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1. Introduction

Acid-activation enhanced graphite additive
manufactured polypropylene sensor for the
detection of parathion in forensic and
environmental samples
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@ Rodrigo A. A. Mufioz, @ Orlando Fatibello-Filho, @°
©¢ and Craig E. Banks (2*®

Karen K. L. Augusto,
Robert D. Crapnell,
Wallans T. P. dos Santos

Parathion is a widely used pesticide that also acts as a hazardous toxicant, making its in situ detection
crucial in both environmental and forensic contexts. As such, this study presents the development and
application of a new additive manufactured electrodes composed of polypropylene (PP), carbon black
(CB), and nitric acid-treated graphite (Gr(HNOs)) for the electroanalytical detection of parathion. The
physicochemical properties of the CB-Gr(HNOs)/PP additive manufactured electrodes were thoroughly
characterised using X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), and
Raman spectroscopy. Electrochemical characterisation revealed that introducing acid-treated graphite
component significantly enhanced the electrode’s electrochemical properties compared to untreated
graphite electrodes. The electroanalytical performance of the CB-Gr(HNOz3)/PP electrode was subsequently
assessed for the detection of parathion using adsorptive stripping square-wave voltammetry (SWAdSV),
exhibiting a highly sensitive response, with a theoretical detection limit of 0.17 nM and a linear
concentration range from 20 to 100 uM. The method demonstrated excellent reproducibility (RSD < 4%)
and selectivity, with minimal interference from common contaminants. Parathion detection was
successfully validated in real samples, showing recovery values of 91.5% in river water, 105.5% in urine,
76.9% in saliva, 102.9% in vitreous humour, and 87.6% in serum. It is demonstrated that the proposed CB-
Gr(HNO3)/PP electrode provides an effective platform for parathion sensing, highlighting the potential of
additive manufacturing in advancing real-world analytical applications for environmental and forensic
monitoring.

runoff and leaching, resulting in its presence within
environmental waters." To mitigate potential risks, the

Parathion is an important molecule used within agricultural
insecticides, providing effective crops' protection against a
broad spectrum of pests. However, its extensive agricultural
application leads to environmental contamination through
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European Union has established a maximum permissible
concentration of parathion in groundwater of 0.1 ug L™ (0.34
nM).> Beyond its environmental impact, parathion is also a
highly toxic substance to other non-target organisms and
humans,’® in which parathion inhibits acetylcholinesterase, an
essential enzyme for correct nerve function. The
accumulation of acetylcholine results in continuous signal
transmission by the nerves, producing symptoms such as
muscle twitching, respiratory distress, and convulsions." Due
to the rapid onset of these symptoms upon oral ingestion,
parathion poisoning is often fatal, with real case studies
reporting parathion concentrations in biological samples
ranging from 8.3 to 68.6 uM.*”’

Given the serious environmental and toxicological
implications of parathion exposure, many laboratory
methods have been reported for its detection, including gas
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chromatography-mass ~ spectrometry (GC-MS),*'*  high-
performance liquid chromatography-mass spectrometry
(HPLC-MS),"™®  and  fluorescence  spectroscopy.'**®
Although sensitive, selective and reliable, these methods are
all laboratory-based and require expensive equipment and
skilled personnel as well as extensive sample collection,
transportation and preparation, which are overall timely and
costly procedures. To address this limitation, the
development of low-cost, portable sensing platforms is
required for in situ analysis of parathion in both
environmental and forensic applications. Electrochemistry
has demonstrated the potential to solve these issues due to
its affordability, simplicity and ability to provide real-time
analysis compared to gold-standard technologies. At the same
time, with the advancement of high-performing, portable
potentiostats, electrochemistry offers a viable solution for on-
site analysis.

Electrochemical methods have been reported for the
detection of parathion'”° with researchers using various
electrodes, including hanging-drop mercury,>" boron-doped
diamond,?* glassy carbon,* modified glassy carbon,** basal-
plane pyrolytic graphite,> carbon paste,>® screen-printed
graphite,””>° and additive manufactured.>®*" Among these,
screen-printed electrodes (SPEs) and additive manufactured
electrodes offer excellent synergy with in situ electroanalysis
due to their cost-effectiveness, customisable designs and
disposable nature, importantly eliminating the need for post-
use surface replenishment. Although SPEs have been
extensively studied with various modifications for parathion
detection, very few studies have explored additive
manufactured electrodes, with the only reports using
commercially available conductive filament.****

The rise of additive manufacturing electrochemistry in
recent years has been driven by its low-cost, rapid
prototyping capabilities, and material versatility. Commercial
conductive filament is available for fused filament fabrication
(FFF), and is commonly used for sensor development
throughout the literature,®*** but its performance is often
severely limited by poor conductivity and solution ingress.**
As such, researchers have begun developing bespoke
conductive filaments,>> where improvements in the
sustainability®® of filaments has been achieved through the
use of bio-based plasticisers®” or through utilisation of
recycled PLA®* At the same time, -electrochemical
performance improvements have been achieved by
combining synergetic carbon morphologies*®™** or through
changing the base polymer of the filament to improve
electrode stability.*>™*°

A reported strategy for improving electrochemical
performance of the additive manufactured electrodes involves
combining graphite and carbon black, which enhances
conductivity while reducing material costs.*>*"*”*® One
approach to further improve the electrochemical
performance of graphite is activation, typically achieved via
electrochemical, thermal, or chemical treatments. Therefore,
in this work, we explore chemical activation with nitric acid
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of graphite component to improve the performance of the
bespoke conductive filament. Due to the acidic nature of the
resultant graphite, polypropylene was chosen as the base
polymer for filament production due to the susceptibility of
PLA to chemical hydrolysis.”® This activated-graphite
polypropylene filament was then applied to the detection of
parathion in both environmental and forensic samples,
demonstrating how custom filament development can help
advancing in the performance and applicability of additive
manufacturing in electrochemical sensing.

2. Experimental

2.1. Chemicals and samples

Solutions were prepared using deionised water with an
electric resistivity of >18.2 MQ cm, obtained from a Milli-Q
Integral 3  system (Millipore UK, Watford, UK).
Hexaammineruthenium(m) chloride (98%), potassium
ferricyanide (99%), potassium ferrocyanide (98.5-102%),
boric acid (=99.5%), phosphoric acid (85%), acetic acid
(=299.7%), sulphuric acid (99.999%), hydrochloric acid (37%),
sodium hydroxide (>98%), nitric acid (70%), and potassium
chloride (99.0-100.5%), uric acid (UA, =99%), ascorbic acid
(AA, =99%), citric acid (CA, =98%), oxalic acid (OA, =99%)
and caffeine (CAF, 99%), were acquired from Merck
(Gillingham, United Kingdom). Carbon black was purchased
from PI-KEM (Tamworth, United Kingdom), graphite powder
(<53 um) was purchased from Inoxia Ltd (Cranleigh, United
Kingdom), and polypropylene (PP, Sabic® CX03-81 Natural
00,900) was purchased from Hardie Polymers (Glasgow,
United Kingdom). The analytical standard of ethyl-parathion
in liquid form, sourced from Tokyo Chemical Industry
(zwijndrecht, Belgium), was initially dissolved in methanol at
a concentration of 1.0 mmol L™ and subsequently diluted in
appropriate supporting electrolytes for electrochemical
analysis.

A Britton-Robinson (BR) buffer solution (0.1 M) was
prepared using boric, phosphoric, and acetic acids, with
sodium hydroxide (1.0 M) used to adjust the pH values
between 2.0 and 12.0. Additionally, buffer solutions of nitric
acid, hydrochloric acid, sulphuric acid, and BR (0.1 M) at pH
2.0 were evaluated as supporting electrolytes for parathion
detection. Various nitric acid concentrations (0.05, 0.1, and
0.2 M) were also tested to assess the influence of ionic
strength. Sodium hydroxide (NaOH) solution (0.5 M) was
employed for the electrochemical activation of the working
electrode.

Synthetic urine was produced according to the method
described by Laube et al,’* artificial saliva as per Qian
et al.,”® and artificial vitreous humour according to Thakur
et al.>* In addition to synthetic biological samples, river water
samples were collected in accordance with EPA guidelines
from the River Irwell (Greater Manchester, United Kingdom),
were diluted in supporting electrolyte (10x) and spiked with
70 uM of parathion prior to analysis.

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

The graphite powder (Gr) was treated with nitric acid (HNO3)
to enhance its surface properties.>®> Next, 100 mL of a 0.5 M
HNO; solution was prepared and added to 25 g of graphite
powder, followed by continuous stirring overnight. The
mixture was then filtered, and the resulting solid was dried
in an oven at 60 °C overnight. The treated graphite,
designated as Gr(HNO;), was subsequently used for filament
production.

2.3. Filament production

The filament was prepared by combining precise amounts of
polypropylene (PP), carbon black (CB), and acid-treated
graphite Gr(HNO;) in a 63 cm® chamber. Based on a previous
optimisation,”” all filaments in this study consisted of 60
wt% PP, 20 wt% CB, and 20 wt% Gr(HNO3). The components
were mixed using a Thermo Haake Polydrive dynameter
equipped with a Thermo Haake Rheomix 600 (Thermo-
Haake, Germany) at 210 °C, employing Banbury rotors at 70
rpm for 5 minutes. Following mixing, the polymer
composites cooled to room temperature and
subsequently granulated using a Rapid Granulator 1528
(Rapid, Sweden) to achieve a finer particle size. The
granulated material was then processed through the hopper
of an EX2 extrusion line (Filabot, VA, United States), which
utilised a single-screw extruder set to a heat zone of 210 °C.
The molten polymer was extruded through a 1.75 mm die
head, drawn along an Airpath cooling line (Filabot, VA,
United States), and collected on a spool. The resulting
filament was then ready for use in additive manufacturing.

were

2.4. Additive manufacturing of the electrodes

All computer designs and 3MF files in this study were created
using Fusion 360® (Autodesk®, CA, United States). These
files were then sliced and converted into GCODE using
PrusaSlicer (Prusa Research, Prague, Czech Republic). The
electrodes were fabricated via fused filament fabrication
(FFF) on a Prusa i3 MK3S+ (Prusa Research, Prague, Czech
Republic). All electrodes were printed using a 0.6 mm nozzle
with a nozzle temperature of 245 °C, an extrusion ratio of 1.6
(160%), 100% rectilinear infill,* a layer height of 0.15 mm, a
print speed of 35 mm s ', and a bed temperature of 110 °C.
To enhance adhesion between the polypropylene filament
and the printing bed, a thin layer of Magigoo™ adhesive was
applied to the printing surface before heating the bed.

2.5. Physicochemical characterisation

X-ray photoelectron spectroscopy (XPS) data were collected
using an AXIS Supra (Kratos, UK) equipped with a
monochromatic Al X-ray source (1486.6 eV) operating at 225
W and a hemispherical sector analyser. The system was run
in fixed transmission mode with a pass energy of 160 eV for
survey scans and 20 eV for region scans. The collimator was
set to slot mode, providing an analysis area of approximately

© 2025 The Author(s). Published by the Royal Society of Chemistry
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700 x 300 pm. The FWHM of the Ag 3ds,, peak, measured
with a pass energy of 20 eV, was 0.613 eV. The binding energy
scale was calibrated by setting the graphitic sp> C 1s peak to
284.5 eV; although this calibration is known to be flawed®® it
was used due to the lack of better alternatives, as only limited
information was derived from absolute peak positions.

Scanning electron microscopy (SEM) micrographs were
acquired using a Crossbeam 350 focused ion beam-scanning
electron microscope (FIB-SEM) (Carl Zeiss Ltd., Cambridge,
UK) equipped with a field emission electron gun. Secondary
electron imaging was performed with a secondary electron
secondary ion (SESI) detector. Samples were mounted on 12
mm diameter aluminium SEM pin stubs (Agar Scientific,
Essex, UK) using 12 mm diameter adhesive carbon tabs (Agar
Scientific, Essex, UK) and coated with a 5 nm layer of Au/Pd
using a Leica EM ACE200 coating system prior to imaging.

Raman spectroscopy was conducted using a DXR Raman
microscope (Thermo Scientific Inc., Waltham, MA, United
Stated) equipped with a 532 nm laser and operated with
OMNIC 9 software.

2.6. Electrochemical instrumental and apparatus

Voltammetric experiments were conducted using a PGSTAT
204 potentiostat (Metrohm Autolab BV, Utrecht, Netherlands),
operated through NOVA 2.1 software. The electrochemical
characterization of parathion was carried out with lab-
produced CB-Gr(HNO;)/PP 3D-printed electrodes in a
lollipop shape (J 5 mm disc a connection stem of 8§ mm
length, 2 mm width and 1 mm thickness®’), a nichrome wire
counter electrode, and a saturated Ag|AgCl reference
electrode.

Before each measurement, the CB-Gr(HNO;)/PP was
electrochemically activated wusing 0.5 M NaOH by
chronoamperometry, applying +1.4 V and -1.0 V for 200 s
each. The electrochemical studies were performed using
cyclic voltammetry at CB-Gr(HNOj;)/PP with different pH and
scan rate values. Parathion electrochemical detection was
optimised using the adsorptive stripping square-wave
voltammetry (SWAdSV) technique with 70 mV amplitude, 7
mV step potential, 25 Hz frequency and 1 min pre-
accumulation time, as the optimum parameters.

3. Results and discussion

3.1. Acid treatment of graphite and physicochemical
characterisation of printed electrodes

Graphite treated with acid undergoes oxidation, resulting
in the incorporation of oxygen-containing functional
groups such as carboxyl (-COOH), hydroxyl (-OH), and
carbonyl (-C=O) on its surface. This modification
enhances the material's hydrophilicity and reactivity,
potentially improving its electrochemical performance by
facilitating charge transfer.”®*® In this context, graphite
powder was treated with 0.5 M HNO; to induce chemical
modifications on the graphite surface. To investigate these
changes, Fig. S1 presents the XPS spectra of the graphite
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powder before (Fig. S1A) and after (Fig. S1B) acid
treatment, providing insights into the effects of

modification. The XPS spectra reveal four distinct peaks at
different binding energies, corresponding to the functional
groups C-C/C-H, C-O, C=C, and O-C=0O0. Fig. S1 displays
the C 1s spectra of the graphite materials, where a
prominent asymmetric C—=C peak is fitted at 284.5 eV,
attributed to the X-ray photoemission of graphitic
carbon.®®®" The peak fitting yielded standard deviations of
1.266 for graphite powder and 1.955 for HNO;-treated
graphite Gr(HNOj;), enabling the estimation of atomic
concentrations of these functional groups (Table S1).
Notably, compared to wuntreated graphite, Gr(HNO;)
exhibited a higher O-C=O content (23% vs. 16%),
indicating the incorporation of additional oxygen-
containing functional groups as a result of the acid
treatment. In agreement with these findings, the O 1s
spectra (Fig. S1C and D) show an increase in signal
intensity  after  acid  treatment, confirming the
incorporation of additional oxygen species.

The additive manufacturing filament composed of PP, CB,
and Gr(HNO;) was produced following the previously
reported method,”” as illustrated in Fig. 1A. Briefly, the
materials were added to a rheomixer chamber and mixed at
210 °C for five minutes using Banbury rotors. The resulting
mixture was then cooled, pelletised, and extruded to generate
an electrically conductive filament. This filament exhibited
excellent flexibility at room temperature (Fig. 1B) and a
resistance of (425 + 32) Q over a 10 cm length, considerably
lower than that of commercially available PLA, which

View Article Online
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compared to other bespoke filaments reported in the
literature, with resistances of (864 + 54) Q for a CB-PLA
filament®” and (710 + 30) Q for a PETg filament containing
graphene, multi-walled carbon nanotubes, and carbon
black.”> These results highlight the superior electrical
conductivity of the bespoke CB-Gr(HNO;)/PP filament.
However, it is worth highlighting that a previous study using
a CB:graphite ratio of 50:50 with PP reported a resistance of
(223 + 12) Q, which is significantly lower than the value
obtained in this work.*” This difference can be attributed to
the acid-treatment process. According to the literature, the
introduction of oxygen-containing functional groups
increases the defect density in graphite and reduces the
degree of graphitisation, leading to a decline in
conductivity.®* Additionally, this filament demonstrated
exceptional printability, as evidenced by the successful
fabrication of lollipop-shaped additive manufactured
electrodes used throughout this work (Fig. 1C).

Once printed, the electrodes were physiochemically
characterised. SEM images were captured to analyse the
surface morphology of the CB-Gr(HNO;)/PP electrodes. As
shown in Fig. 24, the electrode surface consists of a polymer
matrix, with small structures extruding from the surface,
corresponding to the morphology of carbon black.
Additionally, a graphite flake is visible, indicating the
presence of graphite within the composite structure.

The chemical composition of the CB-Gr(HNOj;)/PP
electrodes was analysed using XPS (C 1s) and Raman
spectroscopy. Fig. 2B and C present the C 1s spectra for non-
activated (or as-printed) and electrochemically activated

exhibited resistance values ranging from 2-3 kQ and  electrodes, respectively. To achieve an accurate spectral fit,
1. Temperature mixing 3. Extruding
( 5 ) e
60 wt’% PP 2. Shredding
| A | — *

CB / Gr(HNOs) / PP composite

Bespoke filament

i

1l

Fig. 1

(A) Schematic representation of filament production. (B) Photographs highlighting the low-temperature flexibility of the CB-Gr(HNO3)/PP

filament and (C) a picture of three additive-manufactured electrodes printed from this filament.
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Fig. 2

(A) SEM image of the CB-Gr(HNOs)/PP electrode after activation in 0.5 M NaOH. XPS C 1s spectra for the (B) as-printed and (C)

electrochemically activated CB-Gr(HNOs)/PP electrodes and (D) Raman spectra for the CB-graphite/PP and CB-Gr(HNO3)/PP electrodes.

four peaks were assigned. The primary asymmetric peak at
284.5 eV corresponds to the X-ray photoemission of graphitic
carbon.®®®"  Additionally, three symmetric peaks were
required to fit the data, representing sp® C-C/C-H, C-0, and
C=O0 bonding. In Fig. 2B, the dominant intensity of C-C
bonding is expected due to the inherent structure of PP and
the carbon fillers, while the C-O and C=O contributions
originate from surface functionalities on both CB and
Gr(HNOj;). In contrast, for the electrochemically activated
CB-Gr(HNOj3)/PP electrode (Fig. 2C), the graphitic C=C peak
increased, indicating greater exposure of conductive
carbonaceous materials. Additionally, the intensities of the
C-0 and C=O0O bonds were enhanced, further supporting the
increased accessibility of conductive sites.

Fig. 2D presents the Raman spectrum of the CB-graphite/
PP (black line) and CB-Gr(HNOj;)/PP (blue line) electrodes,
providing further insights into its chemical composition.
Distinct peaks are observed at 1350, 1580, and 2720 cm’,
corresponding to the characteristic D-, G-, and 2D-bands of
graphitic structures. The Ip/I; ratios are calculated as 0.066
for CB-graphite/PP and 0.095 for CB-Gr(HNO;)/PP, indicating
a lower defect density and a more ordered structure in the
CB-graphite/PP electrode. The increase in the Ip/I ratio for
CB-Gr(HNO;)/PP suggests that acid treatment introduces
more structural defects, leading to greater disorder within
the graphitic structure.®?

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

3.2. Electrochemical characterisation of the additive
manufactured electrodes

The additive manufactured electrodes (CB-Gr(HNOj;)/PP) were
characterised using common outer- and inner-sphere redox
probes, [Ru(NH3)s]*" and [Fe(CN)e]' />~ (1.0 mM in 0.1 M KCI),
as depicted in Fig. 3 and S2. As reported in a previous study,”
electrochemical activation significantly enhances the electrode's
electrochemical response by removing excess glue from the
printing process. Therefore, all electrodes were electrochemically
activated in 0.5 M NaOH using chronoamperometry, applying
+1.4 V for 200 s followed by —1.0 V for 200 s. The electrochemical
performance of the CB-Gr(HNO;)/PP electrode was compared to
that of the non-treated graphite electrode (CB-graphite/PP).
Electrochemical characterisation was initially performed
through scan rate studies using the [Ru(NH;)]*" redox probe, as
it provides the most reliable determination of the heterogeneous
electron charge transfer rate constant (k°) and the real
electrochemical surface area (4.).** The electroactive area was
calculated using the Randles-Sevéik equation for quasi-

reversible electrochemical systems,*** eqn (1):
i nFDv
quasi
Ipf = +0.436nFACH | = (1)
where n is the number of electrons involved in the

electrochemical reaction, I,¢ is the peak current corresponding

Sens. Diagn.
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Fig. 3 (A) Scan rate study (5-500 mV s%) with [Ru(NHz)el** (1 mM in 0.1 M KCl) performed in the CB-Gr(HNOs) as the WE. Inset: Randles-Sevéik
plot. Cyclic voltammetry (50 mV s™) of (B) [Ru(NHs)gl** and (C) [Fe(CN)¢l*’> comparing the electrodes. (D) EIS Nyquist plots of [Fe(CN)gl*”>

comparing the electrodes. Inset: the proposed equivalent circuit.

to the forward scan of the voltammetric response (analytical
signal), C is the concentration of [Ru(NH;)s]*" in solution
(mol ecm™), F is the Faraday constant (C mol™), v is the
scan rate (V s), R is the universal gas constant (J mol™
K", T is the temperature in Kelvin (K), A. is the
electroactive surface area of the electrode (cm?), and D is the
diffusion coefficient of [Ru(NH;)]*" (9.10 x 107° cm?® s7).
The k° was determined using the Nicholson method®®®
using eqn (2), which is applicable to quasi-reversible
electrochemical systems. For this, a potential scan rate study
was conducted at scan rates ranging from 5 to 500 mV s .
Measurements were performed using the outer-sphere redox
probe [Ru(NH;)e]*" in 0.1 M KCL

(2)

nDnvF] /2
=i°
Fal

where ¢ is the kinetic parameter, and D, n, R, and T are as
previously defined. The kinetic parameter ¢ is determined
from the peak-to-peak separation obtained from cyclic
voltammograms recorded at different scan rates. The k° is
then calculated from the slope of the linear plot of ¢ vs

Sens. Diagn.

(rDnvFIRT) . When AE, exceeds 212 mV, the eqn (3) is
applied, assuming an « of 0.5:*

K= 2.18(aDnv/RT)1/2}e['(O;#)XAEP] (3)

Fig. 3A shows a scan rate study for the CB-Gr(HNO;)/PP
electrode. The expected redox behaviour of [Ru(NH;)e*" is
observed, with well-defined one-electron reduction peaks at
approximately -0.2 V. The inset in Fig. 3A presents the
corresponding Randles-Sevéik plot, confirming the diffusion-
controlled nature of the electrochemical process. The k° for
the CB-Gr(HNO;)/PP electrode was 2.3 (+0.1) x 10~ cm s,
compared to 2.0 (+0.1) x 10~ c¢m s, slightly higher than
that of the CB-graphite/PP electrode. Similarly, the real
electrochemical surface area of the CB-Gr(HNO;)/PP electrode
was 0.36 (+0.05) cm? compared to 0.39 (0.02) cm® for the
CB-graphite/PP electrode.

The slight variations in k° and A., a comparison between
the CB-Gr(HNO;)/PP and CB-graphite/PP electrodes
performed using cyclic voltammetry at 50 mV s
(Fig. 3B and C) shows that the CB-Gr(HNO3)/PP electrode
exhibited a peak-to-peak separation of 105 (+6) mV compared

© 2025 The Author(s). Published by the Royal Society of Chemistry
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to 112 (+6) mV for CB-graphite/PP when using [Ru(NH;)e]*",
and 360 (+24) mV compared to 476 (+32) mV when using
[Fe(CN)e]'/*". Fig. 2B and 3C demonstrate significant
enhancements in anodic (I}) and cathodic peak currents (Ip)
for the CB-Gr(HNO;)/PP electrode compared to the CB-
graphite/PP electrode, with increases of 1.12-fold and 1.44-
fold in the I and I, currents, respectively.

The additive manufactured electrodes were evaluated
using electrochemical impedance spectroscopy (EIS) over a
frequency range of 0.1 to 100000 Hz against [Fe(CN)e]*"*".
EIS enables precise determination of the resistance
introduced by the electrode through the calculation of the
solution resistance (R;) and the charge-transfer resistance
(Rcr). The Nyquist plots for the additive manufactured
electrodes printed from CB-Gr(HNO;)/PP and CB-graphite/PP
are shown in Fig. 3D. The CB-Gr(HNO;)/PP electrode
exhibited an Ry value of (215 + 7) Q, compared to (316 + 11)
Q for the CB-graphite/PP electrode. The observed difference
in Ry values is likely attributable to inconsistencies in cell
assembly - specifically, variations in the spacing between
electrodes-as the same electrolyte solution was employed in
both cases. Additionally, the CB-Gr(HNOj;)/PP electrode
showed a lower Rgr of (4.2 + 0.3) kQ compared to (5.3 + 0.8)
kQ for CB-graphite/PP. These findings are consistent with
the kinetic data obtained from cyclic voltammetric scan rate
studies and further confirm the beneficial effects of nitric
acid treatment on graphite. The significant improvements in
kinetics and charge-transfer resistance highlight the
enhanced electrochemical performance of CB-Gr(HNO;)/PP
over the untreated graphite filament. After electrochemical
characterisation, the CB-Gr(HNOj3)/PP additive manufactured
electrodes were utilised for the electroanalytical detection of
parathion.

3.3. Electroanalytical determination of parathion

3.3.1 Electrochemical behaviour of parathion. The
electrochemical behaviour of parathion was examined in a
0.1 M BR buffer solution across a pH range of 2.0 to 12.0
using cyclic voltammetry following the required NaOH
activation of electrodes by chronoamperometry, as illustrated
in Fig. S3. To avoid water oxidation in the anodic region and
the subsequent appearance of an oxygen reduction peak in
the solution, all voltammograms were initiated at 0 V with
the initial scan directed toward the cathodic region.
Parathion displays a quasi-reversible process (O;/R,) and an
irreversible reduction process (R;) at CB-Gr(HNO;)/PP, as
presented in Fig. S3 and S4. These processes exhibited pH-
dependent behaviour, with peak potentials (E},) shifting to
more negative values as pH increased. Plots of peak
potentials (Ep,) and peak currents (I,) for the redox processes
as a function of pH at CB-Gr(HNO;)/PP are shown in Fig.
S5A and B and linear regressions for parathion redox
processes are presented in Table S2. The obtained slopes of
0.052 V/pH for O4/R, and 0.038 V/pH for R; are close to the
theoretical value of 0.0592 V/pH (according to the Nernst
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Fig. 4 Cyclic voltammetry of 100 uM parathion in 0.1 M nitric acid
solution pH 2.0, at CB-Gr(HNO5)/PP electrode. Scan rate: 50 mV s™.

W

equation) and approximately half of this value, respectively.
These results indicate that equal numbers of electrons and
protons are involved in the O,/R, process, while in the R;
process the number of electrons is twice the number of
protons. Redox processes were observed only up to pH 7.0,
which may be related to the molecule's pK, (7.07),®
suggesting that above this value, the molecule becomes
protonated hindering the redox reaction.

In view of those results, for parathion detection, pH 2.0
was chosen, and various supporting electrolytes, namely BR
buffer, nitric acid (HNOj), hydrochloric acid (HCI), and
sulphuric acid (H,SO,) were next evaluated, as shown in Fig.
S6A. Interestingly, nitric acid yielded the most well-defined
peaks and was therefore selected as the supporting electrolyte
for parathion detection throughout this work. Then, different
concentrations of nitric acid were tested to assess the effect
of ionic strength in parathion detection, with 0.1 M nitric
acid providing the best resolution of the observed redox
processes (Fig. S6B). In Fig. 4 it is shown the electrochemical
behaviour of parathion using the Gr(HNO;)/PP electrode at
the optimised pH and supporting electrolyte.

Later, cyclic voltammetry experiments at varying scan rates
were performed to assess the mass transport control of
parathion redox processes (O;/R,) on the CB-Gr(HNO,)/PP
surface (Fig. S7). The peak current (I,) for parathion
displayed a linear relationship with the square root of the
scan rate (v'/%) (Fig. S7B, R? = 0.999) and also with the scan
rate (v) (Fig. S7D, R®> = 0.892), indicating that the redox
processes are controlled by both diffusion and adsorption at
the CB-Gr(HNO;)/PP surface. The logarithmic plot of I, vs.
logarithm of v show a linear relationship (Fig. S7C, R =
0.987), following the regression equation: logl, = -4.44
(£0.04) + 0.71 (+0.03) logv, with slope between 0.5 and 0.8,
proving the mixed control (adsorption and diffusion) redox
process for parathion on the developed sensor. Due to the
adsorptive nature of this redox process, the Laviron equation
(90.6/n mV) was applied,®®”’° and the number of electrons
involved was estimated to be two. Furthermore, a proposed
mechanism for the O;, Ry, and R, processes of parathion at
the CB-Gr(HNO;)/PP electrodes was developed based on
previous reports’"’> and is presented in Scheme S1.
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Fig. 5 SWAdSV voltammograms obtained for repetitive measurements (N = 10) in 0.1 M HNO3 with 100 uM parathion using (A) one electrode and
(B) three different CB-Gr(HNO3)/PP electrodes as WE. All measurements were performed using the optimised conditions.

3.3.2 Parathion detection by SWAdASV using the CB-
Gr(HNO,)/PP electrode. Considering parathion's redox
processes previously studied by cyclic voltammetry, a square-
wave adsorptive stripping voltametric (SWAdSV) method was
developed for more sensitive detection of parathion in real
samples. Fig. S8 shows the effect of pre-accumulation time in
CB-Gr(HNO;)/PP for the detection of parathion. The I,
increased significantly up to 1 minute (see inset in Fig. S8);
after this point, a saturation behaviour was observed. Using
optimised conditions (70 mV amplitude, 7 mV step potential,
25 Hz frequency and 1 min pre-accumulation time),
repeatability and reproducibility tests were first carried out
using the same CB-Gr(HNOj;)/PP electrode (N = 10) and
different electrodes (N = 3), for both studies respectively. The
results obtained are shown in Fig. 5.

It can be seen that the proposed method exhibits good
stability within the intra-electrode voltammetric responses
for parathion (Fig. 5A), with low relative standard deviations
(RSD) for E,, (<3%) and I, (<4%). Similarly, the low standard
deviations achieved inter-electrodes (Fig. 5B) demonstrate the
good quality and reproducibility of the additive
manufactured electrodes developed in this work. These
results suggest that CB-Gr(HNO;)/PP combined with SWAdSV
is both an effective and promising screening approach for
parathion detection. Thus, the linear working range for
parathion determination was evaluated using standard
solutions of the analyte ranging from 10 to 100 uM, as shown
in Fig. 5.

Fig. 6 shows a linear range (R> > 0.993) for parathion
quantification between 20 and 100 pM. Notably, a similar
experiment was conducted on CB-graphite/PP electrodes
without acid treatment, as shown in Fig. S9 highlighting a
clear difference in sensitivity (0.023 puA uM™) between the
electrodes. Linear regression equations for both electrodes
are provided in Table S3, confirming that the acid treatment
of graphite for filament production enhances the sensitivity
(2.5-fold) for parathion detection. The results obtained in this

Sens. Diagn.

study were compared with those reported in the literature for
the electrochemical detection of parathion (Table S4). The
proposed sensor demonstrated satisfactory figures of merit
relative to previously reported sensors. A key advantage of
this approach lies in its straightforward fabrication process.
Unlike several literature-reported methods that involve
complex electrode modifications, the proposed AM electrodes
are simpler to prepare and less labour-intensive.

To further illustrate this, parathion adsorption was
characterised using the Langmuir isotherm (Fig. S10) and
the rectangular box model (Scheme S1),”*””> enabling the
estimation of the actual surface area of CB-Gr(HNO;)/PP
electrode. It is estimated that the real surface area for
CB-Gr(HNO3)/PP electrodes is in the range between 0.445
and 0.639 cm? which is significantly larger than the
surface area estimated for CB-graphite/PP between 0.175
and 0.251 cm?, justifying the greater sensitivity shown by
the CB-Gr(HNOj;)/PP electrode for the quantification of
parathion molecule. The theoretical limits of detection
(LOD) and quantification (LOQ) were calculated for both

R*=0.993

=

121

£
N

Peak current (uA)

T o s
[Parathionf (umol L)

Current (nA)

w
"

—

04—+
02 00 02 04 06 08 1.0
Potential (V) vs Ag|AgCl

Fig. 6 SWAdSV voltammograms obtained for 0.1 M HNOs; before
(black line) and after addition of 10 to 100 puM parathion at CB-
Gr(HNO3)/PP. Inset: linear regression plot. All measurements were
performed in triplicate using the optimised conditions.
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Fig. 7 SWAdSV voltammograms obtained for 0.1 M HNO3 before and
after addition of 1 mmol L™ parathion (navy line), AA (black), CA (red),
OA (blue), UA (magenta) and CAF (orange) at CB-Gr(HNO3)/PP using
the optimised parameters.

electrodes using the equations 3 x Sg/m and 10 x Sg/m,
where Sg represents the standard deviation of the blank
response, and m is the slope of the regression line from
the calibration curve. The LOD and LOQ values obtained
for the CB-Gr(HNO;)/PP electrode (0.17 and 0.56 nM) were
significantly lower than the corresponding for the CB-
graphite/PP electrode (0.48 and 1.62 nM), highlighting the
enhanced sensitivity achieved through the acid treatment
of the graphite powder prior to filament production. It is
important to note that the calculated values are
sufficiently low for real-sample applications. In forensic
cases, biological samples typically exhibit high parathion
concentrations in instances of attempted homicides and
suicides, indicating intoxication. Real case studies have
reported poisonings with parathion concentrations ranging
from 8.3 to 68.6 uM,*” which are significantly higher that
our reported LOD and LOQ. In the case of environmental
samples, the European Union has established a
concentration of parathion in groundwater of 0.1 pg L™
(0.34 nM),> It is important to highlight that, despite the
low theoretical LOD and LOQ values indicating sufficient

View Article Online
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concentration in the calibration curve (Fig. 5 - red line) is
10 pM. A LOD value far below the first calibration point
suggests an overly optimistic, theorical estimate derived
from low background noise and an extrapolated slope
rather than from the actual analytical performance,
suggesting that the proposed method is more realistically
suitable for forensic applications.

3.3.3 Electroanalytical determination of parathion in real
samples. First, electroanalytical application of the CB-
Gr(HNO3)/PP electrode was performed in forensic matrixes.
Therefore, to ensure the selective detection of parathion, the
proposed method was tested against potential interferents
that could be found in real samples of forensic interest.
Voltammetric responses of ascorbic acid (AA), citric acid (CA),
oxalic acid (OA). Uric acid (UA) and caffeine (CAF) were
individually evaluated as well as parathion, as shown in
Fig. 7.

It is clearly observed that AA, OA, and CAF did not exhibit
any redox processes under the experimental conditions,
therefore, no interferences are expected for parathion in the
presence of these analytes. In contrast, CA displayed an
oxidation peak at +1.04 V (vs. Ag|AgCl), while UA exhibited a
peak at +1.21 V (vs. Ag|AgCl). However, despite these
oxidation processes, the peak potentials of these compounds
are sufficiently distant from the parathion peak potential
(+0.38 V vs. Ag|AgCl), ensuring its selective identification at
CB-Gr(HNOj3)/PP electrode.

Second, the electroanalytical application of parathion in
synthetic biological samples (urine, saliva, serum, and
vitreous humour) was performed together with an
environmental river water sample. All samples were spiked
with 70 uM parathion and quantification was performed
using the external calibrations previously reported.
Voltammetric responses are shown in Fig. 8 and the
subsequent recovery values obtained are included in Table 1.

In all samples, the electrochemical profile observed after
parathion addition was consistent with that of the parathion

sensitivity for real applications in both forensic and  standard (Fig. 7), with all recoveries close to 100%, as
environmental contexts, the lowest measurable  detailed in Table 1. For the saliva sample, a lower recovery
® ®]
3 {k Urine 12 f‘ River water - Blank
Saliva ——River water with Parathion
—VH
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Fig. 8 SWAJSV voltammograms obtained for 0.1 mol L™ HNOj3 before (black) and after addition of 70 uM parathion in (A) saliva (orange), vitreous
humour (magenta), serum (blue), urine (purple) and (B) river water (red) at CB-Gr(HNOs)/PP electrode using the optimised parameters.
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Table 1 Recovery values (+RSD) for peak current (/o) of 70 uM parathion
in 0.1 M HNOs in biological and river water samples

Sample Recovery
Urine 105.5 (+6.6) %
Saliva 76.9 (£5.3) %
Vitreous humour 102.9 (+5.0) %
Serum 87.6 (+1.2) %

River water 91.5 (+1.0) %

was obtained, likely due to the complexity of this matrix,
indicating that the proposed method may not be appropriate
for parathion quantification in saliva matrices. These
findings indicate that SWAdSV with CB-Gr(HNO;)/PP is
minimally affected by the studied matrices. Thus, the
proposed method demonstrates high efficiency for detecting
parathion in forensic samples, such as biological specimens
from attempted homicide/suicide cases, as well as in
environmental  samples for monitoring  parathion
contamination in water.

4. Conclusions

This study demonstrates the successful development of an
additive manufactured electrode (CB-Gr(HNO;)/PP) with
enhanced electrochemical properties upon introducing acid-
activated graphite for the detection of parathion, with
applications in forensic investigations of parathion-related
poisoning, attempted homicide, as well as environmental
pollution scenarios. Compared to conventional additive
manufactured electrodes made of CB and graphite, the
incorporation of acid-treated graphite significantly improved
the electrochemical properties of the electrode. These
modifications contributed to a more efficient electron
transfer process, leading to higher sensitivity and lower
detection limits.

Using SWAdSV on a CB-Gr(HNO;)/PP, parathion was
rapidly and sensitively detected in biological and river water
samples exhibiting excellent stability of the voltametric
responses upon intra and inter-electrode measurements (RSD
< 3% for E, and < 4% for I,). The quantification of
parathion in the presence of potential interferents as well as
in real biological and water samples with recovery values
between 76.9 and 105.5% demonstrates that this approach
offers a promising, rapid, and straightforward alternative for
the analysis of parathion across different forensic and
environmental matrices and highlights the advancements in
additive manufacturing electrochemistry paving the way for
future applications in the detection of hazardous
compounds.
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