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A B S T R A C T

These days development of efficient, selective and fast sensors for micro-determination of Al(III) in different
samples is a highly demanding area of research. This is because aluminum intake is reported to have serious
negative impact on human health. In this paper, a new electrochemical Al(III) sensor is developed based on a
chemically modified carbon paste electrode with graphene nanosheets and diphenylcarbazone (DPC) ionophore.
This sensor is chosen based on its highest sensing efficiency among the five fabricated carbon paste electrodes
with varying compositions. Out of these five, two electrodes contain graphene with their two counterparts
without graphene and the fifth one has the graphite paste only. Cyclic voltammetry and electrochemical im-
pedance spectroscopy measurements are used for Al(III) detection in Britton–Robinson (B–R) buffer solution.
Voltammetry results reveal good linear relationship between anodic redox peak current and Al(III) concentration
over a wide range from 10 mM down to 0.1 µM with a very low limit of detection (LOD) 31 nM for the best
sensor (electrode I) modified with graphene and DPC ionophore. This modified electrode is proved to be highly
sensitive and selective towards Al(III) ion detection and is successfully used for determination of Al contaminant
in spiked tap water and aqueous pharmaceutical preparation, as well as in drainage wastewater sample. The
microstructure properties of this sensor relative to its counterpart having no graphene in its paste (electrode II)
are also scrutinized with SEM, EDX analysis and FT–IR spectroscopy.

1. Introduction

Aluminum (Al) is considered one of the most abundant elements
and third element in Earth's crust where it is present in water, air and
soil. It is one of the important ingredients in packing papers for food,
pharmaceuticals and deodorants, and it is used in other products such
as home furnishings, building materials, farm implements and kitchen
appliances [1–4]. The normal concentration of aluminum exposure in
the human body is ranged between 50 and 150 mg with an average
level of about 65 mg. Most concentration of Al minerals are found in the
liver, brain, lungs, kidneys and thyroid. Our daily intake of aluminum
may be ranged from 10 to 110 mg and the body will excrete most of it
in urine and the feces and some in the sweat [5]. Exposure to higher
amounts during gestation can result in intrauterine fetal death, devel-
opmental delay, growth restriction and malformation. High level of Al
can cause soft tissue abnormalities, growth retardation, Alzheimer's
disease (AD), bone softening, Parkinson's disease, chronic renal failure,
etc. So it is of a paramount importance to detect and control high levels
of Al ions in drinking water and keep it as minimum as possible [6–8].

Basically, detection of Al(III) is a challenging task due to its strong
hydration ability and poor binding. Al(III) is considered as a hard-acid
that can bind with ligands containing hard-base sites like O and N
forming coordination complexes. For this reason, most of the prepared
Al(III) electrochemical sensors are based on molecules having O and N
sites [9–12]. Therefore, we take into consideration the determination of
Al(III) by using a sensor containing diphenylcarbazone (DPC)
(Scheme 1). Several methods in literature have been reported for Al(III)
ions determination such as atomic absorption spectrum [13] and in-
ductively coupled plasma-atomic emission spectrometry [14, 15], but
these methods are very expensive and need costly apparatus. Moreover,
flow-injection [16] and liquid chromatography [17] are being used also
to determine trace level of aluminum but these methods are too com-
plicated to operate [18].

Practical applications of electrochemical techniques for aluminum
determination are in progress and gained more attention compared
with the methods mentioned above. This is because electrochemical
techniques are powerful and versatile analytical ones [19] that offer
some advantages such as: simplicity, time efficiency, high sensitivity,
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selectivity, low-cost instrumentation and precision, as well as large
linear dynamic range and accuracy [20, 21]. Normally, after developing
more accurate and sensitive electrochemical sensors, they can be tested
for environmental and industrial applications, and in biological samples
[1, 22, 23]. Cyclic voltammetry (CV) is among the electrochemical
techniques which offers a qualitative and quantitative approach to
study the behavior of electrochemical systems, provide information on
the kinetics of electron transfer and study the interfacial adsorption/
desorption behavior of electroactive species and coupled electro-
chemical reaction mechanisms [24–26]. Additionally, carbon paste
electrode (CPE) has useful characteristics for electrochemical sensing
such as good mechanical rigidity, large potential window, very low
background current contribution, high conductivity, long lifetime, low-
cost, ease of modification and renewability [27–29]. Herein, DPC io-
nophore is used as a new modifier to improve the electrochemical ac-
tivity of the CPE in detecting aluminum [30, 31]. The composite ma-
terial offers many advantages such as good chemical stability,
possibility to regenerate fresh surfaces, reproducibility, ease of pre-
paration and high sensitivity, especially when including graphene na-
nosheets in the graphite paste [32]. Graphene is an allotrope of carbon
composed of single-atom thick sheets of sp2 bonded carbon atoms that
are arranged in a perfect two-dimensional (2D) hexagonal honeycomb
lattice. It has extraordinary high planar specific surface area of up to
2630 m2g−1, lower charge transfer resistance, a very high electrical
conductivity and higher tensile strength than graphite [33].

A total of five different electrodes with varying compositions were
fabricated by making a paste from graphite fine powder alone or with
graphene nanosheets and using as the plasticizer either tricresyl phos-
phate (TCP) or o-nitrophenyl octyl ether (o-NPOE) with the addition of
DPC ionophore compound. After examining the electroanalytical
characteristics and optimizing the experimental conditions, the most
successful DPC modified sensor (electrode I) was selected as a platform
for the rapid and sensitive determination of Al(III) ions at trace-level in
real water samples and the results were compared with those obtained
from inductively coupled plasma (ICP) spectroscopy method.

2. Experimental

2.1. Chemicals and Materials

Required chemicals and reagents in the current work were all of
analytical grade reagents and used without the need to be purified.
Graphite fine powder (Aldrich), graphene (Strem Chemicals), diphe-
nylcarabazone (Winlab), tricresyl phosphate (Aldrich) and o-ni-
trophenyl octylether (Aldrich) were all used as received. The pharma-
ceutical preparation (Mucogel aqueous suspension) has been obtained
from EIPICO Pharmaceutical Company, Cairo, Egypt (each 100 mL from
it contains: 2.0 g Mg(OH)2, 8.1 g dried Al(OH)3 gel and 0.2 g ox-
ethazaine). Deionized water was used throughout for preparing all so-
lutions, and for washing.

Britton–Robinson (B–R) buffer solution was prepared by mixing
different volumes of 0.04 M acetic acid (99.5%), 0.04 M phosphoric
acid (85%) and 0.04 M boric acid and the mixture was finally adjusted
to the specified pH value using few drops from 2.0 M NaOH solution to
study the effect of solution pH within the required range from pH 2.0 to
pH 4.5.

All analyte concentrations were prepared from a stock of 10 mM Al
(III) solution by dissolving an appropriate amount of Al2(SO4)3•16H2O
(Merck) in deionized water and diluting to 100 mL by a mixed B–R
buffer. During the whole work, prepared solutions were kept in dark
colored quick fit bottles to be protected from the direct day light.

2.2. Instrumentations

Electrochemical measurements were all performed using the elec-
trochemical workstation (IM6e Zahner electrik, Kronach, Germany)

computer driven via Thales software. A conventional three-electrode
cell configuration was used encompassing Ag/AgCl/(sat KCl) as the
reference electrode (Sentek, United Kingdom), Pt wire as the counter
electrode and the CPE as the working electrode. A pH meter (Hanna pH
211, Italy) was used to measure and adjust the pH of all solutions.
Electrochemical experiments were all carried out at an ambient tem-
perature of 25 ± 1 °C. Surface morphologies of the best two selected
electrodes (I and II) before and after soaking in the analyte solution
were examined using field-emission scanning electron microscope (FE-
SEM) Model Quanta 250 attached with Energy Dispersive X-ray unit
(EDX) with accelerating voltage of 30 kV, magnification 14x up to
1000,000x and resolution for Gun 1n (FEI company, Netherlands).
FT–IR analysis was also performed for the these two electrode surfaces
to confirm their composition before and after soaking in the Al(III)
solution using KBr pellets via Perkin Elmer, Spectrum One FT–IR
spectrometer.

2.3. Preparation of CP electrodes

Each CPE was prepared by mixing 250 mg graphite fine powder
alone or with 50 mg graphene, 15 mg diphenylcarbazone ionophore
(DPC) and 0.1 mL of TCP or o-NPOE (plasticizer) in an agate mortar
with a pestle for 20 min. The carbon paste was packed into the hole of
the Teflon electrode body and smoothed its surface onto a wet filter
paper until becoming with shiny appearance, then left immersed 24 h in
deionized water in a refrigerator before use. The electrical contact was
achieved by using a stainless-steel rod in the center of the holder that
can be allowed to move up and down (Scheme 2). Prior each experi-
ment the electrode surface was renewed by moving the rod to press the
paste down, scrapping off the excess against a filter paper and finally
polishing the electrode surface using a fine filter paper to get a shiny
appearance again. In order to choose the most efficient and selective
CPE, five different electrodes have been fabricated with detailed com-
positions as given in Table 1.

2.4. Electrochemical measurements

2.4.1. Cyclic voltammetry (CV)
Voltammetric measurements were performed in one compartment

electrolytic cell containing 5 mL B–R buffer solution (pH 3.0) with the
appropriate Al(III) concentration over the range 0.1 µM to 10 mM.
Voltammograms were all traced within the potential window from –0.5
to 1.5 V (vs. Ag/AgCl). To choose the electrode with the maximum
current response, CV curve was first recorded in B–R buffer solution of
pH 3.0 containing 10 mM Al(III) at a definite scan rate of 100 mV s−1

for each of the five prepared electrodes. This electrode was then used
for the subsequent electrochemical studies on the effect of solution pH,
analyte concentration, scan rate, and sensor performance.

2.4.2. Electrochemical impedance spectroscopy (EIS)
EIS diagrams were all traced at the steady-state open-circuit po-

tential using the same electrochemical workstation within the fre-
quency range from 5 kHz to 0.01 Hz with a sinusoidal perturbation ac
signal of 10 mV amplitude. The experimental impedance data at

Table 1
Composition of the five tested carbon paste electrodes.

Electrode Electrode composition
Plasticizer type (0.1
mL)

Graphite (C)
(mg)

Graphene (Gr)
(mg)

DPC (mg)

I TCP 250 50 15
II TCP 250 – 15
III o-NPOE 250 50 15
IV o-NPOE 250 – 15
V TCP 250 – –
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different pH values and Al(III) concentrations were then analyzed to
derive EIS output parameters using EC-Lab software (V10.40).

2.5. Determination of Al(III) in different samples

In order to test the analytical validity of this approach, the best
selected electrode which gave the highest redox peak current was used
for the determination of Al(III) in spiked tap water, in pharmaceutical
formulation (Aluminum hydroxide based Mucogel suspension drug)
and in drainage wastewater samples. Pharmaceutical sample was pre-
pared by dissolving 0.0482 mL of the drug into 50 mL volumetric flask
with deionized water to obtain 1.0 mM Al(III) concentration. After that,
concentrations of 0.1 and 0.01 mM were obtained by a necessary di-
lution of the original prepared 1.0 mM Al(III) solution with deionized
water in a 50 mL volumetric flask. Spiked tap water were prepared by
dissolving 0.6303 g from Al2(SO4)3.16H2O salt and then diluting to the
mark in 100 mL volumetric flask using tap water as a solvent to prepare
10 mM Al(III) solution. Then, further dilutions were made to prepare
other solutions with lower concentrations of 1.0, 0.1 and 0.01 mM.
Drainage wastewater (an authentic sample) was brought from
Alrahawy drainage system in Alrahawy village at Giza, Egypt.

3. Results and discussion

3.1. Effect of electrode composition

The response of an electrochemical sensor is mainly related to it is
chemical composition and morphology. One important component in
its constituents is the plasticizer. So, in the present work two promising
plasticizers were chosen, namely, TCP for electrodes I, II and V, as well

as o-NPOE for electrode III and IV (see Table 1), in order to examine
their effects on the performance and sensitivity of the fabricated sen-
sors. Furthermore, to explore the role of graphene (Gr) on the sensing
behavior, a fixed amount of 50 mg Gr was added to the paste of elec-
trode I and electrode III. Electrode V was used as a reference for only
contains the plasticizer (TCP/C). The cyclic voltammetry behavior of
the five electrodes were accomplished at the same scan rate of
100 mV s−1 in the specified potential window from –0.50 to 1.50 V (vs.
Ag/AgCl) at room temperature. Typical voltammograms recorded for
10 mM Al(III) in pH 3.0 B–R buffer solution using the different fabri-
cated electrodes are presented in Fig. 1. It is clear that all scans are
characterized by a well-defined single redox current peak appeared in
the forward sweep direction of each curve. The values of the peak
current (Ip) and potential (Ep) for the five tested electrodes with their
designations are listed in Table 2. Careful inspection of the obtained
results can disclose the following important inferences:

1 In the absence of DPC modifier, the blank electrode V containing
only graphite paste with TCP is used as a reference. The broad re-
sponse current peak with a value of 11.38 µA occurring at 762 mV
indicates that this electrode (TCP/C) is inactive towards Al(III) de-
tection over the studied potential range.

2 However, in the presence of DPC ionophore modifier, a complex
could be formed with the target ion (Scheme 3) [34,35] causing an
enhancement in the redox peak current of Al(III) at the electrode/
solution interface. This complex has the ability to decrease the
overpotential and to improve the reversibility of the redox process.
Thereby, the peak potential (Ep) at which Ip appears in the vol-
tammograms acquires lower values than 762 mV depending on the
electrode composition (see Table 2). Improvement in the electro-
chemical reversibility of a modified electrode spawns to sharper
current response peaks and precludes electrode fouling from oxi-
dation products and hence increasing stability of the sensor.

3 The sensing performance of electrodes I and III, containing 50 mg Gr
nanosheets each, is much higher compared to their counterparts
(electrode II and IV, respectively) having no Gr in the paste. The
enhancement in the current response for these two electrodes is thus
attributed to the presence of Gr nanosheets in their modified mi-
crostructure. It is generally accepted that electrochemical kinetics is
improved with increasing the electrocatalyst surface area. Thereby,
Gr-DPC in the CPE exhibits additional advantages and synergistic

Fig. 1. Cyclic voltammogram responses of the five fabricated electrodes at scan rate of 100 mV s−1 in 10 mM Al(III) solution with pH 3.0. Inset: Histogram of the
recorded Ip for the five CPEs.

Table 2
Designation and CV parameters of the five fabricated CPEs for detection of
10 mM Al(III) in pH 3.0 B–R buffer solution at 100 mV s−1.

Electrode Electrode designation Ep/ mV (Ag/AgCl) Ip (µA)

I TCP/C/Gr/DPC 745 69.90
II TCP/C/DPC 736 63.79
III o-NPOE/C/Gr/DPC 618 48.01
IV o-NPOE/C/DPC 622 42.53
V TCP/C 762 11.20
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properties that greatly augment its sensing potential towards Al(III)
detection when compared to the use of DPC as a modifier alone. This
is because existence of Gr nanosheets has implications on the charge
transfer behavior through the enhancement of achievable sensitivity
and selectivity over DPC-modified CPE alone [36].

4 The use of TCP plasticizer in electrodes I and II presents an excellent
electrocatalytic activity for the detection of Al(III) ions as compared
in case of electrodes III and IV for which o-NPOE was used instead in
the CPE. This is because TCP as a solvent mediator possesses higher
lipophilicity, higher molecular weight and lower solubility in aqu-
eous solution than o-NPOE plasticizer [37].

5 It is thus evident that sensing efficiency of the five fabricated elec-
trodes is directly related to their current peak response, Ip in µA, (see
Fig. 1 inset and Table 2) which increases in the following order: I >
II > III > IV > V. A close comparison between electrode II (TCP/C/
DPC) with its basic electrode V (TCP/C) indicates that its electro-
chemical reaction kinetics is improved about six times by adding
DPC modifier, where Ip value increases from 11.38 µA to achieve
63.80 µA. More enhancement to about seven times is obtained by
further adding 50 mg graphene nanosheets in the paste of electrode I
(TCP/C/Gr/DPC) for which Ip attains a value of 69.90 µA. This be-
havior generally implies an expected increase in the modified sensor
relative surface area, which can heighten its intrinsic active sites
available for analyte adsorption. Such properties make electrode I
an excellent sensing platform compared to the other fabricated and
tested ones in the present set (II, III, IV, and V).

Regarding the physical morphology, Fig. 2 illustrates the FE-SEM
images of electrode I and electrode II before (a and c) and after (b and
d) soaking in 1.0 mM Al(III) solution. As it can be clearly seen, the
microstructures of both electrodes are composed from irregular–shaped
randomly distributed particles with a much larger number and smaller
size in the case of electrode I (Fig. 2(a)) as compared to that for elec-
trode II (Fig. 2(c)). This feature is possibly attributed to predominated
graphene nanosheets in the paste of electrode I which leads to increase
its surface area available for Al(III) ion adsorption. An evidence for this
notion can be given from the EDX analysis in Fig. 2(b) revealing up-
surge amount of Al equal to 7.78 wt.% for electrode I after soaking
versus a much lower value of 4.24 wt.% only for electrode II as depicted

in Fig. 2(d). Moreover, for both electrodes after soaking, many tiny
white spots are shown adsorbed on the particle surfaces due to the
interaction between the analyte and DPC ionophore molecules present
in the sensor's matrix.

FT–IR analysis was also conducted for these two sensors (I and II)
before and after soaking in Al(III) solution to further confirm the in-
teraction and complexation between Al(III) ions and DPC ionophore.
The spectra shown in Fig. 3 for both electrodes exhibit several peaks
over the wave number range of 450–4000 cm−1. According to Fig. 3(a
and c) the stretching peak appeared at 1750 cm−1 related to ν (C=O)
vibration is shifted to 1708 cm−1 and 1702 cm−1 (Fig. 3(b and d)) upon
soaking electrodes I and II in 1.0 mM Al(III) solution, respectively. This
enables us to assume the ketonic form which is also confirmed by the
absence of ν (C=N) stretching vibration. Furthermore, the bands ob-
served at 3195 cm−1 and 3192 cm−1 are assigned to ν (HN–CO) fa-
voring the complexation to be happened through the carbonyl group.
The stretching band at 3266 cm−1 and 3277 cm−1 for the two elec-
trodes before soaking are shifted after soaking to 3254 cm−1 and
3269 cm−1, respectively. These two bands are both associated with the
stretching motion of the aromatic amine hydrogen which proves that
complexation has also been occurred through this aromatic amine
group. Finally, the appearance of some weak peaks in the domain
500–600 cm−1 for both electrodes after soaking in Al(III) solution are
related to metal−N and metal−O. All these results (Table 3) strongly
support a complex formed between Al(III) ion and DPC through the
carbonyl and aromatic amine of the ionophore. Scheme 3 demonstrates
the suggested Al(III)-DPC complex formed at the modified CPE [35, 38].

3.2. Effect of operational conditions

3.2.1. Solution pH
The pH of a working solution plays a crucial role in the electro-

chemical performance of a sensor. In this part the effect of solution pH
on the sensing efficiency of electrode I towards detecting Al(III) analyte
in the electrolyte was studied by the CV technique in B–R buffer solu-
tions with different pH values over the range 2.0–4.5. Fig. 4 demon-
strates that for a fixed amount of Al(III) ions (10 mM) the obtained
voltammograms have all similar trend, and that peak current (Ip) and
peak potential (Ep) are both pH dependent. The background current

Fig. 2. FE-SEM micrographs and EDX spectra of modified CPE surfaces: (a) for electrode I before soaking and (b) after soaking in1.0 mM Al(III) solution; (c) for
electrode II before soaking and (d) after soaking in 1.0 mM Al(III) solution.
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response normally increases with pH achieving its highest value at pH
4.5, and Ip value is linearly increased with the solution pH as depicted
in Fig. 4(inset). It is to be noted that, experimentally at pH value higher
than 4.5 there was a decrease in Ip due to possible formation of alu-
minum hydroxide precipitate. On the other hand, Ep increases posi-
tively over the lower pH range from 2.0 to 3.0 and decreases afterward
at higher pH values from 3.0 to 4.0 ( Fig. 4(inset)). This proves that the
optimum solution pH should be fixed at 3.0 for the sensing studies of Al
(III) analyte. The deviation observed at pH 4.5 could be ascribed to the
nature of Al(III) species prevailing in the medium at this conditions.
Previously, it has been established that the domain of relative pre-
dominance of aluminic cations (Al3+), bӧhmite (Al2O3 H2O) and alu-
minate anions (AlO2

−) are at pH 4.0 for Al3+/Al2O3 and at pH 5.07 for
Al3+/AlO2

− equilibria [39].
Electrochemical impedance spectroscopy (EIS) is also a versatile

and an accurate technique to study the impedance variation occurring
at the electrode/electrolyte interface [40]. Fig. 5 shows the impedance
spectra of electrode I measured over the frequency range from 100 kHz
down to 0.01 Hz. The depicted Nyquist plots in Fig. 5(a) and Bode plots
in Fig. 5(b) are displayed at different pH values of 1.0, 2.0, 3.0 and 4.0.
Generally, the plots in the two diagrams reveal a continuous decrease in
the electrode impedance with pH indicating a corresponding upsurge in
the interface conductivity and featuring the same trend of the CV results
[41, 42]. As shown in the Nyquist plots, at a given pH value each EIS
curve is composed of a semicircle in the high-frequency range con-
nected with an arc which is a part of a larger semicircle at the low-
frequencies. Based on the shape of EIS spectra, several equivalent cir-
cuit (EC) models were tested to fit the obtained spectra to analyze them

in the form of numerical values, and the EC depicted in Fig. 5(c) was
found to be the best model well-simulating the experimental impedance
results. It is composed of a resistor element (R1) in series with the
electrical configuration [Q1/(R2+Q2)/R3]. R1 represents the solution
resistance while the time constant [Q1/(R2+Q2)] represents the high-
frequency semicircle which normally accounts for conductive pathways
across the carbon paste electrode matrix [43]. On the other hand, the
low-frequency semicircle is attributed to the charge transfer resistance
(R3). In this model, a constant phase element (Q) with its empirical
exponent (0 ≤ α ≤ 1) was used instead of using an ideal capacitance
(C) to account for the deviation from the ideal behavior due to surface
heterogeneity [44]. Table 4 lists the values of each EC parameter as
derived from the fitting operation. As it can be clearly noted, the so-
lution resistance (R1) remains nearly constant (0.18–0.24 kΩ) due to
the good conductivity of the electrolytes at all pH values. The electrode
bulk resistance (R2) has high values ranging from 6.62 kΩ to 15.33 kΩ
at pH 4.0 to pH 2.0 due to the non-conducting nature of TCP plasticizer
in the composition of electrode I. As for the charge-transfer resistance
(R3), it decreases significantly from 1753 kΩ to 226 kΩ on increasing
the pH value from 1.0 to 4.0. This can be explained on the basis that
extremely low pH value enhances the protonation of N atoms of the azo
groups and O atoms of the carbonyl groups, shielding their free lone
pairs of electrons that interact with Al(III) ions. So, the complexation
reaction between diphenylcarbazone and Al(III) ions is accelerated as
the solution pH is increased owing to the de-protonation of N and O
atoms making them available to form coordinate bonds with Al(III)
ions. This mechanism is also supported by the increase in the peak
current with increasing solution pH as obtained from CV measurements
at different pH values (Fig. 4).

3.2.2. Analyte concentration
Fig. 6 shows the CV curves of electrode I in B–R buffer solution of

pH 3.0 containing various Al(III) ion concentrations recorded at a
specified scan rate of 100 mV s−1. The voltammograms reveal con-
tinuous increase in the current response of Al(III) complex with in-
creasing Al(III) concentration from 0.1 µM up to 10 mM. This indicates
excellent sensitivity for this sensor towards aluminum detection over a
wide concentration range. During the sensing process, as the analyte
concentration is raised more Al(III) ions will get complexed with DPC
ionophore, and subsequently oxidized on the electroactive sites of the
modified CPE surface (TCP/C/Gr/DPC) [35]. Fig. 6(inset) reveals that
quantative determination of Al(III) can be achevied via the linear

Fig. 3. IR spectra: (a) for electrode I before soaking and (b) after soaking in1.0 mM Al(III) solution; (c) for electrode II before soaking and (d) after soaking in1.0 mM
Al(III) solution.

Table 3
Stretching vibrational frequencies (cm−1) of electrodes I and II after soaking in
10 mM Al(III) solution (pH 3.0).

Assignments Stretching vibrational peaks (cm−1)

[35,37] Electrode I Electrode II
ν (C=O) 1708 1702
ν (HNCO) 3195 3192
δ (CH2N) 1445 1440
ν (C−O) 1270 1275
ν (N=N) 1560 1559
ν (C−C) 974 970
ν (C=C) 1595 1590
Metal−N and Metal−O 500–600 500–600
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Fig. 4. Cyclic voltammogram responses of electrode I at scan rate of 100 mV s−1 in 10 mM Al(III) solution as a function of the solution pH (B–R buffer). Inset: The
dependence of the peak current (Ip) and peak potential (Ep) on the solution pH.

Fig. 5. Effect of pH on the impedance spectra. (a) Nyquist diagrams. (b) Bode diagrams. (c) The equivalent circuit utilized for simulating EIS spectra of electrode I.
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relationship between Ip and the analyte concentration in the medium
which satisfies a regression equation expressed as: Ip (µA) = 0.0057 Al
(III) (µM) + 14.717, with a correlation coefficient of r2 of 0.9991. The
limit of detection (LOD) and limit of quantification (LOQ) were calcu-
lated using the following equations: LOD = 3(SD)/m, and
LOQ = 10(SD)/m, where SD is the standard deviation of the current
responses obtained from 5 different runs at each Al(III) concentration
and m is the slope of the current peak Ip vs. Al(III) concentration plot.
Indeed, LOD was calculated by evaluating the lowest concentration of
Al(III) analyte that can be readily detected and reliably distinguished
from zero, and it was found equal 0.031 µM for our sensor (electrode I).
In the meantime, LOQ which was calculated by establishing the lowest
concentration that can be estimated quantitively with an acceptable
level of precision [45] and measured according to ICH Q2 (R1) re-
commendation, where for our proposed sensor it was found equal to
0.103 µM. Table 5 summarizes the quantitative parameters of the
proposed CV method for the electrochemical detection of Al(III) ions in
deionized water using electrode I.

EIS measurements have been also performed for the effect of Al (III)
concentration on the sensitivity of electrode I, in electrolytes with dif-
ferent concentrations ranging from 0.01 mM to 10 mM Al (III), and the
obtained EIS spectra are displayed in Fig. 7. One can note that these
spectra have the same features as those depicted in Fig. 5. Therefore,
the same EC model (Fig. 5(c)) was utilized for fitting these spectra as
well, and the obtained fitting parameters are listed in Table 6. Similarly,
R1 represents the solution resistance and it suffers no significant change

(0.16–0.27 kΩ), while the electrode bulk resistance (R2) has high values
ranging from 8.51 kΩ to 18.08 kΩ. On the other hand, the charge-
transfer resistance (R3) significantly decreases from 1694 kΩ in the low
0.1 µM Al (III) concentration but reaching 194 kΩ in the high tested
10 mM Al (III) solution. This is logically attributed to enhanced electron
transfer kinetics owing to inherent conducting nature of the electrode/
electrolyte interface with increasing Al(III) ions. Such behavior is sup-
ported by the increase in peak current upon increasing the analyte
concentration (Fig. 6). All these results reveal the excellent sensing
effectiveness of our DPC modified sensor towards Al(III) ion detection.

3.2.3. Scan rate
The effect of different rates of scanning (υ) on the electrochemical

behavior of electrode I was analyzed in B–R buffer solution of pH 3.0
containing 10 mM Al(III) as shown in Fig. 8. It can be seen that scan
rate affects both of the peak current and peak potential values. Upon
increasing scan rate over the range 10–100 mV s−1, the peak potential
mostly shifts in the anodic direction with a concomitant increase in the
peak current. As shown in Fig. 8( inset (a)) variation of the peak current
(Ip) with square root of scan rate (υ1/2) gives a linear plot with a cor-
relation coefficient r2 of 0.9989 in accordance with the following
Randle–Sevčik equation [24]:

= ×I n AD C(2.69 10 )p o
5 3/2 1/2 1/2 (1)

where the numerical constant (2.69 × 105) has the units of
(C mol−1V−1/2). In this equation (Eq. (1)) Ip is the peak current density

Table 4
Equivalent circuit impedance parameters calculated for electrode I as a function
of the solution pH.

pH 1.0 2.0 3.0 4.0

R1 (kΩ) 0.18 0.17 0.18 0.24
Q1 (μF) 0.41 0.89 1.09 2.40
α1 0.88 0.91 0.84 0.78
Q2 (μF) 1.67 14.88 22.52 31.75
α2 0.47 0.49 0.40 0.46
R2 (kΩ) 11.81 15.33 11.24 6.62
R3 (kΩ) 1753.12 308.70 283.82 226.08

Fig. 6. Cyclic voltammogram responses of electrode I for different concentrations of Al(III) at scan rate of 100 mV s−1 and pH 3.0. Inset: Variation of the peak current
with Al(III) concentration in the medium.

Table 5
Quantitative parameters of the proposed CV method for Al(III) ion de-
tection in pure water using electrode 1.

Parameter Value

Potential range (V vs. Ag/AgCl) –0.50 to 1.50
Scan rate (mV s−1) 100
Concentration range (µM) 0.1 to 1.0 × 104

Working pH 3.0
Correlation coefficient (r2) 0.9994
LOD (µmol L−1) 31 × 10−3

LOQ (µmol L−1) 103 × 10−3
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(A cm−2), n is the number of electron transferred during the redox
process, A is the electrode surface area (cm2), D is the diffusion coef-
ficient (cm2 s−1), Co is Al(III) bulk concentration (mol cm−3) and υ is
the scan rate at which the potential was swept (V s−1). The linear de-
pendence of Ip on υ1/2 implies that electrochemical oxidation of Al
(III)–DPC complex on the surface of our sensor is a diffusion–controlled
mass transfer process [46,47]. This can be plainly explained based on
the fact that increasing rate of scanning increases the concentration

gradient of the electroactive species, with a subsequent increase in the
flux of analyte to the electrode surface [12]. In the meantime, plot of
log Ip versus log υ exhibited in Fig. 8(inset (b)) gives a direct pro-
portionality graph which could be fitted to the following linear re-
gression equation: log Ip = 0.642 0.56 log υ with r2 of 0.9979. The
slope of the linear relation is somewhat higher than the theoretical
value of 0.5 required for a diffusion controlled reaction [46] which
confirms the previous result based on Eq. (1) above.

3.3. Sensor performance

3.3.1. Stability study
To ensure its good sensing performance, especially for long term

use, it is a prerequisite to test the stability, reproducibility and re-
peatedly of our fabricated approved sensor. The study was performed
by subjecting electrode I to repeating cyclic voltammetry measurements
up to 250 cycles at a scan rate of 100 mV s−1 in B–R buffer solution of
pH 3.0 containing 10 mM Al(III) ions. Fig. 9 shows the obtained elec-
trochemical response, while the inset indicates the variation of Ip (µA)
and its relative lowering percentage as a function of the cycle number.
It was found that reduction in the peak current from the first cycle up to

Fig. 7. Effect of Al(III) concentration on the impedance spectra (a) Nyquist diagrams (b) Bode diagrams of electrode I.

Table 6
Equivalent circuit impedance parameters calculated for electrode I as a function
of Al(III) ion concentration.

[Al(III)] (mM) 0.01 0.10 1.0 10.0

R1 (kΩ) 0.26 0.16 0.27 0.23
Q1 (μF) 0.70 0.68 3.63 2.71
α1 0.84 0.88 0.76 0.79
Q2 (μF) 11.60 19.85 3.45 3.04
α2 0.42 0.45 0.55 0.54
R2 (kΩ) 11.39 8.51 18.08 10.21
R3 (kΩ) 1694.09 404.16 272.70 194.02

Fig. 8. CV curves of electrode I as a function of the scan rate recorded in10 mM of Al(III) solution at pH 3.0. Insets: (a) Dependence of peak current (Ip) on the square
root of scan rate (υ)1/2 and (b) relation of log Ip vs. log υ.
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the last 250th one is only about 23% (over a duration period of 2.78 h).
This result demonstrates that our modified sensor has eminent stability
and reproducibility toward electrochemical detection of Al (III) ions.

3.3.2. Robustness
The robustness of the proposed method was estimated by scruti-

nizing the constancy of the peak current with a deliberated small
change in the experimental parameters. The results showed that minor
changes in both pH (3.0 ± 0.3) and the elapsed time before starting
recording the CV measurement (2 min ± 30 s) did not affect the

current response of electrode I toward Al(III) detection. The life-time of
the constructed DPC modified electrode was found to be two weeks,
where seven measurements were done with the sensor having good RSD
% below 2.1%. This suggests that the proposed adopted method is
proved reliable and robust one during the normal measurements and
usage in comparison with other reported method [48, 49].

3.4. Analytical Applications

3.4.1. Determination of Al(III) in real samples
To further verify the practical applications of our sensor (electrode

I), the proposed cyclic voltammetry method was exploited to determine
Al(III) ions in real samples such as spiked tap water, Mucogel drug
solution and drainage wastewater. For analytical purposes, the ob-
tained CV results of Al(III) ions in the real samples were compared with
those obtained using the inductively coupled plasma (ICP) method. The
results are listed in Table 7 using three different concentrations of 0.01,
0.10 and 1.0 mM from spiked tap water and drug solution samples and
a 5 mL from the drainage wastewater. Clearly seen, the obtained re-
coveries with CV method have more accurate, satisfactory and accep-
table values than those obtained with ICP method. Thus, CV method

Fig. 9. CV curves of electrode I in 10 mM Al(III) solution at pH 3.0 and scan rate of 100 mV s−1 as a function of the cycle number (from 1 to 250). Inset: Dependence
of Ip and % decrease in it on the cycle number.

Scheme 1. Molecular structure of 1,5-diphenylcarbazone (C13H12N4O).

Scheme 2. Schematic diagram to represent the preparation steps and measurements.
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indicates the selectivity and hence its suitability for the fast determi-
nation of Al(III) in real samples. This, in turn, confirms the validity of
the fabricated sensor for real analytical applications [50].

3.4.2. Validation of the method
Method validation is the integral part of any good analytical process

which is used to confirm that the employed analytical procedure for a
specific test is suitable for its intended use. Results obtained
from method validation can be used to judge the selectivity, reliability
and consistency of the adopted analytical process and is utilized also to
find out if this analytical method correctly meets the legal require-
ments. Moreover, it can approve that the followed analytical method
has sufficient details that helps analysts from other laboratories to
perform validation in a systematic manner and obtain comparable re-
sults [51, 52]. Table 8 depicts the intra-day results of accuracy and
precision for the determination of Al(III) ions in both pure and spiked
tap water, as well as in pharmaceutical preparation (Mucogel drug)
sample using three different concentrations of 0.01, 0.10 and 1.0 mM Al
(III) solutions. Each determination for the three concentrations was
repeated five times using electrode I based on the CV measurements at
100 mV s−1. Accuracy is considered an important parameter in vali-
dation of our electroanalytical method which measures the agreement
between the expected and obtained values [53]. The % recovery and
RSD% shown in Table 8 indicate that the validated method can be
adopted for the qualitative and quantitative determination of Al(III)
ions in real samples with a high accuracy and precision without inter-
ference from other contaminants. It is worth noting that, results ob-
tained and their reproducibility are close to each other, and the closer
the agreement between individual analysis is, the more precise the re-
sults will be. Therefore, the small value for the relative standard de-
viation (RSD%) of less than 1% indicates high precision and confidence
in the repeatability and reproducibility of our proposed CV method. The
results obtained by applying the DPC ionophore modified graphene/
graphite past sensor (TCP/C/Gr/DPC) have the advantage that it is fast
and does not need any extraction or separation steps [54].

4. Conclusions

The present work is devoted to develop a new graphene/graphite
paste electrode chemically modified with diphenylcarbasone ionophore
(TCP/C/Gr/DPC) to be used as a sensor for the detection and de-
termination of Al(III) ions in spiked and real water samples using CV
and EIS measurements in Britton–Robinson (B–R) buffer solution.
Cyclic voltammograms displayed a single peak current in the forward
direction of the scan attributed to the oxidation process of the Al(III)-
DPC ionophore complex. The proposed DPC modified sensor was ap-
plied with high accuracy for easy and fast determination of aluminum
at a relatively low concentration level in the range from 10 mM down to
0.1 µM with low limit of detection (LOD) 31 nM. CV curves and EIS
results at different pH values from 2.0 to 4.0 demonstrate that the
sensor is pH-dependent. Analysis of the cyclic voltammograms at dif-
ferent scan rates by plotting log Ip vs, log υ showed that the electro-
chemical redox reaction has irreversible character which involves a
diffusion controlled electrochemical process. The morphological sur-
face analysis of the sensor before and after soaking in Al(III) solution
was considered by using SEM and EDX techniques. Rapid and precise
determination of Al(III) ions in standard and real water samples was
achieved using our fabricated Gr/DPC modified sensor as indicated by
the small value for the relative standard deviation (RSD%) of less than
1%. The efficient sensing capacity of our low-cost sensor TCP/C/Gr/
DPC, can offer valuable tool for pharmaceutical industry, food safety
and water sector.
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Scheme 3. The suggested Al(III)-DPC complex [34–35] formed at the modified CPE.

Table 7
Comparison between the results of electrode I obtained for Al(III) ions in real samples using the proposed CV method and ICP analysis.

Sample Taken (mg mL−1) CV results (%) ICP results (%)
Recovery Difference Recovery Difference

Spiked tap water 0.00054 0.0054 0.054 101.59 98.63 9.69 + 1.59 - 1.37 - 0.31 112.70 94.13 100.74 + 12.70 - 5.87 - 0.74
Drug 0.00027 0.0027 0.027 99.15 97.52 97.92 - 0.85 -2.48 -2.08 106.84 93.59 94.83 + 6.84 - 6.41 - 5.17
Drainage water Found × 103 by CV 25.0 mg mL−1 Found × 103 by ICP 19.2 mg mL−1

Table 8
Intra-day results of precision and accuracy for Al(III) determination in pure water, spiked tap water and drug samples using electrode I (n = 5).

Sample Taken (mg mL−1) Recovery (%) RSD (%)

Pure water 0.00054 0.0054 0. 0.054 98.94 99.52 100.95 0.796 0.956 0.693
Spiked tap wate 0.00054 0.0054 0.054 101.59 98.62 99.69 0.577 0.917 0.179
Drug 0.00027 0.00270 0.0270 99.50 97.52 97.92 0.854 0.527 0.853
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