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A high-performance reagent-less sensor based on
copper(n) phthalocyanines supported by multi-
walled carbon nanotubes for phosphate detection
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Phosphate concentration is an important indicator of water quality, specifically for eutrophication levels in
the presence of algae. Several analytical techniques have been proposed for phosphate monitoring, and
most of them are based on indirect methods. In this study, we propose a new reagent-less direct
method for the electrochemical detection of phosphate in aqueous solutions. For this, carbon screen
printed electrodes (CSPE) were modified with copper(i)-phthalocyanines (CuPc) that offer excellent
oxidoreduction and electrocatalytic properties, together with chemically modified multiwalled carbon
nanotubes (MWCNTSs) to enhance the electrocatalytic performance of the sensor. We implemented two
detection methods, which are electrochemical impedance spectroscopy (EIS) and square wave
voltammetry (SWV) to compare them. The developed sensor exhibits a remarkable detection limit of 1.15
puM in the range from 10 uM to 100 pM with voltammetry and 0.13 nM in the range from 0.001 uM to
100 puM with impedance, enabling accurate measurement of phosphate concentrations in water samples.
Thus, EIS shows a better sensitivity towards phosphate reduction. Furthermore, the developed sensor
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Accepted 27th February 2025 shows good performance in the presence of possibly interfering species that usually coexist with
phosphate ions, as well as the applicability of the sensor in real water samples (tap water and nutrient

DOI: 10.1035/d5ra00350d water from an aquaponic system) at a good recovery rate. The electrode's response is highly
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1. Introduction

Phosphate (P) is a widespread chemical substance, in both
inorganic and organic forms, that exists in the environment
(soil and water) and the human body. This nutrient is necessary
for plant growth and it is widely used in agriculture fertilizers,
providing vital nutrients for plants.»” Despite the significance of
phosphates, high levels of this chemical can negatively affect
the ecosystem,; specifically, phosphate concentrations in a water
body between 0.1 and 0.32 pM are defined as a threshold for
a high risk of triggering harmful algal blooms and eutrophica-
tion, which can lead to the deterioration of the aquatic envi-
ronment and ecosystem.** Moreover, another concern comes
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reproducible with a relative standard deviation lower than 10%.

from controlling phosphate concentrations in drinking water
that can put human health at risk, such as kidney failure® and
hypophosphatemia.® In this regard, maintaining acceptable
phosphate concentrations is required to ensure good water
quality and to protect natural water sources. According to the
international standards of the World Health Organisation
(WHO), a threshold of 1 mg L™" of phosphate in drinking water
is recommended.”

All these factors point out the importance of monitoring
phosphate ions to safeguard the environment and water quality.
In this context, enhancing current approaches and developing
reliable, fast, simple, and more accurate techniques is needed.
Currently, many research lines are focused on the development
of analytical methods able to overcome the drawbacks of clas-
sical methods including chemiluminescence, colorimetry,
fluorescence, luminescence, and capacitance measurements.®
Here, electrochemical methods offer a promising approach
given their cost-effectiveness, simplicity of miniaturization, and
high sensitivity. Many research studies have been devoted to
phosphate detection based on different electrochemical
approaches and innovative nanomaterials. Significant advan-
tages of electrochemical assays include detection limit, sensi-
tivity, selectivity, and stability. From previous investigations
about phosphate detection, several electrochemical analytical
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methods were performed, such as sensors based on indirect
detection, where different metals and associated complexes are
used like silver phosphates,® cobalt,’®'* and molybdenum.****
Also, sensors based on nanomaterial modification for offering
unique chemical and physical properties, including metals,'
metal oxides,' metallic nanoparticles,"”*®* nanorods, and
nanowires,"” carbon nanomaterials,”>** polymers,>»** and
sensors employing enzymatic reactions.**** In this direction,
metallophthalocyanines (MPCs) are gaining much more
interest. The metal atom in the central cavity has received great
interest due to its excellent electronic properties and potential
applications.”® Furthermore, the MPCs ensure high chemical
and thermal stability as well as a possibility to form highly
ordered layers for the enhancement of the electrode efficiency
and in particular, metal complexes, such as copper phthalocy-
anines (CuPc).*” Also, carbon nanomaterial-based sensors
showed enhanced electrocatalytic activity: better selectivity,
sensitivity, and lower detection limits, due to their unique
electrochemical properties such as large surface-to-volume
ratio.”® Among the different forms of carbon nanomaterials,
carbon nanotubes offer good electrical conductivity, a specific
surface area of up to 850 m” g~ ', chemical stability, and other
outstanding electrocatalytic properties.*

This research is driven by the need to improve existing
phosphate detection methods and explore novel approaches,
considering the environmental and health implications asso-
ciated with varying phosphate concentrations. In this work,
a reagents-free sensor to monitor phosphate in water is devel-
oped using two complementary electrochemical techniques,
voltammetry and impedance spectroscopy for ultrasensitive
phosphate detection. The developed sensor is based on the
functionalization of CSPE with Cu(u)Pc and MWCNTSs. The
analytical performances of the sensor were evaluated by rigor-
ously establishing satisfactory sensitivity, linear range, limit of
detection, reproducibility and stability. Furthermore, the effect
of additional parameters such as pH and the presence of

Dispersion

l. s

Copper Phthalocyanine
in DMF (4 mg/mL)

Ultrasonic bath
(1h, 30% rpm)

N | 4

Dispersion =, / |
_ \ “j% /‘
MWCNTSs in DMF Sonification

(2h, 30% rpm)

Fig. 1 Illustration of nanomaterials and electrode preparation steps.
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interfering ions and real water samples spiked with phosphate
showed a good recovery rate.

2. Materials and methods
2.1 Materials and apparatus

Copper(u) phthalocyanine (C3,H;4CuNg) and carbon nanotubes
were dissolved in DMF (dimethylformamide) for electrode
modification. Potassium dihydrogen phosphate (KH,PO,),
potassium ferrocyanide (K,[Fe(CN)s]), potassium ferricyanide
(Ks[Fe(CN)g]), tris(hydroxymethyl)aminomethane (NH,C(CH,-
OH);) were used, respectively, for standard phosphates solu-
tions, ferri/ferrocyanide redox probe solution and buffer
solution. For interference measurements, sodium sulfate
(Na,S0,), sodium carbonate (Na,COj3), potassium iodide (KI),
sodium nitrate (NaNO;), calcium acetate (C,HsO4Ca), potas-
sium sulfate (K,SO,) and sodium silicate (Na,SiO3). All chem-
icals were of analytical grade or better, purchased from Sigma-
Aldrich (Germany), and applied in this study as received
without further purification or refinement. All stock solutions
were prepared by dissolving the desired amount of the chemical
in 25 mM KHP buffer and 1 mM KCl, which was prepared in
deionized water (>18.2 MQ cm) solution unless otherwise
specified. Carbon screen-printed electrodes (CSPE) and the
PalmSens 4 potentiostat used in all experimental measure-
ments have been purchased from PalmSens BV, Houten,
Netherlands. Measurements of pH were carried out using
a SevenExcellence pH/Cond/DO meter (S479-K) from Mettler
Toledo.

2.2 Nanomaterial and electrode preparation

Copper phthalocyanines solution is prepared by dissolving 4 mg
in 1 mL of DMF. Then dispersion in an ultrasonic bath for 1
hour at 30% rpm. MWCNTs have been functionalized chemi-
cally with carboxyl group -COOH groups on the surface, as
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reported in *'. First, 1.0 mg of MWCNT was treated with
concentrated nitric acid and sulfuric acid solution (HNO;:
H,S0,) ratio 1: 3 ratio. Second, sonication for 6 hours at 40 °C.
The obtained particles were rinsed with high-purity water three
times for residual acid elimination then filtered and dried.
Finally, the prepared MWCNTs-COOH are dispersed in DMF
solvent and ultrasonicated for 15 minutes. For the preparation
of MWCNTSs/CuPc/CSPE, firstly 2 pL of CuPc suspension was
dropped cast on the electrode's surface and dried at ambient
conditions. Then, 2 pL of MWCNTSs suspension was dropped
cast on top of the dried CuPC layer and left to dry for a second
time at ambient conditions. The preparation steps of MWCNTSs/
CuPc/CSPE are described in Fig. 1.

3. Results and discussion
3.1 Structural and morphological characterization

3.1.1 Optical characterization. Optical absorption spec-
troscopy is used to characterize predominant phases of the
copper phthalocyanine and it is an appropriate method to
identify the interaction between the copper phthalocyanine and
carbon nanotube. The optical absorption of both materials is

View Article Online
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shown in Fig. 2a. The solid-state of CuPc displayed a doublet of
peaks in the visible region from 650 to 700 nm referred to as the
Q-band (HOMO-LUMO transition), which represents the
correspondence spectrum obtained from the dimeric and
monomeric species due to m-m* transition on macrocycle of
CuPc. In addition, in the near-ultraviolet region, copper
phthalocyanine provides a single peak, referred to as B-band
that represents the transition of orbital in the energy range
from 450 to 500 nm. The position of the absorption peak is
460 nm. Also, a shift in UV-visible peaks was observed when
combining CuPc and MWCNTs, which can be attributed to
several factors, such as the adsorption of CuPc molecules on the
MWCNT surface through the m-m* interactions, leading to
charge transfer or energy transfer processes that alter the elec-
tronic states and thus the absorption characteristics. Moreover,
chemical bonding between the CuPc molecules and the CNTs
can appear. This bonding modifies the electronic structure of
CuPc, which results in band shifts of the UV-vis spectra.

3.1.2 Raman spectroscopy. Raman spectrums of bare
CSPE, CuPc/CSPE, and f-MWCNT/CSPE electrodes are shown in
Fig. 2b. The spectra of the bare electrode, consisting typically of
amorphous carbon, show standard D (disorder) and G
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Fig. 2
FTIR spectra of CuPc, MWCNT and bare CSPE.
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(a) Ultraviolet-visible absorption spectra of copper phthalocyanine and multi-walled carbon nanotube solution, (b) Raman spectra, (c)
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(graphitic) bands approximately around 1356 cm™* (intensity:
800.45) and 1582 cm ' (intensity: 991.15) respectively. The
existence of the D band suggests the defects in the structure of
graphite and the G band indicates the presence of sp>-bonded
carbon atoms generated from the surface scattering
processes.*>** The Raman spectra of MWCNT consist of three
main peaks. The peak at round 1344 cm ™" (intensity: 1283.66) is
associated with the D band. While the two peaks at 1590 cm ™"
(intensity: 988.26) and 2688 cm ™' (intensity: 543.40) are
assigned to the G band. As explained before, the graphite bond
is naturally occurring in all sp® systems and second-order
Raman scattering process.** After the electrode's modification
with CuPc, a considerable change in the Raman spectra was also
observed, indicating a high density of molecules existing on the
surface. Multiple peaks were identified, including bands cor-
responding to benzene ring creation, C-N-C vibrations, C-H
bonding vibrations, pyrrole, isoindole, and C-NC bridge bonds
at 586, 678, 832, 1135, 1334, 1441, and 1515 cm ™', respectively.®®

3.1.3 FTIR Fourier-transform infrared spectroscopy (FTIR).
Fig. 2¢ depicts the FTIR spectra of bare CSPE, CuPc/CSPE, and f-
MWCNT/CSPE electrodes. First, the bare CSPE shows an intense
peak at 1718 cm ™ indicating that C=C bonds are present. The
peak observed at 1372 cm™ " corresponds to the existence of sp*
C-H. The alkoxy group C-O presence is indicated by the peaks
at 1267 and 1242 cm . It is also described with peaks at 1119
and 1101 cm ™" the trans configuration of C=C bonds in the
sample.’® Then for the CuPc/CSPE FTIR spectrum, various
absorption peaks are observed. The absorption bands of the
phthalocyanine characteristic observed at 875, 901, and
1068 cm ™' within the polymer structure, recorded the intact
structural presence of phthalocyanine. The intense band at
approximately 726 cm ' is due to the formation of N-H
stretching. The crucial C-N stretch is indicated with peaks
around 1086 and 1202 cm™ >’ The FTIR spectra of the f-
MWCNTs depict bonds around 2905 cm ™" and 2840 cm ™" rep-
resenting the asymmetric and symmetric stretching of CH
bonds. Also, at 1869 cm™' the stretching of C=0O of the
carboxylic acid (-COOH) group is shown. At peaks around
1718 ecm™', 1546 ecm ', and 1167 cm ' C=C stretching,
bending deformation of O-H in -COOH and bond stretching of
CO in the f-MWCNTs are seen.*

3.1.4 Scanning electron microscope (SEM). Fig. 4 shows the
SEM images of the bare CSPE (Fig. 3a) and other different
modification combinations. Fig. 3b shows that carbon nanotubes
are uniformly coated on the electrode and form a spaghetti-like
porous reticular formation. Moreover, the morphology and
distribution of the CuPc are observed in Fig. 3c, to be dendritic. It
appears that smaller, shorter nanowires have progressively
aggregated to form thicker, longer, micron-sized lines.*” Finally,
Fig. 3d displays MWCNTs and CuPc deposition of the surface of
the electrode (description needed) which indicates the deposition
of MWCNTs and CuPc on the surface of the electrode and
provides a large surface area. EDX also was applied to study the
composition of the modified electrodes and revealed the
percentage of copper and carbon is higher than the bare CSPE,
which directly can affect the electrochemical behavior of the
modified electrode towards phosphate ions.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.2 Electrochemical behavior of MWCNTSs/CuPc/CSPE

Cyclic voltammetry (CV) and electrochemical impedance spec-
troscopy (EIS) were used to follow the stepwise modification of
the CSPE surface. For the comparison, an electrode was modi-
fied only by MWCNTs (MWCNTs/CSPE) and another was
modified only by CuPc (CuPc/CSPE) with a similar procedure
used for modification of MWCNTSs/CuPc/CSPE. To study the
performance of the prepared modified electrodes, the electro-
chemical behavior of phosphate ions was studied using CV.
Fig. 4a shows the cyclic voltammograms of CSPE with different
combinations of nanomaterials in the presence and absence of
phosphate ion (0.001 M of K,HPO, at pH 7 in 25 mM KHP buffer
and 1 mM KCl). The obtained voltammograms clearly show
a cathodic peak corresponding to the reduction of phosphate
ions, which occurred in the range of potentials from —0.9 V to
—1.5 V, depending on the functionalization. The electro-
chemical reduction of phosphate is based on the Cu-O-P
bonding between the core copper ion (Cu®") in the phthalocy-
anine structure and goes under the following electrochemical
reduction reaction:

HPO,>~ + 2~ + H" - PO,*” + H, (1)

The highest reduction current of phosphate is achieved with
MWCNTSs/CuPc/CSPE at the potential = —1.15 V. This result is
in good agreement with the EDX spectra of MWCNTSs/CuPc/
CSPE electrode. The large surface-to-volume ratio of the nano-
materials increases the probability of contact with phosphate
ions and hence improves the electrochemical response. These
results indicate that MWCNTSs and CuPc significantly increase
the surface area of the electrode facilitate electron transfer and
enhance the current response signal of the modified electrode.
The change in the interfacial electron-transfer properties on
modifying the electrode surface was evaluated by EIS, as pre-
sented in Fig. 4b. The impedance Nyquist plots were recorded
for bare and functionalized electrodes in 25 mM KHP buffer and
1 mM KCl at pH 7. The frequency range was swept from 0.01 Hz
to 1 kHz, with 10 mV sinusoidal modulation amplitude, and by
applying a polarization voltage of —0.35 V vs. Ag/AgCl. The
absence of Warburg parts in plots indicates that the electrodes
have short ion diffusion paths, providing efficient access of
electrolyte ions to the surfaces of the functionalized electrodes.
Randles’ equivalent circuit (Rs[Rcr]CPE); where Ry: the solution
resistance; Q1 (CPE): the constant phase element and R,: the
charge-transfer resistance; was used to fit the Nyquist plots
(Fig. 4c). The fitted parameters for R;, R, and CPE of the
equivalent circuits for the modified and bare electrodes were
compared and listed in Table 1.

The charge-transfer resistance estimated for the bare CSPE is
4060 kQ, and steeply decreased to 80 kQ with MWCNTSs/CuPc/
CSPE. It is therefore concluded that modification with
MWCNTs and CuPc increases the electroactive area and
consequently reduces the charge transfer resistance at the
electrode/electrolyte interface. These findings correlate well
with the CV measurements and suggest that the prepared

RSC Adv, 2025, 15, 8156-8168 | 8159
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Fig. 3 SEM images and corresponding EDX spectra for the percentages of the elemental composition of (a and e) bare CSPE; (b and f) CuPc/
CSPE; (c and g) MWCNT/CSPE; (d and h) MWCNT/CuPc/CSPE.

material enhances the electron transfer across the supporting the chemically modified electrode surface. By analyzing the
electrolyte and electrode. Furthermore, the ferri/ferrocyanide cyclic voltammetry response (peak separations, peak shapes) of
redox couple is used to probe the electron transfer kinetics at the redox probe before and after surface modification with

8160 | RSC Adv, 2025, 15, 8156-8168 © 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Cyclic voltammograms of different material combination for electrode’s modification in 1 mM of KH,PO,4 and 10 mM of TRIS-HCL

buffer pH 7; (b) EIS plot of bare and modified electrodes with inset of equivalent electrical circuits; (c) Bode plot; electrochemical study of ferri-
ferrocyanide [Fe(CN)6]>~/4~ (5 mM in KCI): cyclic voltammograms at various scan rates (0.02, 0.03, 0.05, 0.1, 0.15, 0.2 V s3); (d) bare CPSE; (e)
MWCNTs/CuPc/CSPE; (f) oxidation-reduction peak currents as a function of the square root of the scan rate.

Table 1 Equivalent circuit fitted parameters for the bare and modified

electrodes

Electrode R, (Q) R, (kQ) CPE (uT)
Bare CSPE 268 4060 1.3(2-0.900)
MWCNTSs/CuPc/CSPE 985.8 80 9.9(n=1)

© 2025 The Author(s). Published by the Royal Society of Chemistry

MWCNTs/CuPc, we can assess changes in the electrode kinetics
induced. Fig. 4d and e illustrate the cyclic voltammograms of
the bare and functionalized electrode in
ferrocyanide and 0.1 M KCl at different scan rates (0.02, 0.03,
0.05, 0.1, 0.15, 0.2 V s~ ). The oxidation-reduction reaction of
ferri/ferrocyanide redox probe occurs at both electrodes,
showing clearly the modification effect. As an example, at the
scan rate 0.02 Vs~ !, the peak-to-peak separation AE, = (Ep ox —
E, rcq) is calculated to be 191 mV for the bare electrode, however

5 mM ferri/

RSC Adv, 2025, 15, 8156-8168 | 8161
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for the functionalized CSPE, AE, was reduced to be 140 mV.
This explains that the redox couple reaction is faster and more
favorable with MWCNTSs/CuPc/CSPE, as well as it becomes
quasi-reversible, which is clearly illustrated in Fig. 4e. The
quasi-reversible electron transfer process from the obtained
cyclic voltammograms can be illustrated by the Randles—Sevick
equation,® as follows in eqn (2):

3 1 1 1
ip=2.69x10° xnm2 x a2 x A x D2 x C x 92 (2)

where i, refers to the peak current, n is the number of electrons
transferred, A is the electrode's area, « is the electron transfer
coefficient, D is the diffusion coefficient, ¢ is the scan rate and C
is the concentration of the bulk solution. After that, the anodic
and cathodic peak currents were plotted as a function of the
square root of the scan rate (Fig. 4f) and the correlation between
them shows a linear behavior, with a correlation coefficient R
value of 0.98 for the bare electrode and 0.99 for the modified
electrode.

3.3 Electrocatalytic activity and phosphate measurement

3.3.1 Effect of pH on phosphate sensing. To maximize the
sensor's sensitivity towards phosphate, the investigation of the
pH effect was evaluated at different pH values ranging from 2 to
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9 in the presence of 1 mM of KH,PO, in 25 mM KHP buffer and
1 mM KCIl. To identify the dependence of phosphate reduction
on pH, the current response is evaluated as illustrated with
cyclic voltammograms in Fig. 5a. The curves confirm the exis-
tence of phosphate at different pH values with different
reduction current intensities. This could be correlated to the
phosphate acid-base behaviour. Aqueous phosphate could be
found under several species according to the pH solution. Tri-
protonated species are dominant at pH below 2.12, which is
phosphoric acid (H;PO,), whereas di-protonated dominant at
pH around 2.12 to 7.20, under the form of dihydrogen phos-
phate (H,PO, ), and mono-protonated species were dominant
at pH around 7.20 to 12.36 under the form of hydrogen phos-
phate (HPO,>"). At pH higher than 12.36 the non-protonated
phosphate is dominant.*

Based on the cyclic voltammograms in Fig. 5a, the achieved
peak current was very low at pH 2, but when pH was swept from
3 to 7, the analytical response of the electrode increased grad-
ually, hence the current increased, then decreased again when
reaching pH 8 and 9. Fig. 5b shows the dependence of phos-
phate current reduction and potential peaks as a function of pH
value, highlighting pH 7 as the optimum condition for the
measurements, where the highest reduction current peak is
achieved and the reduction potential slightly changes with pH.
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Fig. 5 pH Study of the modified electrode with CuPc and MWCNTs in 1 mM of KH,PO4 and 25 mM of KHP KCl buffer at different pH values: (a)
cyclic voltammograms of phosphate reduction at different pH values, (b) relation between phosphate reduction peak currents as a function of
the pH range, (c) cyclic voltammograms of MWCNTs/CuPc/CSPE in 25 mM KHP buffer in the presence of 0.001 M of phosphate at pH 7 at
different scan rates, (d) dependence between the scan rate and the cathodic phosphate reduction current.
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3.3.2 Effect of scan rate. To study the mass transfer
mechanism at the electrode as adsorption or diffusion, cyclic
voltammetry curves of MWCNTs/CuPc/CSPE were recorded with
0.001 M of phosphate in 25 mM KHP buffer at pH 7 with various
scan rates ranging from 0.01 to 0.1 Vs, as depicted in Fig. 5a.
The cathodic peak currents exhibited linear increase with the
increase of scan rate (Fig. 5b) with a correlation coefficient R* of
0.97, following the equation (eqn (3)):

i=—-315.3199 — 6.73 (3)

This finding confirms that the reaction occurring at the

electrode surface is an adsorption-controlled process.*’

3.4 Electrochemical detection of phosphate and analytical
performances

In this section, we employed square wave voltammetry (SWV)
and electrochemical impedance spectroscopy (EIS) as comple-
mentary analytical techniques to achieve a deep investigation of
phosphate detection. While EIS was prioritized for its excep-
tional sensitivity and capacity to study interfacial charge-
transfer processes at the modified electrode surface, its slower
measurement speed posed limitations for dynamic monitoring.
To address this, SWV was integrated as a synergistic technique,
for its rapid scanning capabilities and temporal resolution to
capture real-time electrochemical responses under varying
analyte concentrations. This dual-method approach enabled
the characterization of both the sensor's interfacial properties
(via EIS) and its operational performance in simulated envi-
ronmental conditions (via SWV), ensuring robust validation of
detection mechanisms while maintaining practical relevance
for potential field applications.

3.4.1 Voltametric detection. Analytical performances for
phosphate detection are initially probed using square wave
voltammetry (SVW) measurements, after qualitative analyses
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with CV. Optimum conditions for SWV were studied and
applied for the phosphate detection process (Epuise = 0.2 V, tpuise
= 0.02 s and a scan rate of 0.05 V s~'). SWV voltammograms
illustrated in Fig. 6a show the performance of MWCNTSs/CuPc/
CSPE in 25 mM of KHP buffer at pH 7 under different concen-
trations of phosphate, ranging from 10 to 100 uM. The higher
the concentration of HPO,>", the higher the reduction peak
current. This dependency of reduction phosphate current and
concentrations is illustrated in the calibration curve in Fig. 6b.
The analytical curve fitted with linear correlation, shows a linear
dependency of phosphate concentration as a function of the
reduction current, with a correlation coefficient (R*) of 0.972.
The linear regression equation (eqn (4)) is then generated to be:

y (LA) = 0.013 (uM) + 18.74 (4)

After that, the sensor's figures of merits towards phosphate
determination are calculated. A sensitivity of at least 0.013 pA
uM ! is achieved and it exhibits a low limit of detection (LOD)

. . .S .
of 1.15 puM (for a signal-to-noise ratio NT 3). The accomplished

electrocatalytic properties of the developed sensor were evalu-
ated in comparison to other phosphate sensors based on
different modification nanomaterials and techniques reported
in previous studies, as illustrated in Table 3.

3.4.2 Impedimetric detection. EIS was also applied to study
the sensibility and selectivity of MWCNT/CuPc/CSPE towards
phosphate ions. Fig. 7a represents the Nyquist diagrams of the
modified sensor upon interaction with various concentrations
of phosphate from 0.001 uM to 100 pM. Clearly, with the
increase of HPO,>~ concentrations, the corresponding imped-
ance value, specifically the charge transfer resistance (Rcr)
increases gradually (Table 2). Thus, it was selected as the
parameter for the sensor response characterization. The linear
variation of Rcr as a function of the logarithm of phosphate
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(a) Square wave voltammograms responses of MWCNTs/CuPc/CSPE in different phosphate concentrations in 25 mM KHP buffer and

1 mM KCl buffer at pH 7 and 50 mV s~ scan rate; (b) calibration curve of phosphate determination in the concentration range of 10 to 100 pM
(error bars indicate standard deviations over three independent measurements).
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Table 2 Equivalent circuit fitted parameters for different phosphate
concentrations with the modified electrodes

Phosphate concentrations

(nM) Ry (Q) Rer (k) CPE (uT)

0.001 533 65.18 55.61(n—0.532)
0.01 534.4 70.67 63.89(n=0.862)
0.1 550.5 75.00 74.31(n—0.868)
1 539.0 80.00 80.60(n—0.885)
10 495.0 85.8 84.45(,—0.852)
100 490.0 90.00 90.55(n=0.850)

concentrations (log[HPO,>"]) is illustrated in Fig. 7b and
follows the regression equation below:

y = 4.98 log((HPO,*]) + 80.12 (5)

where y is Rcr in kQ, a correlation coefficient (R*) of 0.999, and
a slope of logarithmic regression value of 4.94 kQ per decade

change of concentration. The limit of detection (LOD, S/N = 3)
and the limit of quantification (LOQ, S/N = 10) were calculated
to be 0.31 nM and 1 nM, respectively. Therefore, the developed
phosphate sensor based on MWCNT/CuPc/CSPE shows signifi-
cantly good figures of merits with both detection techniques, in
comparison to other phosphate sensor performances reported
previously, as shown in Table 3.

3.5 Effects of interferences

To evaluate the selectivity of the developed phosphate sensor,
several ions that coexist with phosphate ions are tested. The
experiments were conducted in 25 mM of KHP buffer and 1 mM
KCI buffer at pH 7 containing a fixed 0.1 mM of phosphate
concentration in the absence and the presence of each inter-
fering ion at 50-fold concentration excess. Fig. 8 shows the
results indicating that even at 50-fold concentrations of KI,
Na,CO;, K,SO4, NaNO;, and Na,SiO; did not drastically

Table 3 Comparison of the analytical performances of the proposed phosphate electrochemical sensor with previously reported for phosphate

determination

Sensor Technique Sensitivity Linear range LOD (uM) Ref.
AgNWSs%/SPE cv 0.71 pA pM 5 uM-1 mM 3 19
Paper CB’-SPE Amperometry 0.115 pA uM ! 10-300 pM 4 41
Graphite SPE CvV 5.92 pA uM71 0.003-0.115 uM 1.2 42
CB’-SPE Amperometry — 0.5-100 M 0.23 43
Co;0,5-Ccc? Amperometry — 0.1-1.0 mM 10 44
0.1-30 mM
CuPc’/Au EIS — 0.001-1000 uM 0.008 27
PyOxf/Aug nanowires Amperometry 140.3 pAmM ' em 2 12.5-1000 pM 0.1 45
Platinum/Au Alloy nanowires arrays Amperometry 50mAM ! 248-1456 uM 45 46
Molybdenum blue/laser scribed rGO" cv 417 pA pM ' em 2 1-20 uM 0.4 47
MWCNTSs/CuPc/CSPE SWV 0.013 pA pM ! 10-150 pM 1.15 This work
EIS 494 kQ pM ! 0.001-100 pM 0.00013

“ silver nanowires. ” Carbon black. ¢ Cobalt oxide. ¢ Carbon cloth. ¢ Copper phthalocyanines.” Pyruvate oxidase. ¢ Gold. ” Reduced graphene oxide.
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interfere with phosphate determination with a signal change of
less than 10%. The interferences from NaNO; is explained by
the possibility of signals overlapping, because the electro-
chemical reduction of NO; ™ occurs at a near reduction potential
of phosphate. Also, for Na,CO; carbonate ions can compete
with phosphate ions for binding on the sensor's surface.
Furthermore, they can affect pH with affects the equilibrium of
phosphate species. For KI slight interference, is explained by
the possibility of getting adsorbed on top of the electrode's
surface, hence blocking active sites for phosphate detection.*®
These findings demonstrate that the CuPc/MWCNTSs/CSPE
displays good selectivity and sensitivity for phosphate deter-
mination, which strengthens the potential of the developed
sensor to be used in biological and agricultural practices, where
the previously identified environmental interferences are
frequently observed. In addition to the interferences ions, dis-
solved oxygen (DO) can have a potential effect on phosphate
measurements as it can undergo reduction at negative poten-
tials following the equation (eqn (6)):
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0, + 4H" + 4¢~ — 2H,0 (6)

It creates a background current that overlaps with phosphate
signals. To minimize this effect, electrochemical measurements
should be conducted after purging the solutions with N,
(decrease in DO)* for a certain time (£15 min). This will
minimize the interference of DO to phosphate reduction
signals.

3.6 Reproducibility and stability study

First, the reproducibility of the electrochemical response of
a single modified electrode is studied by running 15 consecutive
cycles with cyclic voltammetry, as depicted in Fig. 9a, in the
presence of phosphate in KHP KCl buffer (25 mM, pH 7). The
cyclic voltammogram shapes and respective phosphate reduc-
tion current signals remain stable after running successive
measurements. Then, for the stability test of the sensors, which
were prepared under the same experimental conditions
(Fig. 9b), five electrodes are investigated and show an relative
standard deviation (RSD) <10%. Therefore, the proposed sensor
exhibits good reproducibility and stability for phosphate
measurement and potentially it can make a substantial impact
on many analytical applications by offering a cheaper, more
commercially viable electrode for portable sensing. In future
studies, testing protocols will be extended to incorporate real-
time continuous monitoring systems to investigate the
sensor's life which are crucial for field validation. These
enhancements will complement our current multicycle stability
assessments to better quantify performance degradation
thresholds and failure mechanisms over extended durations.

3.7 Application in real sample analysis

The developed electrode was also successfully applied for the
direct determination of HPO,>~ in tap water and nutrient water
samples from the aquaponic system. The major elements found
in aquaponics systems are nitrogen, phosphorus, potassium,
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Table 4 Phosphate recovery of the MWCNTs/CuPc/CSPE electrode in real water samples

Water sample Added concentration (uM)

Found concentration (uM) Recovery rate (%)

Tap water 10
50
Nutrient's water 10
50
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T Nutrients water + 10 mM HPO?
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Fig. 10 Differential wave voltammograms in the presence and absence of 10 mM of phosphate in (a) nutrient water and (b) tap water.

calcium, sulfur, and magnesium. Also, the presence of electro-
active organic compounds poses significant challenges to the
sensor's long-term performance and sensitivity. These
compounds can form a fouling layer that prevents phosphate
sensing and increase charge-transfer resistance. This passiv-
ation effect reduces the effective surface area available for
phosphate interaction, decreasing the sensor's sensitivity over
time. Moreover, some organic compounds can accelerate the
degradation of the sensitive material which as well decline in its
sensitivity and stability. The reliability of MWCNTSs/CuPc/CSPE
electrode was tested for phosphate determination by a recovery
study in the different real water samples spiked with different
concentrations of HPO,>”, as shown in Table 4. Before
measurements, pH of the water samples was adjusted to pH 7 to
meet the investigated experimental conditions. The relative
recovery levels were checked by analyzing samples spiked with
known quantities of phosphate (10 uM and 50 uM). Fig. 10
shows the behavior of the sensor in nutrient samples and tap
water spiked with 10 mM of phosphate, where there is a signif-
icant reduction peak of phosphate. The results of this analysis
show that the developed sensor can detect phosphate in real
water samples with a good recovery rate.

4. Conclusion

This research demonstrated the preparation of copper(u)-
phthalocyanines (CuPc) supported by chemically functionalized

8166 | RSC Adv, 2025, 15, 8156-8168

multi-walled carbon nanotube (MWCNTs) deposited onto
carbon screen printed electrodes (CSPE) for the determination
of phosphate in water. The MWCNTSs/CuPc significantly
improved the electrode's electrocatalytic activity and decreased
the charge transfer resistance. The developed sensor showed
very good electroanalytical features toward phosphate detection
with electrochemical impedance spectroscopy (EIS) and square
wave voltammetry (SWV). It achieved a wide detection linear
range with both techniques from 1 to 150 uM, a low limit of
detection of 1.15 pM with SWV and 1 pM with EIS along with
high sensitivity and selectivity in the presence of possibly
interfering species that usually coexist with phosphate. In
addition, the electrode's response is highly reproducible with
arelative standard deviation lower than 10% observed when the
same electrode is operated for consecutive measurements or
when electrodes of different fabrication batches are evaluated.
The applicability of the sensor in real water samples was also
proven with a good recovery rate in tap water and nutrient water
samples from aquaponic systems, confirming its applicability
in real-world scenarios. The outcome of this study makes
a notable contribution to the field of water safety analysis and
has a potential impact on quality control in the water industry.

Data availability

The data can be obtained from the corresponding author upon
request.
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