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The present work reports a green approach for the development of a new electrochemical sensor based on
a pectin and ionic liquid composite (PC/IL) for sensitive detection of triclopyr (TCP), which is a useful
pesticide. The fabricated sensor was characterized using microscopic (Scanning Electron Microscopy (SEM)),
spectroscopic (Energy Dispersive X-ray (EDX) spectroscopy, ultraviolet-visible (UV-vis) spectroscopy, X-ray
diffraction (XRD), Fourier Transform Infrared (FTIR) spectroscopy, Electrochemical Impedance Spectroscopy
(EIS)), and cyclic voltammetric methods. The sensor displayed a large surface area, high conductivity, and
rich porosity, which contributed to achieving high electrochemical performances toward sensing
applications. Experimental parameters, including pH, solvent, concentration, frequency, and amplitude, were
optimized for the detection of TCP at PC/ILQGCE using voltammetric techniques. The developed sensor

exhibited high sensitivity, selectivity and reproducibility for TCP detection with the detection limit (LOD) and
Received 27th March 2025 e . 1 1 . L
Accepted 26th May 2025 quantification limit (LOQ) as low as 223 pg mL™~ and 745 pg mL™", respectively. The electrode also exhibited
satisfactory recovery in the range of 99.64-101.92%, 99.44-100.87%, and 99.02-101.40% for the detection

DOI: 10.1039/d52y00516g of TCP in real samples of human serum, tomato, and apple, respectively. Additionally, the environmental
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1. Introduction

In modern agriculture, pesticides play a significant role in
healthy crop production without compromising the yield. They
include a wide variety of chemical agents, such as insecticides,
nematicides, weedicides, rodenticides, fungicides, and herbi-
cides, which are used to eliminate different pests, protect crops
from damage, and ensure higher production levels. Among the
diverse array of pesticides, triclopyr (TCP), commonly known as
triclopyr acid, refers to the agrochemical active substance 3,5,6-
trichloro-2-pyridyloxyacetic acid and has been used as a herbi-
cide since 1979." In commercial products, TCP is also available
as triclopyr butoxyethyl ester (T-BEE) and triclopyr triethyl-
amine salt (T-TEA).> These forms, including the acidic form, are
globally registered for controlling broadleaf weeds and woody
plants. After pesticides are sprayed, they accumulate in soil and
water, posing significant risks to animals, humans, and the
environment. The average half-life of triclopyr acid in soil is
around 30 days. In water, the salt formulation is soluble and
may degrade within hours under sunlight, while the non-water-
soluble ester can take longer to break down. Both salt and ester
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sustainability of the developed sensor was assessed, demonstrating a 92% greener aspect.

formulations are relatively less toxic to mammals, but the ester
can be highly toxic to fish and aquatic organisms.**

Since TCP is applied directly to water for aquatic weed treat-
ment, its non-water-soluble ester may pose a risk to aquatic life.
Regulating agencies such as the Environmental Protection Agency
(EPA), Water Framework Directives (WFD) (2000/60/EC) establish
low limits of permissible pesticide residues as well as encourage
the development of analytical methods showing lower detection
limits.>® There are a few analytical methods for the quantification
of TCP, including immunoaffinity chromatography,” fluorescent
sensors,® plasmonic sensors,” and electrochemical methods.'*"
Among them, electrochemical methods showed high sensitivity
and selectivity for the trace analysis of TCP. Although other
methods can also accurately detect pesticides at trace levels, those
techniques are time consuming and require expensive, sophisti-
cated instrumentation and highly skilled personnel, which
restrict their use in routine analysis. Therefore, a novel technique
for the determination of TCP is needed. The electrochemical
method effectively detects pesticides with high sensitivity and
selectivity, offers simple and cost-effective analysis, and now
allows for on-site testing, making it suitable for use in various
environments.”>™"’

Nowadays, green materials represent an intriguing and cost-
effective class of nanomaterials that enhance the sensitivity of
electrochemical sensors while also reducing their environ-
mental impact, representing a significant shift towards a more
sustainable approach.'" Among the emerging green materials,
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polysaccharides like chitosan, cellulose, and pectin are gaining
significant attention for their roles in developing sustainable
sensors. Pectin, in particular, stands out as a promising
candidate for forming supramolecular polymer composites, due
to its unique ability to interact with a broad range of organic
and inorganic substances through various molecular interac-
tions.”® This versatility is enabled by pectin's molecular struc-
ture, which contains hydroxyl and carboxyl groups per repeating
unit, facilitating multiple hydrogen bonds.*"** In earlier appli-
cations for analyzing biomolecules, pectin-modified electro-
chemical sensors offer outstanding sensitivity for single and
multiple analytes, quick response times, and a cost-effective
method.”

Furthermore, ionic liquids (ILs) are considered relatively eco-
friendly due to their thermal stability and non-volatility at room
temperature, which minimizes atmospheric release.**** ILs have
been extensively used in sensor applications, particularly in
combination with nanostructures, given their capacity to dissolve
organic, inorganic, and organometallic compounds. When paired
with various materials, such as silica, carbon nanomaterials,
zeolites, aluminum hydroxide, and metal-organic frameworks
(MOFs), ILs enhance the performance of electrochemical
sensors.”*** Thanks to the remarkable dissolution properties of ILs,
they have been extensively used in conjunction with a wide variety
of nanomaterials to enhance the sensitivity of electrochemical
sensors. However, to our knowledge, the application of an ionic
liquid-pectin composite in electrochemical sensors remains
unexplored. In this study, we have developed a PC/IL@GCE elec-
trochemical sensor for detecting TCP, which demonstrates excel-
lent electrocatalytic activity, highlighting a promising green
approach to electrochemical sensing. This study shows the greener
approach to electrochemical sensing in comparison with non-
green methods, which is confirmed by AGREE software.

2. Experimental
2.1. Chemicals

Chemicals used in the present work were used without any
additional purification and were of analytical grade. Pectin
powder, produced from citrus peel (=74.0%), was obtained
from Sigma-Aldrich. Triclopyr and an ionic liquid (1-butyl-2,3-
dimethylimidazolium hexafluorophosphate) of purity >97.0%
were purchased from Tokyo Chemical Industry. The buffer that
was utilized was Britton-Robinson buffer (BR buffer), which
was prepared by using phosphoric acid (=99.0%), acetic acid
(=99.7%), boric acid (=99.0%), and NaOH (98-100.5%). High
purity water was obtained from a Millipore Milli-Q Plus system
(Milford, MA, USA), and all solutions were prepared in it. Tri-
clopyr stock solution was prepared in ethanol (=99.9%) that
was purchased from Sigma-Aldrich. Synthetic serum samples
used in analysis were also purchased from Sigma-Aldrich.

2.2. Apparatus

Electrochemical measurements were performed using an
AUTOLAB 112 potentiostat/galvanostat 302N (The Netherlands)
using NOVA 1.10 software. Ag/AgCl (3.0 mol per L KCI) was used
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as a reference electrode; PC/IL@GCE was employed as
a working electrode and a platinum wire as an auxiliary elec-
trode. The morphological characteristics of electrodes were
studied by scanning electron microscopy using a JSM 6510LV
JEOL instrument. All the pH measurements were carried out
with a ComSys Technologies Auto digital pH meter. All the
solutions examined by electrochemical techniques were purged
for 10 min with purified nitrogen gas prior to analysis. A Rigaku
MiniFlex 600 was employed for X-ray diffraction, a PerkinElmer
Spectrum II was used for FTIR, and a Shimadzu SALD-2300
(wing SALD II: version 3.1.1) was employed for particle size
analysis; AGREE software were used for green analysis.

2.3. Fabrication of the PC/IL@GCE sensor

First, GCE was polished with alumina slurry of varying particle
sizes ranging from 0.05 to 1.0 pm sequentially until a mirror-like
finish was obtained. It was followed by ultrasonication in absolute
ethanol and ultrapure water. GCE was further rinsed with ultra-
pure water and dried under a stream of nitrogen gas. For fabri-
cating the sensor, pectin and the ionic liquid in a 1: 1 ratio were
dissolved in DMF separately, followed by sonication for 2 h. Then,
the resulting solution was used to make a homogeneous
suspension in a 3 : 1 ratio mixture of PC and IL and stored at 5 °C
for later use. A measured volume of 5.0 uL of this suspension was
then dropped onto the surface of precleaned GCE using a micro-
pipette. The modified PC/IL@GCE was then allowed to dry
naturally at room temperature for further use.

2.4. Preparation of real samples

Tomato and apple were purchased from the local market of
Gwalior, Madhya Pradesh, India, for sample preparation. They
were crushed separately, then 1.0 g of each was measured and
dissolved individually with 10 mL of ethanol and 1.0 mM of TCP
via ultrasonication for 1 h followed by centrifugation. Then, each
prepared solution of tomato and apple was filtered with Whatman
(110 mm) filter paper and transferred into a 25 mL volumetric flask
separately and diluted with distilled water up to the mark. Pesti-
cide present in soil and water poses significant risks to humans.
The serum sample was also used for the analysis.® Similarly,
a stock of human serum sample was also prepared by mixing
3.6 mL of synthetic serum sample with 1.0 mL of 1.0 mM TCP,
then it was vortexed and precipitated with 5.4 mL of acetonitrile.
The obtained solution was centrifuged at 5000 rpm for 20 min
followed by separation of the supernatant from the precipitates.
The standard addition method was applied for the analysis of
spiked tomato, apple, and human serum samples. The concen-
tration was spiked up to 10, 20, 40, 80, 160 ng mL ™" for all samples.
Square wave voltammetry and differential pulse voltammetry were
used to evaluate the sensitivity of the PC/IL@GCE sensor in real
samples.

3. Results and discussion
3.1. Microscopic examination of the fabricated sensor

Scanning electron microscopy (SEM) was employed to examine
the structural and morphological characteristics of the PC, 1L,

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) SEM micrographs of (A) PC, (B) IL, and (C) PC/IL; (b) EDX spectra of (A) PC, (B) IL, and (C) PC/IL and (D) bar chart for weight (%) of

elements present in PC/IL.

and PC/IL composite. Figure (Fig. 1a(A)), representing the PC,
reveals a homogeneous distribution of amorphous and layered,
fibrous structures with small pores. Fig. (1a(B)) shows the IL
with an irregular, clustered distribution of agglomerated parti-
cles, resulting in a roughened surface with embedded pores.
Fig. 1a(C) illustrates the PC/IL composite, where increases in

This journal is © The Royal Society of Chemistry 2025

cavities were observed due to the incorporation of the IL into
the PC matrix. The presence of cavities in the SEM micrographs
highlights the porosity, permeability, and surface area of the
fabricated sensors. The increased porosity of the PC structure
enhances permeability and provides a larger surface area in the
PC/IL composite, potentially improving analyte binding
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capacity and sensor performance. The PC/IL composite was
consist of hydroxyl and carboxylic groups enables it to bind the
sample with the sensor surface by van der Waals forces and
electrostatic interaction, which makes the composite binding
a reversible process.** All micrographs were taken at a 10 pm
scale. Additionally, particle size analysis confirmed that the
average particle size of the PC/IL composite was approximately 5
um; xc = 4.72 pm in the Gaussian curve, shown in the ESI 1,}
confirms the size of PC/IL particles.

3.2. Spectroscopic characterization of the prepared
composite

The prepared PC/IL composite was examined by various spec-
troscopic techniques, the results of which were found to be in
good agreement with their reported values. The chemical
compositions of the fabricated electrodes were analyzed using
the Energy Dispersive X-ray (EDX) technique, as shown in
Fig. 1b(A-D). The EDX spectrum of pectin (PC) revealed the
presence of carbon (C) and oxygen (O) (Fig. 1b(A)). In contrast,
the spectrum of the ionic liquid (IL) indicated the presence of
carbon (C), nitrogen (N), fluorine (F), and phosphorus (P)
(Fig. 1b(B)). The spectrum of Fig. 1b(C) confirms that all
elements carbon, oxygen, nitrogen, fluorine, and phosphorus of
both PC and IL are present in the PC/IL composite, with no
impurities detected. Additionally, Fig. 1b(D) displays the weight
percentages of the elements present in the PC/IL composite.

Furthermore, the UV-visible spectrum (PC/IL) showed
a maximum absorption at 280 nm (Fig. 2A). It usually indicates
the presence of aromatic amino acids, especially protein or
peptide. These amino acids possess aromatic rings that absorb
light at approximately 280 nm.** This confirms the presence of
an aromatic structure in our composite used for fabrication.
The peaks in the UV-visible spectra of IL, PC, and PC/IL are
found to be moved from 260 nm to 280 nm, showing a shift
more towards the visible range. This involves increased mw—m
transition, enhanced electronic transition, and so enhanced
conductance. Moreover, XRD the spectrum of the PC/IL
composite is presented in Fig. 2B, which confirmed its crystal-
line structure. For pectin, sharp peaks are observed at 20 =
18.69°, 24.46°, and 25.01°, and for the IL prominent peaks are
observed at 26 = 12.15°, 16.98°, and 22.63° when scanned at
a rate of 10.00° per min at 40 kv. However, the sharp peaks at 2¢
= 11.73°, 18.86°, and 25.24° further verify the increased crys-
tallinity of the PC/IL composite, as shown in Fig. 2B.

To investigate the intermolecular interactions among PC and
IL, Fourier transform infrared (FTIR) spectroscopy was used ESI
27 shows the FTIR spectral analysis of pectin, ionic liquid and
PC/IL composite films. For clarity, FTIR absorption peaks (wave
number (cm™")) and their corresponding functional groups in
PC, IL, and the PC/IL composite are given in ST 1. The spectra of
the pectin and ionic liquid composite exhibited more intense
peaks at 3339 and 1730 cm ™' as compared to pectin and the
ionic liquid individually, proving the enhanced interaction
among PC and the IL in the PC/IL composite film. Enhanced
intensity represents that crosslinking occurred effectively due to
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the electrostatic interaction between PC and IL, which improved
the adsorption of the analyte to the electrode surface.*

3.3. Electrochemical characterization of the PC/IL@GCE
sensor

To investigate the electrochemical nature of the modified elec-
trodes, electrochemical impedance spectroscopy (EIS) was
employed using a 3.0 mM K;[Fe(CN)e] solution in 1.0 M KCI.
The Nyquist plots of the modified and bare GC electrodes
included both linear and semicircular portions (Fig. 2C). The
linear part corresponded to the diffusion process at lower
frequencies, while the semicircular portion (at higher frequen-
cies) was related to the charge transfer resistance (R.). The
obtained results showed that the electrocatalytic activity of the
modified PC/IL@GCE increased due to the decrease in R, at the
surface of the sensor. The R values obtained for bare GCE,
IL@GCE, PC@GCE, and PC/IL@GCE were 100.6 Q, 97.5 Q, 85.8
Q, and 39.1 Q, respectively. The lower R value of the developed
sensor explains their good electrical conductivity and higher
electrocatalytic properties, which can be attributed to the
presence of a highly conductive ionic liquid and pectin on the
GCE surface, which enhanced the conductivity of the interface
by decreasing the interfacial resistance and thus provided
a greater surface area for reaction on the modified electrode.
Furthermore, the electron transfer rate constant (k,pp) was
calculated using the equation given below.

Kapp = RTIFPR,C (i)

where R, T, F, R and C are the gas constant (8.314 J mol ' K™ ),
absolute temperature of the system (298 K), Faraday constant
(96 485 C mol "), charge transfer resistance and concentration
of K3[Fe(CN)g] (C = 1.0 x 10~% mol em™?), respectively. The
obtained k,p,, values for the bare electrode, IL@GCE, PC@GCE
and PC/IL@GCE are 2.6 x 107°%,2.7 x 107°, 3.1 x 10 ° and 6.8
x 10~°, respectively. The higher k,p, of PC/IL@GCE than the
PC@GCE and bare GCE electrode indicates a faster electron
transfer process of Kz[Fe(CN)s] on the developed electrode
surface.

Moreover, the electrochemical performance of the developed
sensors was further investigated by Cyclic Voltammetry (CV)
using 1.0 mM K;[Fe(CN)g] as a model redox probe. Voltammo-
grams were recorded in a 1.0 mM Kj;[Fe(CN)] solution con-
taining 0.1 M KCI at a scan rate of 100 mV s~ (Fig. 2D). The
obtained results indicate that PC/IL@GCE exhibited better
conductivity, and due to its improved electrocatalytic activity, it
was used for further investigation. The effective surface area of
the developed electrodes was also calculated based on the
Randles-Sevcik equation (eqn (ii)):

I=(2.69 x 10°)ACD"*n¥*'"? (ii)

where I signifies the anodic peak current, A represents the
effective surface area of the electrode in cm?, C (mol cm )
denotes the concentration of the analyte, D is the analyte's
diffusion coefficient, v is the scan rate (V s™'), and 7 is the
number of electrons participating in the electrode reaction. For

This journal is © The Royal Society of Chemistry 2025
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K;[Fe(CN)4], the value of Dis 7.6 x 10 ° cm® s " and n is 1. The
effective surface areas (A) of bare GCE, PC@GCE, and PC/
IL@GCE were calculated from the slope of the plot of I vs. v/
2, which showed a linear relationship obtained by cyclic vol-
tammetry. The effective electrode surface area for PC/IL@GCE
was found to be 0.031 em”, which was significantly greater
than those of PC@GCE (0.026 cm?), IL@GCE (0.021 cm?) and
bare GCE (0.018 cm?). The electrocatalytic performance of
PC@GCE was enhanced by addition of the ionic liquid, and the

This journal is © The Royal Society of Chemistry 2025

Potential applied (V)

(A) UV analysis of IL, PC and PC/IL; (B) XRD analysis of IL, PC and PC/IL; (C) EIS analysis of bare, IL, PC and PC/IL; (D) cyclic voltammograms

developed PC/IL@GCE exhibited better electrochemical activity
compared to PC@GCE and bare GCE.

3.4. Optimization of experimental conditions for the
developed sensor

The cathodic current of TCP (80 ng mL ') decreases gradually
with the increase in the pH of the Britton-Robinson (BR) buffer
solution, as shown in ESI 3a.T Furthermore, with the increase in
pH, the peak potential shifted toward the negative side. This
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reveals that the pH of the supporting electrolyte exerted
a significant influence on the electroreduction of TCP (ESI 3c,}
indicating protonation during the electrode process). In acidic
medium, H' ions catalyze the reaction by making the carbonyl
carbon more positive and thereby favour attack by the nucleo-
phile and shift the equilibrium to the right direction.** The
relationship between the reduction peak potential (E,) and pH
has been shown by a calibration plot between E;, and pH (ESI
3bt), which is expressed by eqn (iii) in the following:

E,/V = —0.0373 pH — 1.6141; (R* = 0.9932) (iif)

The effect of different volumes of the PC/IL hybrid composite
on TCP reduction current at 80 ng mL~ ' was determined by the
increasing volume of PC/IL suspension - cast onto the GCE
surface. The change in TCP reduction current was recorded by
changing the volume of different loading concentration (2-12
uL) of PC/IL suspension. ESI 41 shows that the peak current
increases with the volume of PC/IL composite up to 10 uL and
then decreases inversely due to the large background current.
An extremely thin layer adsorbs less TCP, while an extra thick
layer blocks the electrode surface, so an optimal concentration
10 pL was selected.

CV has been applied to study the redox behaviour of the TCP
(ESI 5ct). For this purpose, electrocatalytic behaviour of TCP
solution (80 ng mL ") was investigated in the potential range of
0.0 V to —2.5 V. One reduction peak was observed on initiating
in the negative direction (0.0 to —2.5), and the absence of an
anodic peak during the reverse scan (—2.5 to 0.0) pointed out
that the process was irreversible. The influence of scan rate on
the peak current and peak potential is presented in ESI 5.1 It
has been observed from ESI 5b7 that the peak current increases
linearly with increasing scan rate from 10 mVs~" to 100 mVs ™,
which also confirms that the reduction of TCP was diffusion
controlled in the fabricated sensor, expressed by eqn (iv) as
follows:

TCP: I(nA) = —12.8313»"2 — 22.4322; (R = 0.9912)  (iv)

The effect of different SWV and DPV parameters, such as
frequency, amplitude, and deposition potential, were also
examined during the experiment. The influence of these
parameters on cathodic peak current was optimized in a pre-
experiment over the potential range 0.0 V to —2.0 V, and the
results are depicted in ESI 6.1 The modulation amplitude was
increased from 10 to 200 mV, while other parameters were kept
constant (modulation time, interval time and step potential),
and a significant growth in peak was recorded up to 90 mV
beyond which the peak deformed. The step potential was
recorded in the range of 5-100 mV (with constant modulation
time, modulation amplitude, and interval time), and 10 mV was
recorded best with a stable and well-developed peak. As the
interval time increases (10-100 ms, with constant modulation
time, modulation amplitude, and step potential), an increase in
current is recorded. Subsequently, 100 ms with the highest
current is selected for further studies. The best scan window
from —1.2 to —1.9 V for SWV and 0.0 to —2.0 V for DPV was
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Table 1 Summary table for optimized parameters

Operational parameters Optimum value

Optimal pH BR 1.78
Fabrication concentration 10 pL
Scan rate 100 mV s
Solvent Ethanol
Frequency 70 Hz
Amplitude 100 mV
Modulation amplitude 90 mV
Modulation time 40 ms
Step potential 10 mV
Interval time 100 ms

selected to obtain sharp and defined peaks for TCP analysis
using optimized parameters. The optimized condition showed
that the developed sensor involves the electroreduction of TCP
by protonation between the electrode surface and the analyte.
An optimum concentration of fabrication helps to mediate the
exchange of protons and enhance the electrocatalytic activity of
the sensor; the optimized instrumental parameters are
summarized in Table 1.

3.5. Electrochemical detection of TCP at PC/IL@GCE

The feasibility of the proposed method for quantifying TCP was
established by examining the relationship between the reduc-
tive peak current and the concentration of the analyte using
square wave voltammetry and differential pulse voltammetry at
a PC/IL@GCE hybrid sensor. Under optimized conditions, vol-
tammograms obtained with increasing amounts of TCP
demonstrated that the peak current response increased linearly
with increasing concentrations (Fig. 3). The calibration curve
was linear over a wide concentration range, from 10 ng mL ™" to
160 ng mL " for a standard solution of TCP. The calibration plot
resulted in a straight line, and the linear regression equation is
given in eqn (v):

y = 0.1288x + 85.9698, R* = 0.9920 (SWV) W)

y = 0.3092x + 50.1187, R* = 0.9912 (DPV) (vi)

The observed limit of detection (LOD) and limit of quanti-
fication (LOQ) via SWV and DPV for standard solution were 586
pg mL ™' and 1.953 ng mL " and 223 pg mL ™" and 745 pg mL ™},
respectively. After standardization of the developed method,
comparative results were obtained for the real samples (ESI 77).
Comparative LOD and LOQ for tomato, apple, and human
serum are illustrated in Table 2. From Table 2, it is seen that due
to the sample matrix effect, the performance of the sensor is
influenced, and the LOD and LOQ values of real samples are
somewhat enhanced than the standard solution. Furthermore,
the determination parameters of TCP using this method were
compared with those of other electroanalytical sensors, and the
results are listed in Table 3. The data in Table 3 indicate that the
developed method is applicable, sensitive and comparable over
a wider concentration range and provides a lower LOD. After

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Calibration curve of standard solution for TCP reduction at concentrations from 10 to 160 ng mL™: (A) SWV and (B) DPV.

evaluating the sensitivity of the same sensor with two compar-
ative methods, DPV was found to be more sensitive than SWV,
and the developed sensor was found to be robust with two
different applied methods.

This journal is © The Royal Society of Chemistry 2025

3.6. Reproducibility, stability and interference studies

The fabricated PC/IL@GCE showed highly reproducible elec-
trochemical performance toward the detection of TCP (80 ng
mL ™). For this, three different electrode sensors were fabri-
cated, and their reproducibility toward TCP was evaluated using
DPV at different times (ST 2). The reliability of the developed
sensor depends on the relative standard deviation (RSD) in the
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Table 2 Calibration range, LOD and LOQ of standard and different real samples
SWV DPV
Samples LOD LOQ LDR (R%) LOD LOQ LDR (R%)
Standard solution 0.586 ng mL™' 1.953 ng mL~'  10-160 ng mL ™' (0.9920) 0.223 ng mL~" 0.745 ng mL~' 10-160 ng mL " (0.9912)
Human serum 3.973ngmL™' 13.243 ng mL™'  10-160 ng mL " (0.9945) 1.025 ng mL™' 3.419 ngmL ' 10-160 ng mL " (0.9901)
Tomato 1.992 ng mL™'  6.640 ngmL~'  10-160 ng mL ™" (0.9935) 0.981 ng mL™' 3.272ng mL~' 10-160 ng mL ™" (0.9914)
Apple 2.094ng mL™'  6.980 ng mL™'  10-160 ng mL ™" (0.9912) 0.948 ngmL~' 3.162ng mL~' 10-160 ng mL ™" (0.9913)
Table 3 Comparison of the limit of detection of the proposed method with earlier reported methods
Technique pH  Sensor LOD (ng mL™") Solvent Real sample Reference
Immunoaffinity 7.2 Immunoaffinity column — Ethanol/water Water 7
chromatography
SwWv 2 Boron-doped diamond 474 Acetonitrile Water and urine 11
DPV 210
“UV-MALDI-MS — Laser 2.00 — Soil 35
Swv 2.5  “PANI/C70/GCE 1.90 TritonX-100 Tomato 10
Surface plasmon resonance — Gold nanorods 1.03 x 10° — — 9
Photoelectro-Fenton 7 Boron-doped diamond anode 1.54 x 10* Chlorine — 36
Fluorescence — n-Butyl-1,8-naphthalimide 741 DMSO-H,0 Wheat seedlings, sugarcane, 8
Schiff base broadleaf weed and
water samples
DPV 1.78 PC/IL@GCE 0.22 Ethanol Tomato, apple and This study
Swv 0.59 human serum

“ Chemiluminescence enzyme-linked immunosorbent assay (CL-ELISA). Ultraviolet matrix-assisted laser desorption/ionization mass spectrometry
(UV-MALDI-MS). Polyaniline (PANI). Liquid chromatography mass spectrometry (LC-MS).

cathodic peak current obtained by three replicates of different
sensors. The sensor response was less than 1.5% of RSD, sug-
gesting their high sensitivity toward electrochemical
applications.

The stability of the sensor was further assessed using DPV to
measure a consistent concentration of TCP (80 ng mL ") over
the course of one month, with measurements taken weekly. The
sensor was stored in a desiccator at 25 °C without sunlight, and
after two weeks the sensor retained 85% of its initial response to
TCP, demonstrating the high stability of the PC/IL@GCE
sensor. Moreover, the anti-interference ability of the sensor
toward TCP was studied in the presence of other organic and
inorganic interferents such as r-tryptophan, tartaric acid, t-
aspartic acid, citric acid, KCL, NaCl, and MgSO, (Fig. 4A). The
study showed good specificity of the developed sensor toward
TCP reduction among these interferents, suggesting that the
fabricated sensor is rapid and specific for the detection of the
analyte (ST 3). TCP determination was carried out in acidic
medium (BR 1.78), that also accelerate the oxidation of the
organic interferent and does not interfere with the reduction
process of TCP. Increased concentrations of interferent showed
no further change in the peak current, suggesting the specificity
of peak potential towards TCP reduction in the matrices.

The selectivity of the electrode for TCP was also tested in the
presence of similar structure compounds like alachlor, urea,
and sodium azide (ST 4). Active binding sites of PC/IL@GCE

Anal. Methods

selectively bind with trichlopyr due to electrostatic interac-
tions, and acidic medium accelerates its interaction with the
sensor surface, as compared with other similar structured
compounds. The study showed no obvious change in the peak
current or peak potential toward TCP reduction, suggesting
high selectivity of the sensor toward the analyte in the presence
of agents having a similar structure (Fig. 4B).

3.7. Recovery studies

The analytical utility of the developed sensor was justified by its
application in the detection of TCP in synthetic serum and
fruits. For the analysis, the solution was obtained by the addi-
tion of an adequate amount of TCP in a previously prepared
stock solution of each real sample. The SWV and DPV current
responses with acceptable recoveries between 99.64-101.92%,
99.44-100.87%, and 99.02-101.40% were obtained using the
standard addition method for the detection of TCP in real
samples of serum, tomato, and apple, respectively. The corre-
sponding results have been shown in ST 5, clearly demon-
strating the successful application of the developed sensor for
the determination of TCP in real samples.

3.8. Kinetics of reaction

Langmuir and Freundlich isotherms were applied to under-
stand the binding chemistry between analyte molecules and the
fabricated sensor.”’ Langmuir isotherms suggest monolayer

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (A) DPV curve showing reduction of TCP in the presence of interferents: L-tryptophan, tartaric acid, L-aspartic acid, citric acid, KCl, NaCl,
and MgSOy; (B) DPV curve showing reduction of TCP in the presence of similar structure compounds: alachlor, urea, and sodium azide.

contact with uniformly distributed binding sites and no lateral
interactions,*® whereas the Freundlich isotherms indicate
multilayer interaction between the analyte and binding site
heterogeneity.*® These models are employed for sensor data
processing with certain mathematical modifications, even
though they are hypothesized for the gas adsorption process.*
For such models, the following modified linear formula was
applied:

Langmuir: Al = (Al C/Kp + C) (vii)
Freundlich: Al = AL, C"" (viii)

Herein, Al, AL,y C, Kp, and 1/n designate the actual current
shift (pA), theoretical maximum current shift (pA), analyte
concentration (M), equilibrium constant, and Freundlich coef-
ficient, respectively.

The regression coefficients (R*) for each (DPV and SWV) of
these models are high for the Freundlich isotherm when
applied to the concentration vs. current (ESI 8}) data of the
calibration curve. The value of n represents the heterogeneous
binding sites of IL when combined with pectin that enhance the
multilayer interaction of analyte molecules with binding sites
and accelerate the catalytic activity of TCP. The analyzed data
have been shown in ST 6. A greater value of AL, in the
Freundlich isotherm represents greater current shift, which
accelerates the interaction of the analyte at the electrode
surface.”

4. Greenness of the PC/IL@GCE
sensor

The greenness of any methods of analysis is a complex, diverse
measurement that is difficult to measure.”” The idea of “green

analytical chemistry” (GAC) forces analytical chemists to ensure
that the safety, health, and the environment are taken into

This journal is © The Royal Society of Chemistry 2025

account when working.*® It is evident that GAC needs specific
numbers to evaluate whether the environmentally conscious
analytical techniques are a green method of analysis or not.
Software that is freely available simplifies the evaluation
process. AGREE is a free software and can be accessed at https://
mostwiedzy.pl/AGREE.* It evaluates the greenness of processes
using the GAC principles, ESI 10.f According to the GAC
principles, in situ sample preparation, placement (portable
device), their measurements and less use of hazardous
materials provide high weightage to GAC principles. All the
GAC principles supported the greenness of the developed
method with a good score.** So the developed method is
found to be more greener in comparison with other
conventional methods,”*"*%3¢ because natural materials were
used for the sensor preparation along with the use of green
solvents, the portable device shifts the method towards
enhanced greenness, less waste generation, less energy
consumption, and use of more sustainable and renewable
materials, all these made this method more greener and
significantly high scoring.

One of the most notable benefits of this process is that it
eliminates the preparative stage, which is arduous, time-
consuming, and requires a considerable volume of dangerous
organic solvents. In contrast to our research, the majority of
electrochemical analysis procedures involve non-green chem-
icals, reagents, and methods. Previously reported electro-
chemical methods for PANI/C70/GCE" and BDD?® are not green
and less sensitive than the developed method. The greenness
and environmental friendliness of the developed approach
could be assessed when it was compared in terms of electrode
components.*® The score and weight list criteria for this elec-
trochemical analysis method (ESI 91) demonstrate the 92%
greener aspect of the developed method.
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5. Conclusion

In this study, an electrochemical sensor based on a pectin and
ionic liquid composite has been developed for the first time, to
the best of our knowledge. The sensor exhibited several unique
characteristics, including a high electroactive surface area,
interconnecting porous channels, and excellent electrical
conductivity. It was then employed for the electrochemical
detection of triclopyr, a herbicide used for controlling broadleaf
weeds and woody plants. The proposed method was found to be
superior to previously reported electroanalytical methods for
TCP detection.'®'* The developed sensor based on green mate-
rial demonstrated high sensitivity, a low detection limit, good
reproducibility, and stability in TCP analysis. Recovery studies
using real samples of human serum, tomatoes, and apples
showed that the sensor provided rapid and sensitive detection
of TCP. The novelty of this work lies in the use of PC/IL@GCE as
a green material-based sensor for TCP detection, making it
a promising material for future sensing applications due to its
environment-friendly properties, excellent electrochemical
performance, high electroactive surface area and cost-
effectiveness. However, with these advancements, the devel-
oped electrode also has limitations. Pectin is a biopolymer, and
it is not easy to stabilize it over the electrode surface for a long
time. In the case of humid atmosphere, the ionic liquid absorbs
moisture and resists adherence to the electrode surface and
may prove challenging. Due to short shelf life of the electrode its
maintenance is a challenging task. In future, lab-on-chip
devices can be made, which may overcome these limitations
and can be used for on-site analysis.
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