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Sensitive and selective sensing of nitrate and phosphate ions in aquatic environments is critical as their roles in eutrophication and potential
hazards due to industrial and agricultural pollution. In this study, an electrochemical sensor using ferrioxalate, a complex routinely
synthesized and discarded in undergraduate laboratories, is developed thus aligning with principles of green chemistry and waste
valorisation. The metal-ligand coordination was confirmed by UV-Vis and FTIR spectroscopy showing characteristic stretching bands.
The ferrioxalate complex was purified and used to modify a glassy carbon electrode. Electrochemical techniques, including cyclic
voltammetry (CV) was employed to evaluate the complex’s sensitivity and selectivity toward nitrate and phosphate ions. The sensor
exhibited a sensitivity of -5.16 x 10~ A/uM for nitrate ions with a limit of detection (LOD) of approximately 0.70 uM. While voltammetric
peaks were clearly defined even at concentrations below this LOD, these signals represent qualitative detection and do not meet the
statistical criteria for reliable quantification due to inherent measurement noise. The phosphate ions sensor showed higher sensitivity and
a correspondingly lower LOD of 0.45 uM. The developed sensor demonstrated good linearity and was successfully applied to real water
samples, highlighting its accuracy and reliability. This method offers a sustainable, cost-effective platform for water quality monitoring,
effectively using the material into a functional green sensor.
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INTRODUCTION

Nitrate (NOs") is an inorganic nitrogen ion, which acts as
component of the nitrogen cycle in the natural world. Nitrate
is a vital ingredient for the development and proliferation of
plants. However, eutrophication due to its high quantities harm
aquatic lives, its content in water needs to be closely monit-
ored. Leaching of nitrogenous fertilizers from family lawns
and agricultural applications from farms into water bodies is
the primary source of the elevated NOsconcentration in
water systems [1]. When aquatic plants and algae absorb
nitrates from the water and overgrow, eutrophication results
and accumulates high nitrate concentrations in these bodies
[2]. Additional oxygen is depleted for other aquatic species
by the overabundance of aquatic plants and the breakdown of
these dead algae and plants in the water [3]. Humans are also at
increased risk for methemoglobinemia (blue baby syndrome),
hepatic encephalopathy and cancer when they consume water
with a high nitrate content [4].

Again, phosphate (PO;*) as a fundamental functional unit
of DNA and RNA. In connection to the storage of genetic

information, control of genes, energy transfer, processing of
signals and contraction of muscles, phosphate ions are crucial
[5]. In contrast, high phosphorus consumption can cause aquatic
ecosystems to become eutrophic, which is followed by algae
growth, breakdown and dissolved oxygen depletion [6,7]. For
this reason, a lot of effort has gone into creating extremely sensi-
tive and selective nitrate (NO3°) and phosphate (PO,%) ions
sensors for use in biological and environmental settings [8-10].

Traditional analytical techniques like ion chromatography,
spectrophotometry and colorimetry, while accurate, often reg-
uire expensive equipment and trained personnel [11,12]. On
the other hand, electrochemical sensors are widely employed
for the portable, selective and sensitive detection of various
analytes due to their rapid response, high sensitivity and cost-
effectiveness. A typical electrochemical sensor operates as a
three-electrode system, comprising a working electrode (WE),
reference electrode (RE) and counter electrode (CE), where
the electrochemical reactions primarily occur at the working
electrode.

Cyclic voltammetry (CV) is a key electrochemical tech-
nique for investigating the redox behaviour of analytes and
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electrode materials. In electrochemical sensors, CV provides
quantitative insight into electron transfer kinetics and peak
potentials, enabling real-time detection of redox-active species.
It also guides sensor optimization such as electrode modifi-
cation and operational parameters enhancing sensitivity, selec-
tivity and stability. Therefore, CV serves both as a fundamental
analytical tool and a framework for designing high perfor-
mance electrochemical sensors.

The ferrioxalate is a coordination compound of iron(I11)
with three oxalate ligands. Its redox-active properties make it
an attractive candidate for various applications [13-18]. In fact,
this complex exhibit strong electrocatalytic behaviour for NO3z
and PO43" ions which attribute to iron’s redox versatility and
the enhanced conductivity of the Fe oxalate complex [19-26].
The sharp responses observed in CV give insights into the
potential and concentration dependent interactions, making
this technique ideal for assessing detection limits and selecti-
vity [27,28]. In this study, the working electrode is modified
with ferrioxalate [KsFe(C204)s] complex, which serves as a
redox-active sensing material. The electrochemical behaviour
of the sensor was investigated using cyclic voltammetry (CV)
on a CHI600E electrochemical workstation. This study high-
lights the potential of this complex as an active sensing
material, where its well-defined redox behaviour, ligand-to-
metal charge transfer and interaction with target analytes can
be exploited for sensitive and selective electrochemical dete-
ction.

EXPERIMENTAL

All chemicals viz. ferric chloride anhydrous, potassium
hydroxide, potassium oxalate monohydrate, ethanol, etc. were
used as received without further purification. The FTIR spec-
trum (Perkin-Elmer BXspectrometer, Shimadzu Corporation,
Japan) of the synthesised ferrioxalate complex was recorded
using the KBr pellet method. UV-Vis spectroscopy (SM-1600
Spectrophotometer) in aqueous medium revealed ligand-to-
metal charge transfer and complexation-induced band shifts.
Cyclic voltammetry, performed with a standard three-electrode
setup using a glassy carbon electrode (GCE) modified with
ferrioxalate complex as the working electrode, provided the
electrochemical properties at pH 7.0

Synthesis of potassium tris(oxalato)ferrate(111) complex:
Anhydrous iron(111) chloride (5 g) was dissolved in 20 mL of
distilled water with continuous stirring until fully dissolved.
Separately, potassium oxalate monohydrate (3 g) was dissolved
in 20 mL of distilled water with thorough mixing and then
mixed with the above prepared solution under constant stirring.
The resulting greenish-yellow solution indicated the formation
of KsFe(C:04)s complex, which exhibited excellent electro-
catalytic activity toward the electrochemical detection of
nitrate and phosphate ions.

Electrochemical sensing of nitrate and phosphate: Electro-
chemical experiments were conducted using a CHIG00E electro-
chemical workstation equipped with a three electrode system. A
glassy carbon electrode (GCE) served as the working electrode
(WE), a platinum wire as the counter electrode (CE) and an
Ag/AgCl electrode as the reference electrode (RE). Prior to each
measurement, the GCE was polished with alumina slurry, rinsed

thoroughly with distilled water, and ultrasonically cleaned in
ethanol and water (1 M each) for 10 min, followed by air drying.
A2 mg/mL ferrioxalate complex solution was prepared by ultra-
sonic dispersion in deionized water. For electrochemical sensing,
5 mL of this solution was mixed with 0.1 M NaCl electrolyte.
Cyclic voltammetry (CV) was performed in the potential range
of 1.0 Vto +1.0 V at a scan rate of 20 mV s~. The supporting
electrolyte for both nitrate and phosphate detection consisted
of 10 mL of 0.1 M NaCl solution. Stock solutions of Na;HPO4
and KNO3 (0.1 M each) were prepared in deionized water and
incremental additions were prepared during sensing measure-
ments.

Cyclic voltammetry was used to study the redox resp-
onse of the ferrioxalate complex/GCE in the presence of nitrate
and phosphate. Scans were recorded at varying concentrations
of NOz (0.0-2.5 uM) and PO,* (0.10-2.25 uM). The effect of
scan rate (0.1-0.9 V/s) and interference studies with phosphate
were conducted to evaluate selectivity. Limit of detection
(LOD) and linear range were calculated based on calibration
plots.

RESULTS AND DISCUSSION

FTIR studies: The FTIR spectrum of the synthesized
ferrioxalate complex was recorded in the range of 4000-400
cm. The band assignments were correlated based on the
previous infrared studies of similar metal-oxalate complexes
[22,29-33]. The band observed at 538.71 cm is attributed to
the v(Fe—0) stretching vibration. The oxalate ion exhibits a
symmetric C—C stretching mode and an O—C-O deformation
mode at 871.13 cm™. Four distinct oxalate stretching vibrations
were identified at 1455.54, 2509 and 3423.80 cm™. More-
over, the broad band at 3430 cm! corresponds to the v(O—H)
stretching vibration, indicating the presence of lattice water
molecules (Fig. 1).
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Fig. 1. FTIR spectrum of the synthesized [Fe(C,04)s]* complex

UV-visible spectral studies: The UV-Vis absorption
spectrum of the synthesized ferrioxalate complex was recorded
in aqueous solution in the 200-700 nm range, providing the
insights into its electronic transitions and interactions with ana-
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lytes (Fig. 2). Two prominent absorption peaks were observed
at 280 nm and 335 nm. The band at 280 nm is attributed to
n—n* transitions within the oxalate ligands, consistent with
ligand-centered electronic excitations. The more intense peak
at 335 nm is assigned to a ligand-to-metal charge transfer
(LMCT) transition, in which electron density is transferred from
the m-donor orbitals of the oxalate ligands to the empty d-
orbitals of the Fe(ll1) center. No distinct d—d transitions were
observed in the visible region, which is expected due to their
spin- and Laporte-forbidden nature in high-spin d® octahedral
complexes, resulting in very low molar absorptivity.
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Fig. 2. UV-Vis absorption spectrum of [Fe(C,04)s]*" in aqueous solution

Electrochemical behaviour: The bare GCE showed no
significant redox activity, while the ferrioxalate complex/GCE
exhibited a well-defined redox couple in the potential range of
-1 to +1 V. This is attributable to the Fe(l11)/Fe(ll) redox
transformation process. Cyclic voltammetry of the ferrioxalate
complex modified GCE was initially performed with different
scan rates revealed a linear increase in peak current (lp) with
the square root of scan rate (v?), indicating a diffusion-cont-
rolled electrochemical process as shown in Fig. 3.
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Fig. 3.

Electrochemical behaviour in the presence of nitrate
ions: As the nitrate concentration increased, both anodic and
cathodic peak currents showed a distinct enhancement, indic-
ating effective electrochemical interaction between nitrate ions
and the ferrioxalate complex. This behaviour suggests that
nitrate ions influence the redox activity of the complex, likely
through coordination or electrostatic interactions at the elec-
trode interface, thereby demonstrating its potential utility in
the electrochemical sensing applications. As shown in Fig. 4,
the cathodic peak current exhibited a linear relationship with
nitrate concentration in the range of 0.25-2.5 uM, facilitating
the development of a calibration curve.
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Fig. 4. Current response of the ferrioxalate complex/GCE sensor to

increasing concentrations of nitrate (0.25-2.5 pM) in NaCl
electrolyte (Inset: linear relationship between cathodic peak current
(1) and nitrate concentration)

Phosphate ions sensing performance: The CV of the
ferrioxalate complex modified GCE was initially performed
in 0.1 M NacCl electrolytic solution without nitrate. The electro-
chemical behaviour of the oxalate ferrate complex was investi-
gated in the presence of increasing concentrations of phosphate
ions. A prominent feature of the CV response to phosphate
(Fig. 5) is the absence of a distinct anodic peak at low concen-
trations, which becomes increasingly defined only upon succ-
essive additions. This suggests that at low PO4*~ levels, the
interaction between phosphate ions and the ferrioxalate complex
is insufficient to significantly influence the electron transfer
kinetics. However, upon further addition of phosphate beyond
a certain concentration, a distinct secondary oxidation peak
emerged at a more positive potential, while the original redu-
ction peak gradually diminished in intensity. Simultaneously,
the peak potentials exhibited a negative shift, suggesting a
change in the redox mechanism or formation of a new electro-
active species, likely due to the stepwise coordination or com-
petitive binding of phosphate ions with the iron core.

The delayed appearance of the oxidation peak likely indi-
cates a surface preconditioning effect, wherein higher analyte
concentrations are required to promote adsorption or coordina-
tion processes that facilitate the redox reaction. This behaviour
may also reflect a quasi-reversible or EC-type mechanism,
where electron transfer is coupled with a slow chemical inter-
action that becomes electrochemically observable only beyond
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Fig. 5 Comparative current response of the ferrioxalate complex/GCE
sensor to addition of NOz~ and PO, ions in NaCl electrolyte

a threshold concentration. Such concentration-dependent peak
emergence supports the hypothesis of a stronger, possibly site-
specific, binding interaction between phosphate and the sens-
ing layer.

Comparative electrochemical behaviour studies: The
cyclic voltammetry revealed distinct behavioural differences
between nitrate and phosphate ions sensing at the ferrioxalate
complex-modified GCE. In pure NaCl electrolyte (Fig. 5), the
electrode showed well-defined, symmetric redox peaks attri-
buted to the Fe(l11)/Fe(Il) couple, with current proportional to
the square root of scan rate, confirming a diffusion-controlled
process. Upon nitrate addition (Fig. 5), the peak currents incre-
ased linearly without significant shape distortion or potential
shift, suggesting an electrocatalytic enhancement with minimal
surface alteration. This response supports a fast, diffusion-
limited electron transfer process, where nitrate ions does not
strongly adsorb or interfere with the electrode surface.

0 0.5 1.0

Potential (V)

4

0.00010
0.00008
0.00006 |
0.00004
g §
= 0.00002 -
e 4
3 0
-0.00002
-0.00004 —
-0.00006 —
-0.00008 . . .
-1.0 0.5
0.00010+ —— 0.10 uM PO
0.00008 - —— 025 M PO;”
0.00006 === OB P P
: ——— 0.75 uM PO
= 0.00004 —— 1.00 uM PO}~
2 0.00002-
o
g 0.00000
-0.00002-
-0.00004 -
-0.00006
-0.00008 . r v
-1.0 -05 0 0.5 1.0

Potential (V)

Current (A)

0.00010 125 M PO?-
0.00008 —— 1.50 uM PO}~
0.00006 - —— 1.75 uM PO”
——— 2.25 uM POJ"
0.00004
0.00002 4
0.00000 1
-0.00002
-0.00004 1
—-0.00006
-1.0 -05 0 05 1.0

Potential (V)

Fig. 6 Cyclic voltammograms of the ferrioxalate complex-modified GCE recorded in 0.1 M NaCl with increasing concentrations of PO4%-

ions



Vol. 37, No. 12 (2025)

Ferrioxalate Complex Derived Electrochemical Sensor for Nitrate and Phosphate Detection 3023

In contrast, phosphate addition produced broader redox
peaks and slight potential shifts, indicating a stronger or more
complex interaction. Significantly, the anodic peak was not
immediately visible at low phosphate concentrations and only
became distinct at higher concentrations (Fig. 6). This delayed
peak emergence suggests a surface preconditioning effect,
where phosphate must accumulate or coordinate to the elect-
rode before enabling observable oxidation. It may also reflect
a quasi-reversible or EC-type mechanism, with slow chemical
interaction preceding electron transfer. The phosphate-induced
distortion and peak shift imply that this ion interacts more
specifically or strongly with the sensing layer, potentially
modifying the electrochemical interface.

The electrochemical sensor demonstrated effective dete-
ction capabilities for both nitrate and phosphate ions within their
respective linear concentration ranges. For phosphate, the sensor
exhibited a high sensitivity of —~1.57 x 10 A/uM with a
standard deviation of 2.16 x 10 A, using linear fit measured
from 0 to 0.75 uM. This translated to a limit of detection (LOD)
of 0.45 uM, indicating the capability of sensor to reliably quan-
tify phosphate at sub-micromolar levels. In contrast, nitrate
detection using linear fit over the range 0 to 1.25 uM showed
a lower sensitivity of -5.16 x 108 A/uM, accompanied by a
smaller standard deviation of 1.20 x 10-% A. This resulted in
a higher LOD of approximately 0.70 uM. While well-defined
the voltammetric peaks were observed for nitrate even at
concentrations below this LOD, these signals are considered
qualitatively detectable but fall short of statistical reliability
for quantitative analysis due to inherent measurement noise.

The comparatively higher sensitivity observed for phos-
phate ions detection accounts for its lower limit of detection
(LOD), reflecting the sensor’s enhanced responsiveness to
phosphate ions within the tested concentration range. These
results emphasize the importance of evaluating both sensitivity
and measurement variability when assessing sensor perform-
ance as well as distinguishing between the qualitative detection
capability and reliable quantification at low analyte levels.

Conclusion

This study presents the characteristic electrochemical activity
of the ferrioxalate complex, [KsFe(C20a4)3], demonstrating its
reversible redox behaviour and its potential as an efficient
electrochemical sensor for the detection of nitrate and phos-
phate ions. The spectroscopic analyses (FTIR and UV-Vis)
confirmed successful complex formation, while the cyclic
voltammetry demonstrated distinct redox responses with high
sensitivity, selectivity and reproducibility. The sensor exhi-
bited a low detection limit and stable performance, highlight-
ting its suitability for real-world water quality monitoring.
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