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Abstract

In this study, a nickel-iron layered double hydroxide (NiFe-LDH) photocatalyst was
synthesized via a co-precipitation method and applied for the simultaneous degradation
of amoxicillin (AMX) and hydrogen (H>) generation under visible light irradiation. NiFe-
LDH was characterized by SEM, FTIR, XRD, and BET analyses, confirming its layered
structure, homogeneous elemental distribution, and a specific surface area of 7.56 m°/g.
The photocatalytic performance of NiFe-LDH was systematically evaluated by varying
solution pH, catalyst loading, and initial AMX concentration. The optimal AMX
degradation (~90%) and hydrogen evolution (58.2 umol) were achieved at pH 7 with a
catalyst loading of 2 g/L and an initial AMX concentration of 5 ppm. Total organic carbon
(TOC) and chemical oxygen demand (COD) removal efficiencies reached 65.8% and
84.9%, respectively, under these conditions. The results demonstrate that NiFe-LDH
exhibits a promising dual functionality in pollutant mineralization and clean energy
production, offering a sustainable waste-to-energy pathway for water treatment
applications.
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Atiktan enerji lUiretimine yonelik bir yaklasim: NiFe-LDH
kullanilarak fotokatalitik amoksisilin giderimi ve hidrojen
liretiminin birlikte gergeklestirilmesi
Oz

Bu ¢alismada, nikel-demir tabakali ¢ift hidroksit (NiFe-LDH) fotokatalizorii ¢oktiirme
yontemiyle sentezlenmig ve goriiniir istk altinda amoksisilin (AMX) giderimi ile eszamanli
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hidrojen (H2) iiretimi i¢in kullanmilmistir. NiFe-LDH; SEM, FTIR, XRD ve BET
analizleriyle karakterize edilmis, tabakali yapisi, homojen element dagilimi ve 7,56 m°/g
ozgiil yiizey alamina sahip oldugu dogrulanmistir. NiFe-LDH nin fotokatalitik
performansi, ¢ozeltinin pH'is1, katalizor yiiklemesi ve baslangic AMX konsantrasyonu
degistirilerek sistematik olarak degerlendirilmistir. En yiiksek AMX giderimi (~%90) ve
hidrojen tiretimi (58.2 umol) pH 7, 2 g/L katalizor yiiklemesi ve 5 ppm baslangic AMX
konsantrasyonunda elde edilmistir. Bu kosullarda toplam organik karbon (TOK) ve
kimyasal oksijen ihtivact (KOI) giderim verimleri sirasiyla %65.8 ve %84.9 olarak
belirlenmistir. Elde edilen sonug¢lar, NiFe-LDH 'nin kirletici mineralizasyonu ve temiz
enerji tiretimi agisindan ¢ift islevli bir potansiyele sahip oldugunu ortaya koymakta ve su
aritim uygulamalart igin siirdiiriilebilir bir atiktan enerjiye doniisiim yolu sundugunu
gostermektedir.

Anahtar Kelimeler: Amoksisilin, hidrojen; NiFe-LDH, fotokataliz,; atik su aritimi

1. Introduction

The widespread use of antibiotics has significantly improved public health outcomes, yet
their excessive and often uncontrolled disposal has led to severe environmental
challenges [1]. Amoxicillin (AMX), a B-lactam antibiotic commonly prescribed for
bacterial infections, is among the most frequently detected pharmaceutical contaminants
in aquatic environments [2,3]. Owing to its incomplete degradation in conventional
wastewater treatment systems, amoxicillin persists in water bodies, posing risks to aquatic
ecosystems and potentially contributing to the emergence of antibiotic-resistant bacteria.
These environmental concerns underscore the urgent need for sustainable remediation
strategies that not only remove contaminants but also enable value-added resource
recovery [4-7].

Among the emerging technologies, advanced oxidation processes (AOPs) -particularly
photocatalysis- have attracted growing interest due to their ability to degrade persistent
organic pollutants under mild conditions. Beyond pollutant degradation, photocatalytic
oxidation has recently been explored for simultaneous hydrogen (Hz) evolution, offering
a dual benefit of environmental remediation and clean energy production [8§—11]. In these
systems, light-activated semiconductor materials generate reactive oxygen species (ROS)
and photogenerated electrons, which can drive redox reactions that degrade contaminants
and evolve H; as concomitant [12—14].

Layered double hydroxides (LDHs), particularly NiFe-LDH, have garnered significant
attention as photocatalysts due to their tuneable chemical composition, high surface area,
and excellent anion exchange capabilities. The synergistic interaction between Ni** and
Fe*" ions promote visible-light-induced electron-hole pair separation, thereby facilitating
the generation of both oxidative radicals and reductive species for H» evolution.
Moreover, the structural flexibility of LDHs allows for the incorporation of diverse
anions, which can further modulate their photocatalytic behaviour for specific
applications [15,16].

This study addresses a significant research gap in the field of photocatalytic

environmental remediation by integrating the degradation of pharmaceutical pollutants
with clean energy recovery. While numerous studies have examined either the
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photocatalytic removal of AMX or hydrogen generation separately, only limited research
has focused on their simultaneous realization using a single photocatalyst system.
Moreover, although NiFe-LDH has been widely studied for water splitting and pollutant
degradation due to its visible-light activity and low cost. For instance, Ren et al. used
NiFe-LDH@Ni3S> nanosheet arrays as an efficient catalyst for water splitting [17] and
Khatace et al. used NiFe-LDH/rGO for the sonophotocatalytic degradation of
moxifloxacin (MOX) [18]. In their study, the highest sonophotocatalytic removal
efficiency of 90.40% was achieved under optimal conditions: a catalyst loading of
1.0 g/L, MOX concentration of 20 mg/L, ultrasonic power of 150 W, and a natural pH of
~8, with a reaction time of 60 minutes) [18]. The experimental findings revealed that,
following an initial adsorption phase and subsequent visible light irradiation for 60
minutes, the addition of H»O; to form a photo-Fenton system enabled tetracycline
degradation efficiency to reach as high as 99.11% [19]. However; its dual functionality
for both AMX degradation and hydrogen evolution under optimized operational
conditions remains largely unexplored. Therefore, this work not only introduces a
sustainable strategy for the treatment of antibiotic-laden wastewater but also demonstrates
the potential of NiFe-LDH as a multifunctional photocatalyst for waste-to-energy
conversion applications.

In this study, NiFe-LDH was synthesized, characterized (SEM-EDX, BET, FTIR, and
XRD), and applied for the simultaneous photocatalytic degradation of AMX and H>
evolution under visible light irradiation. The effects of key operational parameters -
including catalyst loading, pH of AMX solution, and initial AMX concentration- were
systematically investigated in terms of both degradation efficiency and H» evolution. This
work contributes to the development of integrated water treatment technologies that
facilitate waste-to-energy conversion through the photocatalytic transformation of
pharmaceutical pollutants.

2. Material and methods

2.1. Chemicals
Amoxicillin trihydrate (AMX, >98%), Ni(NO3)2-6H-20, Fe(NO3)3-9H>O, NaOH, HCl and
ethanol were purchased from Sigma-Aldrich. All solutions were prepared using deionized
water (DW).

2.2. Synthesis of NiFe-LDH

NiFe-LDH was synthesized via a simple co-precipitation method. In a typical synthesis,
Ni(NO3)2:6H20 and Fe(NO3)3-9H>0 were dissolved in DW at a molar ratio of 3:1 (Ni:Fe)
and the mixture was stirred under a N> atmosphere at ambient temperature. NaOH
solution (2 N) was then added dropwise to the mixed metal solution to adjust the pH to
10. The resulting suspension was aged at 80°C for 12 h.

2.3. Characterization of NiFe-LDH

The morphology and elemental distribution of NiFe-LDH were characterized by
scanning electron microscopy (SEM, QUANTA 400F Field Emission SEM) coupled with
energy-dispersive X-ray spectroscopy (EDX). Fourier-transform infrared spectroscopy
(FTIR, Shimadzu IRTracer™-100) was employed to identify surface functional groups
within 4004000 cm™ range. Structural analysis was carried out viaX-ray diffraction
(XRD, Philips X Pert Pro) with Cu Ka radiation (A = 1.5406 A). The specific surface area
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was measured using Brunauer—Emmett-Teller (BET) analysis (Micromeritics ASAP
2010).

2.4. Experimental study

Photocatalytic degradation experiments were conducted under visible light using a 300
W Xenon lamp. The influence of several parameters-namely pH (3, 5, 7, and 9), initial
AMX concentration (5, 10, and 20 ppm), and catalyst loading (1, 2, and 5 g/L)-on the
photocatalytic performance was systematically examined. The pH adjustments were
carried out using 0.1 M solutions of NaOH and HCI. In a standard test, 0.2 g of NiFe-
LDH was dispersed in 100 mL of AMX solution (10 ppm). Then, it was stirred in the dark
for 30 min. prior to illumination to ensure adsorption—desorption equilibrium. All
experiments were performed in triplicate to ensure reproducibility of the results. Aliquots
were taken at specific time intervals during the reaction and analyzed for remaining AMX
concentration using a UV-Vis spectrophotometer set at 229 nm. The selection of this
detection wavelength was based on previously published studies, which have identified
229 nm as the maximum absorbance for AMX in aqueous solution [20-22]. Alongside
AMX degradation, total organic carbon (TOC) removal was assessed with a TOC
analyzer (Shimadzu TOC-L), and chemical oxygen demand (COD) was evaluated using
COD analysis kits. Additionally, hydrogen gas generated during the photocatalytic
reaction was measured by gas chromatography (GC, Agilent 6890) equipped with a
thermal conductivity detector. A molecular sieve SA column was used with N> as the
carrier gas at a flow rate of 30 mL/min. The GC oven temperature was maintained at 30

°C during the analysis.
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Figure 1. Experimental setup

2.5.Toxicity tests

To assess whether any toxic oxidation by-products were generated during the
photocatalytic oxidation process, toxicity experiments were conducted. The evaluation of
phytotoxicity was based on root growth inhibition, determined by measuring the root
lengths of Lepidium sativum seeds exposed to treated and untreated AMX solutions, as
well as distilled water. For each condition, 5 mL of the corresponding solution was added
to separate Petri dishes containing the seeds. These were then incubated in complete
darkness for 72 h. After the incubation period, root lengths were measured, and the

inhibition percentage was calculated using the given equation.

o LC — LP
Root Growth Inhibition (%) = [T x100

LC: Average root length of seeds grown in distilled water (control), mm
LP: Average root length of seeds grown in treated or untreated AMX solution, mm
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3. Results and discussion

3.1. Characterization Study
The morphology of NiFe-LDH observed via SEM (Figure 2a) revealed plate-like
structures typical of LDH materials and similar morphology was previously observed in
various reported studies [18,23]. In addition, the EDX mapping (Figure 2b) confirmed
the uniform distribution of Ni and Fe throughout the structure, indicating successful
synthesis. BET area of Ni-Fe LDH was measured as 7.56 m?/g. FTIR analysis revealed
several distinct features in the spectrum, as shown in Figure 3a. A prominent peak at
around 1385 cm™! was observed, which can be attributed to the stretching vibrations of
the interlayer nitrate ions in NiFe-LDH. Furthermore, a strong band around 600 cm™ is
associated with the Fe—O stretching vibrations in the hydrotalcite structure. The peaks in
the range of 400-500 cm™ are related to the O-Ni—O vibration modes [24]. XRD patterns
of NiFe-LDH 1is displayed in Figure 3b and revealed distinct diffraction peaks that
correspond to the typical hexagonal structure of LDH. The observed peaks at 11.53°,
22.18°, 32.33°, 34.28°, 38.83°, 45.98°, 60.48°, 65.78°, and 72.08° could be assigned to
the (003), (006), (101), (012), (015), (018), (110), (113), (116), and (119) crystallographic
planes, respectively. These diffraction peaks align with the well-established pattern for
nickel-iron hydrotalcite (JCPDS: 40-0215), confirming the successful formation of the
NiFe-LDH phase [17,25]. As a conclusion, the results of characterization analysis were
confirmed the successful synthesis of Ni-Fe LDH.

PM|E ME

Figure 2. SEM diagram (a) and mapping (b) of NiFe-LDH
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Figure 3. FTIR (a) and XRD (b) spectrum of NiFe-LDH
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3.2.  Photocatalytic hydrogen evolution from AMX

The photocatalytic degradation of AMX in the presence of NiFe-LDH under visible light
irradiation was comprehensively evaluated by systematically investigating the effects of
pH, initial AMX concentration, catalyst amount, and the results are given in Figure 4.
Figure 5 presents a detailed summary of TOC removal, COD removal, and H> evolution
over a 2-hour visible light irradiation period are reported under varying experimental
conditions, including pH, initial AMX concentration, and NiFe-LDH catalyst loading.

The solution pH significantly influences the photocatalytic degradation process by
altering both the surface properties of the photocatalyst and the ionization state of AMX.
In the present study, AMX degradation efficiency was investigated at pH 3-9 and it
increased with pH up to 7 and then slightly declined at higher pH (pH 9). Lower
degradation efficiencies were recorded at acidic and alkaline conditions, due to surface
charge interactions and the scavenging of photogenerated charge carriers, which suppress
ROS formation. At acidic pH values (3-5), the surface of NiFe-LDH tends to be
positively charged, leading to electrostatic repulsion with protonated AMX molecules,
thereby reducing adsorption and subsequent degradation, consistent with the literature.
Furthermore, excessive H* ions may scavenge photogenerated electrons, suppressing
ROS formation (¢OH, *O>") [18,26,27].The highest removal efficiency was observed at
pH 7, where almost 75% of AMX was degraded, accompanied by 55.8% TOC and 71.2%
COD removal, and 46 umol of Hz evolution. This is attributed to: i. Minimal electrostatic
repulsion, ii. Enhanced generation of ROS, iii. Favorable adsorption of zwitterionic AMX
molecules. Similar observations were reported by Khataee et al., who found that the
sonophotocatalytic degradation of moxifloxacin over NiFe-LDH/rGO was optimal near
the natural pH (~8), where the catalyst and pollutant interaction was strongest [18]. In
contrast, at alkaline pH values (>9), both AMX and the catalyst surface acquire negative
charges, leading to electrostatic repulsion and reduced degradation efficiency [18,28,29].
Moreover, hydroxide ions can act as scavengers for photogenerated holes, limiting *OH
radical production [16,28]. Thus, near-neutral pH conditions are optimal for achieving
maximum photocatalytic degradation of AMX. The influence of catalyst loading was
evaluated by varying the NiFe-LDH amount between 1 and 5 g/L (Figure 4b). The
degradation efficiency increased with catalyst loading up to 2 g/L, attributed to the
availability of more active sites and enhanced photon absorption. However, further
increases to 5 g/L led to a decline in AMX degradation and H» evolution, likely due to
catalyst aggregation and excessive light scattering, which reduced the effective light
utilization and decreased ROS generation. The impact of initial AMX concentration on
photocatalytic degradation was examined within the range of 5-20 ppm (Figure 4c). In
terms of initial AMX concentration, lower AMX concentration (5 ppm) led to the highest
AMX degradation (~90%), TOC removal (65.8%), COD removal (84.9%), and hydrogen
production (58.2 umol). This improvement is related to reduced competition for active
sites and less light shielding. On the other hand, increasing AMX to 20 ppm resulted in
decreased performance due to saturation of catalyst surface and possible inhibition of
light penetration. A general trend observed is that higher AMX degradation corresponds
to greater TOC/COD removal and H» evolution, indicating that the photocatalytic process
effectively mineralizes AMX and simultaneously facilitates H> production. To better
contextualize the performance of the NiFe-LDH photocatalyst, a comparison with
literature-reported systems was conducted. Pt/CdS photocatalysts are widely recognized
for their high hydrogen evolution rates; for example, Pt/CdS-1h exhibited a specific
surface area of 12.03 m?/g and produced 40.3 pmol/h Ha, while Pt/CdS-3h-S reached 45.1
pumol/h at 13.61 m?/g [30]. Similarly, noble metal-loaded TiO systems demonstrated
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high production capacities: 2 wt% Au—TiO2 achieved ~550 pmol Hz, 1 wt% Cu-TiO>
~420 pmol, and 0.75 wt% Pd-TiOz ~300 umol, with BET surface areas ranging from
50.7 to 100.9 m?/g [31]. In the present study, the NiFe-LDH catalyst, with a BET surface
area of only 7.56 m?%g, achieved 58.2 umol H> within 2 h (29.1 umol/h) under visible
light, without the use of noble metals, additional oxidants, or co-catalysts. Although the
absolute hydrogen production of Pt/CdS and Au/Pd/Cu—TiO; systems is higher, these
often involve expensive noble metals, more complex synthesis protocols, and, in some
cases, UV irradiation. In contrast, the NiFe-LDH system operates effectively under
visible light using earth-abundant elements, offering a cost-effective and environmentally
friendly approach with the added advantage of simultaneous pollutant degradation and
renewable energy generation.
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Figure 4. The impact of key reaction parameters: pH (a), catalyst loading (b) and initial
AMX concentration (c) on the photocatalytic degradation of AMX
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Figure 5. The impact of key reaction parameters: pH (a), catalyst loading (b) and initial
AMX concentration (c¢) on the TOC and COD removal and photocatalytic hydrogen
evolution rate.

3.3. Photocatalytic mechanism of NiFe-LDH in AMX Degradation

Upon visible light irradiation, NiFe-LDH absorbs photons, resulting in the excitation of
electrons (¢”) from the valence band (VB) to the conduction band (CB), leaving behind
positive holes (h") in the VB. These photogenerated charge carriers initiate redox
reactions at the surface of the catalyst. Specifically, the electrons in the CB reduce
dissolved oxygen molecules (O>) to superoxide radicals (¢O2"), while the holes in the VB
oxidize water (H>0O) or hydroxide ions (OH-) to form hydroxyl radicals (*OH) and
hydrogen (Hz). Both *O;" and *OH are highly reactive oxygen species that attack and
degrade the AMX molecules into smaller, less harmful compounds such as CO», H>O,
and mineralized by-products, contributing to the overall hydrogen generation. The overall
mechanism can be schematically illustrated in Figure 6 and described as follows:
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Figure 6. Schematic illustration of the proposed photocatalytic degradation mechanism
of AMX using NiFe-LDH under visible light irradiation

3.4.Kinetic study
The kinetic behaviour of the AMX degradation reaction was examined using a first-and
second-order rate model. As shown in Figure 7, a plot of In(Co/C) versus reaction time at
three different conditions yielded highly linear trends with high R? values (R?>=0.99),
confirming that the degradation follows the first-order kinetics. The apparent rate
constants were calculated from the slopes of the linear regression lines and were found to
be 0.0171, 0.0196, and 0.0238 min! at 25, 35, and 45 °C of reaction temperatures,
respectively, suggesting that the reaction rate increases under more favourable reaction
conditions. The activation energy (E.), which was determined to be 13.04 kJ/mol. This
relatively low E, indicates that the reaction proceeds with minimal energy input, which is
desirable for energy-efficient applications. Together, these results demonstrate that the
reaction exhibits typical first-order kinetics and follows the Arrhenius model, with a low
activation barrier supporting its potential for practical implementation under mild
operating conditions.
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Figure 7. Linearized first-order reaction kinetic
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3.5.Toxicity assessment

To evaluate the environmental safety of the photocatalytic degradation process, toxicity
tests were conducted under optimal reaction conditions (pH=7, [AMX]o=5 ppm, 2 g/L
NiFe-LDH). The potential phytotoxicity of the intermediates and final products formed
during the degradation of AMX by NiFe-LDH was examined using Lepidium sativum
(garden cress) as a bioindicator. The average root elongation of seedlings exposed to the
treated AMX solution was measured as 22.65 mm, compared to 18.27 mm for those grown
in untreated AMX solution and 39.12 mm for those grown in distilled water. Untreated
AMX solution caused significant growth inhibition in the roots, whereas the roots treated
with the photocatalytically degraded solution showed a noticeable increase in length. The
growth inhibition percentages were calculated as 42.1% and 53.3% for treated and
untreated AMX solutions, respectively, indicating a reduction in phytotoxicity after
treatment. These findings suggest that the NiFe-LDH does not only effectively degrades
the AMX but also reduces the toxicity of the resulting solution, enhancing its potential for
practical environmental applications.

As a conclusion, the NiFe-LDH photocatalyst synthesized in this study demonstrated
strong efficiency in degrading AMX, achieving 88% removal under optimized conditions.
This result is on par with, or even superior to, many photocatalysts previously reported
for similar antibiotic compounds, particularly tetracycline. For instance, degradation rates
0f' 90% and 83.1% were reported for TiO2/NiAl-LDH [32] and AgzVO4/ZnTi-LDH [33],
respectively, while LDH-Ag>O/Ag [34] and MgAI-LDH/(Bi0O),COs3 [35] were achieved
slightly higher values of 92% and 97.2%. Although some photocatalysts with enhanced
activity, such as NiFe LDH/BisOsl> [36] and Cu2sNiosCo-LDH/GO [37], exhibited
degradation efficiencies exceeding 95% via photo-Fenton or hybrid pathways, these
typically involve more elaborate setups and additional reagents. In contrast, this work
employs NiFe-LDH catalyst activated under visible light, without the need for added
oxidants or co-catalysts, offering a more straightforward and eco-friendly solution with
competitive performance. Furthermore, the toxicity evaluation showed a noticeable
decrease in phytotoxicity following treatment, supporting the environmental safety of the
approach. In summary, the findings highlight NiFe-LDH as an effective and sustainable
photocatalyst for AMX removal from wastewater streams.

Conclusion

This study demonstrated the successful synthesis of NiFe-LDH via a simple co-
precipitation method and its efficient application in the simultaneous photocatalytic
degradation of AMX and H» production under visible light. Structural and morphological
analyses confirmed the formation of a layered double hydroxide with uniform Ni and Fe
distribution and characteristic functional groups. Photocatalytic experiments revealed that
near-neutral pH (pH 7), moderate catalyst loading (2 g/L), and lower AMX concentration
(5 ppm) provided optimal conditions for AMX, TOC and COD removal and H> evolution.
The correlation between AMX degradation, TOC/COD reduction, and hydrogen
generation highlights the effectiveness of the NiFe-LDH photocatalyst in facilitating both
environmental remediation and renewable energy conversion. The results suggest that
NiFe-LDH has potential for dual-function photocatalytic applications in wastewater
treatment and energy recovery.
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