, 11, 32630-32646 | 32637
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Fig. 10 (a) Nyquist plot of the bare copper electrode (b) the constructed circuit for bare copper electrode under optimum condition, applied
potential = —1 V and frequency = 1 x 10° to 0.1 Hz.
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Fig. 11 (a) Nyquist plot of azolla modified electrode (b) the constructed circuit for azolla modified electrode under optimum condition, applied
potential = —1 V and frequency = 1 x 10° to 0.1 Hz.
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Fig. 12
applied potential = —1 V and frequency = 1 x 10° to 0.1 Hz.

Table5 Various Rt after injection of 3 pg L~ PAEs solution as blocker

PEAs Rer (KQ) Error (%) ARcr” (KQ) AError’ (%)
DBP 563.9 2.4 125.3 3.6
DMP 588.5 2.5 149.8 3.7
DCHP 570.1 2.8 131.4 3.9
DEHP 548.7 2.8 110.0 3.9

@ Ror = 438.7 KQ for modified biosensor. ? Error = 2.7% for modified
biosensor.

shifts versus changes of PAEs concentration. It is clear that the
small changes in carbonyl group polarity will affect ARcr and
probably bring selectivity for impedimetric biosensor of PAEs.
Further research is needed to confirm these novel findings.

3.4. Analytical figures of merits of the proposed modified
electrode

Determination of the figures of merit of an analytical method
provide valuable information about the sensitivity, precision and

32640 | RSC Adv, 2021, N, 32630-32646

(a) Nyquist plot after PAEs injection as blocker (b) the constructed circuit after PAEs injection as blocker under optimum condition,

linear range of method and help us to compare the performance of
the method for a specific application. To investigate the quanti-
tative parameters of the proposed modified electrode for deter-
mination of PAEs, the figures of merit were determined under the
obtained optimum conditions (Crex = 319 UM, Cgyp. clec = 0.125 M
KCl, pH = 7.52, modifier to gel ratio = 0.19, injection volume of
PAEs sample = 20 pL). In this study, separate standard solutions of
each PAE in the concentration range of 0.1 to 5000 ug L™" were
used as blocker and the resulted DPV signals were measured.
According to the results (Fig. 13 and Table 6), it was observed that
with increasing in the concentration of DBP, as model compound,
the current is decreased and the potential was shifted to the right
and positive values. The current peak was extracted from differ-
ential pulse voltammograms and the current-concentration rela-
tionship was investigated.

Limit of detection (LOD) and limit of quantification (LOQ) were
108y

. . 35
obtained based on the equations LOD = Wb and LOQ =

where S, is the standard deviation of five replicates of blank
measurements and m is the slope of the calibration curve (the
relative standard deviation (RSD%, n = 5)) at the concentration

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 DPV signal of Fe®*/Fe®* pair after PAEs addition in the concentration range of 1 to 5000 ug L™* as blocker to the modified electrode.
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Table 6 DPV response of PAEs in the concentration range of 0.1 to 5000 pg L™*
DBP DMP DCHP DEHP

Crags 0L i? —Ai 0L i, —Ai i i —Ai i® i —Ai
(ngL™M (x10%) (x10%) (x10%) (x10%) (x10%) (x10%) (x10%) (x10%) (x10%) (x10%) (x10%) (x10%)
0.1 9.91 8.23 1.68 9.91 8.46 1.45 9.91 8.52 1.39 9.91 8.79 1.11
0.5 8.20 1.71 8.09 1.82 8.37 1.53 8.71 1.19
1 8.08 1.83 7.95 1.96 8.29 1.63 8.65 1.26
3 7.83 2.08 7.59 2.32 7.91 2.00 8.44 1.47
5 7.48 2.43 7.26 2.65 7.53 2.38 8.23 1.68
10 7.09 2.82 7.11 2.80 7.20 2.71 8.10 1.81
15 6.84 3.07 6.89 3.02 6.91 3.00 7.90 2.01
25 6.69 3.22 6.69 3.22 6.79 3.12 7.70 2.21
50 6.46 3.45 6.38 3.53 6.64 3.27 7.44 2.47
75 6.09 3.82 6.13 3.78 6.26 3.65 7.16 2.75
100 5.93 3.98 5.88 4.03 6.04 3.87 6.90 3.00
250 5.83 4.08 5.76 4.15 5.90 4.01 6.80 3.11
500 5.49 4.42 5.41 4.50 5.55 4.36 6.56 3.45
750 5.04 4.87 5.23 4.68 5.18 4.72 6.26 3.62
1000 4.47 5.43 5.01 4.90 4.59 4.53 6.07 3.84
5000 3.07 6.83 4.51 5.40 3.28 6.62 5.59 4.32
“ 1, = DPV response of azolla modified copper electrode. b, = DPV response after PAEs injection.
Table 7 Figures of merits of the proposed modified electrode for PAEs determination
PAEs LOD (pg LY LOQ (pg L™ LDR (ug L™ Linear equation Regression coefficient (R%)
DBP 0.2 0.5 0.5-5 y=-1.6x10° — 1.6 x 10°° 0.9929

5-75 y=-17x10"x — 1.6 x 10°° 0.9917

50-1000 y=-10x10"°x — 1.7 x 107> 0.9902
DCHP 0.2 0.5 0.5-5 y=-19x10"% — 1.4 x 107> 0.9998

5-25 y=-27x10"x —25x 107" 0.9921

25-75 y=-14x10"7x— 1.6 x 10> 0.9980

75-1000 y=-2.0x105% —3.8x10""° 0.9890
DEHP 0.4 1.0 1-5 y=-10x10%—1.1x 107> 0.9998

10-100 y=-8.0x105% —1.0x 107" 0.9913

75-1000 y=-1.0x10%—-11x10""° 0.9901
DMP 0.2 0.5 0.5-10 y=-7x10"x-2x 10" 0.9913

10-75 y=-1x10"x-2x10"° 0.9996

75-1000 y=-1x105%—-2x10"° 0.9866

level of 1000 pg L™ was obtained as 0.51%. Furthermore, linear
dynamic range (LDR) obtained from linear correlations between
the response (A7) and PAEs concentration, are given in Table 7 and
Fig. 14.

Table 8 compares the figures of merit of the proposed azolla
modified electrode with other electrodes employed for PAEs
determination in previous studies. According to the data, RSD%
values in this work were 0.51%, which is less than other studies.
Moreover, the detection limit of this work is better than the
second work given in the table. In this work, azolla was used as
a modifier, which is an available fern in the environment. Using
this method is easier, faster and cost-effective than other
methods.

32642 | RSC Adv, 2021, N, 32630-32646

3.5. Applicability of the proposed modified electrode for
determination of PAEs in real samples

Measurement of chemicals in real samples shows the applica-
bility of the electrode to produce accurate and precise results in
different matrices. To measure PAEs in real samples including
sea water (Caspian Sea, Guilan, Iran), river water (Shafarood
River, Masal, Guilan, Iran), well water (Lakani Street, Rasht,
Guilan, Iran) and tap water (Rasht, Iran), the standard addition
method was utilized. The results obtained from PAEs determi-
nation by azolla modified electrode are presented in Table 9.
Clearly, achieving the recovery percentages in the range of 97.3-
100.3% and RSD% values ranging 1.7 to 3.2 confirmed high
precision and accuracy of the results.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Calibration curves of PAEs injection to modified electrode.
Table 8 Comparison between this work and literature studies for Electrochemical determination of PAEs
PAEs Method“ Electrode LDR LOD LOQ RSD% References
DEHP EIS Graphene electrode 1.11-2.22 ng L* 0.02ngL ' — — 46
DEHP EIS MIP with GFET 50-200 ug L! 25pgl — — 47
DEHP LSV&CV&EIS EST/PANI/CNT/Cu-NP modified  0.24-0.52 pM 0.06 nM 0.2 nM 0.1- 48
GCE 0.3
DBP CV&EIS MIP with polypyrrole 0.01-1.0 pM 4.5 nM — 521 49
DBP CV&EIS MGO@AuNPs-MIP 2.5-5000 nM 0.8 nM — 2.5 21
DBP CV&DPV  MIP with MMISPE 10-1 x 10 °ngL " 0.052ng L " — 22- 24
2.5
DBP LSV&CV&EIS EST/PANI/CNT/ 0.24-0.52 pyM 0.04 nM 0.1 nM 1-3.7 48
Cu-NP modified GCE
DMP LSV&CV&EIS EST/PANI/CNT/ 0.24-0.52 pyM 0.03 nM 0.1 nM 0.0- 48
Cu-NP modified GCE 0.6
DEHP, DBP, DMP, DPV&EIS Copper electrode 0.5-5 ug L~ (DBP, 0.2-0.4 png  0.7-1.5nug  0.51 This study
DCHP modified with azolla DCHP), Lt Lt

1-5 pg L' (DEHP) &
0.5-10 pg L' (DMP)

4 EIS: electrochemical impedance spectroscopy, CV: cyclic voltammetry, DPV: differential pulse voltammetry, LSV: linear sweep voltammetry.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 9 Results of PAEs determinations in real water samples
Samples PAEs Added (ug L) Found (ug L) i* (x10°) i,? (x10%) —Ai (x10%) Recovery% RSD%
Tab water DBP 3.00 2.96 £+ 0.05 9.906 7.832 2.074 98.7 1.7
DCHP 2.96 £+ 0.08 7.944 1.962 98.7 2.7
DEHP 2.97 + 0.08 8.509 1.397 99.0 2.6
DMP 2.96 £+ 0.05 7.699 2.207 98.7 1.9
Sea water DBP 3.00 2.99 £+ 0.09 9.906 7.828 2.078 99.7 3.1
DCHP 2.92 £+ 0.05 7.951 1.955 97.3 1.9
DEHP 2.97 + 0.09 8.509 1.397 99.0 3.1
DMP 2.95 + 0.08 7.699 2.207 98.3 2.7
Well water DBP 3.00 2.94 + 0.07 9.906 7.836 2.070 98.0 2.4
DCHP 2.97 £ 0.08 7.942 1.964 99.0 2.6
DEHP 2.95 + 0.05 8.511 1.395 98.3 1.8
DMP 2.98 £+ 0.08 7.697 2.209 99.3 2.6
River water DBP 3.00 3.01 £+ 0.08 9.906 7.824 2.082 100.3 2.7
DCHP 2.95 £+ 0.09 7.945 1.961 98.3 3.2
DEHP 2.96 + 0.07 8.510 1.396 98.7 2.4
DMP 2.97 £ 0.07 7.698 2.208 99.0 2.2

“ {; = DPV response of azolla modified copper electrode. ? i, = DPV response after injection of PAEs solution. © RSD = standard deviation/mean.

4. Conclusions

The azolla paste modified copper electrode for DPV determi-
nation of PAEs was investigated in this study. Injection of PAEs
as blocking on the surface of the modified electrode for ferrous
ions oxidation was conducted. The central composite design
was used to optimize the effects of four experimental parame-
ters including the concentrations of Fe*" ions (Cp.>) and sup-
porting electrolyte (Csup. clec), Solution pH and modifier/gel
mass ratio on the decrease in the anodic peak current of
ferrous ions as the response. At the optimum conditions (Cge>* =
319 uM, Cgyp. clec = 0.125 M, pH = 7.52 and modifier/gel mass
ratio = 0.19), linear relationships between the DPV responses
and PAEs concentrations were found and the limit of detection
(LOD) and limit of quantification (LOQ) values were in the
ranges of 0.2-0.4 pg L' and 0.5-1.0 pg L™ ", respectively. With
increasing PAEs concentration under a linear behavior, the DPV
response (A7) of anodic peak was increased. The proposed
method was used for efficient, accurate and quick determina-
tion of PAEs in real water samples with RSD <3.2%.
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