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Abstract

Alumina-based electrodes offer promising possibilities for sensitive electrochemical sen-
sors, but their development is hindered by poor intrinsic electrical conductivity. To over-
come this limitation, new carbon-alumina composites were synthesized via a sol-gel
method using two distinct calcination approaches: conventional and flash-calcination. The
structural and textural properties of pure alumina samples were affected by the calcina-
tion approach. The introduction of carbon reduced the crystallite size and increased the
specific micropore surface area and total pore volume of the samples. Electrochemical
characterization by cyclic voltammetry and electrochemical impedance spectroscopy re-
vealed that the optimal sample was obtained by conventional calcination for 30 min. This
approach produced optimal structural integration, with a well-connected network and
superior charge-transfer kinetics. The optimized carbon-alumina composite demon-
strated excellent performance for the simultaneous electrochemical detection of methyl
parathion and aclonifen by utilizing intermediate reduction products. The resulting sen-
sor achieved wide linear ranges (0.5 to 20 uM) alongside low detection limits of 0.08 uM
for methyl parathion and 0.14 pM for aclonifen, establishing these composites as effective
materials for sensing applications.

Keywords: alumina; carbon; electrochemical detection; aclonifen; methyl parathion

1. Introduction

Global food demand requires the use of chemicals in everyday agriculture, such as
artificial fertilizers and pesticides. The beneficial effects of these treatments are well
known [1]. However, there is growing concern about their adverse effects on the health of
people, animals [2], and plants [3]. Reports show that the accumulation of pesticides is
evident all over the world [4-7]. Besides their toxicity, pesticides present an additional
problem due to their persistence in the environment [8] and their influence on the human
health as endocrine disruptors [9,10].

The tracking of the presence of pesticides and their residues in fresh water, soil, and
food is rapidly becoming a need that requires on-site analysis. Reliable techniques for
pesticide detection such as chromatographic techniques [11,12], surface-enhanced Raman
scattering [13], and enzyme-linked immunosorbent assay [14] require expensive equip-
ment, complicated sample preparation, and well-trained professionals.
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Electrochemical methods are fast, portable, reliable and very easy to use [15]. To
achieve detection limits comparable to well-established techniques, new electrodes are
being developed. Metal oxide materials are often employed due to their high surface area,
active surface sites and electrical and semiconducting properties [16]. This type of sensor
often employs rare earth elements [17,18], or other critical materials, such nickel or cobalt
[19].

Alumina, Al20s, is a highly abundant metal oxide that is also non-toxic, preventing
secondary pollution from developed sensors. In the past decade, alumina-modified elec-
trodes have attracted research interest. The pioneering work of Zak and Kuwana [20]
highlighted that alumina on the electrode surface influences proton-coupled electron
transfer reactions. Further investigations by the Compton group [21] corroborated and
expanded the original research, providing a better understanding of the electrode pro-
cesses occurring on alumina-modified surfaces. The researchers examined the influence
of the type of alumina, the size of alumina particles, and the type of electrode used on the
efficiency of the electrochemical process [22-24]. The advantages of alumina-modified
electrodes include improved selectivity, enhanced sensitivity, greater stability, cost—effec-
tiveness, and ease of fabrication [25].

However, the major disadvantage of alumina is its insulating property. The poor
electrical conductivity of alumina hinders electron transfer and reduces overall electrode
conductivity. Its insulating nature slows charge transfer between the analyte and the elec-
trode surface. This is usually addressed by combining alumina with a conductive mate-
rial, such as graphite. Previously, carbon—-alumina materials have been explored for elec-
trode modifications due to the combination of alumina’s adsorptive or catalytic properties
and carbon’s electrical conductivity. For instance, our group recently utilized alumina as
a catalyst for sawdust combustion to yield a biochar—alumina composite [26]. However,
such methods often result in heterogeneously distributed phases where the carbon and
metal oxide are mechanically combined. To achieve a more homogenous material with
intimately integrated conductive pathways, alternative chemical routes are required.

In this work, the simultaneous optimization of structural stability and electrical con-
ductivity was achieved by using sol-gel co-processing to embed conductive carbon black
into a porous alumina framework (bottom-up approach). The effect of thermal treatment
was investigated by employing two approaches: traditional ramp-heating and flash-calci-
nation. The resulting material was used as an electrochemical sensor for pesticide detec-
tion. The novelty of this study lies in the strategic combination of an in—situ carbon black-
doped sol-gel route to optimize electrochemical sensing, rather than crystalline phase pu-
rity. While traditional processing demands hours of high-temperature calcination to yield
isolated phases, we established that a highly responsive sensor matrix can be fabricated
at 600 °C within just 30 min of holding time. This approach shows that the structural fea-
tures and defects of an incomplete amorphous/y-alumina transition phase, when inte-
grated with an optimized conductive carbon network can be successfully employed in
electrochemical detection applications. The carbon-alumina composites were used for
simultaneous detection of aclonifen and methyl parathion. While independent electro-
chemical assays exist for these pesticides, this study successfully addresses the challenge
of overlapping reduction peaks, offering a novel sensing platform for their simultaneous
quantification.

2. Materials and Methods
2.1. Materials

All reagents were of analytical grade and used without further purification. Sodium
hydroxide (NaOH), nitric acid (HNOs3), sulfuric acid (H250s), boric acid (HsBOs), glacial
acetic acid (CHsCOOH), phosphoric acid (HsPOs) lead nitrate (Pb(NOs)2), aluminium
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nitrate (AI(NOs)s), iron(Il) chloride (FeClz), potassium chloride (KCl) were purchased
from Merck (Darmstadt, Germany). Aluminum isopropoxide, potassium ferricyanide
(Ks[Fe(CN)s]-3 H20), potassium ferrocyanide (Ka[Fe(CN)s]-3 H20), aclonifen (A) and me-
thyl parathion (MP) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Carbon
black (Vulcan XC72R) was purchased from Cabot Corp., Boston, Massachusetts AR, USA).

2.2. Synthesis of Carbon/Alumina Composites

The carbon—alumina composites were synthesized by adding carbon black to boehm-
ite sol, followed by drying and calcination.

The synthesis involved mixing the planned amounts of carbon with boehmite sol, as
a source of alumina. Boehmite sol was prepared by the hydrolysis of aluminum iso-
propoxide according to the procedure given by Yoldas [27]. To prepare the boehmite sol,
aluminum isopropoxide was hydrolyzed in excess amount of water (100:1 H20-Al3*, mol)
at 80 °C, followed by peptization with an appropriate amount of HNOs (0.07:1 H*/Al%,
mol) to form a stable colloidal sol. The sol was kept at a constant temperature for the de-
sired time under reflux conditions, during which most of the alcohol was evaporated. Five
samples with 10 mass% carbon relative to boehmite were synthesized. After drying at 40
°C for 24 h and at 110 °C for 24 h, two thermal regimes were applied. In the first, three
samples were heated at 2 °C min™ until a temperature of 600 °C was reached and then
held at that temperature for 10 min (sample CA10), 20 min (sample CA20) and 30 min
(sample CA30). Alumina samples without carbon black were synthesized in the same
manner and labelled as A10, A20 and A30. The second thermal treatment involved intro-
ducing a sample mass of 3 g of powder from room temperature into an already preheated
oven at 600 °C for a dwell duration of 1 min (sample CAF1) and 2 min (sample CAF2),
under a stagnant air atmosphere. After a dwell duration samples were immediately re-
moved and allowed to cool to room temperature in ambient air. This procedure estab-
lished a shock-heating thermal history (flash calcination). The samples without carbon
black were synthesized in the same manner and labeled as AF1 and AF2.

2.3. Characterization

The X-ray powder diffraction (XRPD) patterns of the investigated samples were rec-
orded using a Rigaku SmartLab diffractometer toperating with Bragg-Brentano focusing
geometry, and an X-ray tube with a copper anticathode (CuKa radiation, wavelength
0.154178 nm). The X-ray tube voltage was 40 kV, and the current was 30 mA. Diffraction
data were collected between 5° and 80° 20, with an angular step of 0.02° and a scanning
rate of 2 °min-'.

The textural properties of the synthesized materials were evaluated using low—tem-
perature nitrogen adsorption-desorption isotherms. Nitrogen physisorption measure-
ments were conducted at 77 K using an Autosorb 6300 High-Vacuum Sorption Analyzer
(XR high-resolution model) (Anton Paar GmbH, Graz, Austria). Sample preparation in-
volved degassing at the designated preparation port for 2 h at room temperature, followed
by a further 16 h at 40 °C, both performed at a residual pressure of <0.1 mPa. The
Brunauer-Emmett-Teller (BET) method [28] was applied to determine the specific surface
area (Sser) and constant (Cser), following the recommendations of Rouquerol [29], while
the specific micropore surface area (Sprmicro) Was determined by the Dubinin—Radush-
kevich method [30]. The Dubinin—-Radushkevich method and the Barrett, Joyner, and
Halenda (BJH) method [31] were used to evaluate pore size distribution. All textural data
were processed using the Kaomi software package, version 2.03 (Anton Paar GmbH, Graz,
Austria).
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2.4. Electrochemical Measurement

Electrochemical measurements were performed in a three-electrode cell using an Au-
tolab electrochemical workstation (PGSTAT302N, Metrohm—-Autolab BV, Utrecht, The
Netherlands) with an Ag/AgCl electrode (in 3 M KCl) as the reference electrode and a
platinum rod as the counter electrode. The working electrode consisted of a hollow Teflon
tube (1 mm diameter) packed with modified carbon paste, with electrical contact estab-
lished using a copper wire. The modified carbon paste was prepared by manually mixing
1 g of sample with 0.2 g of carbon black (CB, Vulcan XC-72R) (sample/carbon black ratio
5/1) and 0.4 mL of paraffin oil. Electrochemical characterization of samples was carried
out in 5 mM [Fe(CN)s]*-/+ in 0.1 M KCl as the supporting electrolyte using cyclic voltam-
metry (CV) at scan rates ranging from 20 to 200 mV s and electrochemical impedance
spectroscopy (EIS) at the open-circuit potential (OCP) with a 5 mV rms sinusoidal pertur-
bation over the frequency range 10 kHz to 10 mHz. The electrochemical behavior toward
aclonifen and methyl parathion was examined in Britton—-Robinson (BR) buffer solutions
over the pH range 5-8 using CV at a scan rate of 50 mV s-. Square wave voltammetry
(SWV) was employed to investigate the dependence of the electrode response on analyte
concentration, and the optimized parameters were determined for both aclonifen and me-
thyl parathion. The optimized parameters for simultaneous electrochemical sensing of MP
ands A by SWV were: accumulation potential -1 V vs. Ag/AgCl, pulse amplitude 0.04 V
and accumulation time 15 s. Stock solutions of aclonifen and methyl parathion were pre-
pared by dissolving an appropriate amount of pesticide in ethanol to obtain a concentra-
tion of 10 mM.

3. Results
3.1. XRPD Structure Analysis

The XRPD patterns of the alumina and carbon-alumina samples were recorded in the
20 range from 5 to 80° (Figure 1).
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Figure 1. X-ray powder diffractions (XRPD) patterns of (a) pure alumina samples and (b) carbon—

alumina samples.

Reflection peaks corresponding to the y-AIOOH structure are present in the samples
obtained by flash calcination (JCPDS card 01-072-0359(A)). Reflection peaks correspond-
ing to y-ALlOs are present in the samples obtained by conventional calcination (JCPDS
card 01-079-1558(C)), although some low-intensity reflections can also be observed in the

https://doi.org/10.3390/analytica7040094


https://doi.org/10.3390/analytica7040094

Analytica 2026, 7, 94

5 of 17

XRD patterns of the flash-calcined samples. The peak intensities are higher in the pure
alumina samples than in their carbon-containing counterparts.
The crystallite sizes (D) of the synthesized alumina and carbon-containing composite

samples, were calculated using the Debye-Scherrer formula:
KA

b= LcosO 1)
where K is the shape factor (0.9), A is the wavelength of the X-ray used (0.154178 nm), {3 is
the full width at half maximum (FWHM) of the diffraction peak (in radians), and O is the

Bragg angle (the angle of diffraction in radians).

The calculated crystallite sizes are presented in Table 1.

Table 1. Calculated crystallite size values obtained from XRPD analysis.

Sample A10 A20 A30 AF1 AF2 CA10 CA20 CA30 CAF1 CAF2
Crystallite Size (nm)
d400 3.9 4.1 4.0 3.0 34 34
d440 4.3 4.5 4.5 3.9 4.2 4.2
plane d020 3.9 3.9 3.4 3.8
d120 5.1 5.1 4.9 5.1
d031 4.9 4.7 4.5 3.7

Pure alumina samples (series A) obtained by conventional calcination show a mild
increase in crystallite size as the calcination time extends from 10 to 20 min, after which
the size stabilizes. This indicates that the rapid growth phase of the y-alumina lattice un-
der static thermal conditions occurs within the first 20 min at 600 °C.

The incorporation of carbon black into the sol-gel matrix (CA series) leads to the de-
velopment of smaller crystallite sizes. This indicates that dispersed carbon black particles
act as physical barriers that restrict mass transport and limit the long-range diffusion of
aluminum and oxygen ions required for crystal growth during calcination.

Pure alumina samples obtained by flash calcination (AF samples) show that extend-
ing the time from 1 to 2 min has almost no effect on the crystallite size. However, when
carbon black is introduced into the flash-calcined configuration (CAF samples) the inhibi-
tion of crystallite growth becomes further pronounced, particularly along the d020 and
d031 planes. The structural obstacles created by the carbon black matrix limit the rapid
structural reorganization triggered by flash calcination.

The growth restriction observed due to the presence of carbon black in both calcina-
tion methods aligns with similar findings regarding alumina synthesis in the presence of
a carbonaceous phase [32].

The peak intensities are higher in the pure alumina samples than in their carbon-
containing counterparts. There are two factors that can cause this reduction in diffraction
peak intensity for carbon-alumina samples. The first is the “dilution effect”, i.e., the pres-
ence of amorphous carbon black in the network lowers the overall volume fraction of the
crystalline alumina phase in the composite matrix. Secondly, the lower peak intensity is
accompanied by peak broadening, which is a direct consequence of the smaller crystallite
sizes in the carbon-containing samples.

3.2. Textural Properties

Nitrogen adsorption—desorption isotherms of alumina and carbon—alumina samples
are presented in Figure 2a,b, and differential pore size distribution curves are presented
in Figure 2c,d. All investigated samples exhibit Type IVa isotherms accompanied by H2-
type hysteresis loops. The initial part of this type of isotherm is similar to a Type II iso-
therm, while at high relative pressure it shows a saturation plateau of varying length. The
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pore structure of materials showing this type of isotherm and H2-type hysteresis loop is
complex and tends to consist of mesoporous frameworks containing disordered, intercon-
nected networks of pores of different size and shape [27].
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Figure 2. Low-temperature nitrogen adsorption-desorption isotherms for (a) pure alumina samples
and (b) carbon-alumina samples, and differential pore size distribution curves for (c) pure alumina

samples and (d) carbon—-alumina samples.

The textural properties of the synthesized materials were evaluated using low-tem-
perature nitrogen adsorption—desorption isotherms, and the corresponding parameters
are presented in Table 2.

The results in Table 2 show that for the conventionally calcined pure alumina sam-
ples (series A), extending the heating time from 10 to 30 min induces a gradual decrease
in the specific surface area (Sser from 273 to 249 m2g-1), along with a minor drop in the
micropore contribution (Sprmicro). This trend directly corresponds to the thermal stabiliza-
tion and growth of the gamma-alumina crystallites previously evidenced by XRPD. In
contrast, the flash-calcined samples (AF1 and AF2) retain higher surface areas due to the
ultra-short exposure time, which effectively halts extensive lattice coarsening but leaves
the total pore volume restricted (Vp approx. 0.27 cm3g1).

Table 2. Textural properties of samples based on low-temperature nitrogen adsorption—desorption

isotherm analysis.

SBET SDRrmicro Vo Dsju Dpor
Sample Ceer
(m2g1) (m?g") (cm3g) (nm) (nm)
A10 273 59.3 49 0.362 4.3 1.7
A20 263 61.1 43 0.370 4.9 1.7
A30 249 58.4 41 0.356 4.9 1.7
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AF1 317 459 75 0.270 3.8 1.9

AF2 314 40.7 69 0.273 3.8 1.9
CA10 280 92.7 66 0.535 5.7 1.7
CA20 251 92.6 68 0.520 5.7 1.8
CA30 249 91.9 66 0.520 5.7 1.8
CAF1 270 93.7 73 0.429 3.8 2.2
CAF2 284 73.6 71 0.473 3.8,4.9 1.9

The incorporation of carbon black produces distinct changes in the porous architec-
ture. In the conventionally calcined composite series (CA10, CA20, and CA30), introduc-
tion of the carbon phase causes a significant increase in Spremicro (up to 68) and in the total
pore volume (Vp increases up to 0.535 cm3g) and yields wider pore size distributions
with a shift of the predominant pore diameter to larger values (Dgji = 5.7 nm). This expan-
sion confirms that well-dispersed carbon black acts as a structural spacer, creating high
interparticle mesoporosity and preventing dense sintering of the alumina matrix. Further-
more, the carbon-containing composites show an increase in the Cser constant (rising from
approx. 59 to approx. 93), corroborating the increase in micropore content [33] as well as
the enhanced surface affinity [34] introduced by the carbonaceous surface sites.

3.3. Electrochemistry
3.3.1. Electrochemical Characterization

The initial assessment of the investigated electrode surface and electron-transfer ki-
netics was obtained from the electrode response toward the ferro/ferricyanide redox cou-
ple. Cyclic voltammograms recorded at 50 mVs-! are presented in Figure 3a for the sam-
ples calcined for various times and in Figure 3b for the samples flash-calcined for various
times. The characteristic pair of peaks corresponding to the oxidation and reduction of the
[Fe(CN)s]37+- redox couple can be seen in all recorded voltammograms. For both groups
of samples, the increase in current response with increasing of calcination time is evident.
The pure alumina electrode exhibited an extremely wide peak-to-peak separation, typical
of highly resistive, insulating materials. The introduction of a carbon phase during syn-
thesis improved the charge-transfer kinetics in both series, although the improvement was
more pronounced for the conventionally calcined samples.

Further investigation of the carbon—alumina samples was performed at various scan
rates (CVs are presented in Figures S1a—S5a in the Supplementary Materials). Plots of peak
current against the square root of scan rate (Figures S1b—S5b) showed a linear relationship,
indicating a diffusion-controlled process.

Peak-to-peak separation values of up to 250 mV were obtained for conventionally
calcined samples, showing that the kinetics were quasi-reversible, while values of up to
550 mV obtained for flash-calcined samples showed that the electron transfer followed
irreversible kinetics.
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Figure 3. (a) Cyclic voltammograms of modified carbon paste electrodes recorded at a scan rate of
50 mVs for (a) conventionally calcined alumina samples and (b) flash-calcined alumina samples.
Nyquist plots for (¢) conventionally calcined carbon—alumina samples and (d) flash-calcined car-
bon-alumina samples. The electrolyte was 5 mM [Fe(CN)s]*** in 0.1 M KCI. The inset figures in ¢
and d represent enlarged section of the Nyquist plots. The equivalent electric circuits used to fit the
EIS data: (e) circuit A and (f) circuit B.

The electrochemical heterogeneous standard rate constant (k°) for a quasi-reversible
process can be calculated using the modification of the Nicholson procedure [35] by Lav-
agnini et al. [36] which extends the application of the Nicholson procedure to n-AEp > 200

mV by calculating W from AEp:
__ —0.6288+0.0021X

Y= )
1-0.017X
where X = AEp, and
1
_ 1.0 [tDnvF] 2 3
v =k ®
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The values of k° can be obtained as the slope of W versus [rDnF/RT] -2v-12. These
plots for calcined samples are presented in Figures S1c-S3c in the Supplementary Materi-
als.

On the other hand, the value of kO for an irreversible process can be determined using
the equation [37]:

R

T VD ’(1—(1)an
(-anF [078 + lnk—o +In T] (4:)

where R, T and F are the universal gas constant, absolute temperature and Faraday con-

Ep, = E° +

stant, respectively, D is the diffusion coefficient of the reduced species, kO is the heteroge-
neous standard rate constant, a is the charge-transfer coefficient and n is the number of
electrons transferred during the heterogeneous reaction.

The plots of Ep versus Inv for flash-calcined samples are presented in Figures S4c and
S5c in the Supplementary Materials. The values of the heterogeneous charge-transfer rate
constant, k® were 6.6 x 104 cm s1,9.4x10%cms?1,9.9x104cm s, 1.1 x 10°cm st and 1.6
x 10° cm s for CA10, CA20, CA30, CAF1 and CAF2, respectively. The value of the diffu-
sion coefficient of potassium ferrocyanide (6.5 x 10 cm? s™') was obtained from literature
data [23].

Electrochemical impedance spectroscopy was employed to investigate the different
resistive and capacitive processes that contribute to the overall electrode behavior. Rec-
orded Nyquist plots are presented in Figure 3c,d. The Nyquist plots of CA20 and CA30
electrodes consisted of one semicircle and a linear part at lower frequencies, while the
Nyquist plots of CA10, CAF1 and CAF2 consisted of two semicircles and a linear part at
lower frequencies. The difference in electrode response is more obvious in the Bode plot
(Figure S6 in the Supplementary Materials), where two relaxation time constants are visi-
ble for the latter three electrodes. Hence, the spectra of CA20 and CA30 were fitted with
an equivalent circuit consisting of the series combination of an internal resistance Rs, and
a parallel combination of a serial connection Rct1-CPE1 with CPE2 (equivalent circuit A,
Figure 3e), while the spectra of CA10, CAF1 and CAF2 were fitted with an equivalent
circuit consisting of the series combination of an internal resistance Rs, a parallel
Rct1lICPE1 and a parallel Rct2||CPE2 (equivalent circuit B, Figure 3f). The results of the fit
obtained using these equivalent circuits are presented in Table 3.

Table 3. Parameters obtained from fitting the Nyquist plots.

Electrode Rs (Q) Rt (Q) Y1 (uSs) nl Y2 (nSsm?) n2 X3
CA20 730 250 467 0.3 5.8 0.6 0.005
CA30 980 270 591 0.4 4.9 0.7 0.006
Rs (QQ) R (k€) Y1 (uSs™) nl Rz (Q)  Y2(uSs) n2  Ys(uSs*) n3 x>
CA10 810 1.17 278 0.6 614 474 0.3 7.8 0.5 0.003
CAF1 850 1.92 6.0 0.5 86 3.8 0.9 135 0.3 0.009
CAF2 420 1.50 9.9 0.4 82 3.1 0.9 197 0.3 0.005

In this configuration, the high-frequency response for CA10, CAF1, and CAF2 is gov-
erned by the Rctl||CPE1 elements, which represent the charge-transfer resistance and ge-
ometric capacitance at the internal micro-interfaces between the poorly consolidated mod-
ifier phases and the host carbon black paste matrix. The low-frequency peaks for these
electrodes are described by the Rct2||CPE2 sub-circuit, corresponding to the true interfa-
cial Faradaic charge-transfer kinetics of the redox probe at the outer electrode/electrolyte
boundary. The shift of both time constants to higher frequencies in the flash-calcined sam-
ples (CAF1 and CAF2) indicates accelerated electron-transfer kinetics. The ultra-short
thermal shock restricts crystallite growth, yielding highly confined alumina domains that
enable short-range electronic relaxation across individual micro-interfaces. However,
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these flash-calcined domains are poorly consolidated and therefore form an electrically
restricted network across the bulk paste. By contrast, the prolonged calcination time for
the conventionally calcined samples CA20 and CA30 enables structural integration and
causes the dual-peak profile to collapse into a single relaxation peak.

3.3.2. Electroanalytical Properties

The electroanalytical properties of the carbon—alumina electrodes were investigated
through their response to aclonifen and methyl parathion. Aclonifen, an herbicide, and
methyl parathion, an insecticide, are widely used in agriculture. Both compounds are xe-
nobiotics due to their persistence and potential bioaccumulation in the environment, pos-
ing ecotoxicological risks to non-target organisms and contributing to soil and water con-
tamination. Sensitive and selective detection of these xenobiotic substances is of great im-
portance for effective monitoring, environmental protection, and timely implementation
of control and remediation measures. Aclonifen is in active use, and is officially desig-
nated as a Priority Substance (i.e., it must be legally monitored) under the European Water
Framework Directive (WFD) [38]. Methyl parathion is being banned worldwide. Never-
theless, due to its efficiency and low cost, MP is still used illegally [39].

The initial response of carbon—alumina-based electrodes toward nitro-pesticides was
tested in 0.1 M BR buffer at pH 7 containing 100 pM aclonifen. The CVs were compared
with those recorded in buffer without aclonifen to identify the response originating from
aclonifen (Figure 4). The initial scan was in the cathodic direction, followed by the anodic
direction.

The CV recorded in pure buffer showed a cathodic peak characteristic of specific sur-
face groups of the investigated composite material. The CV of conventionally calcined
sample-based electrodes showed a peak at potentials around —0.5 V, which can be corre-
lated with the reduction of alumina surface groups [26], while the CV of flash-calcined
sample-based electrodes showed a peak at a more negative value (-1.1 V). This peak can
be assigned to the reduction of oxygen-containing functionalities [40], indicating that the
response of flash-calcined samples is dominated by carbon black. A shift in peak position
can be seen with variation in electrode composition when the carbon black content in the
carbon paste electrode is increased (more detail in Supplementary Materials, Figure S7),
confirming the assignment of the peaks. The CV recorded in the presence of aclonifen was
characterized by an additional cathodic peak at a potential around —0.9 V and an anodic
peak at potentials around 0.3 V. the cathodic peak originated from reduction of the nitro
group of aclonifen, while the anodic peak originated from oxidation of the intermediate
formed during this reduction [41].
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Figure 4. (a—e) CV recorded on the investigated carbon—alumina electrodes in 0.1 M Britton-Robin-
son buffer, pH 7, without (dashed line) and with 100 uM aclonifen (solid line); (f) CV recorded at
the CA30 electrode in 0.1 M BR buffer, pH 7, without (dashed line) and with 100 uM methyl para-
thion (solid line); scan rate 50 mVs-!. The arrows in (a) indicate the scan direction applied for all

presented CVs.

The CV of the CA30 electrode recorded in methyl parathion-containing buffer is
shown in Figure 4f. The peak for MP reduction can be seen at around -0.8 V, while the
peak for intermediate oxidation is observed at around 0 V. The reduction peak potentials
of MP and A overlap. However, simultaneous detection of MP and A is possible based on
oxidation of the formed intermediates. The peak separation of the intermediated is ap-
proximately 300 mV, enabling reliable simultaneous detection. Verification of the carbon-
alumina composite contribution to the electrode response was obtained by recording the
cyclic voltammogram of a carbon paste electrode prepared without carbon-alumina (Fig-
ure S8). The anodic peak of intermediate oxidation appears, but the currents are very low.
Further analysis of the electrode response was performed only for the anodic peak.

The response of carbon—alumina based electrodes toward aclonifen was tested in the
pH range 5-8 (Figure 5a—e).
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Figure 5. CV recorded at 50 mV s in 0.1 M BR buffer containing 100 uM aclonifen at pH 5-8 at (a)
CA10; (b) CA20; (c) CA30; (d) CAF1 and (e) CAF2 electrodes; (f) plot of the dependence of peak

potential on pH for all electrodes.

The dependence of the anodic peak potential on pH is shown in Figure 5f. The slope
obtained for all conventionally calcined samples was approximately 59 mV pH-!, as ex-
pected for a process involving the same number of protons and electrons. The flash-cal-
cined samples showed slopes of approximately 45 mV pH-!, probably due to the influence
of sluggish electrode kinetics, i.e., the slope is modified by the transfer coefficient (o).

The CA30 electrode was selected for further investigations, based on its best response
toward aclonifen and the charge transfer rate determined in electrochemical characteriza-
tion. Parallel comparative trials across the entire investigated pH range, as well as re-
peated trials at pH 7, also confirmed that the CA30 electrode consistently demonstrates
the highest response. The dependence of the methyl parathion intermediate anodic peak
(ataround 0 V) on pH was investigated for the CA30 electrode in the pH range 5-8 (Figure
S9a) and the slope was 53 mV pH-! (Figure S9b).

The simultaneous detection of A and MP was performed using square-wave voltam-
metry. The SWV parameters were optimized before determination of the calibration curve
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(Figure S10). The SWV recorded under optimized conditions is presented in Figure 6a,
and the calibration plot is shown in Figure 6b.
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=
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Figure 6. (a) SWV recorded in an equimolar concentration of methyl parathion and aclonifen in the
range 0.5-50 uM in 0.1 M BR buffer at pH 7; (b) calibration curve. Error bars represent the standard

error of n =3 independent replicates.

The calibration curve showed a linear relationship between the current and the MP
concentration in the range 0.5-25 uM, with the linear regression equation: Ip (uA) = (0.18
+0.03) +(0.043 = 0.003)*C [MP](uM), R2 = 0.987. A linear relationship between the current
and the A concentration was obtained in the concentration range 0.5-20 uM, with the lin-
ear regression equation: Ip (uA) = (0.090 + 0.006) + (0.0238 + 0.0007)*C [A](uM), R?=0.997.

The estimated limit of detection (LOD) was 0.08 pA and 0.14 uM for MP and A, re-
spectively (signal-to-noise ratio = 3). The reproducibility of the CA30 electrode response
was determined by measuring the current response recorded in BR buffer at pH 7 con-
taining an equimolar concentration (10 uM) of A and MP. The relative standard deviation
(RSD %) for five independently prepared electrodes was 5.4% and 5.7% for MP and A,
respectively. The repeatability of one CA30 electrode was determined over five successive
measurements, and the RSD was 3.8% and 5.3% for MP and A, respectively.

Table 4 compares the analytical parameters of the CA30 electrode with other elec-
trodes reported in the literature for MP and A determination.

Table 4. Comparison of analytical parameters of various working electrodes for MP and A detec-

tion.
Working Electrode Method Analyte LOD (uM) Linear Range (uM) Ref
MWCNT/zirconia DPV MP 0.009 19.9-176.8 [42]
EMBPC@CeO:/GCE DPV MP 0.009028 0.01-10 [43]
CeO2-CuO/rGO (1:1)/GCE DPV MP 0.0018 0.0038-0.038, 0.038-0.152 [44]
HCP5@AuNPs-ERGO DPV MP 0.001 0.005-30 [45]
PNIPAM/PANI-Cu DPV A 0.009 0.01-10, 18-76 [46]
GdNbOs4 DPV A 0.00115 0.02-78 [47]
g-CsNs modified B
GCE SWv A 0.00128 0.01-1.2 [48]
MP 0.08 0.5-25 .
CA30 SWV A 0.14 0.5-20 This work
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A key advantage of the CA30 electrode is its ability to simultaneously detect MP and
A with similar sensitivity across a wide concentration range. Despite a higher limit of de-
tection compared with existing alternatives, the inherent versatility of carbon—-alumina-
based materials offers extensive opportunities for performance enhancement in future
studies.

The influence of interfering species on the response of the CA30 electrode toward MP
and A was studied at an equimolar concentration of 2.5 uM. A tolerance level of 5% was
achieved for A%, Pb%, Fe%, Cl-, NOs, and SO+ at concentrations 50 times higher than
those of MP and A, whereas the same tolerance level was achieved for 4-nitrophenol, 2-
nitrophenol, and Cu?" at concentrations 2 times higher.

The commercially available pesticide formulation containing 600 g/L of aclonifen was
used as the sample for evaluating sensor performance. The pesticide was diluted as re-
quired, and an appropriate aliquot was added to the buffer solution. Recovery testing was
performed using the standard addition method, and the corresponding results are pre-
sented in Table 5.

Table 5. Recovery test for aclonifen in real sample.

Sample Imtla:d‘::[dded’ Spiked, M Found, uM R“(‘I’l":?)" vo
Commercial pes- 4.0 0 3.9 97.5
ticide 4.0 2.0 6.4 106
4.0 4.0 7.6 95

4. Conclusions

Alumina-based electrodes offer possibilities for the development of sensitive electro-
chemical sensors. The intrinsic problem with alumina is its poor electrical conductivity.
In this work, new carbon—alumina composites are synthesized to overcome this problem.
Alumina composites (series A) and carbon-alumina composites (series CA) are synthe-
sized from sol-gel using two calcination methods: conventional calcination and flash cal-
cination. XRPD analysis showed, for both series of samples, that conventional calcination
produced the y-AlOs phase, while flash calcination produced predominantly the -
AlOOH phase with some y-AlOs. The introduction of carbon into the sol-gel matrices
resulted in smaller crystallite sizes.

Flash-calcined samples retained higher surface areas than conventionally calcined
samples due to the short exposure times. Carbon-containing samples had higher specific
micropore surface areas, higher total pore volumes, and wider pore size distributions than
pure alumina counterparts.

Electrochemical characterization showed that carbon-alumina samples had better
charge transfer kinetics than pure alumina samples. Flash-calcined samples had confined
alumina domains enabling fast charge transfer; however, these domains were insulated,
resulting in poorly conducting network. By contrast, conventionally calcined samples (at
20 and 30 min) enabled structural integration, producing a well-connected network.

The chosen carbon-alumina composite showed good performance for the simultane-
ous detection of methyl parathion and aclonifen, using intermediate products formed dur-
ing the reduction of the major compounds. The sensor showed a linear relationship in the
concentration range 0.5-20 pM with limit of detection of 0.08 uM for methyl parathion
and 0.14 uM for aclonifen.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/analytica7040094/s1.
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Abbreviations

The following abbreviations are used in this manuscript:

A Aclonifen

MP Methyl parathion

XRPD X-ray powder diffraction

BET Brunauer—-Emmett-Teller

cv Cyclic Voltammetry

EIS Electrochemical Impedance Spectroscopy
ocCp Open-Circuit Potential

BR Britton—Robinson

SWvV Square Wave Voltammetry
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  D =   K 𝜆  𝛽 c o s 𝜃


  Ψ =   − 0 . 6288 + 0 . 0021 X  1 − 0 . 017 X


  𝜓 =   k 0    [   𝜋 D n v F  R T ]  −  1 2


    E  p a =   E 0 +   R T  ( 1 − 𝛼 ) n F  [ 0 . 78 + l n    D    k 0 + l n    ( 1 − 𝛼 ) n F v  R T ]

