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lectro-Fenton mineralization of
triclosan using a novel octahedral iron(III) complex:
structure, mechanism, and performance
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Noureddine Mhadhbi, ae Naoufel Ben Hamadi,b Lotfi Khezami,b Mourad Cherifcd

and Houcine Näıli *a

This study reports the synthesis and structural elucidation of a novel iron(III) coordination complex,

[Fe(CO3)(en)2]Cl (1), and its integration as an efficient cathodic modifier in an advanced electro-Fenton

(EF) system for the degradation of the emerging pollutant triclosan. Unlike conventional EF systems, the

rationally designed iron complex enhances iron redox cycling and hydroxyl radical generation, leading to

significantly improved mineralization efficiency. Under optimized conditions, the modified system

achieved over 97% TOC removal within 210 min, following pseudo-first-order kinetics (k =

0.0195 min−1). Mechanistic investigations revealed progressive dechlorination and oxidation into short-

chain carboxylic acids prior to complete mineralization. This work demonstrates how coordination

chemistry can be strategically integrated into electrochemical advanced oxidation processes to improve

efficiency, stability, and sustainability in wastewater treatment applications.
1 Introduction

In recent years, the rational design and synthesis of coordina-
tion compounds have garnered signicant interest. This atten-
tion arises not only from the compelling structural
characteristics of these complexes, but also from their prom-
ising potential applications across various scientic
disciplines.1–8 There are many prospects for clean technologies
and sustainable development in the dynamic area of photo-
catalysis research. Semiconductors have showcased great
promise in environmental remediation and photocatalytic
energy generation, serving as efficient materials for harnessing
light energy to drive chemical transformations. Building on this
foundation, recent research has witnessed a signicant renais-
sance in developing high-performance photocatalysts made
from earth-abundant transition metals.9,10 These include
iron,11–13 copper,14,15 cobalt,16 molybdenum, 17 nickel,18 tung-
sten,19,20 and zirconium.21 Beyond photocatalytic applications,
these transition metal complexes have enabled many novel
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transformations, acting as highly effective photocatalysts. With
their visible light photoactivity, iron species have signicant
potential as energy-efficient photocatalysts for degrading toxic
and persistent organic pollutants. Moreover, they are non-toxic,
affordable, and abundantly available. Iron, which constitutes
approximately 5.0% of the Earth's crust, ranks as the second
most abundant metal globally. It has been widely employed in
photocatalytic applications to enhance charge carriers' genera-
tion, separation, and efficiency. Owing to its natural abundance,
environmental compatibility, and notable photocatalytic prop-
erties, iron-based catalysts have emerged as promising mate-
rials in this eld.22–24 Recent advances in electrochemical
advanced oxidation processes have emphasized that catalytic
performance is not solely governed by the presence of active
metal species but is strongly inuenced by the electronic
structure of catalytic centers. In particular, the modulation of
electron density and coordination environment has emerged as
a key strategy to enhance redox activity, control reactive oxygen
species (ROS) generation, and improve overall catalytic effi-
ciency. For instance, electron-decient metal centers have been
shown to promote enhanced oxidative pathways, as demon-
strated in Co(III)-based systems where tailored electronic
congurations signicantly improved electrochlorination effi-
ciency and ammonia removal.25 Similarly, recent studies on
single-atom catalysts have revealed that ne-tuning the elec-
tronic structure of isolated active sites can enable the selective
in situ generation of specic ROS, such as singlet oxygen (1O2),
thereby opening new avenues for controlled electro-Fenton
processes.26
RSC Adv., 2026, 16, 19687–19701 | 19687
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Triclosan (TCS), chemically dened as 5-chloro-2-(2,4-
dichlorophenoxy) phenol (C12H7Cl3O2), is a synthetic antimi-
crobial agent widely incorporated into personal hygiene and
consumer products such as soaps, toothpastes, shampoos, and
deodorants.27 Its hydrophobic nature, reected by a high octa-
nol–water partition coefficient, facilitates pronounced bi-
oaccumulation in aquatic organisms, raising signicant
ecological and toxicological concerns.28 Although partially
removed during conventional wastewater treatment, substan-
tial concentrations of TCS persist in treated effluents, contrib-
uting to its frequent detection in surface waters.29 Moreover, its
chemical stability across a broad pH range and resistance to
biodegradation complicates its elimination.30,31 Long-term
environmental exposure has been associated with endocrine
disruption, neurotoxicity, and developmental toxicity, particu-
larly in aquatic species.32 Under ultraviolet radiation, TCS may
transform into highly toxic polychlorinated dioxins, exacer-
bating its environmental risk.33 Its presence in human biolog-
ical uids—such as blood, urine, and breast milk—further
underscores its physiological relevance, highlights the scope of
chronic exposure, and the pressing need for advanced and
sustainable remediation technologies.34

Over the past decade, various treatment strategies have been
employed for TCS removal, including chlorination, ozonation,
adsorption, photocatalysis, and biological degradation.34–36

However, each approach is hindered by inherent limitations:
chlorination may generate harmful halogenated by-products;37

ozonation oen results in incomplete mineralization;38

adsorption merely transfers the pollutant to a secondary solid
phase;39 and biodegradation remains largely ineffective due to
the recalcitrant nature of TCS.40 In contrast, advanced oxidation
processes, particularly those based on Fenton chemistry, have
shown high potential due to their generation of highly reactive
hydroxyl radicals, which can non-selectively oxidize a broad
spectrum of organic pollutants. Nevertheless, classical Fenton
systems suffer from operational challenges, such as the
requirement for acidic conditions, iron sludge generation, and
limited control over radical production.41

Electrochemical advanced oxidation processes, notably the
electro-Fenton technique, have emerged as promising alternatives
due to their controllability and efficiency.42 EF systems operate
through the in situ electrochemical generation of hydrogen
peroxide at the cathode and subsequent Fenton-like reactions
catalyzed by Fe3+, enabling both homogeneous and heteroge-
neous oxidation pathways. When coupled with high-performance
anodes such as boron-doped diamond, these systems also facili-
tate direct anodic oxidation via surface-generated cOH radicals.40

The overall effectiveness of EF systems, however, is closely tied to
the nature of the electrode materials-particularly the cathode-
which governs the kinetics of H2O2 production and iron redox
cycling.43 Despite these signicant advances, most reported
systems rely on complex material architectures, such as single-
atom catalysts or electronically engineered heterogeneous mate-
rials, which may suffer from limited structural denition,
synthetic complexity, or challenges in correlating catalytic
performance with well-dened active sites. In contrast, the use of
structurally well-dened coordination compounds as tunable
19688 | RSC Adv., 2026, 16, 19687–19701
platforms for modulating electronic properties in electrochemical
systems remains relatively underexplored. In particular, the inte-
gration of molecularly dened iron coordination complexes into
electro-Fenton systems offers a promising alternative approach,
where the coordination environment can be precisely controlled
to inuence redox behavior, interfacial electron transfer, and
catalytic stability. However, the extent to which such systems
contribute to the interplay between homogeneous and interfacial
catalytic pathways is still not fully understood and warrants
further investigation.

In response to this, the present study introduces a novel
iron(III) complex, [Fe(CO3)(en)2]Cl, as a cathodic modier within
an EF framework. The compound utilizes ethylenediamine (en),
a widely studied bidentate ligand, to form stable ve-membered
chelate rings that enhance coordination stability and redox
behavior. The iron center exhibits an octahedral geometry
coordinated by two en ligands and one coordinated carbonate
group, establishing a structurally robust and redox-active plat-
form. The solution and electron-donating properties of en
further contribute to favorable interfacial behavior and
electrochemical performance. Before being employed in
electrochemical studies, the complex was synthesized and
comprehensively characterized using single-crystal X-ray
diffraction, FT-IR, Raman spectroscopy, and thermal analysis,
which veried its structural stability and physicochemical
robustness. Accordingly, this research seeks to bridge molec-
ular design with environmental functionality by integrating the
synthesized complex into an optimized electro-Fenton system
for the degradation of triclosan. The study evaluates its catalytic
performance, investigates the evolution of degradation inter-
mediates, and proposes a mechanistic pathway toward full
mineralization. This integrated approach illustrates the poten-
tial of rationally engineered coordination compounds to
enhance next-generation water treatment systems' selectivity,
efficiency, and sustainability.
2 Materials and methods
2.1. Synthesis of [Fe(CO3)(en)2]Cl

Ethylenediamine monohydrochloride (0.19312 g, 2 mmol) was
rst dissolved in 10 mL of absolute ethanol. This ethanolic
solution was then combined with a 10 mL aqueous solution
containing iron(II) carbonate (FeCO3) (0.11585 g, 1 mmol). The
resulting mixture was reuxed for approximately 2 hours.
Following ltration and gradual cooling, the solution was
allowed to stand at room temperature under ambient condi-
tions until most of the solvent evaporated. A colorless, block-
shaped crystalline product of compound 1 was obtained and
subsequently dried in a desiccator. Yield: 78.7%. Anal. Calc. For
C5H16N4O3ClFe (Mr = 271.52): C, 61.16; H, 6.02; N, 11.44.
Found: C, 62.95; H, 6.24; N, 11.09%. FTIR (ATR, cm−1): 3462,
2982, 2724, 1534, 1561, 1020, 536.
2.2. Characterization techniques

2.2.1. Single-crystal X-ray structural analysis. X-ray diffrac-
tion measurements for compound 1 were carried out at 100 K
© 2026 The Author(s). Published by the Royal Society of Chemistry
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using a XtaLAB Synergy Dualex diffractometer equipped with
a HyPix-Arc 100 detector and a Triumph curved graphite
monochromator paired with a Mo Ka ne-focus sealed X-ray
tube. The processes of data collection, cell renement, and
data reduction were conducted using Olex2 version 1.5-ac5-
024.44 The crystal structure was solved via ShelXT 2018/2,45 and
intensity-based renement was performed with SHELXL-2018/
3.46 Structural representations were created using the Diamond
soware package.47 Table 1 provides detailed crystallographic
data and experimental conditions for the crystal structure.
Complete crystal data, collection, and renement parameters
for this compound have been deposited with the Cambridge
Crystallographic Data Centre under the supplementary publi-
cation number CCDC 2446786. Copies of these data can be
obtained at no cost by contacting the CCDC, 12 Union Road,
Cambridge, CB2 1EZ, UK (Fax: +44 1223 336408 or email:
https://www.ccdc.cam.ac.uk/deposit/).

2.2.2. Spectroscopic measurements. The FT-IR spectrum
was acquired using a PerkinElmer 400 spectrometer, operating
within a frequency range of 450 to 4000 cm−1 and employing the
UATR technique.

The Raman measurements were obtained using a Fisher
DXR Raman Thermo-spectrometer, employing the Raman
spectroscopy technique under experimental conditions
including a 532 nm laser wavelength, 10 mW laser power, and
a spectral range spanning 50 to 3500 cm−1.

2.2.3. Thermal analysis. TGA measurements were per-
formed with Jade TGA (Thermogravimetric Analyzer, Pyris 6
TGA, PerkinElmer). DSC analyses were conducted on a Jade DSC
device under a nitrogen environment, applying a heating rate of
10 °C per minute. Measurements were taken across a tempera-
ture range from 25 to 400 °C.
2.3. Application in triclosan herbicide degradation

2.3.1. Electrodes preparation. Boron-doped diamond
(BDD) lms were supplied by CSEM and grown on conductive p-
type silicon substrates (1 mm thick, Siltronix) using a hot la-
ment chemical vapor deposition (HF-CVD) technique. The la-
ment temperature ranged between 2440 and 2560 °C, while the
substrate temperature was controlled at approximately 830 °C.
The reactive gas mixture consisted of 1% methane in hydrogen,
doped with 1–3 ppm of trimethyl boron. This gas blend was
introduced into the reaction chamber at a ow rate of 5 Lmin−1,
resulting in a diamond growth rate of 0.24 mm h−1. The process
yielded a columnar, randomly oriented polycrystalline diamond
lm with a thickness near 1 mm and a resistivity of 15 mU cm
(±30%) deposited on the conductive p-Si substrate.48,49

A glassy carbon electrode (GCE) with a diameter of 3 mm
served as the cathode substrate. The glassy carbon electrode
(GCE) was selected as cathodic substrate due to its high elec-
trical conductivity, chemical inertness, wide electrochemical
potential window, and excellent surface stability under acidic
electro-Fenton conditions. Moreover, its smooth and repro-
ducible surface facilitates uniform catalyst lm deposition and
enhances electron transfer kinetics, promoting efficient H2O2

electrogeneration and Fe3+/Fe2+ redox cycling. Before
© 2026 The Author(s). Published by the Royal Society of Chemistry
modication, the electrode surface was polished sequentially
using a 0.05 mm alumina slurry, followed by thorough rinsing
with deionized water and ethanol, then dried under a nitrogen
stream. To prepare the catalyst ink, 5 mg of the synthesized
[Fe(CO3)(en)2]Cl complex was ultrasonically dispersed in
a solvent mixture consisting of 450 mL ethanol, 450 mL deionized
water, and 100 mL of 5 wt% Naon®. The resulting suspension
was sonicated for 30 minutes to achieve uniform dispersion.
Subsequently, 7 mL of this ink was drop-cast onto the GCE
surface and dried at 60 °C for 30 minutes, forming a consistent
catalytic layer. The modied electrode was then stored in
a desiccator until further use.

2.3.2. Reagents and electrolytes. Sodium sulfate (Na2SO4,
ACS reagent, $99.0%), triclosan (99.8%), sodium chloride
(NaCl, $99.5%), sodium hydroxide (NaOH, $98.0%), and
methanol (CH3OH,$99.9%) were obtained from Sigma-Aldrich
and used directly without further purication. All aqueous
solutions were prepared using deionized water from a Millipore
Milli-Q system, with a resistivity exceeding 18 MU cm. 2,4-di-
chlorophenol, 2,4,6-tichlorophenol, 4-chlorocatechol, 1,2,4-tri-
hydroxybenzene, oxalic acid, acetic acid, succinic acid, and
formic acid were of analytical grade and purchased from Sigma-
Aldrich. They were utilized to identify by-products formed
during the degradation of triclosan.

2.3.3. Electro-Fenton galvanostatic degradation of tri-
closan. Electro-Fenton experiments were carried out at ambient
temperature (25 ± 2 °C) in a 250 mL single-compartment glass
cell equipped with continuous magnetic stirring and aeration.
The electrolysis was performed under galvanostatic mode using
a two-electrode setup, powered by a regulated direct current
(DC) power source. A boron-doped diamond plate (2.5 × 4 cm2)
was used as the anode, with the cathode composed of a glassy
carbon electrode (GCE, 3 mm diameter) coated with a thin layer
of the synthesized hybrid perovskite [Fe(CO3)(en)2]Cl. The sup-
porting electrolyte consisted of 50 mmol L−1 Na2SO4, and Fe2+

ions (0.2 mmol L−1 as FeSO4$7H2O) were added to initiate the
Fenton reaction. The addition of Fe2+ (0.2 mmol L−1 as FeSO4-
$7H2O) was employed to ensure efficient initiation of the Fen-
ton reaction, as commonly adopted in electro-Fenton systems.
It is important to note that the present system is designed to
operate through a hybrid mechanism involving both homoge-
neous iron species in solution and interfacial catalytic processes
at the modied cathode. In this context, the [Fe(CO3)(en)2]Cl
complex is not intended to act as the primary source of di-
ssolved iron, but rather as a cathodic modier that enhances
interfacial electron transfer, facilitates the Fe3+/Fe2+ redox cycle
at the electrode surface, and contributes to improved H2O2

electrogeneration. The initial triclosan concentration was set at
30 mg L−1, and the solution pH was adjusted to 3.0 using
diluted H2SO4. The distance between the electrodes was main-
tained at approximately 2 cm. A constant galvanostatic current
density of 20 mA cm−2 was applied during the electro-Fenton
process to maintain steady-state conditions for evaluating
degradation kinetics and mineralization efficiency. Throughout
the reaction, both voltage and current were continuously
recorded with a digital multimeter. Samples (2 mL) were
collected at predetermined intervals (0, 15, 30, 60, 90, 120, 150,
RSC Adv., 2026, 16, 19687–19701 | 19689
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Table 1 Crystal data and refinement parameters for [Fe(CO3)(en)2]Cl

Crystal data

Empirical formula C5H16FeN4O3Cl
Color/form Colourless/Block
Formula weight (g mol−1) 271.52
Volume (Å3) 1007.29(5)
Calculated density (Mg m−3) 1.790
System Orthorhombic
T (K) 100
Space group Pca21
Z 4
a (Å), b (Å), c (Å) 10.7188(3), 11.0446(3), 8.5086(3)
Crystal size (mm) 0.12 × 0.10 × 0.06

Data collection

Absorption correction Multi-scan
Tmin and Tmax 0.862, 1.000
Index ranges −14# h # 13, −13# k # 15, −11

# l # 10
Measured reections 15 151
Independent reections 2510
Reections with I > 2s(I) 2444

Renement

Number of parameters 128
R1[F

2 > 2s(F2)] 0.0238
wR2(F

2) 0.0580
GooF (S) 1.057
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and 180 minutes), ltered through 0.22 mm membrane lters,
and promptly analyzed.

2.3.4. Analytical measurements. All solutions were prep
ared using distilled water, and the temperature was controlled
by a thermostatic water bath. Current density measurements
were conducted with a Bench Power Supply GPC-3030D poten-
tiostat–galvanostat. Chemical oxygen demand (COD) was
determined using a Beckman UV/Vis DU 800 spectrophotom-
eter. Total organic carbon (TOC) content was measured with
a Shimadzu VCSH TOC analyzer. For TOC analysis, samples
were ltered through a 0.45 mm Millipore syringe lter, and 50
mL aliquots were injected into the analyzer. The concentrations
of triclosan and its reaction intermediates were quantied
using a Spectra SYSTEM HPLC (Thermo Fisher Scientic)
equipped with a diode array detector (DAD). Separation was
performed on a ZORBAX Eclipse XDB-C18 reverse-phase
column (150 mm × 4.6 mm, 5 mm particle size). HPLC anal-
ysis involved injecting 20 mL aliquots, using a mobile phase
composed of water andmethanol (70 : 30 v/v) at a ow rate of 0.8
mL min−1 in isocratic mode. For kinetic measurements,
detection was carried out at 230 nm.

3 Results and discussion
3.1. Characterization of [Fe(CO3)(en)2]Cl

3.1.1. Crystal structure description. Compound 1 crystal-
lizes in the orthorhombic crystal system, adopting the Pca21
space group. The asymmetric unit, illustrated in Fig. 1, contains
a mononuclear [Fe(CO3)(en)2]

+ coordination cation and a chlo-
ride anion Cl−. The complex cation comprises two N,N0-
chelating ethylenediamine ligands and one O,O0-chelating
carbonate ligand. The carbonate ligand chelates the iron center,
with its two oxygen atoms occupying adjacent (cis) coordination
sites. Bite angles from chelation (O–Fe–Oz 69°, N–Fe–Nz 86°)
introduce strain, while trans angles deviate from 180° (z166–
177°), leading to a distorted octahedral geometry.

The Fe3+ center exhibits a markedly distorted octahedral
FeN4O2 coordination sphere, bound to four nitrogen atoms
from two bidentate ethylenediamine ligands and two oxygen
atoms from a single O,O0-chelating carbonate (CO3

2−) group
occupying adjacent cis sites (Fig. 1b). Each ethylenediamine
ligand forms a ve-membered N–N–Fe–N–N chelate ring with
a bite angle of approximately 86°. In contrast, the O–Fe–O bite is
strongly compressed to about 69°, a consequence of the rigid
Fig. 1 (a) Coordination environment of the metal center and (b)
ORTEP illustration of the asymmetric unit in the molecular structure of
[Fe(CO3)(en)2]Cl. Hydrogen bonds are represented by dotted lines.

19690 | RSC Adv., 2026, 16, 19687–19701
trigonal-planar geometry of the coordinated carbonate, which
imposes pronounced angular strain. As a result, trans angles
such as N2–Fe–N3 and mixed O–Fe–N (N4–Fe–O1) orientations
deviate signicantly from the ideal 180°, ranging between 166°
and 178°. This distortion originates from steric competition
between compact ethylenediamine ligands and the planar
carbonate moiety, generating a puckered coordination envi-
ronment intermediate between a distorted octahedron and
a trigonal form. Structural analysis of the Fe(III) center using the
octahedral distortion parameter D yields a value of 1.492× 10−5

Å, indicating a very slightly distorted octahedral geometry
(FeN4O2) consistent with well-rened Fe(III) analogues. This
value was obtained using the following formula (eqn (1)):50–52

D ¼
�
1

N

�X�
di � dm

dm

�2

(1)

where N = 6 represents the total number of bonds, di denotes
each individual bond distance, and dm is the average bond
distance within the octahedron.

The total angular deviation from ideal 90° cis angles (S =

107°) arise primarily from the sharply contracted O–Fe–O bite
(∼69°) and the slightly expanded N–Fe–N chelate angles
(85.99(10)°–86.46(9)°), representing only a∼4° increase over the
strain-free optimum (∼82°) typical for ethylenediamine in six-
coordinate environments.53 Moreover, bond length analysis
(Table 2) further supports this subtle distortion, where the Fe–O
distances fall within a narrow range of 1.9107(18)–1.9257(18) Å,
reecting strong, symmetric s-donation from the bidentate
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Selected geometric parameters (Å, °) for [Fe(CO3)(en)2]Cl

Bond length (Å)

Fe1–O1 1.9257(18) Fe1–N1 1.963(2) O1–C1 1.314(3)
Fe1–O2 1.9107(18) Fe1–N2 1.953(2) O2–C1 1.317(3)
Fe1–N3 1.954(2) Fe1–N4 1.955(2) O3–C1 1.245(3)
Fe1–C1 2.322(2) N1–C2 1.485(4) N2–C3 1.488(4)
N3–C4 1.485(4) N4–C5 1.486(4) C2–C3 1.511(4)
C4–C5 1.512(4) N–H 0.9100 C–H 0.9900

Bond angle (°)

O2–Fe1–O1 68.97(8) O1–Fe1–N4 166.20(9) O3–C1–O1 124.7(2)
O1–Fe1–N1 98.29(9) O2–Fe1–N1 166.75(9) O3–C1–O2 124.0(2)
O1–Fe1–N2 90.24(9) O2–Fe1–N4 97.47(9) O1–C1–O2 111.3(2)
O1–Fe1–N3 91.38(9) N2–Fe1–N1 85.99(10) C1–O1–Fe1 89.53(14)
N3–Fe1–N4 86.46(9) N2–Fe1–N3 177.56(9) C1–O2–Fe1 90.10(15)
N1–Fe1–N4 95.40(9) N2–Fe1–N4 92.39(9) O1–C1–Fe1 56.02(11)
N1–Fe1–N3 91.97(9) C2–N1–Fe1 107.03(17) O2–C1–Fe1 55.36(12)
C3–N2–Fe1 109.28(17) C4–N3–Fe1 108.62(18) C5–N4–Fe1 108.65(16)

Torsion angle (°)

Fe1–O1–C1–O2 −2.7(2)
Fe1–O1–C1–O3 175.4(3)
Fe1–O2–C1–O1 2.7(2)
Fe1–O2–C1–O3 −175.4(3)
Fe1–N1–C2–C3 45.8(2)
Fe1–N2–C3–C2 37.9(3)
Fe1–N3–C4–C5 39.9(3)
Fe1–N4–C5–C4 39.1(2)
N1–C2–C3–N2 −54.7(3)
N3–C4–C5–N4 −51.7(3)
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carbonate along with possible p-acceptor interactions. Corre-
sponding Fe–N bonds span 1.953(2)–1.963(2) Å (average z
1.956 Å), signicantly shorter than the Fe–N(amine) length of
2.159(1) Å observed in the isonicotinato analogue C28H25-
FeN12O4S4.54 This contraction underscores the enhanced ligand
eld strength and compact coordination pocket imposed by the
carbonate ethylenediamine assembly.

Regarding the other inorganic moiety present within the
cation, the carbonate ligand adopts a trigonal planar geometry
centered at C1 as labeled in Fig. 1a, with O1 and O2 symmet-
rically chelating Fe1 to form a strained four-membered Fe–O1–
C1–O2 ring, while O3 (the tiled oxygen) remains non-
coordinated and projects outward (Fig. 1); C1–O1 and C1–O2
bonds are slightly elongated (∼1.29–1.31 Å) due to coordination
and ring strain, whereas the terminal C1–O3 bond is shorter
(1.245(3) Å) indicating a strong p-character, reecting greater
double-bond character, with the O1–C1–O2 angle compressed
to 111.3(2)° (ideal = 120°).55 This ∼9° contraction is fully in-
plane and arises from the geometric constraint of the k2-O,O0

chelation to Fe(III), which imposes an acute O–Fe–O bite angle of
68.97(8)°. The two anking O–C–O angles are O3–C1–O1 =

124.7(2)° and O3–C1–O2 = 124.0(2)°, averaging 124.35(2)° to
maintain planarity and charge delocalization. The entire CO3

unit lies nearly coplanar, with the carbonate plane oriented
approximately perpendicular to the mean plane of the two en
chelate rings, minimizing steric repulsion, while O3 (as labeled
© 2026 The Author(s). Published by the Royal Society of Chemistry
in Fig. 1a) is poised for potential lattice hydrogen bonding. The
planarity of the CO3

2− group can be assessed by examining the
deviations of its constituent atoms from the mean plane. This
plane represents the best-t surface that minimizes the overall
displacement of the selected atoms typically the three oxygen
atoms and the central carbon from an ideal at geometry. The
perpendicular distances of each atom from this plane are
computed to quantify the planarity. In this structure, the
carbonate group is essentially planar, exhibiting an RMSD of
0.0021 Å from the least-squares plane dened by the fractional
coordinates, calculated using singular value decomposition.56

This deviation conrming the absence of out-of-plane distor-
tion, consistent with the sp2 hybridization of the central carbon
and the delocalized p-electron system over the three C–O
bonds.

Furthermore, the chloride anion (Cl−), labeled Cl1 (Fig. 1a),
is positioned parallel to the a-axis. The Fe1/Cl1 separation of
4.356(1) Å unequivocally identies chloride as a non-
coordinating counteranion, located beyond the rst coordina-
tion sphere of the [FeCO3(en)2]

+ cation. This distance is
considerably longer than typical Fe–Cl bonding interactions
and exceeds the sum of the van der Waals radii (Fe + Clz 3.8 Å),
conrming the absence of any covalent interaction. The
selected bond lengths and bond angles for compound 1 are
summarized in Table 2.

In addition to the mineral constituents of the complex, the
organic component plays a vital role in organizing the structure.
The ethylenediamine (en) ligands in the distorted octahedral
FeN4O2 complex, [FeCO3(en)2]

+, form two ve-membered
chelate rings (Fe–N–C–C–N) that adopt a puckered envelope
(d) conformation.57,58 This is evidenced by the non-bonding
N/N bite distances of 2.702(3) Å (N1/N2) and 2.709(3) Å
(N3/N4), with an average of 2.705(3) Å. These separations
correspond to C–C–N bond angles of 105.8(3)°–107.0(3)°, which
are noticeably compressed relative to those in free ethylene-
diamine (z112°)59 and torsional preferences that minimize
steric repulsion between methylene hydrogens. The degree of
puckering is quantied by the torsion angles N1–C2–C3–N2 =

54.7(3)° and N3–C4–C5–N4 = 51.7(3)°, corresponding to d(en)
conformations,58,59 with the C2–C3 and C4–C5 bonds serving as
the ap atoms in the envelope.

This value is well-established from statistical analyses of
[M(en)3]

n+ structures,60 where the mean N–M–N angle is 82.7 ±

1.5°. In the present [FeCO3(en)2]
+ cation, the observed N–Fe–N

bite angles ofz86° represent amodest∼4° expansion from this
ideal, induced by the acutely compressed O–Fe–O carbonate
bite angle (z69°), which displaces the en nitrogens outward to
alleviate steric and electronic repulsion within the coordination
sphere.55 This minor deviation conrms that the ethylene-
diamine ligands experience negligible chelate strain of
geometric distortion accommodated by the rigid carbonate
ligand.

Fig. 2 illustrates the unit cell of [Fe(CO3)(en)2]Cl projected
onto the ab and ac planes, revealing a highly symmetric and
densely packed ionic lattice within the polar orthorhombic
space group Pca21. The cations form zigzag chains extending
along the c-direction, generating an innite three-dimensional
RSC Adv., 2026, 16, 19687–19701 | 19691
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Fig. 2 (a) The unit cell of [Fe(CO3)(en)2]Cl projected along the c-axis, showing two antagonistically oriented cationic double layers stacked along
the b-direction (H atoms omitted for clarity). (b) Crystal structure of [Fe(CO3)(en)2]Cl viewed along the b-axis, highlighting the distorted FeN4O2

coordination environment (H and Cl atoms omitted for better visualization).

Table 3 Intermolecular hydrogen bonds (Å, °) with the symmetry
a
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ionic framework through periodic translation of the asymmetric
unit along all three crystallographic axes (a, b, and c), with no
connections of the FeN4O2 octahedra's. Within each double
layer, the two cations are rotated by nearly 180° relative to each
other, so that the carbonate O3 (titled O) atoms are oriented in
opposite directions along both the a- and c-axes. This ABAB-type
(A): oriented along –a; (B): along + a) stacking arrangement
minimizes steric repulsion between ethylenediamine (en) and
terminal carbonate oxygens, while chloride ions (Cl−) occupy
strategically positioned sites that reinforce the overall structural
cohesion. The separation places Cl− in the second coordination
sphere, where it acts as a multidentate hydrogen-bond acceptor
(N/Cl z 3.274–3.382 Å) rather than as a ligand. The anion is
surrounded by multiple N–H groups from the four ethylene-
diamine ligands, forming a robust network of N–H/Cl
hydrogen bonds (H/Cl z 2.38–2.53 Å).

This extensive hydrogen-bonding network stabilizes the
ionic lattice, directs crystal packing along the polar c-axis in the
Pca21 space group. This ABAB-type supramolecular assembly
generates continuous channels within the a–b plane, where Cl−

ions maintain charge balance and contribute to the long-range
structural order (Fig. 3).

Beyond these contacts, a complex hydrogen-bonding
framework reinforces the overall cohesion and structural
Fig. 3 Projection of the extended lattice along the c-axis, highlighting
hydrogen-bonding interactions.

19692 | RSC Adv., 2026, 16, 19687–19701
integrity of the crystal lattice. Each cation–anion pair is inter-
connected through an extensive array of hydrogen bonds,
including, C–H/Cl, N–H/O, and C–H/O interactions, with
H/A separations ranging from 1.97 to 2.94 Å. Together, these
interactions form supramolecular linkages that consolidate the
three-dimensional packing of the crystal. The geometric
parameters of all hydrogen-bonding interactions in compound
1 are summarized in Table 3.

It is worth noting that the compound was obtained as
a single phase, as shown in Fig. 4, given the excellent agreement
between the experimental powder XRD pattern and the simu-
lated pattern derived from the single-crystal structure.

3.1.2. Hirshfeld surface. We used the Crystal Explorer,
which utilizes CIF format les as input for structural data, to
investigate the contributions of various types of interactions
within the crystal structure because of the intermolecular
interactions in the title structure.

Hirshfeld surfaces are generated by dividing the space within
a crystal and are visualized using the normalized contact
distance, dnorm, which is calculated based on the van der Waals
codes in the title compound

D—H$$$A
d(D—H)
(Å)

d(H/A)
(Å)

d(D/A)
(Å)

(D—H/A)
(°)

N1–H1a/Cl1 0.91 2.47 3.343 (2) 161
N1–H1b/O3i 0.91 1.97 2.839 (3) 160
N2–H2a/O2ii 0.91 2.05 2.919 (3) 158
N2–H2b/Cl1iii 0.91 2.41 3.311 (2) 170
N3–H3a/O3iv 0.91 2.27 3.080 (3) 148
N3–H3b/O3i 0.91 2.10 2.955 (3) 156
N4–H4a/Cl1 0.91 2.38 3.274 (2) 167
N4–H4b/Cl1iii 0.91 2.53 3.382 (2) 157
C2–H2d/Cl1v 0.99 2.86 3.681 (3) 141
C3–H3d/Cl1vi 0.99 2.94 3.669 (3) 131
C4–H4d/O1vii 0.99 2.63 3.232 (4) 119
C5–H5b/Cl1viii 0.99 2.84 3.751 (3) 153

a Symmetry codes: (i) x−1/2, −y + 1, z; (ii) −x + 3/2, y, z + 1/2; (iii) x + 1/2,
−y + 2, z; (iv) –x + 3/2, y, z− 1/2; (v) –x + 1/2, y, z + 1/2; (vi) –x + 1,−y + 2, z +
1/2; (vii) –x + 1, −y + 1, z − 1/2; (viii) –x + 1/2, y, z−1/2.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Room temperature experimental and calculated X-ray
diffraction pattern of [Fe(CO3)(en)2]Cl crystal sample.
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(vdW) radii of atoms as well as the external (de) and internal (di)
distances.

dnorm = (di − rvdWi )/rvdWi + (de − re)/r
vdW
e

where: rvdWi and rvdWe represent the van der Waals radii of the
atoms located inside and outside the surface, respectively.61,62

The color scheme of red, white, and blue was used to map dnorm
onto graphic plots of the Hirshfeld surface. In this scheme,
contacts near the van der Waals separation are colored white,
longer connections are shown in blue, while shorter ones are
shown in red. Additionally, the local curvature of the Hirshfeld
Fig. 5 The two-dimensional fingerprint plot of compound 1 highlights t

© 2026 The Author(s). Published by the Royal Society of Chemistry
surface allows for the visualization of two color-coded proper-
ties: the shape index and curvedness.63

Intermolecular interactions within the asymmetric unit were
analyzed using three-dimensional Hirshfeld surfaces and two-
dimensional ngerprint plots. The dnorm-colored, intense red-
hot areas on the surface are a sign of hydrogen bonding
between the nitrogen and oxygen atoms of nearby molecules.
The distances to the nearest atoms inside (di) and outside (de)
the Hirshfeld surface are used to identify various intermolecular
interactions, as indicated by distinct spots on the surface. As
shown in Fig. 5, the overlapping contributions of different types
of intermolecular interactions in the full ngerprint are
subsequently categorized. The two-dimensional ngerprint
plots are presented using de and di as the axis scales, with
a magnied view ranging from 0.6 to 2.4 Å to highlight specic
interaction features. The O/H contacts in the title molecular
structure are the most frequently occurring interactions glob-
ally, accounting for 47.8% of the total HS area on the molecular
surface. The ngerprint plot's deconstruction reveals that
intermolecular interactions between H/Cl/Cl/H occur as
a spike heading toward the lower le of the plot, accounting for
12% of all interactions. With a surface area of 0.8%, O/O is
thought to be the third most prevalent intermolecular interac-
tion. The remaining ratios consist of C/H (0.7%) and the C/O
contact, which occupies 0.1% of the entire surface, ensuring the
lowest proportion.

3.2. Vibrational spectroscopic analysis

To shed additional light on the crystal structure, vibrational
characteristics were shown using infrared absorption (Fig. 6).

The fundamental vibrations carried in this spectrum within
the following frequency ranges: 3400–2800 cm−1 is attributed to
the NH2 and CH2 stretching modes. The asymmetric stretching
he contributions from various intermolecular contacts.

RSC Adv., 2026, 16, 19687–19701 | 19693
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Fig. 6 Infrared spectrum of compound 1. Fig. 8 Thermogravimetric analysis (TGA) curve showing the decom-
position of compound 1.
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of CH2 is detected at 2925 cm−1, whereas the symmetric
stretching mode is picked up at 2865 cm−1. The checkup of the
1700–450 cm−1 range gives the appearance of the bands at
1640 cm−1, which is relative to C]O stretching; at 1485–
1445 cm−1, which is ascribed to the CH2 deformation in-plane.
The C–C stretching mode has been assigned to 1092–1103 cm−1

and 984 cm−1 band. Finally, the bands detected in the infrared
spectra within the 700–420 cm−1 range were attributed to
metal–nitrogen (M–N) stretching vibrations.

The Raman spectrum is given in Fig. 7. The bands between
92 and 430 cm−1 probably correspond to either d(NFeO) or
d(NFeN) mode. These bands correspond to various stretching
and deformation modes of the Fe–N and Fe–O bonds. Speci-
cally, two bands observed at 293 and 393 cm−1 are attributed to
the n(Fe–N) stretching mode, whereas the band at 203 cm−1 is
likely assigned to either dNFeN or dNFeO mode. Other bands at
1300–1600 cm−1 are relative to dNH2 and dCH2 modes. In a high-
frequency region 2500–3500 cm−1, the symmetrical and asym-
metrical stretch vibrations of CH2 and NH2 groups are picked
Fig. 7 Raman spectrum of compound 1.

19694 | RSC Adv., 2026, 16, 19687–19701
up. Bands around 2800–3000 cm−1 are specic to vs (CH2) and
vas (CH2) modes detected at 2858 and 2910 cm−1, respectively.
3.3. Thermal analysis

Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) were conducted to evaluate the thermal
stability of the compound. As shown in Fig. 8, the material
remains stable up to 298 °C. Its complete decomposition occurs
in three distinct stages: the rst weight loss of roughly 22.8%
(calcd. 23.56%) appears between 300 and 422 degrees Celsius,
in harmony with the appearance of an endothermic peak at
380 °C in the DSC curve (Fig. 9).

This degradation is assigned to the departure of four carbon
atoms as a gas release of CH4. The second stage corresponds to
the departure of two molecules of N2, the remaining carbon
atom as CO2, and 1/2 Cl2, simultaneously with a whole
percentage of 48.11% (Theor. 49.7%). As the degradation
Fig. 9 Thermal analysis curve (DSC) for compound 1.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Mineralization kinetics of triclosan via electro-Fenton process with [Fe(CO3)(en)2]Cl cathodic modifier. Error bars represent standard
deviation of triplicate experiments.
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analysis is performed under an O2 atmosphere, the last stage is
relative to the formation of a metal oxide, Fe2O3.
3.4. Electro-Fenton performance in triclosan degradation

3.4.1. Kinetics of triclosan degradation. The electro-Fenton
process, employing the newly synthesized [Fe(CO3)(en)2]Cl
complex as a cathodic modier and a BDD anode, exhibited
remarkable efficiency in degrading triclosan. Fig. 10a shows the
temporal evolution of both COD and TOC under optimized
conditions. A rapid initial decline was recorded within the rst
60 minutes, indicating effective oxidative degradation of Tri-
closan into intermediate organic species. During the early
stages, COD removal was notably higher than TOC reduction,
suggesting the accumulation of partially oxidized by-products.
As electrolysis progressed, the gap between COD and TOC
progressively narrowed, reecting the advanced mineralization
of intermediates into CO2 and H2O.

Aer 210 minutes of treatment, mineralization efficiency
reached approximately 97% for TOC and 92% for COD, indi-
cating a highly efficient mineralization process. It is worth
noting that mineralization efficiency (TOC removal) does not
necessarily coincide exactly with the disappearance of the
parent compound. While residual traces of triclosan may
remain detectable by HPLC, most of the organic carbon is
progressively converted into CO2 and short-chain carboxylic
acids during the electro-Fenton process. The slight difference
between TCS degradation and TOC removal arises from differ-
ences in analytical sensitivity and the transient formation of
low-molecular-weight oxidation intermediates. These ndings
underline the synergistic contribution of rational material
design and the high oxidative capability of the electro-Fenton
process in treating recalcitrant organic pollutants.42. In this
context, the behavior of the modied electrode under galvano-
static electro-Fenton conditions provides direct insight into its
functional electrochemical activity within the operating system.
It is worth emphasizing that the enhanced mineralization
performance observed in this system cannot be solely attributed
to homogeneous Fenton chemistry. Instead, the results suggest
© 2026 The Author(s). Published by the Royal Society of Chemistry
a cooperative mechanism involving both dissolved iron species
and interfacial catalytic processes at the modied cathode. The
presence of the [Fe(CO3)(en)2]Cl complex is expected to modu-
late the local electrochemical environment, promoting electron
transfer and facilitating the Fe3+/Fe2+ redox cycle at the elec-
trode interface. Such interfacial effects likely enhance the effi-
ciency of H2O2 electrogeneration and improve the overall
utilization of reactive oxygen species, thereby contributing to
the observed high mineralization rates. This behavior supports
the interpretation of the system as a hybrid electro-Fenton
process, where homogeneous and interfacial pathways act
synergistically rather than independently. To better understand
the degradation mechanism, the kinetic behavior of triclosan
removal was investigated by modeling the concentration
decrease using a pseudo-rst-order kinetic approach. The linear
graph of ln(C0/Ct) plotted against time (Fig. 10b) exhibited an
excellent correlation coefficient (R2 > 0.99), indicating that the
EF degradation of triclosan follows pseudo-rst-order kinetics.
The apparent kinetic constant was calculated to be
0.0195 min−1, demonstrating a relatively high reaction rate
compared to conventional EF systems reported in the literature.

The elevated k value is ascribed to the increased production
of hydroxyl radicals facilitated by the efficient electrochemical
reduction of oxygen at the modied cathode and the stable
catalytic activity of the iron complex. These kinetic results
conrm that the designed hybrid electro-Fenton system not
only accelerates the degradation of triclosan but also ensures
rapid mineralization of its by-products.42,43

3.4.2. Optimization of key electro-Fenton parameters. To
determine the optimal operational conditions for triclosan
mineralization, the inuence of several key parameters
including pH, applied current density, and Fe2+ concentration
was systematically investigated.

3.4.2.1. Effect of pH. The inuence of solution pH (2.0–5.0)
on Triclosan mineralization was systematically evaluated
(Fig. 11). As expected, the electro-Fenton efficiency strongly
depended on the acidity of the medium. Maximum TOC
RSC Adv., 2026, 16, 19687–19701 | 19695
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Fig. 11 Effect of initial pH (2.0–5.0) on TOC removal efficiency during
electro-Fenton treatment of triclosan (C0 = 30 mg L−1, [Fe2+] =

0.2 mmol L−1, j = 20 mA cm−2, t = 180 min). Error bars represent
standard deviation of triplicate experiments.
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removal was achieved at pH 3.0, which is consistent with the
optimal pH range reported for homogeneous Fenton systems.

At lower pH values (pH 2.0), the formation of stable iron
aqua-complexes reduces the reactivity of Fe2+ toward H2O2

activation, limiting cOH production. Conversely, at higher pH
($4.0), partial precipitation of Fe3+ as Fe(OH)3 diminishes
catalytic redox cycling efficiency. Furthermore, H2O2 instability
at elevated pH contributes to reduced oxidative performance.
Therefore, pH 3.0 was selected as the optimal condition for
subsequent experiments.

3.4.2.2. Effect of current density. The applied current density
(10–30 mA cm−2) signicantly inuenced triclosan removal
(Fig. 12). Increasing current density from 10 to 20 mA cm−2
Fig. 12 Influence of applied current density (10–30 mA cm−2) on
triclosan mineralization (pH = 3.0, [Fe2+] = 0.2 mmol L−1, t = 180 min).
Error bars represent standard deviation of triplicate measurements.

19696 | RSC Adv., 2026, 16, 19687–19701
enhanced mineralization due to increased in situ electro-
generation of H2O2 at the cathode and higher production of
anodic hydroxyl radicals at the BDD surface. However, further
increase to 30 mA cm−2 did not proportionally improve TOC
removal, suggesting the onset of parasitic reactions such as
oxygen evolution and H2O2 decomposition. Excessive current
may also promote non-productive radical recombination.
Consequently, 20 mA cm−2 was identied as the optimal
current density, ensuring a balance between radical generation
and energy efficiency.

3.4.2.3. Effect of Fe2+ concentration. The initial Fe2+ concen-
tration (0.1–0.3 mmol L−1) was investigated to determine its
impact on catalytic efficiency (Fig. 13). An optimum concen-
tration of 0.2 mmol L−1 was observed. At lower Fe2+ levels
(0.1 mmol L−1), insufficient catalytic activation of H2O2 limited
cOH generation. In contrast, excessive Fe2+ ($0.3 mmol L−1)
resulted in competitive scavenging of hydroxyl radicals
according to: Fe2+ + cOH / Fe3+ + OH−. This side reaction
reduces the effective oxidizing species available for triclosan
degradation. Therefore, 0.2 mmol L−1 was selected as the
optimal concentration to maximize oxidative efficiency while
minimizing radical loss.

Overall, the optimization study clearly identies pH 3.0, 20
mA cm−2, and 0.2 mmol L−1 Fe2+ as the most favorable oper-
ating conditions for triclosan mineralization. These optimiza-
tion results demonstrate that the enhanced catalytic
performance is not solely due to classical Fenton chemistry but
also arises from the synergistic interaction between the iron(III)
coordination complex and the electrochemical environment,
leading to improved Fe3+/Fe2+ redox cycling and sustained
radical production.

3.4.3. Comparison of triclosan degradation using various
advanced oxidation techniques. The degradation efficiency of
triclosan was comparatively evaluated using different advanced
oxidation processes, including direct anodic oxidation,
Fig. 13 Effect of initial Fe2+ concentration (0.1–0.3 mmol L−1) on TOC
removal efficiency (pH = 3.0, j = 20 mA cm−2, t = 180 min). Error bars
correspond to standard deviation (n = 3).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Comparative efficiency of advanced oxidation processes for
triclosan removal.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/1
7/

20
26

 1
:0

9:
20

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
conventional electro-Fenton with an unmodied cathode, UV
photodegradation, and the modied EF system incorporating
the synthesized [Fe(CO3)(en)2]Cl complex. Fig. 14 presents the
removal efficiencies of TOC, COD, and residual triclosan
concentration aer 180 minutes of treatment under optimized
conditions. It should be noted that TOC, COD, and triclosan
removal represent different analytical parameters: TOC reects
the degree of mineralization, COD indicates the overall oxidiz-
ability of organic species, while triclosan removal corresponds
to the degradation of the parent compound. As observed, the
modied EF system achieved the highest removal rates, with
TOC and COD reductions exceeding 97% and 92%, respectively,
alongside nearly complete elimination of triclosan. The
apparent differences between these values arise from the
formation of intermediate species during the oxidation process,
where triclosan is rapidly degraded while mineralization
Fig. 15 Time-course profiles of the concentrations of (a) aromatic inter
process using a BDD anode and a GCE-modified cathode. Experimental c
initial Fe2+ concentration [Fe3+]0 = 0.2 mM. Error bars represent standar

© 2026 The Author(s). Published by the Royal Society of Chemistry
proceeds progressively. In contrast, the unmodied EF system
exhibited lower mineralization efficiency, while AO and UV
photodegradation resulted in limited degradation and miner-
alization performance. These ndings highlight the catalyst's
superior activity and its increased production of hydroxyl radi-
cals in the presence of the iron complex-modied cathode,
emphasizing the crucial role of rational electrode design in
improving electrochemical water treatment technologies. The
enhanced mineralization performance highlights the synergy
between efficient radical production and optimized electron
transfer pathways afforded by the novel cathodic material.64

3.4.4. Identication and evolution of intermediates.
Understanding the formation and evolution of intermediate by-
products is essential for elucidating the degradation mecha-
nism and assessing the environmental safety of the electro-
Fenton process. Monitoring these transient species offers crit-
ical insights into the efficiency of the oxidation pathway and the
completeness of mineralization. During the electro-Fenton
degradation of triclosan using the [Fe(CO3)(en)2]Cl-modied
cathode and BDD anode, several key intermediates were
detected and quantied. As shown in Fig. 15a and b, the
temporal proles of aromatic intermediates and short-chain
carboxylic acids were characterized by distinct transient
behaviors. Aromatic intermediates, including chlorinated
phenols and hydroxylated derivatives, exhibited rapid accumu-
lation during the initial 60–90 minutes of electrolysis, corre-
sponding to the active cleavage of the triclosan structure by
hydroxyl radicals cOH. Among these, 2,4-dichlorophenol and
trichlorocatechol were predominant, indicating sequential
dechlorination and hydroxylation reactions. Their concentra-
tion peaked around 60 minutes, followed by a gradual decline,
suggesting further oxidation into non-aromatic compounds.
Concurrently, the production of small carboxylic acids like
formic, oxalic, and acetic acids became evident. As illustrated,
formic acid and acetic acid concentrations increased rapidly,
mediates and (b) carboxylic acids detected during the electro-Fenton
onditions: pH 3.0, initial triclosan concentration [H2O2]0 = 20 mM, and
d deviation of triplicate experiments.

RSC Adv., 2026, 16, 19687–19701 | 19697
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Fig. 16 Proposed pathway for the degradation and mineralization of
triclosan in acidic water mediated by hydroxyl radicals generated in the
EF process.
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reaching maximum levels between 90 and 120 minutes before
declining as mineralization advanced. By contrast, oxalic acid
exhibited a more persistent prole, accumulating steadily and
degrading only slowly during the later stages of treatment. This
behavior is consistent with oxalic acid's known resistance to
direct hydroxyl radical attack and its role as a nal bottleneck in
electrochemical mineralization pathways.

3.4.5. Reaction sequence for triclosan degradation. The
degradation mechanism of Triclosan under the optimized
electro-Fenton system was elucidated by tracking the evolution
of organic intermediates, leading to a proposed reaction
sequence illustrated in Fig. 16.

The process begins with the electrophilic attack of hydroxyl
radicals generated both homogeneously via the Fenton reaction
and heterogeneously at the surface of the boron-doped dia-
mond anode. These highly reactive radicals target the aromatic
rings of the triclosan molecule, initiating hydroxylation and
sequential dechlorination reactions. This initial oxidation
phase forms several transient intermediates, predominantly
chlorinated phenols such as 2,4-dichlorophenol and hydroxyl-
ated derivatives like trichlorocatechol, identied based on their
characteristic behavior. As oxidation progresses, these aromatic
intermediates undergo ring-opening reactions, yielding short-
chain aliphatic acids. Notably, formic acid, acetic acid, and
oxalic acid were identied and monitored as typical low-
molecular-weight carboxylic acids arising from extensive
molecular fragmentation. Among the detected acids, formic
and acetic acids showed a transient accumulation, reaching
peak concentrations between 90 and 120 minutes before
19698 | RSC Adv., 2026, 16, 19687–19701
gradually declining, indicating ongoing mineralization. In
contrast, oxalic acid exhibited a more persistent prole, accu-
mulating steadily and degrading only slowly over time, reect-
ing its higher resistance to oxidative attack and the need for
sustained radical generation in the later stages of the treatment.
The proposed reaction pathway highlights the synergistic role of
the advanced electrode materials employed: the BDD anode
ensures high-efficiency cOH generation and direct oxidation
capability, while the [Fe(CO3)(en)2]Cl-modied cathode facili-
tates continuous hydrogen peroxide production and efficient
Fe3+ regeneration, sustaining radical availability throughout the
electrolysis. This combined mechanism not only enhances the
degradation rate but also promotes near-complete mineraliza-
tion, providing an efficient and eco-friendly approach for
treating triclosan and other persistent organic contaminants.65
4 Conclusion

In summary, we have successfully synthesized and thoroughly
characterized the novel iron(III) complex [Fe(CO3)(en)2]Cl, which
exhibits a slightly distorted octahedral geometry and forms
a robust supramolecular crystal structure supported by exten-
sive hydrogen bonding. The complex demonstrated exceptional
catalytic activity as a cathodic modier in a boron-doped dia-
mond (BDD) electro-Fenton system for the efficient degradation
of triclosan. Kinetic studies revealed rapid triclosan minerali-
zation following pseudo-rst-order kinetics, with nearly
complete removal of organic carbon and chemical oxygen
demand aer 210 minutes. Comparative analysis conrmed the
superior performance of this modied electro-Fenton process
over conventional oxidation methods, attributable to enhanced
hydroxyl radical generation and effective electron transfer
facilitated by the iron complex. Mechanistic insights identied
key aromatic and aliphatic intermediates, elucidating
a comprehensive degradation pathway culminating in the
mineralization of triclosan to CO2 and H2O. These results
underscore the critical synergy between tailored coordination
complexes and advanced electrode materials, paving the way for
developing sustainable and high-performance catalytic systems
for water purication. The [Fe(CO3)(en)2]Cl complex represents
a promising candidate for scalable environmental remediation
technologies targeting persistent organic pollutants. So, the
strong photocatalytic potential of this material under controlled
conditions suggests promising applicability in real wastewater
treatment. Future studies are expected to demonstrate its
robustness in complex effluent matrices, with particular atten-
tion to transformation products, toxicity reduction, and long-
term stability.
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