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rated MXene-magnetite
electrochemical platform for effective detection of
chloramphenicol

Roxana Paz,ab Herlys Viltres, c Nishesh Gupta, d Carolina Leyva, *a

Seshasai Srinivasan *c and Amin Reza Rajabzadeh *c

Chloramphenicol (CAP) contamination in natural waters presents an increasing concern due to its

persistence and potential risks to ecosystems and human health. To address this challenge, an

electrochemical sensing platform based on a Fe3O4@MXene@Fe-BDC composite modified screen-

printed carbon electrode was developed and characterized. The hybrid material combines the high

electrical conductivity of MXene, the magnetic and catalytic properties of Fe3O4, and the adsorption

capabilities of the Fe-BDC metal–organic framework, resulting in a synergistic enhancement of sensing

performance. Using differential pulse voltammetry, the sensor achieved a broad linear detection range

from 1 to 309 mM, a low detection limit of 0.26 mM, and a high sensitivity of 0.95 mA mM−1 cm−2. X-ray

photoelectron spectroscopy and electrochemical analyses revealed that functional groups such as

carboxyl, phenolic, and Fe–O play a central role in CAP recognition through hydrogen bonding, p–p

interactions, and metal–oxygen coordination pathways. The sensor also exhibited notable stability,

retaining 95.7% of its initial response after 20 days, and performed reliably in complex water samples.

These results demonstrate the potential of the Fe3O4@MXene@Fe-BDC architecture as an efficient and

practical tool for monitoring chloramphenicol in environmental settings.
Environmental signicance

The widespread presence of antibiotics such as chloramphenicol in aquatic environments poses a growing threat to ecosystems and public health. Also, it
contributes to toxic exposure and the proliferation of antibiotic resistance. Detecting these contaminants at low concentrations within complex water matrices
remains challenging using conventional analytical methods, which are oen costly and labor-intensive. This study addresses this challenge by developing
a robust electrochemical sensing platform based on a hybrid MOF MXene–magnetite composite (Fe3O4@MXene@Fe-BDC). The primary nding indicates that
integrating adsorption-active MOFs with highly conductive and magnetic components facilitates sensitive, stable, and selective detection of chloramphenicol
directly in real water samples. This methodology provides a practical pathway for environmental monitoring and supports the enhancement of water quality
management strategies.
1 Introduction

Antibiotics have signicantly transformed the management of
infectious diseases in humans and animals. Chloramphenicol
(CAP), a broad-spectrum phenolic antibiotic, is a notable
example. However, due to its associated health risks, particu-
larly its toxic residues in food, CAP has been banned from being
used in food-producing animals by the European Union, the
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United States, and numerous other countries.1 The accumula-
tion of CAP in the human body can lead to severe conditions,
including gray baby syndrome, aplastic anemia, and bone
marrow suppression. In addition, CAP has been detected in
various water sources worldwide, with concentrations ranging
from nanograms per litre (ng L−1) to micrograms per litre (mg
L−1).2 Moreover, residual antibiotics like CAP in aquatic
ecosystems contribute to the proliferation of antibiotic-resistant
bacteria, which carry antibiotic-resistant genes that are now
recognized as emerging contaminants. These genes in drinking
water threaten public health and could potentially exacerbate
the global antibiotic resistance crisis.3

Mitigating these issues requires the detection of this
hazardous contaminant in food and environmental samples,
which demands cost-effective, robust, and sensitive techniques.
Currently, CAP is analyzed using methods such as liquid
© 2026 The Author(s). Published by the Royal Society of Chemistry
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chromatography-mass spectrometry (LC-MS),4 high-
performance liquid chromatography (HPLC),5 capillary electro-
phoresis (CE),6 gas chromatography-mass spectrometry (GC-
MS),7 and enzyme-linked immunosorbent assay (ELISA).8 While
these methods effectively detect CPA, they have signicant
disadvantages, including high costs, labour-intensive proce-
dures, and the need for antibody labelling with enzymatic
materials, limiting their suitability for routine analysis.

To overcome the limitations of conventional detection
methods, alternative approaches, such as electrochemical
sensors using metal–organic framework (MOF) composites,
have gained signicant attention.9 Metal–organic frameworks
(MOFs) provide key advantages, including exceptional porosity,
extensive surface area, customizable pore structures, and well-
dened crystalline architectures. These features facilitate effi-
cient analyte concentration and mass transfer, amplifying the
electric signal response and enhancing detection sensitivity.10

In addition to MOFs and MXene materials, a two-dimensional
material composed of transition metals and carbon–nitrogen
structures holds excellent potential for various electrochemical
applications. Its exceptional electrical conductivity, robust
mechanical properties, and large surface area have made it
useful in several elds, including batteries, supercapacitors,
water splitting, and chemical sensors.11 Magnetite (Fe3O4),
another valuable material, features iron ions in +2 and +3
oxidation states, providing excellent conductive properties for
electrochemical applications. Functionalization of Fe3O4 can
further modify its electrochemical behavior, making it highly
suitable for sensor development.12

Combining these materials, Fe3O4, MXene, and MOFs, into
a composite structure can synergistically enhance their indi-
vidual properties. This composite not only improves the
conductivity of MOFs but also prevents MXene restacking by
utilizing MOF particles as interlayer spacers.13 Furthermore,
chemical interactions among functional groups, such as –OH
and –O in MXene, –COOH from MOF ligands, and –C–O/–C]O
in carbon cloth (CC), promote strong bonding through self-
assembly or annealing processes.14 These enhancements
collectively improve the composite's performance as a high-
sensitivity electrochemical sensor. Developing an electro-
chemical sensor with a simple electrode architecture and strong
antifouling properties is essential for the direct detection of
CAP in complex environmental samples, avoiding labor-
intensive pretreatment steps. Therefore, sensitive and reliable
detectionmethods are necessary for environmental monitoring,
regulatory compliance, and public health protection. The
proposed sensor provides a practical and efficient solution to
address this need. This study presents an electrochemical
sensing platform that modies an electrochemically activated
screen-printed carbon electrode (SPCE) with a Fe3O4@-
MXene@Fe-BDC composite. The Fe3O4@MXene@Fe-BDC/
SPCE sensor demonstrates high sensitivity and low detection
limits. The sensor effectively detects CAP even in the presence of
interfering molecules and within complex water matrices,
showcasing its robustness and practical applicability in envi-
ronmental monitoring.
© 2026 The Author(s). Published by the Royal Society of Chemistry
2 Experimental section
2.1. Chemicals and reagents

Iron chloride hexahydrate (FeCl3$6H2O, ACS reagent $99%), iron
sulfate heptahydrate (FeSO4$7H2O, ACS reagent, $99.0%), ter-
ephthalic acid (H2BDC, purity ∼98%), sodium hydroxide pellets
(NaOH, purity $97.0%), nitric acid (HNO3 ACS reagent, 70%),
phosphate-buffered saline (PBS, tablet, pH 7.2–7.6), potassium
hexacyanoferrate(III) (K3Fe(CN)6) (ACS reagent, $99.0%) chloram-
phenicol (CAP, $98%), ethanol (CH3CH2OH, 99.8%), and meth-
anol (CH3OH, 99.8%) were supplied by Sigma-Aldrich, Germany.
Ti3C2Tx MXene multilayer was supplied by Nanochemazone,
Canada. N,N-Dimethylformamide (DMF, purity 99.8%) was ob-
tained from Samchun Pure Chemicals, Korea. All reagents and
solvents were used as received from commercial suppliers without
further purication. The screen-printed electrodes (SPEs) used in
this study were TE100 models from Zensor R&D, featuring a 3 mm
diameter (0.071 cm3) carbon working electrode, a carbon counter
electrode, and a silver reference electrode.
2.2. Synthesis of Fe3O4@MXene@Fe-BDC

2.2.1 Synthesis of Fe-BDC. Fe-BDC MOF was synthesized
through a solvothermal process. FeCl3$6H2O (2.70 g) and
H2BDC (1.66 g) were dissolved in 50 mL of DMF by sonication
for 15 min. The solution was placed in a 200 mL Teon-lined
stainless-steel autoclave and heated at 150 °C for 12 hours.15

Aer natural cooling, the solid product was collected by
centrifugation (4000 rpm). The obtained powder was washed
three times with deionized water before being dried in
a vacuum at 60 °C for 24 hours.

2.2.2 Synthesis of Fe3O4. Fe3O4 nanoparticles were
prepared using the co-precipitation technique. Initially, 4.53 g
of FeCl3$6H2O was dissolved in 100 mL of acidied water while
purging with nitrogen gas for 15 minutes. Subsequently,
a solution containing 2.78 g of FeSO4$7H2O in 100 mL of
distilled water was added. Following this, 300 mL of
1.25 mol L−1 NaOH solution was introduced gradually under
continuous nitrogen ow. The reaction mixture was maintained
under constant stirring (100 rpm) and a nitrogen atmosphere at
room temperature. Aer one hour, the resulting black precipi-
tate was collected using amagnet, washed repeatedly with water
until neutral pH was achieved, and dried in a vacuum oven at
50 °C for 24 hours.

2.2.3 Synthesis of Fe3O4@MXene. 125 mg of Fe3O4 and
62.5 mg of MXene were each dispersed separately in 6.25 mL of
deionized water using sonication. These two dispersions were
then combined and stirred continuously for 3 hours. The
resulting composite was collected magnetically, rinsed thrice
with deionized water, and dried at 50 °C for 24 hours.

2.2.4 Synthesis of Fe3O4@MXene@Fe-BDC. The nal
composite was synthesized by stirring Fe-BDC (10 mg) and
Fe3O4@MXene (5 mg) in a ratio of 2 : 1 in a mixture of 3 : 2
deionized water (6 mL) and ethanol (4 mL). Aer one hour of
stirring, the nal material was separated using magnetic sepa-
ration and washed three times with deionized water. The solid
product was then dried at 50 °C for 24 h.
Environ. Sci.: Adv., 2026, 5, 1162–1173 | 1163
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2.3. Analytical instruments

Detailed information on analytical instruments is presented in
Section S1.
2.4. Experimental methodology

2.4.1 Electrode cleaning. The pristine screen-printed
carbon electrodes (SPCE) were washed using MilliQ water and
dried using hot airow.

2.4.2 Preparation of Fe3O4@MXene@Fe-BDC@SPCE zen-
sor electrode. 2.0 mg of Fe3O4@MXene@Fe-BDC was added and
sonicated in a methanol solution (1.5 mL) to prepare a suspen-
sion of the material. Aer this, the carbon working electrode
surface of the washed electrodes was modied with 1 mL of the
material and dried using hot airow (Fig. 1a).

2.4.3 Electrochemical measurements. The electrochemical
characterization of the SPCE was conducted using 0.1 M
phosphate-buffered saline (PBS) at pH 6, containing 1.0 mM
K3[Fe(CN)6] and 0.1 M KCl as the redox probe. Two electro-
chemical techniques were applied: cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS). CV measure-
ments were performed over a potential range of −0.5 to +0.9 V
with a scan rate of 0.1 mV s−1. EIS data were collected across
frequencies from 0.01 mHz to 65 kHz, applying a 5 mV ampli-
tude signal and a scan rate of 100 mV s−1. Additionally, differ-
ential pulse voltammetry (DPV) was used to assess the
electrochemical response of CAP at varying concentrations in
0.1 M PBS (pH 7.4). The DPV parameters included a potential
window from −0.2 to 1.2 V, a step potential of 5 mV, a pulse
amplitude of 0.05 V, a pulse width of 0.2 s, and a pulse period of
0.5 s. All measurements were performed at ambient
temperature.
Fig. 1 (a) PXRD pattern; (b) FT-IR spectra of Fe-BDC, Fe3O4@MXene, an

1164 | Environ. Sci.: Adv., 2026, 5, 1162–1173
2.4.4 Real environmental water sample detection. The river
water sample was collected from the Paris River in Ontario,
Canada. Without any prior treatment, the sample was spiked
with CAP, and its concentration was determined using differ-
ential pulse voltammetry (DPV) with the Fe3O4@MXene@Fe-
BDC-modied SPCE.
3 Results and discussion
3.1. Characterization of Fe3O4@MXene@Fe-BDC composite

The diffraction pattern of the synthesized Fe-BDC MOF closely
matched the reported patterns of MIL-53(Fe)-DMF
(Fe(OH)(BDC, CCDC: 2088536)) and Fe(BDC)(DMF) (CCDC:
2088533).16 Minor variations in peak positions were observed,
which can likely be attributed to the presence coordinated or
guest solvent molecules, as previously reported for MIL-
53(Fe).17,18 The Fe3O4@MXene composite exhibited character-
istic diffraction peaks corresponding to Fe3O4 at 2q = 29.3°,
35.2°, and 41.7°, indexed to the (220), (311), and (400) planes
(JCPDS Card No. 03-0863),.19 along with peaks of Ti3C2Tx MXene
at 21.2°, 32.3°, and 41.4° assigned to the (004), (006), and (105)
reections (JCPDS Card No. 032-1383).20,21 In the PXRD pattern
of the Fe3O4@MXene@Fe-BDC composite, the characteristic
reections of Fe-BDC remained clearly visible, indicating that
the crystalline framework of the MOF was preserved during
composite fabrication. The diffraction peaks corresponding to
Fe3O4@MXene were also retained, although with reduced
intensity (Fig. 1a), suggesting successful integration of the
components without structural degradation.

The FT-IR spectrum of Fe-BDC revealed bands at 1669 cm−1

and 1561 cm−1 corresponding to carbonyl stretching and
carboxyl groups coordinated with Fe(III) nodes, and a band at
d Fe3O4@MXene@ Fe-BDC materials.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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539 cm−1 attributed to Fe–O bond vibrations, conrming the
Fe(III)–COOH coordination.22 For Fe3O4@MXene, bands at
3357 cm−1 (–OH) and 1626 cm−1 (C]O) were characteristic of
MXene formed aer etching, while the high-intensity band at
560 cm−1 corresponded to Fe–O stretching in Fe3O4.23 In the FT-
IR spectrum of Fe3O4@MXene@Fe-BDC, the consistent pres-
ence of bands from both Fe-BDC and Fe3O4@MXene conrmed
successful formation of the nal composite (Fig. 1b).
3.2. Characterization of Fe3O4@MXene@Fe-BDC electrode

FT-IR spectroscopy conrmed the successful modication of
the carbon working electrode surface of the SPCE with the
Fe3O4@MXene@Fe-BDC composite. Upon modication,
distinct bands corresponding to the composite's components
were observed (Fig. 2b). SEM micrographs further veried the
Fig. 2 (a) Graphical depiction of the working electrode surface modific
graphs of pristine (SPCE), Fe3O4@MXene@Fe-BDC/SPCE, (d) C 1s, and (e

© 2026 The Author(s). Published by the Royal Society of Chemistry
deposition of the Fe3O4@MXene@Fe-BDC composite on the
bare electrode surface (Fig. 2c). Additionally, 2D elemental
mapping of the Fe3O4@MXene@Fe-BDC/SPCE revealed an
uneven distribution of constituent elements within the
composite, attributed to the physical mixing of Fe3O4@MXene
and Fe-BDC MOF (Fig. S2).

The X-ray photoelectron spectroscopy (XPS) analysis
demonstrated the successful modication of the SPCE working
electrode surface with the Fe3O4@MXene@Fe-BDC composite.
According to Table S1, which summarizes the atomic percent-
ages of the most concentrated elements in the materials part of
the nal composite and the surface of the working electrode of
the pristine and modied SPCE, a signicant enhancement in
oxygen levels was observed aer electrode modication, which
is consistent with the addition of oxygen groups sourced from
ation with Fe3O4@MXene@Fe-BDC; (b) FT-IR spectra, (c) SEM micro-
) O 1s high-resolution signal spectra of Fe3O4@MXene@Fe-BDC/SPCE.

Environ. Sci.: Adv., 2026, 5, 1162–1173 | 1165
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the MOF and oxide components. Additionally, Ti signals
conrm the successful incorporation of MXene into the
composite. All expected elements from Fe3O4, MXene, and Fe-
BDC MOF were evidenced in the modied electrode, support-
ing the effective assembly of the hybrid material on the working
electrode surface of the SPCE. All spectra were calibrated for
charging effects using the C1s peak of organic carbon as
a reference (C–C/C–H) to 285.0 eV. The high-resolution C 1s
spectrum revealed four main components (Fig. 2d): C]C
aromatic at 284.4 eV, C–C/C–H at 285.0 eV, COH/C–O–C/C–Cl at
286.4 eV, and O–C]O at 288.8 eV. These components are
characteristic of Fe-BDC MOF and functional groups on the
MXene and Fe3O4 surfaces. Also, in the O 1s region (Fig. 2e),
three distinct peaks were assigned to O–Fe at 530.0 eV, O]C–O
at 531.7 eV, and C–OH at 533.0 eV, further evidencing the
coexistence of metal–oxygen bonding and oxygenated surface
functionalities.24,25

3.3. Electrochemical characterization

3.2.1 Electrochemical performance of the modied elec-
trodes. MOF-modied electrodes represent a signicant
advancement in the electrochemical detection of CAP, deliv-
ering remarkable sensitivity, selectivity, and stability. These
properties render them well-suited for real-world environ-
mental monitoring. Ongoing material optimization is expected
to develop even more efficient sensing platforms that comply
with strict regulatory standards for antibiotic residues.26

Incorporating MOFs onto SPCEs generally boosts the avail-
ability of electroactive sites, thereby enhancing sensitivity and
selectivity toward specic analytes.27 Furthermore, the porous
structure of MOFs promotes efficient ion transport and electron
transfer kinetics, which are critical for real-world sensing
applications. The highly effective surface area maintained by
MOF-based sensors ensures stability and reproducibility of
responses over time, an essential factor for reliable practical
usage.28

Determining the surface area of Fe3O4@MXene@Fe-BDC/
SPCE is essential for evaluating their electrochemical perfor-
mance in sensing applications. The surface area directly
impacts the availability of active sites for electrochemical reac-
tions, signicantly inuencing sensitivity and detection
limits.29 Cyclic voltammetry is commonly used to assess the
electroactive surface area of modied electrodes. The current
response from a redox probe K3[Fe(CN)6] can be analyzed to
calculate the surface area using the Randles–Sevcik equation:

Ip = 2.69 × 105n3/2AD1/2Cv1/2 (1)

Where Ip is the peak current, n is the number of electrons
transferred, A is the electrode area, D is the diffusion coefficient,
C is the concentration of the redox species, and v is the scan
rate. By rearranging this equation, the effective surface area (A)
can be calculated based on experimental data.30

Fig. 3a and c displays the cyclic voltammetry (CV) proles of
the bare SPCE and the Fe3O4@MXene@Fe-BDC/SPCE elec-
trodes recorded in 1.0 mM aqueous solution of K3[Fe(CN)6] and
0.1 M KCl, with scan rates varying from 10 to 100 mV s−1. The
1166 | Environ. Sci.: Adv., 2026, 5, 1162–1173
unmodied SPCE showed peak-to-peak separation (DEp) redox
peaks of 0.17 V. In contrast, the Fe3O4@MXene@Fe-BDC/SPCE
electrode demonstrated increased peak current (Ip) and
a reduced DEp of 0.12 V, indicating enhanced electron transfer
kinetics. The Fe3O4@MXene@Fe-BDC/SPCE electrode achieved
the highest redox peak currents, attributed to the superior
electrical conductivity and larger surface area provided by the
synergistic combination of Fe3O4@MXene@Fe-BDC
composite.31 Furthermore, Fig. 3b and d illustrates the linear
relationship between the square root of the scan rate and the
peak current, described by the equation Ip (mA) = 1.84 + 69.53
v1/2 (mV s−1) (R2= 0.99), enabling the calculation of the effective
surface area using the slope of the Ip–n

1/2 curve in eqn (1). The
effective surface area of the Fe3O4@MXene@Fe-BDC/SPCE
electrode was determined to be 0.095 cm2, signicantly larger
than the 0.049 cm2 of the bare SPCE electrode. This increase in
surface area, facilitated by the Fe3O4@MXene@Fe-BDC/SPCE
modication, is critical for improving the electrode's electro-
chemical sensing performance in detecting CAP.

3.2.2 Electrochemical impedance spectroscopy (EIS).
Electrochemical Impedance Spectroscopy (EIS) evaluates the
impedance behavior of an electrochemical system over a spec-
trum of frequencies, providing a detailed characterization of
processes occurring at the electrode surface. This technique is
invaluable for understanding charge transfer resistance (Rct) and
overall interfacial kinetics, which are critical for optimizing
sensor performance. In the impedance spectra, the semicircle
appearing at higher frequencies is associated with electron
transfer limitations, whereas the linear part at lower frequencies
reects diffusion-controlled behavior.32,33 Additionally, EIS can
provide insights into the electrode's effective surface area by
analyzing Rct and double-layer capacitance; changes in these
parameters indicate surface modications. In addition, with the
Rct values, it is possible to evaluate the effectiveness of electrode
modications in enhancing sensor performance.32 The imped-
ance data were analyzed using an equivalent electrical circuit
incorporating a Warburg diffusion element (Fig. 4), which is well
suited to systems in which mass transport and adsorption occur
through surface channels or microstructural defects.34 In this
model, the charge-transfer resistance (Rct) is arranged in series
with the Warburg impedance (W), and this series combination is
connected in parallel with a constant phase element (C) to
account for non-ideal capacitive behavior at the electrode inter-
face. The circuit is completed by including the solution resistance
(Rs) in series, allowing clear differentiation and quantication of
the bulk electrolyte resistance, interfacial electron-transfer
processes, and diffusion-controlled ion transport.

This study evidenced a small semicircle region in the
modied SPCE electrode (Fig. 4b), suggesting a signicantly
reduced electron-transfer resistance.35 Also, the Rct value for the
bare SPCE electrode was measured at 3.89 kU, while the
modied Fe3O4@MXene@Fe-BDC/SPCE electrode signicantly
reduced Rct to 1.89 kU. This reduction in Rct demonstrates the
enhanced electron transfer kinetics achieved by integrating
Fe3O4@MXene@Fe-BDC/SPCE, directly contributing to
improved sensor performance. These ndings underscore the
signicance of EIS in developing advanced electrochemical
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 EIS plots of 1.0 mM K3[Fe(CN)6] containing 0.1 M KCl solution for (a) pristine electrode, (b) Fe3O4@MXene@Fe-BDC/SPCE, and equivalent
circuit for EIS tests.

Fig. 3 CV of 1.0 mM K3[Fe(CN)6] containing 0.1 M KCl solution for (a) pristine electrode; (c) Fe3O4@MXene@Fe-BDC/SPCE and corresponding
linear plot for current against the square root of scan rate for (b) pristine electrode; (d) Fe3O4@MXene@Fe-BDC/SPCE.

© 2026 The Author(s). Published by the Royal Society of Chemistry Environ. Sci.: Adv., 2026, 5, 1162–1173 | 1167
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sensors with enhanced functionality. The increased electro-
active surface area and reduced electron-transfer resistance
indicate that Fe3O4@MXene@Fe-BDC is a promising candidate
for developing electrochemical sensors.

3.3. Optimization of CPA detection conditions

Key parameters such as the amount of Fe3O4@MXene@Fe-BDC
deposited on the electrode, the pH, and the scan rate were
systematically optimized to develop an efficient sensor. These
factors were evaluated using the Differential Pulse Voltammetry
(DPV) to ensure optimal sensor performance.

3.3.1 Inuence of Fe3O4@MXene@Fe-BDC amount. The
effect of Fe3O4@MXene@Fe-BDC amount on the sensor's
performance is shown in Fig. 5a. The current response to CAP
decreased as the amount of material used to modify the working
electrode surface increased. This reduction in current signals is
attributed to the reduced surface area of the Fe3O4@-
MXene@Fe-BDC/SPCE sensor, which lowered the adsorption of
CAP molecules onto the electrode surface. Therefore, 1 mL was
selected as the optimal volume of the nal composite solution
for the best performance.36

3.3.2 Inuence of pH. The pH of the electrolyte solution
plays a crucial role in the electrochemical detection of CAP. It
signicantly affects the CAP's ionization state, solubility, and
Fig. 5 Effect of different parameters on the peak current. (a) Amount of F
and (d) linear plot for current against the square root of scan rate. Cond

1168 | Environ. Sci.: Adv., 2026, 5, 1162–1173
interaction with the electrode surface, inuencing the sensor's
sensitivity and selectivity. CAP is a weak acid with a pKa of
around 9.1. In acidic conditions (low pH), CAP mainly exists in
its protonated form, while in alkaline conditions (high pH), it
becomes deprotonated. This change in ionization affects how
CAP interacts with the nal composite-modied electrode
surface and alters its electrochemical behavior.37 Fig. 5c illus-
trates that the current response of CAP initially enhanced with
rising pH. However, beyond a certain point, the current
decreased as the pH increased.38 This decreasemay be related to
CAP's protonation in strongly acidic buffer solutions. At the
same time, in neutral or basic environments, the deprotonation
of CAP can hinder electron transfer during the detection
process.39 Based on these observations, a pH of 6.0 was selected
as the optimal condition for CAP detection.

3.3.3 Inuence of scan rate. The impact of the scan rate on
the CPA detection process is shown in Fig. 5b. The current
response of the CAP changed when the scan rate was varied
from 10 to 100 mV s−1. The peak current (Ip) was plotted against
the square root of the scan rate (n1/2), with a linear relationship,
described by the equation Ip (mA) = −17.76–61.98 n1/2 (V s−1),
with a correlation coefficient (R2) of 0.98 (Fig. 5d). This shows
that the electrode reaction is surface-controlled, consistent with
previous studies.40 Among the evaluated conditions, 100 mV s−1
e3O4@MXene@Fe-BDC/SPCE in mL, (b) the scan rate, and (c) pH value,
itions: [CAP] = 50 ppm in PBS.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Representative differential pulse voltammetry response of CAP at Fe3O4@MXene@Fe-BDC/SPCE sensor with different CAP
concentrations; (b) the relation between the peak current and the concentration of CAP.
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provided a higher and well-dened current response with good
peak shape and signal stability, while maintaining a clear
diffusion-controlled behavior. Therefore, 100 mV s−1 was
selected as the optimal scan rate to ensure enhanced signal
intensity without compromising the electrochemical mecha-
nism or peak resolution.

3.4. Quantitative analysis of CAP

Fig. 6a depicts CAP's differential pulse voltammetry response at
varying CAP concentrations using the Fe3O4@MXene@Fe-BDC/
SPCE sensor. The relationship between peak current and CAP
concentration is oen linear over specic ranges, allowing for
straightforward quantication.41 A progressive enhancement in
peak current was detected as CAP concentrations varied from
1.5 to 309.5 mM. Fig. 6b presents a linear correlation between
CAP concentration and peak current, described by the equation
Ip (mA) = 0.09 [CAP] (mM) + 3.09 (R2 = 0.99).

The sensitivity of the Fe3O4@MXene@Fe-BDC/SPCE was
calculated using eqn (2):

Sensitivity ¼ S

A
(2)
Table 1 Electrochemical sensors reported for CAP detectiona

Modied electrodes Determination method LOD (mM)

AuNPs/N-G/GCE LSV 0.59
CuCo2O4/CuFe2O4/GCE DPV 0.66
AuNPs/GO/GCE Amperometry 0.25
Au/SPPtEs DPV 0.60
Fe-Silk PNC/PGE DPV 0.57
MoS2-rGO/GCE DPV 1.00
Cu–MoS2/SPCE DPV 0.45
Z-800/RGO/GCE DPV 0.25
rGO/Co3O4/GCE CV 0.55
Sn/rGO/SPCE DPV 0.20
Fe3O4@MXene@Fe-BDC/SPCE DPV 0.26

a LSV: Linear Sweep Voltammetry.

© 2026 The Author(s). Published by the Royal Society of Chemistry
where S is the slope of the calibration plot (mA mM−1), and A is
the active surface area of the electrode (cm2).42 The sensitivity of
the Fe3O4@MXene@Fe-BDC/SPCE sensor was 0.95 mA mM−1

cm−2. The enhanced sensitivity of the SPCE following modi-
cation with Fe3O4@MXene@Fe-BDC/SPCE can be attributed to
improved electrical conductivity, increased adsorption capacity,
and a larger electroactive surface area. These enhancements are
consistent with the ndings from EIS analyses.

The limit of detection (LOD) of the modied electrode was
calculated using eqn (3):

LOD ¼ 3s

S
(3)

Based on the IUPAC denition, where s represents the
standard deviation of three blank measurements and S denotes
the slope of the calibration curve.43 The proposed method
shows a LOD of 0.26 mM. The analytical performance of Fe3-
O4@MXene@Fe-BDC/SPCE was compared with previously re-
ported electrodes (Table 1), highlighting that the
Fe3O4@MXene@Fe-BDC/SPCE sensor has better sensitivity and
LOD than previously reported sensors.
Linear range (mM) Sensitivity (mA mM−1 cm−2) Reference

2–80.0 — 44
2.5–50 — 45
1.50–2.95 3.810 38
0.25–50 0.0318 (cm2) 46
1.00–200.00 — 47
5.0–35.0 3.581 48
1.0–50.0 0.141 (mA mM−1) 49
1.0–180.0 — 50
1–2000 — 51
0.5–30.0 and 30.0–100.0 0.934 and 0.278 52
1–309 0.95 This work
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3.5. Mechanism of sensing: CAP behavior on the
Fe3O4@MXene@Fe-BDC/SPCE

The proposed adsorption and redox interaction mechanism is
based on well-established electrochemical pathways of chlor-
amphenicol reported in previous studies, which describe the
4e−/4H+ reduction of the nitro group (–NO2) to the hydroxyl-
amine derivative and its reversible conversion to the nitroso
intermediate (Fig. 7a). This cyclic transformation results in
a distinct cathodic reduction peak, highlighting the efficient
redox response of the modied electrode.53,54 In this work, the
mechanistic interpretation is supported by precedent in the
literature and spectroscopic evidence from XPS. Here, the
Fig. 7 (a) Redox reactionmechanism of CAP, (b) proposedmechanism of
and (f) Cl 2p high-resolution signal spectra of Fe3O4@MXene@Fe-BDC/S

1170 | Environ. Sci.: Adv., 2026, 5, 1162–1173
surface chemistry of the composite material plays a vital role in
the adsorption process. Functional groups rich in oxygen, such
as carboxyl (–COOH), phenol (–OH), and ether (C–O–C), facili-
tate the formation of hydrogen bonds with the hydroxyl groups
present in CAP. Regardless of pH, these interactions are sup-
ported by the robust nature of hydrogen bonds, alongside other
forces like electrostatic attraction, p–p stacking between the
electrode's p-electron system and CAP's aromatic rings, and Fe–
O bridge formation (Fig. 7b).

XPS analysis further supports these mechanisms. For
instance, aer CAP interaction, noticeable changes are observed
in the C 1s spectrum at 284.3 eV (C]C aromatic), 285.0 eV (C–C/
CAP over Fe3O4@MXene@Fe-BDC/SPCE, and (c) C 1s, (d) O 1s, (e) N 1s,
PCE after CAP sensing.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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C–H), 286.3 eV (COH/C–O–C/C–Cl), and 288.7 eV (O–C]O),
indicating variations in surface carbon environments due to p–p

interactions and hydrogen bonding. In the O 1s region, the
components at 530.5 eV (O–Fe), 531.6 eV (O]C–O), and 533.0 eV
(C–OH), as well as the appearance of a peak at 536.2 eV (Na
Auger), suggest strong involvement of oxygenated sites in the
binding process, primarily through H-bonding and Fe–O coor-
dination. Additionally, new signals in the N 1s region at 399.8 eV
(–N]) and 401.8 eV (N+), and in the Cl 2p spectrum at 199.0 eV
(Cl–Fe) and 200.2 eV (C–Cl),24 further support the incorporation
and interaction of CAP with the electrode surface.55 The emer-
gence and shiing of these signals conrm that the adsorption
mechanism involves a combination of p–p stacking, hydrogen
bonding, electrostatic forces, and metal–oxygen (Fe–O) bridging
interactions. These complementary interactions collectively
enhance CAP adsorption and facilitate its redox transformation
on the Fe3O4@MXene@Fe-BDC/SPCE surface.56
Fig. 8 (a) Reproducibility of the Fe3O4@MXene@Fe-BDC/SPCE sensor fo
PBS in 20 days.

Fig. 9 (a) Selectivity of the Fe3O4@MXene@Fe-BDC/SPCE sensor towa
pollutants] = 50 ppm; (b) differential pulse voltammetry response meas
(Dest. W), tap water (Tap W), and river water (River W).

© 2026 The Author(s). Published by the Royal Society of Chemistry
3.6. Repeatability and stability of Fe3O4@MXene@Fe-BDC/
SPCE

Multiple tests were carried out to evaluate the consistency and
long-term stability of the Fe3O4@MXene@Fe-BDC/SPCE sensor.
Six identical electrodes were fabricated to detect CAP, with
a material amount of 1 mM over each electrode. Ten consecutive
measurements were performed on the same Fe3O4@-
MXene@Fe-BDC/SPCE sensor for repeatability testing in the
presence of 50 ppm CAP (Fig. 8a). The current responses' rela-
tive standard deviation (RSD) of 1.23% demonstrates the
modied electrode's excellent repeatability.57

The sensor's long-term stability was also examined by
measuring its current response to 50 mM CAP over ve days. A
peak current retention of 95.7% was observed aer 20 days of
storage at ambient temperature (Fig. 8b), demonstrating the
remarkable stability of the Fe3O4@MXene@Fe-BDC/SPCE
r [CAP]= 50 ppm in PBS; (b) stability of the sensor for [CAP]= 50 ppm in

rds the response of CAP in the presence of other pollutants for [CAP,
urements with Fe3O4@MXene@Fe-BDC/SPCE sensor in distilled water
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sensor. These results highlight the sensor's reliability for prac-
tical applications.58
3.7. Interference and determination of CAP in real water

Selectivity and interference are critical parameters for assessing
the efficiency of electrochemical sensors. In this study, the
selectivity of the Fe3O4@MXene@Fe-BDC/SPCE sensor was
evaluated in the presence of waterborne common pollutants,
including bisphenol B (BPB), bisphenol A (BPA), bisphenol S
(BPS), and sulfamethazine (STZ). The current response values
demonstrated that the sensor selectively detected CAP over
these competing pollutants. This selectivity is attributed to the
favorable selectivity coefficients of CAP against other molecules,
outstanding selectivity, and resistance to interference, estab-
lishing a strong foundation for its use in practical detection
scenarios.59

The Fe3O4@MXene@Fe-BDC/SPCE sensor was utilized to
detect CAP in real water samples using the standard addition
method to assess its practical feasibility. The water sample was
taken from the Paris River, Ontario, Canada, for the real water
experiments. Additionally, tap water (Tap W) and river water
(River W) samples were spiked with 50 ppm CAP, and the nal
CAP concentrations were analyzed using differential pulse vol-
tammetry. Each sample was analyzed in triplicate. As shown in
Fig. 9b, the sensor exhibited reliable performance in complex
water matrices, comparable to its performance in distilled water
(Dest. W). These outcomes support the robustness and effec-
tiveness of the method for practical CAP detection
applications.60
4 Conclusion

A new electrochemical sensor was developed in this study,
featuring a screen-printed carbon electrode (SPCE) modied
with Fe3O4@MXene@Fe-BDC for chloramphenicol (CAP)
detection in complex water environments. The synergistic
integration of Fe3O4, MXene, and Fe-BDC MOF resulted in
a composite with signicantly improved electrochemical
features, including better conductivity, increased surface
activity, and higher adsorption efficiency. The sensor demon-
strated excellent analytical performance, achieving a low
detection limit of 0.26 mM and a high sensitivity of 0.95 mA mM−1

cm−2. Additionally, modication of the electrode resulted in
a marked decrease in charge transfer resistance, as evidenced
by EIS measurements, validating the enhanced conductivity of
the sensor surface. The presence of carboxyl, phenolic, and Fe–
O groups in the composite, conrmed by XPS analysis, was key
to enhancing adsorption and electron transfer through
hydrogen bonds, p–p stacking, and metal–oxygen bridges.
Furthermore, the sensor demonstrated high selectivity against
common interfering pollutants and excellent stability, retaining
over 95% of its initial signal aer 20 days. Its effective perfor-
mance in real water samples, including river and tap water,
conrms its potential for practical environmental applications.
The developed platform offers a useful and reliable approach
for rapidly detecting CAP in environmental applications.
1172 | Environ. Sci.: Adv., 2026, 5, 1162–1173
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