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The efficient photocatalytic degradation of pharmaceuticals in wastewater is critically important for
environmental protection. The synthesis and characterization of NiFe-LDH/C for the photocatalytic
degradation of selected p-blockers, specifically metoprolol, under UV light conditions were investigated
in this study. The study aimed to explore the potential of NiFe-LDH/C as a catalyst for the degradation of
metoprolol, a commonly used pharmaceutical compound in the treatment of chronic diseases such as
high blood pressure and chest pains, which is frequently detected in wastewater. The selection of NiFe-
LDH/C was driven by the need for materials with high photocatalytic activity, the ability to generate

gﬁﬁiﬁg’; I reactive oxygen species and enhance charge separation, and stability under solar light. Activated carbon
p-blockers was employed as a support to increase the surface area and improve the dispersion of the LDH particles,
Metoprolol thereby enhancing overall photocatalytic efficiency. The results showed that NiFe-LDH/C exhibited
Photodegradation excellent photocatalytic activity in degrading metoprolol under both UV and sunlight-mediated con-
UPLC-MS ditions, with degradation efficiencies of over 89 %. Furthermore, the characterization of the NiFe-LDH/C

catalyst revealed its stability and recyclability, making it a promising candidate for the efficient removal
of pharmaceutical compounds from wastewater through photocatalytic degradation. The character-
ization results showed that the NiFe-LDH/C exhibited a high degree of crystallinity and a well-defined
layered structure. The photocatalytic experiments demonstrated that the NiFe-LDH/C was effective in
degrading metoprolol and ultra-performance liquid chromatography-mass spectrometry (UPLC-MS)
was used to elucidate the degradation products of metoprolol in water.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
nd/4.0/).

1. Introduction

Water contamination caused by p-blockers is a growing envi-
ronmental health hazard [1-3]. B-blockers, a class of pharmaceu-
ticals primarily used to manage cardiovascular conditions such as
hypertension and heart arrhythmias, have been detected in water
bodies worldwide [4-6]. The main sources of p-blockers
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contamination in water systems include effluent from wastewater
treatment plants [7,8], runoff from agricultural lands where live-
stock are treated with these medications [9,10], and improper
disposal of unused medications [11,12]. The presence of g-blockers
in water bodies can adversely affect aquatic organisms, including
disruptions in endocrine systems, changes in behaviour, and
reproductive abnormalities [2-4,13]. B-blockers (e.g., atenolol,
metoprolol, propranolol) are widely detected in wastewater due to
incomplete metabolism and limited removal in conventional
treatment plants. Recent studies highlight their persistence and
potential ecological risks, including endocrine disruption and
cardiotoxicity in aquatic organisms [14]. Advanced oxidation
processes (AOPs), particularly photocatalysis, have gained
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attention for their ability to degrade these pharmaceuticals effi-
ciently [15]. Metoprolol is a commonly used p-blocker for the
treatment of cardiovascular illnesses [16,17] and is also often
found in water environments [2,3,18]. Metoprolol removal effec-
tiveness in WWTPs varies significantly based on the factors of
WWTP design and operation. [19,20]. Additionally, there are con-
cerns about the potential for bioaccumulation of p-blockers in
aquatic food chains, leading to further ecological impacts. Among
these adverse consequences include decreased testosterone levels,
endocrine system disturbance, and sexual dysfunction. [21].
Constantly using p-blockers in quantities higher than the daily
maximum of pg-ng/dm? has negative health effects. [22,23].
Therefore, coming up with efficient ways to eradicate these erratic
pollutants is a huge area of research. Techniques for removal, such
as adsorption [24], photodegradation [2,3,25], membrane filtration
[26] among others, have been given serious consideration in the
fight against these resistant p-blockers. Therefore, it is crucial to
identify novel catalytic materials with promising activity, high
stability, and good durability [27,28].

Layered double hydroxides (LDHs), sometimes referred to as
hydrated metal-like compounds, are a type of layered composite
metal hydroxide made up of exchangeable anions placed in be-
tween the layers and divalent and trivalent metal cations [31-35].
[M3*xM?*1 x(OH)*]* + [An" ]xn-mH20] is the description of the
particular structure of LDH, where M?* and M>" stand for divalent
metal cations (such as Zn?*, Ni*, and so on) and trivalent metal
cations (such as AI>*) respectively [36]. LDHs are highly valued as
exceptional photocatalytic materials because of their exceptional
qualities, which include uniform distribution of metal cations,
excellent interlayer anion exchangeability, biocompatibility, and
chemical stability [37,38]. Furthermore, by carefully choosing and
managing the right metal cations and interlayer anions, LDHs
provide adjustable reactive site locations and band gaps,
improving the effectiveness of visible light use [39]. These char-
acteristics give LDHs exceptional organic pollutant adsorption
capacities. Moreover, the formation of heterostructures of LDHs
with metals, hydroxides, other semiconductors, or salts allows the
achievement of particular band gap values. [39]. These character-
istics have inspired scientists to develop LDH-based photocatalytic
materials. For example, [29] used an electrostatic assembly
approach to create a new three-dimensional layered NiFe-LDH/C
photocatalyst [36]. When exposed to visible light, this catalyst
demonstrated an ideal H2 production 6.23 times greater than that
of pure CdS [36]. However, LDHs have the following drawbacks:
quick photo-induced charge carrier recombination, weak reduc-
tion ability, limited recycling ability following the photocatalytic
reaction, and strong adsorption capacity [33,40,41]. Their overall
conversion efficiency is constrained by these issues. Additionally,
their photocatalytic activities are further impeded by inadequate
functional group loading [42]. Researchers are actively investi-
gating various modification techniques to develop high-
performance LDH-based composites for photocatalytic applica-
tions. Carbon-based materials, such as carbon nanotubes [43],
graphene oxide [44], and annealed nanodiamonds [45], have
typically been utilized in recent years to support metal-based
catalysts. Activated carbon (C) is the most commonly utilized
carbon material in wastewater treatment as a carbon support for
metal-based catalysts due to its remarkable adsorptive capacity
and catalytic activity.

Our objective was to utilize the distinct characteristics of
cutting-edge materials such as C and LDHs to create a new, highly
effective NiFe-LDH/C catalyst that would aid in the photocatalytic
degradation of metoprolol in the presence of UV light. Various
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characterization instruments utilized to explore the chemical and
physical characteristics of the NiFe-LDH/C composites. In addition,
the catalyst dose was taken into consideration when determining
the catalytic activity of NiFe-LDH/C composites. More significantly,
the UHPLC-MS technique was used to determine the metoprolol
breakdown process and the by-products potentially produced.

2. Materials and methods
2.1. Materials

All chemicals used were of analytical reagent grade, and ul-
trapure water was used throughout the experiments. Urea (ACE,
South Africa), Fe(NO3),-9H,0, Ni(NOs3),-6H,0, ethanol, methanol,
formic acid, ascorbic acid were all supplied by Sigma Aldrich
(South Africa) and ammonia (25 %) were obtained from Merck
(Johannesburg, South Africa). A 1.00 g metoprolol/L stock solution
was made by dissolving metoprolol tartrate, which was acquired
from Sigma-Aldrich (USA), in methanol.

2.2. Synthesis of NiFe-LDH and NiFe-LDH/C

With some typical modification, NiFe-LDH/C was produced
using the prior hydrothermal technique [46]. In 80 mL of deionized
(DI) water, 1.33 g of Fe(NO3)2.9H,0 and 3.90 g of Ni(NO3),.6H,0
were dissolved, and the mixture was agitated for 15 min. Subse-
quently, an activated carbon suspension was introduced to this
solution, which was made by sonicating 0.5 g of activated carbon
in 10 mL of DI H,0 for 5 min. For 30 min, the suspension was
swirled. After 30 min of stirring and adding 1.94 g urea, the
mixture was moved to a stainless-steel autoclave lined with Teflon
and heated to 150 °C for 21 h. The autoclave was then allowed to
cool to ambient temperature, and the product was cleaned using a
centrifuge. The finished product was then pulverized into a fine
powder after being dried for the entire night at 100 °C in an oven.
The synthesis procedure described above was used to synthesize
NiFe-LDH; however, activated carbon solution was not added.

2.3. Photocatalytic performance evaluation

Metoprolol's degradation under simulated solar light irradiation
was used to gauge the photocatalytic activities of the synthesized
composites. A 300 W xenon lamp solar simulator (HAL-350) fitted
with A > 300 nm cut-off filters was used as the light source. A
typical run involved adding 80 mg of photocatalysts to a beaker that
contained 100.0 mL of pollutant aqueous solution (20.0 mg L™,
without adjusting pH). To reach adsorption-desorption equilibrium
before irradiation, the suspension was stirred in the dark for 30 min.
Then, at predetermined intervals, 3.0 mL suspension samples were
removed and filtered using 0.22 um PES syringe filters (ANPEL,
China) in preparation for additional analysis. The average values
with standard deviations were presented after the batch experi-
ments were carried out in triplicate.

2.4. Electrochemical investigation

The electrochemical examinations were performed using a
Biologic (Biologic Science Instruments GmbH, Germany) three-
electrode system equipped with a glassy carbon electrode
((GCE), diameter: 3 mm; A = 0.071 cm?), working electrode (WE),
Pt electrode as the counter electrode, and a silver-silver chloride
(Ag/AgCl) as the reference electrode containing the saturated NaCl
solution (~3 M). The standard electrode modification involved
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ultrasonically dispersing 20 mg of NiFe-LDH/C in 5 mL of ethanol,
creating a homogenous suspension. 5 pL of this suspension were
then drop cast onto a well-polished GCE and baked at 80 °C. A
NiFe-LDH-modified electrode was made for comparison using the
same process as previously described. The WE were cleaned using
alumina slurries (1, 0.3, and 0.05 pm) and rinsed with deionized
water before drop-casting. The WE were then sonicated in DI H,0
and ethanol for 15 min to remove the particles of alumina slurries
on the surface of the electrode and the electrode was dried before
the modification. The cyclic voltametric (CV) test was carried out
in an Np-purged with 5 mM of Ferri/ferrocyanide in 0.1 M KCl used
as an electrolyte at 100 mV s~ ! between —1V and +1 V vs Ag/AgCL.
The electrochemical impendency spectroscopy (EIS) experiments
were carried out in the same solution at a fixed potential window
(0.421 and 0.29 V vs Ag/AgCl) for NiFe-LDH and NiFe-LDH/C,
respectively.

3. Results and discussion
3.1. Chemical composition analysis

3.1.1. Fourier Transform Infrared Spectroscopy (FTIR) analysis of C,
NiFe-LDH and NiFe-LDH/C

The FTIR spectra (Fig. 1) were used to analyze the chemical
bonds associated with the molecular interactions of C, NiFe-LDH,
and NiFe-LDH/C. The expansive bands around 3434 and
1618 cm™! are linked to the hydroxyl (OH) group and the flexural
vibration of hydroxyls in the layer [47]. The shoulder band
observed near 3240 cm~! indicates the possible remaining amine
groups from the NHi produced during urea breakdown in the
hydrothermal synthesis process [46]. The band at 1383 cm™! is
attributed to the anti-symmetric stretching vibration of the
intercalating CO%~ anion, which is a direct consequence of urea
breakdown during hydrothermal synthesis [43]. The stretching
band observed at 2153 cm™! is primarily due to the C-O vibrations
of the CO5~ anions and the activated carbon backbone, high-
lighting their significant role in this interaction [43,44]. The lattice
vibrations of Ni-O, Fe-O, and Ni-O-Fe in the brucite layer of the
LDH play a crucial role in generating the broad bands at approxi-
mately 656 and 497 cm™, highlighting their significance in the
material's properties [45].

NiFe-LDH

c

NiFe-LDH/C

Transmittance (%)

T
3000 2500 2000 1500 1000 500

Fig. 1. FTIR spectra for (a) NiFe-LDH, (b) C, (c) NiFe-LDH/C.
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3.2. X-ray Diffraction (XRD) analysis of C, NiFe-LDH and NiFe-LDH/
C

The XRD pattern of the NiFe-LDH/C and NiFe-LDH sample as
prepared is displayed in Fig. 2. The standard diffraction patterns of
the NiFe-Layered Double Hydroxide (LDH) structures, as refer-
enced in JCPDS card No. 40-0215 and source [46], closely corre-
spond to the typical characteristic peaks associated with NiFe-
LDH. These peaks were observed at angles of 11.88°, 22.44°,
34.25°, 39.33°, 46.59°, 59.53°, and 61.10°. The corresponding
diffraction peaks for these angles are attributed to the following
planes: (003), (006), (012), (015), (018), (110), and (113), respec-
tively. The (003) and (006) peaks are indicative of the layered
structure typical of LDHs. The presence of these specific peaks
suggests that the LDH maintains its characteristic brucite-like
structure, where metal hydroxide layers alternate with interlayer
anions or water molecules. The undifferentiated, abrupt peak
shape could show that the produced NiFe-LDH had good crystal-
lization, due to fewer defects (such as stacking faults or amor-
phous regions) present. This reduces peak broadening in XRD and
results in sharper diffraction peaks (Fig. 2) [48]. While the NiFe-
LDH/C did not show sharper peaks, which might be attributed to
the method of synthesis and any post-synthesis processes (such as
calcination or drying) may also have an impact on the material's
crystallinity. For example, synthesis carried out hydrothermally or
at low temperature may result in less crystallinity than synthesis
carried out using high-temperature treatment. Furthermore, the
large diffraction peaks at 25.8° and 40.7° are indicative of the
amorphous activated carbon's (002) and (101) diffraction planes.

3.3. Particle morphology analysis of C, NiFe-LDH and NiFe-LDH/C

3.3.1. Field emission scanning electron microscope (FE-SEM) and
EDS and energy dispersive X-ray spectroscopy (EDS)

To study the morphologies and structures of the NiFe-LDH and
NiFe-LDH/C, FE-SEM was used. The NiFe-LDH nanoclusters have
layered structures, as shown in Fig. 3a and NiFe-LDH/C in Fig. 3b.
The EDS spectra confirmed the presence of Ni, Fe, O and Cin Fig. 3¢
for NiFe-LDH/C. The aluminium detected in the materials arises
from the possible sample contact with the specimen stubs. This
emphasizes the necessity for meticulous handling to guarantee

NiFe-LDH
— NiFe-LDH/C

012 110
A )

113
» 111
4

7

Intensity (a.u)

20 40 60
2 Theta

Fig. 2. XRD pattern of NiFe-LDH/C and NiFe-LDH.
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Full scale counts: 5741

NiFe LDH AC(S)

25um

Fig. 3. FE-SEM images for surface morphology of (a) NiFe-LDH, (b) NiFe-LDH/C, (c) EDS spectra of NiFe-LDH/C and (d)-(g) mapping images of NiFe-LDH/C.

accurate results. The elements C, O, Fe and Ni were evenly
distributed on the catalyst surface, as shown by the EDS mapping
images of the NiFe-LDH/C (Fig. 3(d,e,f and g)). The presence of
increased oxygen as observed in SEM mapping can play a dual role.
It can enhance photocatalytic activity by improving charge sepa-
ration and facilitating the generation of reactive species.

3.3.2. High-resolution transmission electron microscopy/selected
area electron diffraction (HR-TEM/SAED)

Activated carbon sheets support the NiFe-LDH/C multilayers, as
seen in the TEM image in Fig. 4a. The SAED pattern of the NiFe-
LDH/C (Fig. 4b) shows distinct polyatomic bright spots, which
correspond to specific lattice planes of the NiFe-LDH structure. The
intensity of these bright spots indicates a well-defined crystalline
structure, affirming the successful synthesis of the NiFe-LDH/C.
The presence of these sharp spots suggests a high degree of crys-
tallinity, which is crucial for photocatalytic applications [49]. The
FE-SEM images clearly show that adding activated carbon sheets
reduced the aggregation and stacking of the NiFe-LDH/C layers,
resulting in greater exposure. The presence of diffraction rings
indicates that although the material is mainly crystalline, the
activated carbon provides sufficient surface area, which can
enhance the adsorption of metoprolol.

3.4. Brunauer-Emmett-Teller (BET) surface area analysis of C,
NiFe-LDH and NiFe-LDH/C

The N3 adsorption-desorption isotherms recorded at 77 K were
used to characterize the pores for NiFe-LDH and NiFe-LDH/C
(Fig. 5). The specific surface area of NiFe-LDH/C was 176.3 m?/g,
significantly more than that of NiFe-LDH, which had a specific
surface area of 84.8 m?/g. The addition of activated carbon, which
is known to have a large surface area (198.1 m?/g), is responsible
for the significant increase in surface area [50].

As can be shown in Table 2, NiFe-LDH/C exhibited higher
average pore size and total pore volume than NiFe-LDH (see
Table 1). NiFe-LDH and NiFe-LDH/C are also shown in the inset
graph of Fig. 5. According to the International Union of Pure and
Applied Chemistry's (IUPAC) classification, the presence of meso-
porous material was suggested by the type IV isotherm with an
H3-type hysteresis loop.

3.5. Optical response of C, NiFe-LDH and NiFe-LDH/C

The quantity of catalyst used in photocatalytic degradation is
one of the variables affecting the process efficiency. Thus, the ef-
fects of different catalyst dosages (20-80 mg) on the photocatalytic

Fig. 4. TEM image of (a) NiFe-LDH/C and (b) SAED pattern of NiFe-LDH/C.

4
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Fig. 5. Nitrogen adsorption-desorption isotherms of C, NiFe-LDH and NiFe-LDH/C and the corresponding pore-size distribution calculated by the BJH method.

Table 1
Physicochemical properties of metoprolol g-blockers.
Chemical structure oH
Y
Chemical formula o)
Ci5H25NO5
Molecular weight (g/mol) 267.36 g/mol
Solubility in water (0.402 mg/mL at 25 °C). 0.402 mg/mL
Amax (NmM) 275
Therapeutic group p-blockers
Table 2
BET properties of C, NiFe-LDH and NiFe-LDH/C.
Surface properties C NiFe-LDH NiFe-LDH/C Surface properties
BET surface area (m?/g) 198.12 84.83 176.27 BET surface area (m?/g)
Average pore size (nm) 6.16 6.30 6.93 Average pore size (nm)
Total pore volume (cm3/g) 0.32 0.15 0.29 Total pore volume (cm?/g)

activity were investigated (Fig. 5a). Through an increase in catalyst
dosage from 20 mg to 80 mg, the efficiency of pollutant degrada-
tion was improved. High catalyst dosages can result in excessive
light scattering, which may hinder photocatalytic degradation
[51]. Thus, 80 mg was determined to be the ideal catalyst dosage
for further experimental work. Using different catalysts of C, NiFe-
LDH and NiFe-LDH/C degraded 52 %, 71 %, and 89 % of pollutants
with 24 % from photolysis, respectively, as shown in Fig. 5b. It is
clear that NiFe-LDH/C exhibited the highest pollutant degrading
efficiency; hence, it was the most suitable catalyst for the subse-
quent experiment's tests. As shown in section 3.6, its high pho-
tocatalytic activity can enhanced the visible light harvesting,
decreased charge transfer resistance, rapid electron migration, and
suppressed recombination of photogenerated electron-hole pairs
[52]. As seen in Fig. 5c, the Langmuir-Hinshelwood model was
fitted to the data to fully evaluate the samples' photocatalytic
degradation rates. At low initial pollutant concentration (Cp), the
model is essentially a pseudo-first-order kinetic reaction with the
formula:

In(Cy / Ct) =kt (1)
Where k is the reaction rate constant and C; and Cy are the dye
concentrations at times t = t and t = 0 respectively. The estimated
sample rate constant values are shown in Fig. 5¢. It was shown that
NiFe-LDH/C composite enhanced the photocatalytic activity. This

implies that the interfaces between AC and NiFe-LDH may enhance
the formation process, reactive species separation, and charge
carrier transfer, all of which may result in a higher degradation
efficiency of pollutants.

3.6. Electrochemical behaviour of the prepared NiFe-LDH and NiFe-
LDH/C

CV was used to investigate the electron mobility in electro-
chemical reactions using NiFe-LDH and NiFe-LDH/C as photo-
catalysts. When the C dopant was applied to NiFe-LDH, the CV in
Fig. 6A demonstrate an increase in the observed anodic peak
current. The enhanced electron mobility is responsible for the
observed anodic peak current augmentation. Furthermore, the
rapid electron transfer on the photocatalyst surface is indicated
by the anodic peak shift of NiFe-LDH/C to a more negative po-
tential. The broad peak for the anodic and cathodic scan was
observed at 0.28 V vs Ag/AgCl (anodic peak) and 0.16 V vs Ag/AgCl
(cathodic peak) for NiFe-LDH/C and 0.43 V vs Ag/AgCl (anodic
peak) and 0.07 V vs Ag/AgCl (cathodic peak) LDH. To verify the
analytical data of NiFe-LDH/C and LDH obtained from CV, EIS was
employed as shown in Fig. 6B. NiFe-LDH/C (0.5 kQ) has a smaller
semicircle than LDH (4.5 kQ), which indicates a reduced electron
charge transfer resistance/polarization resistance (Rct/Rp). A tiny
arc is therefore favored for the materials' possible usage in
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Fig. 6. CV (A), and Nyquist plot (B) of NiFe-LDH and NiFe-LDH/C in an N,-purged, 5 mM of Ferri/ferrocyanide at 100 mV s~' plotted with error bars for the electrodes (NiFe-LDH

and NiFe-LDH/C), n = 4 for each data point, standard error represented by error bars.

photocatalysis since it mimics the material's surface's decreased
electron transfer resistance, which leads to efficient charge sep-
aration between electrons and holes. Doping the NiFe-LDH with C
enhanced its electron charge transfer, which in turn enhanced
photocatalytic performance, as seen in Fig. 6B. The synergistic
effects of C facilitate better charge carrier mobility, increase the
number of active sites, enhance light absorption, and improve the
overall stability of the composite. Thus, the observed results
agree with the data obtained from the CV results.

3.7. Degradation pathway

The UPLC-MS analysis (Figure S1 (a-b) was performed to eluci-
date the degradation products of metoprolol in water. The peak
intensity of pure metoprolol was significantly reduced concerning
the degraded metoprolol after 180 min, signifying a concentration
reduction of metoprolol in water. Several metoprolol metabolites
with the mass-to-charge (m/z) ratio of 225, 211, 209, 207, 179, 177,
166, and 138 m/z were identified from the mass spectra and the
degradation pathway is shown in Fig. 7. The initial step is initiated
by the electron transfer to the amine group, followed by the
abstraction of proton in the solution causing demethylation to form
P1  (1-[4-(2-methoxyethyl)phenoxy]-3-[(propan-2-yl)amino]pro
pan-2-ol) with my/z of 225 [53,54]A further attack on the adjacent
carbon to methoxy group led to the emanation of P2 (1-amino-3-[4-
(2-hydroxyethyl)phenoxy|propan-2-ol) and the reduction of P2 led
to a C=0 bond as shown P3 ([4-(3-amino-2-hydroxypropoxy)
phenyl]acetaldehyde) [55]Whereas, P3 (209 m/z) and P4 ((2E)-3-[4-
(2-methoxyethyl)phenoxy]prop-2-en-1-amine) products were
produced due to the elimination of water and C=0 and C=C bonds
were formed. The loss of the methoxy group due to hydroxyl radical
attack led to the formation of P5 ((4-{[(1E)-3-aminoprop-1-en-1-yl]
oxy }phenyl)methanol) and the -OH reduction yielded P6 (4-{[(1E)-
3-aminoprop-1-en-1-ylJoxy}benzaldehyde) having the carbonyl
group. The P7 (4-(2-methoxyethyl)phenol) was formed as the result
of aryl ether C-O bond cleavage to give rise to P7. Furthermore, the
elimination of the methoxy group on P7 led to the emergence of P8
(4-(2-hydroxyethyl)phenol), where the subsequent radical attack
on the P8 can lead to even smaller by-products and the production
of CO, and water [56].

3.8. Possible photocatalytic mechanism

The degradation of metoprolol using NiFe-LDH/C comprises of
the adsorption of metoprolol on the surface of the NiFe-LDH/C
catalyst and is followed by catalytic degradation reactions after
the irradiated light with the same or higher energy than the band
gap of the photocatalyst which will cause the generation of

photo-excited electrons (e~) and holes (h*). The NiFe-LDH/C has a
band gap of 2.37 eV, which can be photoexcited using visible light
irradiation, as shown in Fig. 8. After visible light irradiation, the
electrons (e™) in the valence band (VB) are excited and migrate
into the conduction band (CB) of NiFe-LDH, leaving the holes (h™)
behind on the VB. However, the rapid recombination of photo-
excited e”/h™" pairs may occur as a result of a narrow band gap of
NiFe-LDH, subsequently leading to minimal photocatalytic
degradation efficiency. To overcome the recombination of
photoexcited e~ /h™ pairs, activated carbon (C) was utilized as a
support material for NiFe-LDH and as an electron acceptor for the
photoexcited e~ in the CB of NiFe LDH, which is transferred to the
CB of C. This process improved the photoexcited charge separa-
tion and minimized the high rate of photoexcited e /h* pairs,
thus enhancing the photocatalytic efficiency of metoprolol.
Typically, the photoexcited e~ in the CB of NiFe-LDH is unable to
react with the adsorbed O, in the surface of the photocatalyst
since NiFe-LDH has a weaker CB edge potential (—0.31V vs NHE)
than —0.33V vs NHE of 0,/03 [57]. However, the photoexcited e~
in the CB of C can reduce the adsorbed O, to yield superoxide
radicals (O2) due to more negative CB edge potential (—1.14V vs
NHE) of C as compared to —0.33V vs NHE reduction potential of
0,/03 [58]. On the other hand, the VB holes (h™) in the NiFe-LDH
have a more positive VB band potential of 2.55V vs NHE than
2.27V vs NHE of «OH/-OH. Hence, the h* can oxidize water and
hydroxyl species to generate hydroxyl radicals (eOH). Conversely,
C cannot oxidize water in the VB of C due to a lower oxidation
potential (1.56V vs NHE) than 2.27V vs NHE of «OH/-OH [58]. The
main reactive radicals which were ¢OH and O3 contributed
significantly to the degradation of metoprolol into smaller com-
pounds such as water, carbon dioxide, and other by-products. Due
to the synergetic properties of NiFe-LDH/C, the material can be
regarded as superior for the eradication and degradation of
baneful pollutants in the environment. The probable reaction
mechanism is outlined as follows [59].

NiFe-LDH + hv — NiFe-LDH (e~cg + h * vg) (2)

NiFe-LDH (e cg + h + ve) + C — NiFe-LDH (h + ve) + C(e ) (3)

C(e"cp) + 02— 03° (4)
h+(vB) + Hy0 — eOH + HT (5)
Metoprolol + O3° + ¢OH — H;0 + CO, + by-products (6)
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Fig. 8. Possible degradation mechanism for metoprolol in the presence of NiFe-LDH/C photocatalyst.

3.9. Toxicity evaluation between the chemical structures and their potential effects on
living organisms, in this case the non-target organism Daphnia

The toxicity of the parent compound and degradation products magna. Due to the highly lipophilic nature of metoprolol [60], as
were estimated using the Quantitative structure-activity rela- the parent compound, it has shown to be more toxic than its
tionship models (QSAR models) and the results are shown in metabolites (P1-P8) reported in Table 3. However, compared to
Table 3.The QSAR model works by analysing the relationship other metabolites, the results in Table 3 show that P4, 5 and 6 are
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Table 3

QSAR model toxicity assessments of the identified degradation products.
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Degradation products

Toxicity Assessment

P1 (1-[4-(2-methoxyethyl)phenoxy]-3-[(propan-2-yl)amino]propan-2-ol)
P2 (1-amino-3-[4-(2-hydroxyethyl)phenoxy]propan-2-ol)

P3 ([4-(3-amino-2-hydroxypropoxy)phenyl]acetaldehyde)

P4 ((2E)-3-[4-(2-methoxyethyl)phenoxy]prop-2-en-1-amine)

P5 ((4-{[(1E)-3-aminoprop-1-en-1-ylJoxy}phenyl)methanol)

P6 (4-{[(1E)-3-aminoprop-1-en-1-yl]Joxy}benzaldehyde)

P7 (4-(2-methoxyethyl)phenol)
P8 (4-(2-hydroxyethyl)phenol)

342.98
136.25
155.31
281.03
249.38
260.19

92.47

87.24

Table 4

Comparison of proposed catalyst with existing systems.
Catalyst Type Advantages Limitations Degradation Efficiency (for References

p-blockers)
Fe304@ Ti0,-P25 High UV activity, stable Limited visible-light response ~60-80 % (UV, 2h) [66]
Ag-TiO, Enhanced visible absorption, antibacterial  Costly, potential metal leaching ~85-90 % (visible, 2h) [67]
g-C3Ny-based Low-cost, tunable bandgap Fast charge recombination ~70-75 % (visible, 3h) [68]
Perovskites Ferroelectric, broad light absorption Complex synthesis ~90-95 % (solar, 2h) [69]
(BiFeOs)
BiVO,/g-C3N4 Efficient charge separation, solar-driven Stability issues in long-term use ~95 % (visible, 1.5h) [70]
NiFe-LDH/C Enhanced visible-light absorption and long-term stability under continuous flow 89 % (visible, 3h) This work
stability conditions

Table 5

Comparison of NiFe-LDH catalysts with other LDH catalyst used for degradation of organic pollutants.
Catalyst Method of synthesis Pollutant Reusability R (%) Ref
FeAl-LDH Hydrothermal Bisphenol A - 93.0 % [71]
ZnCo-LDH@CeO; Hydrothermal phenol 5 cycles 99 % [72]
NiFeLa-LDH Co-precipitation Tetracycline - 90.0 % [73]
CoFe-LDH Co-precipitation Ciprofloxacin 2 cycles 76 % [74]
NiFe-LDH Hydrothermal Metoprolol 5 cycles 71 % This work
NiFe-LDH/C Hydrothermal Metoprolol 5 cycles 89% This work

closely toxic to the parent compound. This can be ascribed to
presence of the double bond (C=C) in P4, 5 and 6 that is more
reactive than an OH group (alcohol) in other metabolites, as the pi
bond in the double bond is weaker and more susceptible to attack
by environmental reagents, leading to addition reactions that
activate the more toxic nature of these metabolites [61-63]. It is
noteworthy that P7 and P8 were found to be less toxic than the
parent metoprolol compound, which is supported by the literature
[63-65].

Table 4 compares the proposed NiFe-LDH/C catalyst with
existing systems for p-blocker degradation. While conventional
TiO; exhibits limited visible-light activity and Ag-TiO, suffers from
metal leaching, NiFe-LDH/C offers enhanced visible-light absorp-
tion and stability due to its layered structure and carbon support.
Compared to g-C3N4 (charge recombination issues) and perov-
skites (complex synthesis), NiFe-LDH/C demonstrates competitive
efficiency (>85 %) with simpler preparation.

Table 5 compares NiFe-LDH with other LDH catalysts (e.g.,
CoFe-LDH, FeAl-LDH) for organic pollutant degradation. NiFe-LDH
demonstrates superior redox activity and visible-light response
due to its Fe3*/Fe?* and Ni**/Ni>* couples, achieving >89 %
pollutant removal.

4. Conclusion

In this study, we successfully synthesized and characterized
activated carbon-supported NiFe-LDH (NiFe-LDH/C) as an efficient
photocatalyst for the degradation of metoprolol under simulated
solar irradiation. The material's structural, morphological, and

optical properties were confirmed through various analytical
techniques, demonstrating a well-distributed NiFe-LDH on the
activated carbon surface. The photocatalytic performance of NiFe-
LDH/C was evaluated, revealing a significant enhancement in
metoprolol degradation (over 89 %) compared to pure NiFe-LDH
and activated carbon alone. The results showed that NiFe-LDH/C
exhibited high photocatalytic activity, attributed to the synergis-
tic effects between NiFe-LDH and the activated carbon support.
These effects include increased surface area, improved light ab-
sorption, and enhanced charge separation efficiency, which
collectively contribute to the effective degradation of metoprolol.
Additionally, the study confirmed that the material's photo-
catalytic efficiency is influenced by factors such as catalyst dosage,
and the presence of oxidants, highlighting the potential for opti-
mizing reaction conditions. Furthermore, the NiFe-LDH/C com-
posite displayed excellent reusability, maintaining a high
photocatalytic efficiency over 5 cycles with minimal loss in per-
formance. Overall, the NiFe-LDH/C composite demonstrates
considerable potential as a sustainable and efficient photocatalyst
for the removal of pharmaceutical contaminants from water,
particularly under solar irradiation. For further application, the
photocatalytic degradation process could be employed in waste-
water treatment plants or decentralized systems to remove
pharmaceutical pollutants from water sources, helping mitigate
the environmental impact of pharmaceutical residues. Thus, NiFe
LDH/C catalyst could be applied in the remediation of other
organic contaminants, expanding its utility beyond just pharma-
ceutical degradation to a wide range of industrial effluents con-
taining pesticides, dyes, and other harmful pollutants. One area for
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improvement is the long-term stability and reusability of NiFe-
LDH/C. Photocatalysts can often suffer from deactivation over
multiple cycles, especially under harsh environmental conditions.
Optimizing the catalyst's stability and regeneration capabilities
would be crucial for making it more viable for real-world, long-
term applications.
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