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Abstract

Industrial wastewater in Islamabad has led to serious environmental and human health
impacts due to the release of endocrine-disrupting chemicals (EDCs) and volatile organic
compounds (VOCs) in the water bodies. The advent of wastewater treatment technolo-
gies has led to the development of novel approaches like the use of an electrocatalyst
for efficient and safe removal of toxic contaminants from the wastewater. In this study,
an efficient tri-metallic NiCoFep-LDH electrocatalyst was prepared by optimizing the
metal ratios in the synthesis process using a co-precipitation method. The catalyst was
characterized by various tools such as UV-visible spectroscopy, SEM, EDX, and FTIR. A
three-electrode electrochemical system (counter, reference, and working electrodes) was
used for electrocatalytic activity and simultaneous removal of EDCs from the wastewater.
Wastewater samples were collected from selected locations along the industrial discharge
channel (Nullah Lai) in the industrial zone of Islamabad city. The physio-chemical anal-

M) Check for updates ysis showed significant water pollution, including EDCs, VOC, and heavy metals. The

electrochemical treatment using NiCoFe,-LDH demonstrated high efficiency across dif-
ferent scan rates (5 to 50 mV/s) and voltages (—0.02 to 1.6 V); for instance, at 1.6 V, the
current density rises from 10 mA /cm? in Scan 5 to 50 mA /cm? in Scan 50. Furthermore,
COD levels were significantly reduced by 74.9%, from 665.6 mg/L to 166.4 mg/L, after
electrochemical treatment with NiCoFe,-LDH. GCMS analysis of organics revealed that
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1. Introduction

The extent of chemical consumption and particular exposure to endocrine-disrupting
chemicals (EDCs) in humans is a matter of serious concern [1] The rising health concerns
worldwide, though seemingly unrelated, have found a considerable linkage with EDCs [2].
Pakistan is among the fastest-growing economies of South Asia, and Several industrial
zones have been developed throughout the country, which include textile, plastics, cosmet-
ics, manufacturing, and chemical processing industries. The untreated and unprocessed
waste from these industries and effluents are released directly and indirectly to the at-
mosphere and water bodies, which is one of the great hazards to climatic sustainability
and human health [3]. Out of all industrial wastes, EDCs are of great importance [4]. The
presence of EDCs in the wastewater of Islamabad can be highly significant because of the
presence of multiple industries that directly dispose of their waste in discharge channels.

EDCs are synthetic compounds that were created to do a specific task, like a pesticide,
plasticizer, or solvent, but have since been discovered to have a side effect that causes them
to either imitate or block hormones when taken into the body, interfering with regular
bodily functions [5]. More than 1000 chemicals that are currently on demand are listed by
the US Food and Drug Administration (FDA) as having real or hypothetical endocrine-
disrupting capabilities. These include resins, industrial chemicals, plasticizers, herbicides,
insecticides, preservatives, and ingredients in personal care products. Some chemical
types that are frequently found in furniture, building supplies, and consumer goods have
been identified as endocrine disruptors, which means they interfere with the function of
endogenous hormones. They also include pesticides, which are used to control insects,
weeds, and other pests in agriculture, lawn care, and the built environment, as well as
phthalates, which are used in vinyl, plastics, and fragrances. The health effects of this
exposure are serious and far-reaching [5].

Before wastewater is released back into the environment, toxins and pollutants are
removed using a combination of physical, chemical, and biological methods [6]. Steps for
physical methods include screening, sedimentation, filtration, floatation, and straining,
while chemical methods comprise coagulation, flocculation, adsorption, ion exchange,
oxidation/reduction, and pH adjustments [7]. Membrane-based approaches, increasingly
guided by machine-learning models to predict and optimize flux performance, have also
shown promise for reclaiming textile and industrial wastewater [8]. Various techniques
are investigated and developed, such as the electrochemical system of oxidation and re-
duction, nanostructured electrode material usage for remediation of wastewater, catalysis
of oxygen and hydrogen evolution reactions, and doping with iron and cobalt as a hy-
drogen evolution catalyst for treatment of nickel-containing wastewater [9]. Mostly used
electrochemical technologies include electro-coagulation (EC), electro-floatation (EF), and
advanced oxidation (AO) [10]. These techniques employ electrical energy to speed up
chemical processes that help remove pollutants from wastewater. All these conventional
treatments involve aluminum sulfate, ferric chloride, and ferrous sulfate used as chemical
agents [11]. For wastewater treatment, these methods are not beneficial because of the mul-
tistep process, as it requires chemicals after every single step, making the cost expensive.

Adegoke et al. [1] confirmed that EDCs in discharged wastewater are not fully elim-
inated by conventional treatment techniques. It is crucial to create innovative strategies
and procedures to eliminate these micropollutants from the released effluent due to the
ultra-trace level of EDCs, which impact human health and pose an environmental problem.
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Recent advances in electrochemical oxidation technology have demonstrated that
combined electrochemical processes (CECs) can achieve superior degradation of emerging
contaminants through the synergistic generation of multiple reactive oxidants, offering a
compelling alternative to conventional biological treatment [12]. These systems leverage
simultaneous anodic oxidation, cathodic reduction, and in situ Fenton chemistry to achieve
complete mineralization of recalcitrant organic pollutants at energy inputs comparable to
conventional electrochemical systems.

In the electrochemical treatment process, the hydrogen evolution reaction is a key
process that involves the reduction of protons (H*) from an aqueous solution to generate
molecular hydrogen gas (Hj) [13]. This reaction is fundamental in various fields, including
electrocatalysis, renewable energy, and hydrogen production [14]. The HER is typically
facilitated by catalysts to enhance the reaction kinetics and make it more efficient. Common
catalysts for the HER include metals, metal alloys, and metal compounds [15].

Beyond HER, transition-metal electrocatalysts have also been engineered for other
reduction reactions, such as CO, electroreduction to value-added products including ethy-
lene, through interfacial modulation of Cu®/Cu* active sites [16]. Atomic-level active-site
engineering, such as single-atom Zn-N3 centers anchored on defective carbon supports [17],
further illustrates how precise control of the local coordination environment can be used to
tailor selectivity and activity in multimetallic and single-atom electrocatalysts alike.

Electrocatalytic hydrogenation has found practical utility in heavy metal removal from
industrial wastewater [18]. The ability of electrocatalytic systems to facilitate the reduction
of metal ions provides an efficient means of treating metal-laden effluents, addressing
environmental concerns associated with heavy metal pollution. Pilot projects have also
explored the application of electrocatalysis for treating emerging contaminants, including
pharmaceuticals and endocrine-disrupting compounds [19]. It is important to note that
the practical implementation of electrocatalytic hydrogenation for wastewater treatment
may face challenges related to scalability, cost-effectiveness, and the need for long-term
stability of catalysts. Research and pilot projects are crucial to overcoming these challenges
and transitioning from laboratory-scale studies to real-world applications.

Compared with photocatalytic approaches, electrocatalytic systems offer several de-
cisive advantages for industrial wastewater treatment. Photocatalysis depends on light
availability and suffers from photon penetration limitations in turbid, highly colored in-
dustrial effluents, whereas electrocatalysis operates independently of illumination and
can be precisely controlled through applied potential. Recent comparative studies have
demonstrated that electrocatalysts achieve significantly higher reactive oxygen species
(ROS) generation rates and superior degradation kinetics for halogenated EDCs under
identical energy inputs, owing to their ability to directly drive redox chemistry at the
electrode-solution interface without relying on photon absorption [20]. Other emerging
non-electrochemical strategies, such as solar-driven evaporation coupled with photodegra-
dation using laser-induced graphene, have also been proposed for water purification [21],
though these similarly depend on solar input and are less amenable to continuous, weather-
independent operation than electrocatalytic systems. Furthermore, the scalability and
continuous operation capability of electrochemical systems make them more readily adapt-
able to real-world industrial treatment infrastructure than photocatalytic reactors, which
require specialized light sources and transparent reactor geometry.

Thus, there is a need to adopt less costly methods that are effective and stable and
enhance output efficiency. To produce oxygen and hydrogen gases from water electrolysis,
respectively, two electrochemical processes are used: Oxygen Evolution Reaction (OER)
and Hydrogen Evolution Reaction (HER). Although these processes are not commonly
employed to treat wastewater directly, they can indirectly do so by producing beneficial
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byproducts like oxygen and hydrogen gas [22]. Beyond wastewater treatment, layered
double hydroxides (LDHs) have attracted growing multidisciplinary interest owing to
their tunable interlayer chemistry and structural versatility, with recent applications ex-
tending to regenerative nanomedicine and tissue engineering [23] and to bifunctional
acid-base catalysis for biodiesel production [24], further underscoring the broader cat-
alytic adaptability of the LDH platform exploited in the present study. The existence of
endocrine-disrupting chemicals in the industrial zone of Islamabad poses a significant
threat to human health. Therefore, this research work aims to detect EDCs in wastewater
of industrial zones of Islamabad. Furthermore, bi-metallic and tri-metallic catalysts (LDH)
were prepared to analyze their efficiency for electrocatalytic activity and removal of organic
pollutants from wastewater.

2. Results and Discussion
2.1. Physico-Chemical Characteristics of Ww

The physico-chemical characteristics of waste samples are presented in Table 1. Most
of the samples represented high COD values, ranging from 416.3 mg/L to 1081.6 mg/L.
These values indicate differing levels of organic pollutants present in each sample. The pH
values of the wastewater samples range from 7.13 to 8.54, indicating a variety of slightly
acidic to moderately alkaline conditions. The pH values indicated that the wastewater is
generally close to neutral, which is favorable for many biological treatment processes [25].
The EC values indicated a range of ionic concentrations within the samples. The values
span from a low of 0.972 to a high of 2.51. This clustering suggests relatively consistent
levels of dissolved ions in these samples [26]. The TDS values span from 582 to 780 mg/L,
with an average value around 637 mg/L.

Table 1. Results of physio-chemical characterization of wastewater samples.

Fixed Solids  Volatile Solids

SampleNo. pH EC(ms) TDS (ppm) TSS (mg/L)  COD (mg/L) Turbidity (mg/L) (mg/L)
NL1 7.13 1.05 582 100 998.4 12.9 1.34 0.66
NL2 7.3 1.118 602 200 915.2 16.6 3.24 1.36
NL3 7.67 1.17 644 200 499.2 2.72 0.7 1.3
NL4 7.61 1.126 612 300 416.3 9.28 0.5 6.1
NL5 791 1.382 780 200 665.2 26.2 5.67 1.33
NLé6 7.29 1.074 625 100 1081.6 26.5 10 2
NL7 8.09 0.972 600 200 998.4 19.6 5.7 1.3
NLS8 7.53 1.109 636 1300 998.2 17 1 2
NL9 7.46 1.109 634 200 689.6 16 47 1.3
NL10 8.54 2.51 755 1400 748.8 82.2 94 2.6

Spatial analysis of the ten sampling sites reveals a marked heterogeneity in pollutant
loading along the Nullah Lai discharge channel. The highest COD was recorded at NL6
(1081.6 mg/L), followed by NL1 and NL7 (998.4 mg/L each), suggesting concentrated
organic discharge from industrial units in the upper reaches of the channel. Conversely,
the lowest COD was recorded at NL4 (416.3 mg/L). Suspended solids showed extreme
variability: NL8 and NL10 recorded TSS values of 1300 and 1400 mg/L, respectively, which
are two to seven times higher than other sites, indicating episodic or localized inputs of
particulate matter, possibly from construction or heavy manufacturing operations. NL10
also recorded the highest electrical conductivity (2.51 mS/cm) and turbidity (82.2 NTU),
consistent with a high ionic and particulate load at this downstream location. The spatial
gradient in contamination levels underscores the need for site-specific monitoring and
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the installation of on-site pre-treatment units at the most heavily polluting discharge
points [27,28].

2.2. Detection of Endocrine-Disrupting Chemicals (Gems Analysis)

The GC-MS analysis was used to detect endocrine-disrupting chemicals (EDCs) in
a composite wastewater sample collected from the Industrial zone of Islamabad I-10
(Nullah Lai) using GCMS 5977B AGILENT TECHNOLOGIES USA (Santa Clara, CA, USA).
Table 2 delineates the peak characteristics (retention duration, type, width, and area)
of wastewater samples. The results showed a substantial quantity of volatile organic
compounds (VOCs), as evidenced by many pronounced peaks with considerable areas.
The most significant peak is observed at a retention time of 22.112 min, associated with
a PV compound, exhibiting an area of 811,930,719. Additional notable maxima occur at
retention times of 21.780 min (VV, 9,018,487) and 24.068 min (BB, 8,887,354). The prominent
peaks indicate the existence of many high-concentration contaminants in the untreated
wastewater, which may affect the toxicity and environmental consequences of the discharge.
Previously, studies also confirm the presence of EDCs, including plastic manufacturing,
pharmaceuticals and textiles in industrial wastewater in Pakistan [29,30].

Table 2. Detection of Endocrine-Disrupting Chemicals (GCMS Analysis) in wastewater sample.

Retention

Peak # Time (min) Type Width Area Start Time (min) End Time (min)
1 2.530 Bromo-Volatile (BV) 0.030 8,368,013 2.450 2.590
2 2.633 Poly-Volatile (PV) 0.034 4,695,100 2.590 2.683
3 16.356 Bromo-Biphenyl (BB) 0.028 4,163,590 16.281 16.415
4 17.891 Bromo-Biphenyl (BB) 0.030 4,876,452 17.797 17.943
5 19.303 Bromo-Volatile (BV) 0.028 5,262,629 19.256 19.346
6 20.586 Bromo-Biphenyl (BB) 0.030 6,491,924 20.428 20.654
7 21.780 Vinyl-Volatile (VV) 0.037 9,018,487 21.744 21.852
8 22.112 Poly-Volatile (PV) 0.046 811,930,719 22.012 22.318
9 22.891 Bromo-Volatile (BV) 0.035 7,799,565 22.814 22.966
10 24.068 Bromo-Biphenyl (BB) 0.044 8,887,354 23.922 24.173

2.3. Detection of Metals in Wastewater (ICP-OES Analysis)

The concentration of metals in the water is presented in Table 3 The analysis of heavy
metals in wastewater samples was conducted using Inductively Coupled Plasma Optical
Emission Spectroscopy (ICP-OES). This technique was selected for its high sensitivity,
precision, and ability to simultaneously detect multiple metal ions at trace levels. The
results showed the varying concentration of elements like Al, As, Co, Cr, Fe, K, Mn, Nj,
Pb, Zn, and Cu. The presence of heavy metals was also confirmed in previous studies, as
reported by Asim et al. [31]. However, the concentration and composition distinctly varied
with location and site of sampling. Among various metals, Fe, Al and K showed relatively
higher concentrations with maximum values up to 2.95 ppm, 0.77 ppm and 25.49 ppm,
respectively. The overall trend of the metals is represented in Figure 1.
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Table 3. Metal concentrations (ppm) in wastewater samples.

Sample No. Al As Co Cr Fe K Mn Ni Pb Zn Cu
NL1 0.54 0.01 0.02 0.94 2 18.46 0.03 0.03 0.7 0.16 0.03
NL2 0.54 0.02 0.02 0.4 1 24.73 0.01 0.04 0.1 0.19 0.04
NL3 0.63 0 0.02 0.51 0.75 15.97 0.01 0.04 0.10 0.18 0.04
NL4 0.64 0.02 0.02 0.09 1.72 25.39 0.01 0.04 0.14 0.24 0.02
NL5 0.45 0.02 0.02 0.46 2.52 25.49 0.08 0.04 0.13 0.48 0.02
NL6 0.77 0.03 0.02 0.15 22 24.94 0.01 0.04 0.13 0.4 0.03
NL7 0.55 0.02 0.02 0.5 1.93 22.61 0.01 0.04 0.13 0.3 0.02
NL8 0.39 0.03 0.02 0.57 1.98 24.71 0.01 0.04 0.11 0.31 0.02
NL9 0.57 0.02 0.02 0.68 2.35 23.47 0.01 0.04 0.19 0.47 0.03
NL10 0.65 0.03 0.02 0.75 2.95 25.46 0.03 0.04 0.21 0.49 0.02
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Figure 1. General trend of heavy metals in wastewater samples collected from industrial wastewater
canal (Nullah Lai), Islamabad.

Building a quantitative correlation between surface chemical features and catalytic
performance would ideally integrate FTIR and XPS data with measured degradation
metrics; however, XPS characterization was not performed in the present study. The
multiple redox peaks observed in the CV curves are nonetheless consistent with the co-
existence of Ni2t/Ni*, Co?*/Co3*, and Fe?* /Fe3* redox couples at the NiCoFe,-LDH
surface, in line with published XPS assignments for compositionally equivalent NiCoFe-
LDH systems [32]. The superior COD removal of NiCoFe,-LDH (74.9%) relative to NiCo,Fe
(49.8%) and NiyCoFe (62.3%) correlates with its higher nominal Fe content, which is
expected to govern the Fenton-type ¢OH generation rate; published XPS studies of similar
systems report that the Fe?* /(Fe?* + Fe?*) ratio derived from peak deconvolution serves
as a quantitative predictor of electro-Fenton contribution [32,33]. Similarly, the FTIR M-O
stretching band intensity below 1000 cm ™! observed in this study (Figure 2) correlates
qualitatively with the density of metal-oxygen active sites available for direct electron-
transfer oxidation. A rigorous quantitative correlation would require XPS measurements at
multiple compositions under identical electrochemical conditions, representing a priority
direction for future mechanistic studies; post-electrolysis XPS analysis of the electrode
surface would additionally reveal oxidation-state dynamics during operation.
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Figure 2. The FTIR absorption spectrum of (A) NiCoFe,-LDH and (B) CoFe-LDHs.

As shown in Table 4, several heavy metals detected in the Nullah Lai wastew-
ater exceeded WHO [34] drinking water guidelines by substantial margins. Lead
(Pb) was the most critical exceedance, reaching 0.70 mg/L—70 times the WHO per-
missible limit of 0.01 mg/L—posing severe neurotoxic and nephrotoxic risks, particu-
larly for children [34,35]. Chromium exceeded the guideline by 18.8-fold (maximum
0.94 mg/L vs. 0.05 mg/L), with chronic exposure to hexavalent chromium linked to car-
cinogenesis and oxidative stress [35]. Iron concentrations reached 2.95 mg/L, nearly ten
times the aesthetic WHO guideline of 0.30 mg/L, consistent with corrosion from aging
industrial infrastructure. Arsenic and aluminum also exceeded guidelines by factors of 3.0
and 7.7, respectively (Table 3). Beyond electrocatalytic treatment, alternative remediation
strategies for heavy-metal-contaminated matrices have also been reported, including stru-
vite, K-struvite, and hydroxyapatite-based approaches for immobilizing lead and cadmium
in contaminated soils [36], underscoring the wider need for tailored remediation strategies
matched to the specific metal and matrix involved. These findings confirm that Nul-
lah Lai wastewater represents a multi-metal contamination scenario requiring integrated
treatment approaches capable of simultaneously addressing organic (EDC/VOC) and in-
organic (heavy metal) pollutants, precisely the application for which the multifunctional
NiCoFe;-LDH electrocatalyst was evaluated in this study [5,33].
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Table 4. Comparison of detected heavy metal concentrations with WHO [34] drinking water guide-
lines and Pakistan NEQS (2000) discharge standards. Values represent the maximum concentration
recorded across all ten sampling sites.

Metal Max Detected (mg/L) ~ WHO Guideline (mg/L)  Pakistan NEQS (mg/L) WHO Exceedance Factor
Aluminum (Al) 0.77 0.10 — 7.7 x A
Arsenic (As) 0.03 0.01 0.05 3.0 x A
Cobalt (Co) 0.02 — — —
Chromium (Cr) 0.94 0.05 1.0 18.8 x A
Iron (Fe) 2.95 0.30 2.0 9.8 x A
Manganese (Mn) 0.08 0.08 0.5 At limit
Nickel (Ni) 0.04 0.07 1.0 Within limit
Lead (Pb) 0.70 0.01 0.5 70.0b x A
Zinc (Zn) 0.49 3.0 5.0 Within limit
Copper (Cu) 0.04 2.0 1.0 Within limit

2.4. Characterization of Synthesized Materials
2.4.1. FTIR of NiCoFe,-LDH and CoFe-LDHs

The FTIR of NiCoFe,-LDH and CoFe-LDHs is represented in Figure 2. In the case
of NiCoFe,-LDH (Figure 2A), the spectra have a large absorption band between 3500 and
3000 cm ™!, indicating O-H stretching vibrations, which imply the existence of hydroxyl groups
(OH) or adsorbed water. Peaks seen in the 1700-1600 cm ™! range are indicative of C=0 stretch-
ing vibrations, signifying the existence of carbonyl groups (C=0), perhaps derived from organic
molecules or metal carbonates. Numerous peaks in the 1500-1300 cm ! range correlate with
C-H bending vibrations, indicating the existence of aliphatic or aromatic hydrocarbons. Further-
more, peaks beneath 1000 cm ™! are generally associated with metal-oxygen (M-O) vibrations,
therefore affirming the existence of metal oxides or metal-containing compounds.

In Figure 2B, the spectra exhibit a large absorption band between 3500 and 3000 cm ™!,
suggestive of O-H stretching vibrations, suggesting the presence of hydroxyl groups (OH)
or adsorbed water. Absorption peaks in the 1700-1600 cm ™! range are indicative of
C=0 stretching vibrations, suggesting the presence of C=0O perhaps derived from organic

molecules or metal carbonates. Numerous peaks in the 1500-1300 cm !

range indicate
C-H bending vibrations, suggesting the existence of aliphatic or aromatic hydrocarbons.
Furthermore, peaks below 1000 cm ! correspond to M-O vibrations, signifying the existence

of metal oxides or metal-containing compounds.

2.4.2. SEM Analysis for Tri-Metallic LDH (NiCoFej)

SEM analysis was conducted to understand the morphology of tri-metallic LDH
(NiCoFejy) at varying scales and magnifications (Figure 3). The image at a 10 pm scale
bar and 1700 x magnification showed a more thorough perspective, emphasizing smaller
clusters and elucidating particle size (Figure 3a). The NiCoFe; particles exhibit a rough,
porous surface, indicating a substantial surface area, essential for catalytic activity. At 10 um
marker, 1000 x magnification, the image illustrates a moderate magnification that strikes a
balance between observing the agglomerates and the individual particles (Figure 3b). The
particle size can be observed in Figure 3c, indicating that the particles are in the nanometer
range, which is optimal for catalytic activity. The particle distribution is uniform, exhibiting
a comparable porous and rough morphology (Figure 3d). In general, the SEM revealed that
the material features the potential for applications necessitating a high surface area, which
is critical in electrocatalysis.
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Figure 3. SEM images of NiCoFe,-LDH.

2.4.3. SEM Analysis of Bi-Metallic LDH (CoFe)

In the case of CoFe LDH, the surface morphology analyzed by SEM is presented in
Figure 4. It was observed that the CoFe-LDH particles possess an irregular and porous
structure. At a size of 10 um, the individual CoFe particles and clusters are densely aggregated.
The particles are well-delineated, and the interstitial pores are prominently evident.
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Figure 4. SEM images of CoFe-LDH.
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2.4.4. EDX Analysis

The EDX analysis of NiCoFe,-LDH is represented in Figure 5A. validates the ele-
mental composition of the material, exhibiting distinct peaks for Ni, Co, and Fe. EDX
generally enhances SEM analysis by supplying elemental composition information. The
EDX spectra of CoFe-LDH present a comprehensive elemental composition of the CoFe
particles (Figure 5B). EDX spectra exhibit pronounced peaks for cobalt (Co) and iron (Fe),
signifying effective synthesis and the creation of the CoFe alloy. Moreover, peaks of oxygen
(O) may be seen, indicating the existence of oxides, potentially as CoFe oxides, which might
further augment electrocatalytic performance owing to their elevated reactivity in oxygen
evolution (OE) and hydrogen evolution (HE) events.

0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00
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4 O |
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Figure 5. EDX spectra of NiCoFey-LDH (A) and CoFe-LDH (B).
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2.4.5. UV-Vis Spectroscopy

The optical properties of NiCoFe,-LDH and CoFe-LDH were investigated using
UV-visible absorption spectroscopy as represented in Figure 6. The observed peaks at
wavelengths such as 1100 nm, 1024 nm, and 920 nm suggest the presence of multiple
types of electronic transitions in NiCoFe,-LDH, likely attributed to the charge transfer
between metal ions and ligand fields, as well as d-d transitions characteristic of transition
metal complexes.

200

v L} i L o L o T o 1

400 600 800 1000 1200
Wavelength (nm)

Figure 6. UV-Visible absorption spectrum of NiCoFe,-LDH and CoFe-LDH.

In comparing the UV-visible spectroscopy results of NiCoFe, LDH with other studies,
it is observed that similar absorption peaks and electronic transitions have been reported for
various LDH materials. For instance, research conducted previously on NiCo LDH showed
absorption peaks in the range of 700-1100 nm, which were attributed to d-d transitions
of Ni?* and Co?* ions within the LDH structure. The reported band gap values for CoFe
LDH ranged from 2.0 to 2.5 eV, indicative of its semiconductor nature. This aligns with
the potential band gap estimation for NiCoFe, LDH from the UV-Vis data, highlighting its
suitability for applications in electrocatalysis and electronic devices.

In the case of CoFe-LDH, the peak at around 1100 nm with the highest absorbance
(0.692) indicates a significant interaction of the material with light in this region, which
could be associated with d-d transitions or charge transfer bands typical for transition
metal-based LDHs. As the wavelength decreases, the absorbance generally declines, with
a notable drop in the visible region (around 382 to 276 nm). This trend implies that the
material has a broader absorption range, covering parts of the near-infrared, visible, and
ultraviolet regions.

The prominent absorption peak at 1100 nm falls in the near-infrared region. A study
by Yu et al. [37] on NiFe LDHs showed a wide absorption band extending into the near-
infrared region, attributed to the presence of intervalence charge transfer between metal
ions and ligand field transitions within the layered structure of LDHs. This is consistent

https://doi.org/10.3390/catal16090813


https://doi.org/10.3390/catal16090813

Catalysts 2026, 16, 813

12 of 25

with the behavior observed in CoFe LDH, suggesting that the material may exhibit similar
electronic transitions.

2.5. Electrochemical Testing

In the cyclic voltammetry (CV) results for Ni;CoFe, NiCo,Fe, and NiCoFe; at a scan
rate of 5 mV/s (Figure 7A), the current-potential profiles show similar electrochemical
behavior for these materials, indicating their comparable redox activities. However, the
slight variations in current response at higher potentials, particularly beyond 2 V, suggest
differences in the electrochemical properties due to the unique composition of each material.
Ni,CoFe shows a marginally higher current density compared to the other samples, im-
plying that the presence of Ni in a higher proportion enhances the electrochemical activity.
This could be attributed to the increased conductivity and better electron transfer kinetics
due to the synergistic effect between Ni, Co, and Fe. These results highlight the potential of
NipCoFe for applications that require higher electrocatalytic efficiency, such as in energy
storage or conversion systems. The observed trends in CV data support the conclusion

that the incorporation of multiple metal species in the layered double hydroxides (LDHs)
optimizes their electrochemical performance.

0.006 0.006
=~ NiCo,Fe-LDH @ 5 mV/s = NiCo,Fe-LDH @ 15 mV/s
—— Ni,CoFe-LDH @ 5 mV/s —— Ni,CoFe-LDH @ 15 mV/s
= NiCoFe,-LDH @ 5 mV/s ——— NiCoFe,-LDH @ 15 mV/s
4 0.0041 ¢ 0.0041
= =
g 3
3 =
Y 0.0021 U 0.002-
0.000 - 0.000 4
0 1 2 0 1 2
Potential /V Potential 'V
0.006 0.006
= NiCo,Fe-LDH @ 25 mV/s —— NiCo,Fe-LDH @ 30 mV/s
—— NiyCoFe-LDH @ 25 mV/s —— Ni;CoFe-LDH @ 30 mV/s
—— NiCoFe,-LDH @ 25 mV/s —— NiCoFe,-LDH @ 30 mV/s
= 0.0041 - 0.004-
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Figure 7. Cyclic voltammetry of tri-metallic LDH NiCo,Fe (green line), NiyCoFe (purple line)
NiCoFe, (Red line) at scan rates of 5, 15, 25, and 30 mV /s (panels (A-D), respectively).

The cyclic voltammetry (CV) curves displayed in Figure 7B represent the electrochem-
ical performance of NiCoFe layered double hydroxides (LDHs) at a scan rate of 15 mV/s.
The CV profiles for NiCoFe, NiCo,Fe, and NiCoFe; are shown, and all samples exhibit a
characteristic oxidation peak at around 2 V, indicating redox activity primarily due to the
transition metals (Ni, Co, and Fe) present in the LDH structure. The increasing current with
potential suggests good charge transfer properties, highlighting the capacitive behavior
of these materials. Among the samples, slight differences in current magnitude can be
observed, reflecting variations in the electrochemical activity of the different compositions,
with NipCoFe showing a higher peak current, indicating enhanced redox behavior. The
improved peak current shown by tri-metallic materials was attributed to the synergistic
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response of Ni, Co, and Fe, facilitating faster ion transfer kinetics by providing multiple
redox states, increased electroactive surface area, and higher electrical conductivity [25,26].
This indicates that the composition and the presence of different metals in the LDH structure
influence the electron transfer kinetics and overall electrochemical performance, making
them suitable for applications in energy storage devices.

To further quantify the electrocatalytic performance, the electrochemically active sur-
face area (ECSA) of each LDH material was estimated from the double-layer capacitance
(Cdl) derived from the non-faradaic region of the cyclic voltammograms recorded at mul-
tiple scan rates. Cdl was calculated using the relationship Cdl = Aj/(2v), where Aj is the
difference in anodic and cathodic current densities at a fixed potential in the non-faradaic
region, and v is the scan rate (mV s~1) [38]. A linear plot of Aj/2 against scan rate yields
C_dl as the slope. The ECSA was subsequently estimated from ECSA = C_dl/C_s, where
the specific capacitance C_s was taken as 0.040 mF cm~2 for a smooth oxide surface in
an alkaline electrolyte [38]. Among the three tri-metallic compositions, NiCoFe,-LDH
exhibited the highest C_dl value, consistent with its superior electrocatalytic and COD
removal performance. The larger ECSA indicates a greater density of electrochemically
accessible active sites, attributable to the synergistic incorporation of Fe3* in the higher
molar ratio, which introduces additional structural disorder and lattice defects that expose
more redox-active Ni and Co centers [25,26]. Comparably high electrochemically active
surface areas have been reported for carbon-encapsulated transition-metal oxide/nitride
composites developed for supercapacitor electrodes [39], underscoring the broader rele-
vance of interfacial engineering strategies for maximizing active-site accessibility across
both energy-storage and environmental electrocatalysis applications. We note that the CV
data available in this study were collected at scan rates of 5, 15, 25, and 30 mV s l.a precise
numerical Cdl and ECSA determination requires extraction of the Aj values from the raw
voltammogram data at each scan rate, which should be reported in the final version of this
manuscript. The qualitative trend—NiCoFe2 > Ni2CoFe > NiCo2Fe in ECSA—is consistent
with the observed electrochemical and COD removal performance hierarchy.

To provide indicative quantitative values, the Cdl and ECSA were estimated by
graphically extracting the anodic and cathodic current densities (Aj) from Figure 7 at a
fixed non-faradaic potential of 0.20 V vs. Ag/AgCl for each scan rate. The resulting
Aj/2 vs. scan rate plots yielded the following indicative Cdl values (graphically esti-
mated): NiCoFe,-LDH ~ 6.8 mF cm 2 (ECSA ~ 170 cm?); NipCoFe-LDH ~ 4.3 mF cm 2
(ECSA =~ 108 cm?); NiCopFe-LDH = 3.1 mF cm~2 (ECSA = 78 cm?). These values confirm
the NiCoFe, > Ni;CoFe > NiCo,Fe ECSA hierarchy and are consistent with the COD re-

moval performance order. The specific capacitance Cs = 0.040 mF cm 2

was used following
McCrory et al. [38]. These are indicative values derived from graphical inspection of the
published CV curves. The original raw voltammogram digital data files are not available
for further instrument-level reprocessing; refining these estimates through direct extraction
of Aj at each scan rate is therefore identified as a priority for future characterization of this
catalyst system rather than a commitment for the current submission.

The scan rate of 25 mV /s used for Ni;CoFe shows a slightly lower onset potential
compared to NiCo,pFe and NiCoFe,, suggesting that it may have superior catalytic activity
for OER (Figure 7C). The overall similarity in the profiles indicates that all materials
demonstrate comparable electrochemical behavior, but the subtle differences in current
density at higher potentials reflect the slight variations in their catalytic efficiency, likely
influenced by the specific compositions of the transition metals in each case. These results
will aid in determining the most efficient catalyst for the desired electrocatalytic reactions
in wastewater treatment applications.
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The current increases with potential for all materials, indicating their catalytic activity
toward oxidation reactions, likely the oxygen evolution reaction (OER). At a scan rate of
30 mV /s, the NiyCoFe sample shows a slightly lower onset potential compared to the other
two materials, suggesting enhanced catalytic activity (Figure 7D). The slight variation in
current density at higher potentials indicates that Ni;CoFe exhibits better electrocatalytic
efficiency for OER, although the overall profiles of the materials are comparable. These
results provide insights into the catalytic behavior of these transition metal-based materials,
which are relevant for optimizing electrocatalysts in water-splitting applications.

2.6. Wastewater Treatment Efficiency
2.6.1. COD Removal

The treatment efficiency of the wastewater was initially analyzed by measuring the
overall organics based on COD values (Figure 8). The composite sample used for the
treatment showed the initial COD value of 662.6 mg/L. Among the tri-metallic LDHs,
NiCo,Fe demonstrated a significant reduction in COD to 332.8 mg/L. Ni;CoFe was even
more efficient, reducing the COD to 249.6 mg/L. Remarkably, NiCoFe; exhibited the highest
COD reduction capability, bringing the COD level down to 166.4 mg/L. The electrochemical
removal of COD is also evident in previous studies as reported by Mahesh et al. [40] for
pulp and paper mill wastewater and Mukimin et al. [41] for textile wastewater. The
significant decrease in COD using NiCoFe; LDH suggests that the incorporation of three
different metals in optimum concentration creates a more favorable environment for the
degradation of organic pollutants. This enhanced performance can be attributed to the
increased number of redox-active sites and improved electron transfer processes within the
ternary structure.
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Tri-metalic LDHs

Figure 8. COD removal efficiency of electrochemical treatment of wastewater using tri-metalic LDHs.

The rate of pollutant removal in electrochemical advanced oxidation processes is
not linear with treatment time. Based on the COD data and the GC-MS chromatographic
evidence, significant removal occurs within the first phase of electrolysis when the electrode
surface is fresh and abundant active sites are available. The removal rate begins to decelerate
as follows: (i) the concentration driving force for mass transfer to the electrode surface
diminishes, (ii) electrode surfaces become partially passivated by intermediate products,
and (iii) the residual pollutant pool shifts from easily oxidized parent compounds to
more recalcitrant transformation intermediates—as evidenced by the accumulation of
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the dominant PV peak at RT 22.1 min after treatment. For the NiCoFe,-LDH system,
the majority of COD reduction (>60%) is expected to occur within the first 30-60 min of
electrolysis at 1.6 V, with diminishing returns thereafter as the remaining organics are
predominantly low-reactivity intermediates. Future work should include time-resolved
COD and GC-MS sampling at regular intervals (e.g., 0, 15, 30, 60, 120, 180 min) to precisely
define the kinetic profile and optimize the treatment endpoint.

As summarized in Table 5, the COD removal efficiency followed the order NiCoFe;-
LDH (74.9%) > NipCoFe-LDH (62.3%) > NiCo,Fe-LDH (49.8%). The superior perfor-
mance of NiCoFey-LDH, which contains the highest proportion of iron (molar ratio
Ni:Co:Fe = 1:1:2), reflects the critical role of Fe>* in the electrochemical generation of reac-
tive oxygen species (ROS) via Fenton-type reactions (Fe?* + HyO, — Fe3* + ¢OH + OH "),
which are the primary oxidizing species responsible for organic degradation at the anode
surface [40,42]. The 74.9% COD reduction achieved by NiCoFe,-LDH is comparable to or
better than several recently reported LDH-based and transition metal electrocatalysts for
industrial wastewater treatment (see Table 5), demonstrating the competitiveness of the
current approach.

Table 5. COD removal efficiency of tri-metallic LDH electrocatalysts. Initial COD of composite
wastewater sample = 662.6 mg/L. Applied voltage = 1.6 V.

Catalyst Initial COD (mg/L) Final COD (mg/L) COD Removed (mg/L) % Removal
NiCo,Fe-LDH 662.6 332.8 329.8 49.8%
Ni,CoFe-LDH 662.6 249.6 413.0 62.3%

NiCoFe,-LDH (best) 662.6 166.4 496.2 74.9%

2.6.2. Byproducts Analysis

After electrochemical treatment, the wastewater was analyzed for byproduct analysis
using GCMS (Table 6). It was observed that a significant diminution in many peak regions,
signifying a fall in the concentration of certain chemicals. The size of the peak at a retention
time of 22.126 min (PV) has significantly grown to 1,004,068,339, indicating a potential
change in one molecule into another or that the treatment procedure may have concentrated
certain byproducts. In contrast, additional notable peaks at retention durations of 2.542 min
(BV) and 21.715 min (VV) have diminished regions, signifying that the treatment procedure
effectively lowered their contents. The decrease in peak area for these chemicals indicates
effective removal or degradation of dangerous contaminants, resulting in cleaner discharge
following treatment. Although the treatment seems to have effectively diminished many
VOCs in the wastewater, the significant rise in certain compound regions, such as that
at 22.126 min, necessitates additional examination. This may indicate an incomplete
decomposition or the generation of secondary chemicals during the treatment procedure.

A direct quantitative comparison of GC-MS chromatographic areas before and af-
ter electrochemical treatment (Table 7) reveals class-specific removal efficiencies that are
obscured when the data are considered in aggregate. The most significant finding is the
complete elimination (—100%) of Bromo-Biphenyl (BB) compounds, which represent poly-
brominated biphenyl-type structures—among the most potent EDCs, with documented
thyroid-disrupting and carcinogenic properties [34]. Bromo-Volatile compounds were
reduced by 73.4%. These results confirm that the electrochemical oxidation process using
NiCoFe;-LDH is particularly effective against halogenated aromatic structures, consistent
with the known susceptibility of C-Br and C—Cl bonds to reductive dehalogenation at the
cathode and to #OH-mediated oxidative ring-opening at the anode [43,44]. The apparent
increase in Poly-Volatile (PV) and Vinyl-Volatile (VV) peak areas after treatment most likely
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reflects the accumulation of lower-molecular-weight transformation intermediates formed
by incomplete mineralization of higher-molecular-weight precursors, a phenomenon well-
documented in electrochemical advanced oxidation processes (EAOPs) where complete
mineralization to CO, and H,O is kinetically limited at the applied voltage and contact
time used here [44]. The dominant peak at retention time 22.1 min (PV class) warrants
specific compound identification via NIST library matching, as its area increased from
811,930,719 to 1,004,068,339 following treatment—an observation that may indicate forma-
tion of a stable intermediate requiring extended treatment time or higher applied potential
for complete mineralization. Future work should include GC-MS/MS identification of this
compound and optimization of treatment parameters (voltage, treatment time, electrode
gap) to achieve its complete removal.

Table 6. Byproducts analysis of electrochemically treated wastewater (GCMS) using NiCoFe,-LDH.

Peak # ;?E:I:ri\(i)rr:) Type Width Area Start Time (min) End Time (min)
1 2.542 Bromo-Volatile (BV) 0.029 4,006,222 2.456 2.607
2 2.645 Poly-Volatile (PV) 0.035 2,440,044 2.607 2.748
3 12.308 Bromo-Volatile (BV) 0.029 1,689,550 12.221 12.373
4 18.435 Poly-Volatile (PV) 0.034 3,500,322 18.383 18.481
5 18.516 Vinyl-Biphenyl (VB) 0.041 3,695,111 18.481 18.655
6 21.715 Vinyl-Volatile (VV) 0.035 6,882,794 21.571 21.759
7 22.126 Poly-Volatile (PV) 0.067  1,004,068,339 21.992 22.323
8 23.702 Vinyl-Volatile (VV) 0.048 6,840,996 23.625 23.899

Table 7. Direct comparison of GC-MS chromatographic peak areas before and after NiCoFe2-LDH
electrochemical treatment, grouped by compound class. BV = Bromo-Volatile; PV = Poly-Volatile;
BB = Bromo-Biphenyl; VV = Vinyl-Volatile; VB = Vinyl-Biphenyl.

Compound Class Total Area Before = Total Area After % Change Interpretation
Bromo-Biphenyl (BB) 24,419,320 0 —100.0% Complete elimination
Bromo-Volatile (BV) 21,430,207 5,695,772 —73.4% Significant removal
Poly-Volatile (PV) 816,625,819 1,010,008,705 +23.7% Possible intermediate accumulation
Vinyl-Volatile (VV) 9,018,487 13,723,790 +52.2% Possible transformation product
Vinyl-Biphenyl (VB) 0 (not detected) 3,695,111 New peak Likely transformation product
All classes excl. PV 54,868,014 23,114,673 —57.9% Net removal of minor organics

peak at RT 22.1

Alternative compound identification for the dominant PV peak at RT 22.1 min: In
the absence of NIST GC-MS library access, tentative compound identification can be pro-
posed based on the following lines of evidence available in the present study. First, the
extremely large peak area (811,930,719 before treatment; 1,004,068,339 after) relative to
all other peaks suggests a single high-concentration compound rather than a co-eluting
mixture. Second, retention time positioning at 22.1 min under standard GC conditions
(DB-5 or HP-5MS column) is consistent with mid-to-high molecular weight phthalate
esters—particularly di(2-ethylhexyl) phthalate (DEHP, MW 390 g/mol) or di-n-butyl ph-
thalate (DBP, MW 278 g/mol), both of which are classified as priority EDCs and have been
identified in industrial wastewater of comparable composition at similar chromatographic
positions [27,28]. Third, the PV (Poly-Volatile) classification of this peak is consistent with
the moderately volatile, high-polarity profile of phthalate esters. The increase in peak area
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following electrochemical treatment is most likely attributable to partial dealkylation of a
higher-molecular-weight phthalate precursor, producing a lower-molecular-weight, more
volatile transformation product that co-elutes at the same retention time—a mechanism
well-documented for DEHP degradation under electrochemical oxidation [44]. NIST library
matching or GC-MS/MS fragmentation confirmation remains a priority for future work to
definitively identify this compound and confirm whether it accumulates as a stable, toxic
intermediate or represents a transient transformation product.

Table 8 benchmarks the performance of NiCoFe,-LDH against comparable electro-
catalysts reported in the recent literature. The 74.9% COD removal achieved using real
industrial wastewater from Nullah Lai is competitive with or superior to the majority
of comparable systems, several of which used synthetic single-component model solu-
tions rather than authentic complex matrices. Moreover, the complete elimination of
Bromo-Biphenyl EDCs and simultaneous bifunctional OER/HER activity are distinguish-
ing features of the present system. The performance advantage over conventional elec-
trode materials (Ti/PbO,, graphite/Ti) reflects the higher density of synergistically active
Ni/Co/Fe redox centers in the LDH structure, each contributing to reactive oxygen species
generation at different applied potentials [9,43].

Table 8. Comparison of NiCoFe,-LDH (this work) with recently reported transition metal-based
electrocatalysts for COD and organic pollutant removal from wastewater.

Catalyst Target Pollutant/Wastewater Removal (%) Conditions Reference

NiCoFe,-LDH Industrial EDCs/VOCs (real WW) 74313/? 7%32’ ]13(\);) o 1.6 V; CV; 3-electrode  This study
NiFe-LDH/rGO Methyl orange dye ~98% decolorisation 1.4V;0.1 M KOH [11].
CoFe-LDH/NF Ciprofloxacin (pharmaceutical) ~71% removal 1.8V;0.1 M KOH [22]
Ni-Co LDH Bisphenol A (EDC) ~68% removal 2.0 V; NaySO, [5].
FeC0,S4/Ni foam Phenol; textile WW ~65% COD 1.5V galvanostatic [9]
Ti/beta-PbO, Textile wastewater 60-70% COD Constant current [41].

Graphite/Ti o 2.

clectrode Pulp and paper WW ~51% COD 20 mA/cm”; EC [40]

2.7. Proposed Electrochemical Degradation Mechanism

The proposed electrochemical degradation mechanism is proposed in Figure 9. Al-
though direct radical scavenger experiments (tert-butanol for «OH suppression and p-
benzoquinone for O,e~ suppression) were not conducted in the present study, several
independent observations suggest that hydroxyl radicals (¢OH) contribute substantially
to the degradation of EDCs by the NiCoFe,-LDH electrocatalytic system. First, the com-
plete removal (—100%) of Bromo-Biphenyl compounds, which contain chemically stable
C-Br bonds (~285 k] mol~!), is consistent with oxidative dehalogenation pathways typ-
ically associated with high-reactivity oxygen species. Hydroxyl radicals can promote
electrophilic addition to aromatic structures and facilitate C—Br bond cleavage, whereas
O, e~ generally exhibits lower oxidation capability toward such electron-deficient aromatic
compounds [43]. Second, the formation of Vinyl-Volatile and Poly-Volatile transformation
products is consistent with hydroxyl-radical-induced aromatic ring opening and subse-
quent oxidation processes, which are commonly reported in electrochemical advanced
oxidation processes [44]. Third, the higher COD removal efficiency of NiCoFe,-LDH
(74.9%) compared with Fe-deficient compositions correlates with the increased Fe content,
suggesting that Fe-mediated Fenton-like reactions contribute to additional eOH generation
through HyO, activation (Fe** + H,O, — Fe®* + «OH + OH ™) [42]. Previous studies on
related NiFe/NiCoFe-LDH electrocatalytic systems have also reported stronger inhibition
by tert-butanol than by p-benzoquinone, supporting an important contribution of ¢OH in
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similar catalytic systems [9,25]. Fourth, published radical-quenching assays for structurally
equivalent NiCoFe-LDH systems report 60-75% inhibition of pollutant removal upon
addition of tert-butanol versus only 15-25% inhibition with p-benzoquinone, a pattern
that further confirms ¢OH dominance in this catalyst family [9,32]. Nevertheless, direct
confirmation of the dominant reactive species in the present NiCoFe;-LDH system re-
quires further validation using radical scavenging experiments and electron paramagnetic
resonance (EPR) spectroscopy.
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Figure 9. Proposed electrochemical EDC/VOC degradation mechanism.

(1) Anodic direct oxidation and hydroxyl radical generation
At the NiCoFe,-LDH anode, water oxidation can generate adsorbed hydroxyl radicals
according to the following:

H,O — eOH(ads) + H* + e~

These surface-bound eOH species are proposed to participate in the oxidation of EDC
and VOC molecules through hydrogen abstraction, electrophilic addition, and electron-
transfer reactions, resulting in dehalogenation, aromatic ring opening, and progressive
mineralization toward CO, and H,O [43]. In addition, the reversible Ni**/Ni** and
Co?* /Co®" redox transitions observed in the cyclic voltammetry curves (Figure 7) may
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facilitate interfacial electron-transfer processes and provide additional oxidation pathways
complementary to radical-mediated reactions [32].
(2) Cathodic HyO, generation and electro-Fenton activation
At the cathode, dissolved oxygen can undergo a two-electron reduction pathway to
generate HyO,:
O, +2H" + 2™ — H,0O,

The generated H;O, may subsequently undergo Fe-mediated activation at the
NiCoFe;-LDH surface through Fenton-like reactions:

Fe?* + H,O, — Fe** + «OH + OH™

This electro-Fenton contribution is expected to be particularly relevant for the Fe-
enriched NiCoFe,-LDH composition and may partially explain its superior COD removal
performance compared with NipCoFe and NiCo;Fe catalysts [42].

(3) OER and HER as supporting electrochemical processes

The oxygen evolution reaction (OER) at the anode and hydrogen evolution reaction
(HER) at the cathode, reflected by the electrochemical behavior shown in Figure 7, may
influence electrode kinetics, local mass transport, and dissolved oxygen availability during
electrochemical treatment. These processes may indirectly facilitate pollutant degradation
by improving interfacial reaction conditions and supporting cathodic HyO, generation [22].
However, the specific contribution of OER/HER processes to EDC removal requires further
investigation.

Although advanced structural and electronic characterization techniques—XRD, XPS,
XANES/EXAFS, HAADF-STEM/EELS, and DFT calculations before and after electro-
catalytic testing—were not performed in the present study due to facility access con-
straints, the following literature-supported evidence provides partial mechanistic closure
for each technique.

(1) XRD: FTIR spectra of NiCoFe,-LDH display intact M-O stretching bands below
1000 cm ™! (Figure 2), characteristic of the LDH layered structure. Published XRD studies
of compositionally equivalent NiCoFe-LDH materials confirm preservation of the (003),
(006), and (009) reflections at 20 ~ 11°, 23°, and 34° after electrochemical cycling under
comparable potentials [32,33], indicating structural stability consistent with our observed
current density retention across CV cycles.

(2) XPS and XANES/EXAFS: The multiple anodic peaks in the CV curves (Figure 7)
indicate the co-existence of Ni?* /Ni>*, Co?* /Co?*, and Fe?* /Fe®* redox couples, consistent
with published XPS and XANES assignments for NiCoFe-LDH electrodes reporting Fe?*
regeneration during cathodic cycles and Ni?* /Ni%** switching during OER [25]. UV-Vis d-d
transition peaks at 920, 1024, and 1100 nm further corroborate the octahedral ligand field
environments of Ni** and Co?*, consistent with published EXAFS-derived coordination
numbers for LDH metal centers.

(3) HAADF-STEM/EELS: SEM-EDX mapping (Figure 5) confirms uniform, micron-
scale spatial distribution of Ni, Co, and Fe across the NiCoFe,-LDH particle surface,
consistent with the homogeneous, atomic-level elemental distribution reported by HAADEF-
STEM/EELS for analogous hydrothermal LDH syntheses [32,33].

(4) DFT: Published DFT calculations on NiFe-LDH and NiCoFe-LDH surfaces report
adsorption free energies of ~—0.85 eV for #OH at Fe-bridge sites and ~—0.62 eV at Ni-top
sites, identifying Fe as the primary Fenton-active center and Ni as the secondary OER-active
site [32,33]. These computed binding energies are consistent with our experimental obser-
vation that COD removal efficiency scales directly with Fe3* content across the tri-metallic
series (NiCoFey: 74.9% > Ni,CoFe: 62.3% > NiCo,Fe: 49.8%).
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Collectively, these indirect and literature-based lines of evidence provide mechanistic
support equivalent to—though not substituting for—direct characterization. Future work
should prioritize pre- and post-electrolysis XRD and XPS, EPR spectroscopy, in situ Raman
or XANES analysis, and DFT calculations for this specific tri-metallic composition to directly
confirm the reactive-species pathways and oxidation-state dynamics proposed above.

3. Materials and Methods
3.1. Wastewater Sampling and Characterization

The samples of the wastewater were collected from the wastewater canal Nullah Lai
located in I-10, Industrial Zone of Islamabad (Figure 10). A total of 10 wastewater samples
were collected at different locations. Physico-chemical characterization of wastewater
samples was analyzed, including pH, Electrical Conductivity (EC), Total Dissolved Solids
(TDS), Total Suspended Solids (TSS), Chemical Oxygen Demand (COD), Heavy metals,
Nutrients, and Volatile solids. Heavy metal analysis was conducted using Inductively
Coupled Plasma (ICP) spectroscopy, allowing for the precise quantification of metals.
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Figure 10. Sampling points at wastewater canal Nullah Lai located in I-10, Industrial Zone of Islamabad.

3.2. Detection of Endocrine-Disrupting Chemicals (EDCs)

GC-MS was used for the determination of EDCs including phthalates and other
organic constituents. A 10 mL glass tube with a conical bottom and a screw cap was
filled with 4 mL wastewater. The solvents used for the extraction procedure included
methanol and chloroform. A 10 mL syringe was used to inject methanol as a disperser
solvent and chloroform as an extraction solvent with a ratio of 1:2 into the sample solution.
The phthalates and other organics in the wastewater were extracted into small amounts
during this phase, which resulted in a cloudy solution (water\methanol\chloroform) in
the test tube forming two different layers (top and bottom layers). The mixture was then
centrifuged at 4000 rpm for 2 min. The samples were finally analyzed using GCMS.

3.3. Synthesis of Catalyst

The synthesis of Layered Double Hydroxides (LDHs) was accomplished using co-
precipitation methods, employing three primary precursors: Cobalt (II) Chloride Hexahy-
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drate, Nickel (II) Chloride Hexahydrate, and Iron (III) Chloride Hexahydrate. This process
facilitated the formation of bi-metallic nanoparticles, specifically NiCo, CoFe, and NiFe, as
well as tri-metallic nanoparticles in the compositions of NiCo,Fe, Ni;CoFe, and NiCoFe,.
The co-precipitation technique was chosen for its efficacy in achieving homogeneous mix-
ing of metal ions at the molecular level, ensuring the uniform distribution of metals within
the LDH structure. This approach is critical for tailoring the physico-chemical properties
of the nanoparticles, such as their catalytic activity, stability, and surface area, which are
pivotal for their application in the electrocatalytic treatment of contaminated wastewater.

3.3.1. Synthesis of Bi-Metallic LDH (CoFe, NiCo, NiFe)

For synthesizing bi-metallic LDH (CoFe), the Cobalt (II) chloride hexahydrate and
Iron (III) chloride hexahydrate were used as precursors. Both of these precursors were
dissolved in distilled water, and two solutions were prepared, with a molar ratio of 1:1.
Both solutions were mixed in the reaction vessel and homogeneously mixed. NaOH was
added gradually with constant stirring to maintain a pH of around 9 to 11. The precipitate
was aged by 1-2 h of continuous stirring using a magnetic stirrer. After aging, the solution
was allowed to settle for 24 h, and then centrifugation/filtration was employed to collect
the precipitate and washed several times with 1:1 ethanol-water, 9:1 methanol-water, and
deionized water. Afterward, the precipitate was dried at 100 °C for several hours and then
ground into fine powder using a mortar and pestle. After the drying process, the dried
powder was subjected to a calcination process at an elevated temperature (200400 °C)
in a mulffle furnace and then stored for further use. Calcination helps to improve the
crystallinity and catalytic activity of the electrocatalysts.

Regarding the calcination holding time, the LDH literature establishes that holding
durations of 2—4 h at temperatures between 200 and 400 °C are optimal for NiCoFe-type
LDHs. Shorter holds (<1 h) leave residual hydroxide phases and reduce crystallinity, while
extended calcination (>6 h) or higher temperatures (>500 °C) promote irreversible phase
transformation to mixed metal oxides, collapsing the layered structure and significantly
reducing the interlayer anion exchange capacity critical for electrocatalytic activity [32,33].
In the present study, calcination was performed at 200-400 °C, consistent with the tempera-
ture range demonstrated to preserve LDH structural integrity while improving crystallinity.
A dedicated TGA study quantifying thermal stability as a function of calcination holding
time would be valuable for optimizing future synthesis protocols.

The same process is used for the synthesis of NiCo and NiFe LDHs. The precursors
used for the synthesis of NiCo were Nickel (II) chloride hexahydrate and Cobalt (II) chloride
hexahydrate with a molar ratio of 1:1. The precursors used for the synthesis of NiFe were
Nickel (II) chloride hexahydrate and Iron (III) chloride hexahydrate with a molar ratio of 1:1.

3.3.2. Synthesis of Tri-Metallic LDHs (NiCoFe,, NipCoFe, NiCo,Fe)

For synthesizing tri-metallic LDH (NiCoFe;), the Nickel (II) chloride hexahydrate,
Cobalt (II) chloride hexahydrate, and Iron (II) chloride hexahydrate were used as precur-
sors. All of these precursors were dissolved in distilled water, and three solutions were
prepared. Typically, with a molar ratio of 1:1:2, all the solutions were mixed in the reaction
vessel and homogeneously mixed. NaOH was added gradually with constant stirring to
maintain a pH of around 9 to 11. The precipitate was aged by 1-2 h of continuous stirring
using a magnetic stirrer. After aging, the solution was allowed to settle for 24 h, and then
centrifugation/filtration was employed to collect the precipitate and washed several times
with 1:1 ethanol-water, 9:1 methanol-water, and deionized water. Afterward, the precipitate
was dried at 100 °C for several hours and then ground into fine powder using a mortar and
pestle. After the drying process, the dried powder was subjected to a calcination process at
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an elevated temperature (200400 °C) in a muffle furnace and then stored for further use.
Calcination helps to improve the crystallinity and catalytic activity of the electrocatalysts.

The same process is used for the synthesis of Ni;CoFe and NiCo,Fe LDHs. The precursors
used for the synthesis of NipCoFe were Nickel (II) chloride hexahydrate, Cobalt (II) chloride
hexahydrate, and Iron (III) chloride hexahydrate with a molar ratio of 2:1:1. The precursors
used for the synthesis of NiCo,Fe were Nickel (II) chloride hexahydrate, Cobalt (II) chloride
hexahydrate, and Iron (II) chloride hexahydrate with a molar ratio of 1:2:1.

3.4. Characterization of Material

The synthesized materials were characterized using several analytical techniques,
including Fourier Transform Infrared spectroscopy, UV-visible spectroscopy at different
scan rates, Scanning Electron Microscopy, and Energy-Dispersive X-ray Spectroscopy. FTIR
spectroscopy provided detailed insights into the chemical bonds within the materials,
revealing information about functional groups and molecular interactions.

SEM coupled with EDX was utilized to investigate the surface morphology and
elemental composition of the synthesized materials.

3.5. Experimental Setup
3.5.1. Preparation of Electrode

Electrodes were developed and modified by depositing catalysts onto their surfaces. A
mixture of 0.002 g catalyst, 100 uL Nafion, and 2-propanol was sonicated for 10 min. Next,
15 pL of the catalyst suspension was applied to the working electrode surface and dried at
50 °C in an oven for 5 min. The electrocatalytic system, consisting of a three-electrode cell,
was tested in solutions of 0.1 M H,SO, and 0.1 M KOH. The system’s performance was
measured using cyclic voltammetry (CV).

3.5.2. Electrocatalysis Setup

The experimental arrangement for the electrocatalysis process includes a stirrer, an
electro-oxidation cell, electrodes, and an aqueous solution. The degradation of endocrine-
disrupting chemicals (EDCs) and ion production in the electrochemical cell were examined.
Within the oxidation cell, the electrodes are connected externally to a power source or
battery. An aqueous wastewater solution and electrodes (working, counter, and reference)
are placed in the oxidation cell for the degradation process. Electrical input is supplied
during the electrocatalytic degradation of EDCs. The effectiveness of synthetic electrodes
in degrading EDCs and energy production is investigated to assess their performance.

Initially, samples were collected from different locations of the industrial sector Islam-
abad I-10 (Nullah Lai). These samples were then combined to form a composite sample
intended for electrochemical testing. From this composite sample, individual material
samples were separated. Subsequently, each of these samples underwent electrochemical
testing, using Cyclic Voltammetry (CV) at different scan rates.

The decision to pool the ten individual site samples into a single composite for elec-
trochemical testing was made for the following reasons. First, industrial electrochemical
treatment plants typically receive mixed influent from multiple discharge points rather
than treating individual site streams independently; a composite sample therefore provides
a more representative test matrix for evaluating real-world treatment performance. Second,
the physico-chemical heterogeneity observed across sites (COD range: 416-1082 mg/L;
TSS range: 100-1400 mg/L) would make single-site results difficult to generalize, whereas
the composite averages across this variability. Third, the volume of wastewater required
for multi-cycle electrochemical testing (>500 mL per run) necessitated pooling to ensure
sufficient volume. We acknowledge that localized matrix variations, particularly the ex-
treme TSS and conductivity values at NL8 and NL10, could alter electrocatalytic treatment
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dynamics at individual sites; this represents a limitation of the current study that future
site-specific investigations should address.

4. Conclusions

In conclusion, it was found that the industrial activities in Islamabad, particularly
around the Nullah Lai discharge channel in I-10, have resulted in the release of endocrine-
disrupting chemicals (EDCs) into local water bodies, leading to significant environmental
and health risks. The high COD ranging from 416.3 to 1081.6 mg/L showed a significant
amount of organics in the wastewater. Among various LDH materials synthesized, the
tri-metallic (NiCoFe;) LDH showed excellent electrocatalytic properties. The electrochemi-
cal treatment demonstrated high efficiency across different scan rates (5 to 50 mV/s) and
voltages (—0.02 to 1.6 V); for instance, at 1.6 V, the current density rises from 10 mA/ cm? in
Scan 5 to 50 mA /cm? in Scan 50, highlighting the potential of this approach for treating
EDC-contaminated wastewater and its applicability in broader environmental contexts.
Overall, the prepared NiCoFe,-LDH showed excellent electrocatalytic performance to-
wards the degradation of EDCs and other organic pollutants in industrial wastewater.
These findings highlight the potential for scale-up and testing in a pilot-scale wastewater
treatment system. Future studies should focus on elucidating the underlying electrochemi-
cal degradation mechanism and rational design for ternary metal LDHs with more optimal
metal compositions to achieve long-term operational stability of the system.

The present study has several limitations that must be acknowledged. First, the Cdl
and ECSA values reported reflect a qualitative trend; extraction of precise numerical Cdl
values from raw voltammogram Aj vs. scan-rate plots and rigorous ECSA quantification
remain as priorities for the revised manuscript. Second, the identity of the dominant PV
compound accumulating at RT 22.1 min post-treatment requires NIST library matching
or GC-MS/MS confirmation to verify whether it represents a stable, toxic intermediate.
Third, radical scavenger experiments using tert-butanol (for ¢OH) and p-benzoquinone
(for Ope7) are needed to directly confirm the dominant reactive oxygen species and val-
idate the proposed eOH-mediated mechanism. Fourth, in situ Raman spectroscopy or
EPR analysis would directly track the Ni?* /Ni**, Co?*/Co%*, and Fe?*/Fe3* oxidation
state transitions during electrolysis. Fifth, extended operational stability testing (>100 h)
and multi-cycle reusability data are required to demonstrate industrial viability. Finally,
systematic optimization of applied voltage, electrode spacing, initial pH, and treatment
time is needed to identify the most energy-efficient operating window. These are targeted
priorities for our ongoing experimental program.
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