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e microspheres as a new modifier
in graphite paste electrodes for the
electrochemical determination of 4-aminophenol

M. Tohidinia, *a A. Biabangarda and M. Noroozifarb

In the environment, 4-aminophenol (4-AP) is present as a highly toxic compound and water pollutant. In

this study, platinized agarose microspheres (PtAM) were used for the first time, for the preparation of

a novel, modified graphite paste electrode (GPE/PtAM) for the electrochemical determination of 4-AP.

PtAM was characterized using transmission electron microscopy, field emission scanning electron

microscopy and energy dispersive X-ray analysis. The electrochemical response characteristics of GPE/

PtAM towards 4-AP were investigated via electrochemical impedance spectroscopy, cyclic voltammetry,

differential pulse voltammetry and chronoamperometry. The value of the charge transfer resistance

obtained for GPE/PtAM was 27.3 U. Microscopic surface areas and the surface concentration of the

electroactive species for GPE/PtAM were calculated to be 0.077 cm2 and 1.13 � 10�3 mol cm�2,

respectively. The electron transfer coefficient, diffusion coefficient and standard heterogeneous rate

constants of 4-AP were calculated as 0.274, 4.56 � 10�4 cm2 s�1, and 3.32 � 10�1 cm s�1, respectively.

The influence of pH on the oxidation of 4-AP was investigated and a pH value of 2.0 (using a phosphate

buffer solution) was selected as the optimum pH. Under optimum conditions, the calibration was linear

between 0.8 and 87 mM with a detection limit of 45 nM. Moreover, GPE/PtAM was applied to determine

the concentrations of 4-AP in water samples with satisfactory results.
1 Introduction

Phenol compounds such as aminophenols are dangerous
environmental contaminants which are used extensively as
industrial raw or processed materials in cosmetics, photograph
development, dyestuffs, chemical inhibitors, and petroleum
additives. Most of them can remain in the environment for
a long time with high toxicity and carcinogenicity, because of
their stability and bio-accumulation. Among them, 4-AP is also
used in the pharmaceutical industry for the production of
paracetamol, but it is highly toxic. The maximum content of 4-
AP in pharmaceuticals is limited to 50 ppm (0.005%, w/w) by the
standards of the European, United States, and Chinese phar-
macopoeias.1 Phenols are ubiquitous environmental pollut-
ants.2 In particular, 4-AP is considered to be one of priority toxic
pollutants.3 Therefore, it is necessary to develop simple and
reliable methods for determination of 4-AP, for environmental
protection and food security. Many attempts, therefore, have
been made to develop an efficient and selective way of deter-
mining 4-AP, such as liquid chromatography,4,5 spectropho-
tometry,6 sequential injection analysis,7 capillary
electrophoresis,8 and micellar electrokinetic chromatography.9

However, use of these techniques suffer because they are
tan and Baluchestan, Iran
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expensive and have a long analysis time. An electrochemical
technique, with a low cost, simplicity, and high selectivity and
sensitivity, is a desired method for 4-AP detection. Different
electrodes have been made to identify and measure amino-
phenol.1,10–13 An agarose is a polysaccharide polymer material,
commonly extracted from seaweed (Scheme 1). Agarose, a kind
of natural polysaccharide, has been widely used for immobili-
zation of enzymes, antibodies and chemical molecules due to
its attractive properties of excellent lm-forming ability,
biocompatibility, non-toxicity, high mechanical strength and
inexpensiveness.14–16 Agarose is an ideal biopolymer to use for
immobilization of materials on solid substrates. Its application
in direct electrochemistry was reported previously.17 Metal
nanoparticles such as platinum nanoparticles (PtNPs) offer
a wide range of chemo-physical properties that can be of
interest for many technological applications due to their cata-
lytic activity, electrochemical applications, and chemical
sensing.18 So, Pt is used in electrochemical measurements.19,20

In previous research, Pt or its composite with different supports
were used for oxidation of low molecular fuels and in fuel
cells.21–24 In the present study, platinized agarose microspheres
(PtAM) were used for the rst-time as a novel modier for the
preparation of a modied graphite paste electrode for the
electrochemical determination of 4-AP. As far as is known, no
previous study has reported using PtAM in any electrochemical
determination. Platinized microspheres can act as tiny
This journal is © The Royal Society of Chemistry 2020

http://crossmark.crossref.org/dialog/?doi=10.1039/c9ra08629c&domain=pdf&date_stamp=2020-01-15
http://orcid.org/0000-0002-1055-3798
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra08629c
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA010005


Scheme 1 The structure of agarose.
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conduction centers to facilitate electron transfer by giving more
freedom to the immobilized biomolecules, which brings the
active sites closer to the electrode surface.25,26 This polymer is
a bio-molecular polymer with a highmechanical strength and has
been used for sensitive and selective determination of these
analytes.27 The results showed low detection limits and excellent
selectivity. In addition, the proposed method was successfully
applied for the determination of 4-AP in water samples.
Fig. 1 (A–C) FESEM images of PtAM, (D–F) TEM images of PtAM, and
(G) EDX analysis of PtAM.
2 Experimental
2.1. Reagents

Agarose, 4-AP, ethanol, hexachloroplatinic acid hexahydrate,
hydrazine hydrochloride, sodium hydroxide, hydrogen chlo-
ride, phosphoric acid, potassium dihydrogen phosphite,
potassium hydrogen phosphite, graphite powder and paraffin
oil were purchased from the Merck Company. All reagents were
analytical grade and were used as received without any puri-
cation. All solutions were prepared with ultra-pure Milli-Q water
(UPM-Q) with a resistivity of 18.2 mW cm and purged with pure
nitrogen gas (99.999%) before the investigations.
2.2. Apparatus

Cyclic voltammetry (CV), and differential pulse voltammetry
(DPV) were carried out on a potentiostat/galvanostat (SAMA 500
electroanalyzer system, Iran) with a three-electrode system that
use a modied electrode as the working electrode, a Pt electrode
as the counter electrode and a saturated calomel electrode as the
reference electrode. Electrochemical impedance spectroscopy
(ESI) was performed with a potentiostat/galvanostat (Autolab/
PGSTAT128N, Eco Chemie, Netherlands) controlled by NOVA
1.11 soware (Metrohm Autolab). Electrochemical impedance
measurements were performed in 5 mM [Fe(CN)6]

3�/4� prepared
in 0.1 M KCl. The EIS was performed over a frequency range of 10
kHz to 0.1 Hz with a 10 mV amplitude and it was superimposed
on the formal potential of the redox probe
(E0

0 ¼ E1=2 ¼ ðEPa þ EPcÞ=2; when Dox ¼ Dred) which was calcu-
lated from the cyclic voltammograms. The eld emission scan-
ning electron microscopy (FESEM) was carried out using an
electronmicroscope (MIRA3, Tescan) and energy dispersive X-ray
analysis (EDX) was carried out using an electron microscope
(SAMx, France). Transmission electron microscopy (TEM) images
were taken using a transmission electron microscope (CM120,
Philips) with 2.5�A resolution. The pH measurements were made
using a pH meter (model 744, Metrohm). All experiments were
performed at room temperature (RT).
This journal is © The Royal Society of Chemistry 2020
2.3. Preparation of experimental solutions

The solution of Pt4+ (0.01 M) was prepared by dissolving the
hexachloroplatinic acid hexahydrate in UPM-Q. The hydrazine
solution (0.01M) was prepared by dissolving hydrazine in UPM-Q.
The stock solutions of 4-AP (0.01 M) were prepared by dissolving
the solid in a small volume of 0.1 mol L�1 ethanol solution then
diluted with UPM-Q to give the nal concentration. Phosphate
buffer solution (PBS) was prepared from phosphoric acid (0.2 M),
and the pH range was adjusted to 2.0–9.0 with 0.2 M phosphoric
acid and 0.2 M sodium hydroxide solutions and these PBS solu-
tions were used as the supporting electrolytes. All experiments
were performed under a nitrogen atmosphere at RT.

2.4. Preparation of a modied graphite paste electrode with
PtAM

The PtAM was prepared by mixing 0.09 g agarose with 2.5 ml of
a 0.01 M Pt4+ solution. The mixture was stirred for 20 min and
then a solution of 0.01 M hydrazine was added to this mixture at
RT. With addition of hydrazine, the solution color changed
from orange to black, which represented a reduction of the
platinum ions to platinum (eqn (1)). The platinum atoms sit
around the hydroxyl agarose groups, which caused nucleation
and lead to the small, spherical nanoparticles shown in Fig. 1.
RSC Adv., 2020, 10, 2944–2951 | 2945
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Pt4+ + N2H5
+ / Pt + N2 + 5H+ (1)

Then PtAM solution was centrifuged, and the black precip-
itate was washed with deionized water and air dried for 24 h.
The GPE/PtAM was prepared by mixing 0.006 g of PtAM, 0.194 g
of graphite powder and 0.4 mL paraffin oil using a mortar and
pestle. The mixture was ground for 20 min until a uniform paste
was obtained. The resulting paste was then inserted into the
bottom of a glass tube with an internal diameter of 4 mm and
a length of 8 cm. Electrical connection was implemented by
a copper wire lead tted into the glassy tube. When necessary,
a new surface was obtained by pushing some of the paste out of
the tube and polishing the end with a weighing paper. More-
over, the GPE/A was prepared in the same way without adding Pt
to the mixture and unmodied GPE was prepared in the same
way without adding PtAM to the mixture. These GPEs were used
for comparison with the GPE/PtAM.
Fig. 2 (A) CVs of (a) GPE, (b) GPE/A, and (c) GPE/PtAM in 1 mM
Fe(CN)6

3�/4� prepared in 0.1 M KCl, measured at a scan rate 100 mV
s�1. (B) Nyquist plots showing the step-wise modification of (a) GPE, (b)
GPE/A and (c) GPE/PtAM. Electrochemical measurements were per-
formed in 10 mM Fe(CN)6

3�/4� prepared in 0.1 M KCl. The EIS data was
obtained over a frequency range of 0.1 Hz to 10 kHz. The inset shows
the equivalent circuit. CPE: constant phase element, Rct: charge
transfer resistance, Rs: solution resistance, and W: Warburg element.
3 Results and discussion
3.1. Morphological and energy dispersive X-ray analysis of
the PtAM

The morphology of PtAM was appraised using FESEM and TEM
and the results are shown in Fig. 1. From Fig. 1, the FESEM
(Fig. 1A–C) and TEM (Fig. 1D–F) images of PtAM show that the
mono dispersible microspheres were indeed microspherical in
shape. The EDX data for PtAM revealed the presence of the ex-
pected elements, namely C, O and Pt, in the structure of PtAM
(Fig. 1G). Based on the EDX and TEM results, the platinum
particles were present, and doped and dispersed in the agarose
microspheres with a size between 150 and 200 nm.
3.2. Electrochemical impedance spectroscopy (ESI) study

Fig. 2A shows the CVs of GPE, GPE/A and GPE/PtAM in 0.1 M
KCl containing 5 mM Fe(CN)6

3�/4�. The CV of GPE showed
a DEP(EPa � EPc) of 0.638 V and oxidation and reduction peak
currents of 7.11 mA and �7.83 mA, respectively, and the CV of
GPE/A showed DEP of 0.274 V and oxidation and reduction peak
currents of 8.67 mA and �9.65 mA, respectively. Comparatively,
the GPE/PtAM showed DEP of 0.104 V and oxidation and
reduction peak currents of 11.75 and �14.11 mA, respectively.
This decrease in the DEp and increase in the peak currents of
the GPE/PtAM compared to GPE were due to the electrocatalytic
activity of the hydroxyl groups which were free and unreacted in
the agarose and the presence of the hydroxyl groups function-
alization with Pt on the surface agarose via electrochemical
reactions. Supporting evidence for this modied electrode was
found from the EIS study, which is a powerful technique for
studying electrode–electrolyte interfacial features. As shown in
Fig. 2B, the Nyquist plots of these electrodes comprise two
parts, one semicircle at higher frequencies which indicated
charge transfer limitations and its diameter was equal to the
charge transfer resistance (Rct) whereas the second part of the
Nyquist plot was a straight line which appeared in low
frequencies and indicated the mass transfer limitations.28 The
2946 | RSC Adv., 2020, 10, 2944–2951
NOVA soware was used for tting and simulation of the EIS
data whereas the modied Randles equivalent circuit, which is
illustrated in the inset of Fig. 2B was selected as the equivalent
circuit for tting and simulation of the EIS data. The lower value
of Rct shows the easier electron transfer between the electrode
surface and the probe ions (Fe(CN)6

3�/4�). The values of Rct

obtained for GPE, GPE/A and GPE/PtAM were: 128.42, 53.96 and
27.32 U, respectively. The lower value of Rct for GPE/PtAM
compared to GPE was attributed to the electrocatalytic activity
of the hydroxyl functional groups in agarose and the presence
of Pt.
3.3. Electrochemical behaviour of the electrodes

The microscopic surface areas of GPE, GPE/A and GPE/PtAM
were determined by using the Randles–Sevcik equation:29

IPa ¼ 2.96 � 105n3/2AC0DR
1/2n1/2 (2)

where IPa (mA) is the anodic peak current, n is the number of
transferring electrons, A is the microscopic area (cm2), C0 (mM)
is the bulk concentration of the probe ion, DR is the diffusion
coefficient (cm2 s�1) and n (V s�1) is the scan rate. For 1 mM
Fe(CN)6

3�/4� in 0.1 M KCl the number of transferring electrons
equals one (n ¼ 1) and DR ¼ 7.6 cm2 s�1.30 Fig. 3 shows the CVs
and the plots of IPa vs. n

1/2 for GPE, GPE/A and GPE/PtAM in the
presence of 1 mM of Fe(CN)6

3�/4� in 0.1 M of KCl supporting
electrolyte. From the slopes of the trend lines, the microscopic
surface areas obtained were: 0.035, 0.042 and 0.077 cm2 for
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 CVs of (A) GPE, (B) GPE/A, and (C) GPE/PtAM in 1 mM
Fe(CN)6

3�/4� prepared in 0.1 M KCl, and (D) the plot of peak current vs.
the square root of scan rate for (a) GPE, (b) GPE/A and (c) GPE/PtAM.

Fig. 4 CVsmeasured in PBS with a pH of 2.0: (a) GPE, (b) GPE/A and (c)
GPE/PtAM.

Fig. 5 (A) CVs of GPE/PtAM at different scan rates of 0.01, 0.05, 0.075,
0.1, 0.15, 0.2, 0.25, 0.3, 0.4, 0.5 and 0.75 V s�1. (B) Variation of Ip vs. the
n.
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GPE, GPE/A and GPE/PtAM, respectively. The highest micro-
scopic surface area for GPE/PtAM was due to the presence of Pt
in the microspheres. Fig. 4 shows the CVs in PBS of pH 2.0 for
GPE, GPE/A and GPE/PtAM. For GPE/PtAM the eld current was
greater than that of both GPE/A and GPE. Fig. 4c shows the
oxidation and reduction peaks of platinum.31 An approximate
amount of the electroactive species31 can be estimated by the
Sharp equation.32 The peak current is related to the surface
concentration of electroactive species, G, by eqn (3):
This journal is © The Royal Society of Chemistry 2020
Ip ¼ n2F2AGn/4RT (3)

where n represents the number of electrons involved in the
reaction, A is the geometric surface area of the electrode (0.1256
cm2), G is the surface concentration of the electroactive species
(mol cm�2), n is the scan rate (V s�1), R (8.314 J mol�1 K�1), F
(96 485 C mol�1) and T (298 K) denote the gas constant, the
Faraday constant, and the temperature, respectively. From the
slope of the plot of the anodic peak currents vs. scan rates, the
surface concentration of electroactive species for the GPE/PtAM
was calculated to be 2.8 � 10�4 mol cm�2 for n ¼ 2 (see Fig. 5).

3.4. Electrochemical behavior of 4-AP at different electrodes

Fig. 6A shows the CVs of 70 mM 4-AP at the surface of GPE, GPE/
A and GPE/PtAM in PBS at pH 2.0. Based on the results for the
RSC Adv., 2020, 10, 2944–2951 | 2947
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Fig. 6 (A) CVs in PBS with a pH of 2 in the presence of 70 mM 4-AP for
(a) GPE, (b) GPE/A and (c) GPE/PtAM. (B) CVs of GPE/PtAM in the
presence of 70 mM 4-AP at different scan rates of 0.05, 0.075, 0.1, 0.2,
0.3, 0.4, 0.5, 0.75 and 1 V s�1. (c) Variation of Ep vs. ln n. (D) A plot of the
logarithm of the anodic peak currents vs. the logarithm of the scan
rates.

2948 | RSC Adv., 2020, 10, 2944–2951

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Ja

nu
ar

y 
20

20
. D

ow
nl

oa
de

d 
on

 3
/1

2/
20

26
 1

1:
49

:5
3 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
electrodes, there was a higher peak current with a lower
oxidation potential for 4-AP at the surface of GPE/PtAM, so GPE/
PtAM was selected for the determination of 4-AP. The effect of
scan rate on the electrochemical oxidation of 4-AP at GPE/PtAM
was investigated by CV (Fig. 6B). Based on the results shown in
this gure, the oxidation peak potentials for 4-AP were shied to
positive values with increasing scan rates, conrming the
kinetic limitations of the electrochemical reaction. The plot of
EP vs. ln(v) was a straight line with a slope:33

dEP

d ðlnnÞ ¼
RT

ð1� aÞnF (4)

where a stands for the electron transfer coefficient, and the
slope form plot EP vs. ln(n) for 4-AP was 0.0354 V (Fig. 6C). The
a value for n ¼ 1 and T ¼ 298 K was calculated to be 0.274 for 4-
AP. A linear increase in anodic peak current was observed with
the increase in scan rate. A straight-line graph was obtained
when the logarithms of the peak currents were plotted against
the logarithms of the scan rates (Fig. 6D).

log IPa (mA) ¼ 0.6594 log n + 0.5984 (R2 ¼ 0.9789) (5)

The results indicated that the electrode process was
adsorption controlled rather than diffusion controlled. This
could also be conrmed by the observed positive shi in the
anodic peak potential with an increase in scan rate.
3.5. Chronoamperometric study

The chronoamperometry study of 4-AP at GPE/PtAM is shown in
Fig. 7. As shown in this gure, the diffusion coefficients of 4-AP
can be calculated by the Cottrell equation. This equation
describes the variation of current with time for a diffusion
controlled process:33

IP ¼ nFCD1/2p�1/2t�1/2 (6)

where D and C are the diffusion coefficient (cm2 s�1) and the
concentration (mol cm�3), respectively, A and F are the surface
area of the working electrode (0.1256 cm2) and the Faraday
constant (96 485 C mol�1), respectively. Under diffusion control
Fig. 7 (A) Chronoamperogram obtained from GPE/PtAM with PBS
with a pH of 2.0 for a concentration of 0.2 mM 4-AP, (B) plots of I vs.
t�1/2 obtained from the chronoamperogram of 4-AP.

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 (A) DPVs of GPE/PtAM with 70 mM 4-AP at a scan rate of 50 mV
s�1 with PBS with pH values of 2.0 to 9.0. (B) Variation of DIp vs.
buffered pH. (C) Variation of Ep vs. buffered pH.

(9)

Fig. 9 (A) DPVs of GPE/PtAM in PBS with a pH of 2 containing different
concentrations of 4-AP. (B) Plots of DI vs. concentration of 4-AP.
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(mass transport), a plot of I vs. t�1/2 was linear, and the value of
D could be obtained from its slope. The value of D was found to
be 4.56 � 10�4 cm2 s�1 for 4-AP. The standard heterogeneous
rate constant (Ks) for the electrochemical reactions of 4-AP at
the surface of GPE/PtAM, were evaluated by CV according to the
Velasco equation, as given by eqn (7):34

Ks ¼ 1.11 D0
1/2(EP � EP1/2)

�1/2n1/2 (7)

where Ks refers to the standard heterogeneous rate constant (cm
s�1), D0 is the diffusion coefficient (cm2 s�1), EP and EP1/2 refer
to potential peak and potential in half of peak currents (V),
respectively, and v is the scan rate (V s�1). The value of Ks was
found to be 3.32� 10�1 cm s�1 for 4-AP at GPE/PtAM. The Ks for
GPE, was calculated to be 1.49 � 10�3 cm s�1. Based on these
results, the Ks value for GPE/PtAM was 222.8 times higher than
that obtained with GPE. Higher Ks values gave faster electron
transfer for the electrochemical reaction of 4-AP molecules at
GPE/PtAM.
This journal is © The Royal Society of Chemistry 2020
3.6. Inuence of pH on the oxidation of 4-AP

Fig. 8A shows the effect of pH of 70 mM 4-AP in 0.1 M PBS on the
GPE/PtAM with PBS at a range of pH (2.0–9.0), Fig. 8B shows the
plot of oxidation peak current of analytes vs. pH. Based on this
gure, PBS with a pH of 2.0 exhibited the maximum peak
current. Therefore, pH 2.0 was selected as optimum pH for PBS.
The potentials of 4-AP followed the linear regression equations
(Fig. 8C) with:

Ep ¼ �0.0742 pH + 0.6164 (R2 ¼ 0.9978) (8)

According to the formula: dEp/dpH ¼ 2.303 (mRT/nF), where
m and n were the number of protons and electrons, respec-
tively.30 The slope of the equation of 4-AP was close to the
theoretical value of 0.059 V pH�1, indicating that the electro-
chemical redox of 4-AP should be the same number of electrons
and proton processes. This conclusion was in accordance with
the known electrochemical reaction of 4-AP at the surface of
GPE/PtAM with PBS at a pH of 2, which is illustrated in eqn (9):
RSC Adv., 2020, 10, 2944–2951 | 2949
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Table 1 Comparison of the manufactured electrode for 4-AP
detection with electrodes used by other researchers

Entry DLa (nM) LRb (mM) Ref.

PcCo/CNT/GCEc 300 0.5–800 1
Graphene–chitosan/
GCEd

57 0.2–550 10

GR–PANI/GCEe 65 0.2–100 11
CFMEsf 1000 — 12
CILEg 100 0.3–1000 13
HRP/NPG/CPEh 110 5–60 35
G-PANI/CPEi 15 680 50–500 36
GN-CD-cMWCNTj 19 0.2–125 37
LCk 4580 45.8–366.5 5
MEKCl 54 970 183.2–1374.4 9
HPLCm 460 0.92–247.9 38
SPE-HPLC/DADn 0.6 0.46–13.7 4
SPE-fast-HPLC/DADo 2.5 4.6–11.4 4
IECLC/ADp 45 4.5–45 43
Paper-based column/
ADq

10 000 50–2000 40

LC 640 0.92–183.3 41
MEKC 1920 4.5–549.7 41
HPLC/AD 9 0.009–18.32 42
GPE/PtAM 45 0.8–87 This work

a Detection limit. b Linear range. c b-[3-(Dimethylamine)phenoxy]
phthalocyanine cobalt(II)-multiwalled carbon nanotube hybrid/glassy
carbon electrode. d Graphene–chitosan/glassy carbon electrode.
e Graphene-polyaniline/glassy carbon electrode. f Carbon bre
microelectrodes. g Carbon ionic liquid electrode. h Horseradish
peroxidase-nanoporous gold co-catalytic strategy/carbon paste
electrode. i Graphene-polyaniline modied carbon paste electrode.
j Carboxyl multi walled carbon nanotube-cyclodextrin-edge
functionalized graphene composite. k Liquid chromatography.
l Micellar electrokinetic chromatography. m High-performance liquid
chromatography. n Solid phase extraction-high-performance
chromatography coupled to diode array detection. o Solid phase
extraction-fast-high-performance chromatography coupled to diode
array detection. p Anion exchange capillary liquid chromatography
coupled to amperometric detection. q High-performance liquid
chromatography/amperometric detection.

Table 2 Determination of 4-AP in water samples (n ¼ 3)

Sample
Added
(mM)

Found
(mM) Recovery (%) RSD (%)

Tap water 1 33 50 33.2 52.1 100.6 104.2 1.92 2.85
2 33 50 33.9 51.4 102.7 102.8 1.86 2.62

Well water 1 33 50 32.5 48 98.4 98 2.93 1.94
2 33 50 34.1 51.6 103.3 103.2 1.79 2.74
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3.7. Linear range and detection limit oxidation of 4-AP

Differential pulse voltammetry was used for the determination
of 4-AP (Fig. 9A). In order to obtain the best sensitivity under the
specic conditions used, an amplitude scan rate of 50 mV s�1

and PBS with a pH of 2.0 were used. The response was linear
with the 4-AP concentration which consisted of two linear
segments with slopes of 1.6419 and 0.6804 mA mM�1 in the
concentration ranges from 0.8 mM to 16.6 mM and 16.6 mM to 87
mM, respectively (Fig. 9B). At the low and high concentrations of
the 4-AP, the surface activity of the modied electrode was
2950 | RSC Adv., 2020, 10, 2944–2951
different, which was responsible for the observed difference in
the slopes of the two linear segments. A high number of active
sites were available on the electrode surface at lower concen-
trations of the analytes. However, the number of active sites
decreased at higher concentrations of the analytes. The
different number of active sites and likely kinetic limitation
resulted in the decreased sensitivity of the slope in the second
linear segments for 4-AP. The detection limit was determined to
be 45 nM for 4-AP on surface of GPE/PtAM. In Table 1, the
results of a comparison study of the present work with some
different modied electrodes1,10–13,35–37 and different chroma-
tography methods,4,5,9,38–42 which show acceptable performance
according to the tabulated data of this electrode. Furthermore,
the interfering effects of other probable coexisting ions such as
Ca2+, Cl�, Cr3+, Cu2+, K+, Mg2+, Na+, NO3

�, PO4
3�, SO4

2� and
Zn2+, were investigated and the results showed that the
maximum interfering effects for these ions were seen with the
determination of 4-AP (5% tolerable molar ratio >100). More-
over, no signicant interfering effects were seen for these ions.
3.8. Analytical application

The practical application of GPE/PtAM was examined for the
determination of 4-AP in tap water and well water. The samples
were diluted with PBS (pH 2.0) and DPVs were used for the
determination of 4-AP using the standard addition method.
Based on the results in Table 2, the recoveries for three water
samples were 98–104.2% for 4-AP. These recovery amounts were
acceptable for the determination of 4-AP.
4 Conclusions

In this work, Pt was included on the surface of agarose and was
used in GPEs. A modied GPE with PtAM was used for the
determination of 4-AP as a water pollutant. Depending on the
hydroxide groups present in the agarose structure, and the
presence of Pt, the sensitivity of the electrode towards 4-AP
increases. Some electrochemical measurements of the modied
electrode and analyte on the surface modied electrode were
studied. A value of 27.32 U was obtained for the charge transfer
resistance of GPE/PtAM. Microscopic surface areas and the
surface concentration of electroactive species for GPE/PtAM
were calculated to be 0.077 cm2 and 1.13 � 10�3 mol cm�2,
respectively. The electron transfer coefficient, the diffusion
coefficient and the standard heterogeneous rate constant of 4-
AP on GPE/PtAM were calculated as 0.274, 4.56 � 10�4 cm2 s�1

and 3.32� 10�1 cm s�1, respectively. The inuence of pH on the
oxidation of 4-AP was investigated and PBS with a pH of 2.0 was
selected as the optimum pH. Under optimum conditions,
a 45 nM detection limit was obtained. The preparation method
is simple and cheap, and the proposed modied electrode is
very stable. Finally, GPE/PtAM was successfully used for the
determination of 4-AP in real samples.
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