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Antiretroviral drugs (ARVDs) are one of the many classes of emerging pharmaceutical pollutants that have been
detected in South African waterbodies in recent years. Efavirenz (EFV) and nevirapine (NVP) are commonly used
drugs in antiretroviral therapy (ART) in the region and have been reported to be persistent in wastewater. Their
presence in water poses health hazards to human beings and the aquatic environment. It is therefore important
that these compounds be remediated from the environment. Visible light activated photocatalysis is one of the
sustainable remediation technologies that aptly removes refractory organic contaminants from various water
matrices. This study reports for the first time, the synthesis of silver halide doped Mg-Zn-Al LDH clay as a
photocatalyst in the degradation of selected ARVDs under visible light irradiation. The physicochemical prop-
erties of the photocatalyst were elucidated using a range of characterization techniques. Response surface
modelling was used to evaluate the interactions between the independent variables: initial pH of the solution,
photocatalyst loading and initial concentration of the pollutants. The results showed that there were significant
interactions between initial concentration and photocatalyst loading for EFV degradation while the interactions
between photocatalyst loading and initial concentration, and initial pH of the solution and photocatalyst loading
were significant for NVP degradation. The highest degradation efficiencies were 84 and 100% for EFV and NVP,
respectively. Scavenger tests revealed that the hydroxyl free radicals and photo-induced holes were the dominant
active species that promoted the degradation of ARVDs. The synthesized photocatalyst nanocomposite demon-
strated its efficacy in degradation of ARVDs in water under visible light irradiation.

1. Introduction bloodstream, and slowing the progression of the disease [2]. Due to the

inability of ARVDs to completely eradicate the virus, infected patients

Human immunodeficiency virus (HIV) and acquired immune defi-
ciency syndrome (AIDS) have been a major public health issue in Africa
for over four decades. According to the Joint United Nations Programme
on HIV/AIDS (UNAIDS), Sub-Saharan Africa was the most affected re-
gion in 2020, with an estimated 25.7 million people living with HIV and
AIDS. Since the outbreak of the pandemic in the early 1980 s, it is
estimated that over 15 million AIDS related deaths have occurred in this
region by the year 2020. The Southern African region is of particular
concern since it is reported to have the continent’s highest HIV preva-
lence rates. South Africa, Botswana, Eswatini, Namibia, Zambia, and
Zimbabwe report prevalence rates ranging from 15% to 36% of the
population [1]. Due to the severity of the disease, numerous ARVDs have
been developed to reduce the viral load in infected individuals and
prevent mother-to-child transmissions. ARVDs prevent the virus from
replicating in the body, decreasing the amount of virus in the
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must take this medication for the rest of their lives. Recent estimates by
Schoeman et. al. [3] indicate that a single patient requires approximately
990 mg per day of ARVD combination therapy which includes EFV and
NVP. Since the rate of ARVD consumption, based on epidemiological
statistics of various African countries, is relatively uncertain, it is diffi-
cult to precisely estimate the quantity of ARVDs consumed on the
continent over time [4]. To put this into perspective, recent estimates in
South Africa indicate that 7 million individuals may be HIV-positive.
According to a report by the World Health Organization, more than
70% of AIDS patients were receiving antiretroviral therapy; this suggests
that the daily consumption of ARVDs is approximately 5.2 tons, or 1,898
tons annually. The excretion of ARVDs and their associated metabolites
differs between compounds. Significant proportions of EFV and NVP are
metabolized in the liver and eliminated via the kidneys, while small
amounts are eliminated via urine and faeces [5]. EFV and NVP are
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excreted unchanged in urine at rates of 14 and 5%, respectively, in single
doses [6,7]. Assuming a typical excretion rate of 30% of ingested ARVDs
reports to sewage via urine and faeces, it is estimated that 569 tons of
drugs could reach South Africa’s aquatic systems annually.

The increased detection of ARVDs and other pharmaceuticals in
aquatic systems has led to their classification as emerging compounds.
EFV and NVP were discovered to be among the ARVDs that are persis-
tent in waterbodies [1,8,9]. Studies by multiple researchers have re-
ported influent wastewater treatment plant (WWTP) concentrations of
up to 34,000 ng/L and effluent concentrations as high as 33,000 ng/L.
These values indicate that conventional WWTPs that typically rely on
technologies such as activated sludge treatment, are ineffective in
removing ARVDs. Even at low concentrations, ecotoxicological and
human assessment studies have revealed the potential long-term toxicity
of these compounds. The dangers posed by ARVDs to non-target species
have prompted the monitoring and remediation of their presence in
waterbodies [8,10,11], particularly in nations with a substantial popu-
lation on ART. Advanced oxidation processes (AOPs) are favored for the
removal of recalcitrant pollutants in wastewater due to their low cost
and rapid, nonselective oxidation rates and potential to completely
mineralize organic pollutants. Although several AOPs exist, heteroge-
neous photocatalysis is regarded as one of the most viable processes due
to its capacity to achieve greater degradation efficiencies, eco-
friendliness, and ease of operation.

Layered double hydroxides (LDHs) clays are some of the materials
that have attracted attention as photocatalysts for degradation of
various organic pollutants [12]. This is due to their attractive physico-
chemical properties that include flexible compositions and structures,
and higher specific areas [13]. Ternary LDH clays have been reported to
perform better than binary LDH clays when applied in water remedia-
tion processes. This is due to the additional metal constituent which
enhances the physical and chemical features of the material and ulti-
mately the efficacy of the clay. Valente et. al. [14] reported that a Mg-Zn-
Al LDH clay was 10 times more effective than Mg-Al LDH clay in
degrading phenol and 2,4-dichlorophenoxyacetic acid under UV light
irradiation. They attributed this to the presence of photoactive Zn metal
in the clay composition. The amount of Zn in the LDH clay was
controlled at a molar concentration of 5% as it presented a higher spe-
cific area than clays with elevated Zn content. A separate study by. Kim
et. al. [15] revealed that addition of cobalt to a Zn-Al LDH clay doubled
the performance of the clay in degrading methyl orange from
wastewater.

Although extensive research has been conducted on the photo-
catalytic properties of LDH clays, their effectiveness is usually confined
to the ultraviolet (UV) region of the electromagnetic spectrum, which
comprises only a small portion (4 — 5%) of the solar spectrum [16]. This
limitation is due to their large bandgap energy, which inhibits their
ability to absorb visible light, which has a lower energy than UV light.
Sherryna and Tahir [17] and Ng et. al. [18] reported that LDH clays
possess bandgap energies ranging from 4 to 5 eV. This property restricts
their light absorption capabilities to shorter wavelengths than 300 nm,
that is in the UV region. As a result, their efficiency as photocatalysts for
visible light-induced reactions is compromised, as they are unable to
absorb visible light with wavelengths between 400 and 700 nm.
Numerous studies have been conducted to improve the photocatalytic
activity of LDHs under visible light irradiation, including doping them
with transition metal ions [14,15] and modifying the interlayer anions
of LDHs to alter their electronic structure and bandgap energy [19]. In
addition, LDHs can be paired with materials that possess narrower
bandgaps, such as carbon nitride [20,21], to create hybrid materials that
can efficiently absorb visible light and facilitate photocatalytic reactions
[22]. Another approach involves doping LDHs with materials that are
effective in absorbing visible light, such as silver halides, to enhance
their photocatalytic activity under visible light irradiation [23].

Silver halides (AgX, where X represents Cl, Br, or I) are some of the
preferred dopant materials coupled to LDH clays for photocatalytic
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applications due to their sensitivity to visible light [24]. However, these
halides have limitations such as susceptibility to high rates of electron-
hole pair recombination and photo-corrosion resulting in Ag® deposition
surface of the photocatalyst which in turn renders the material unstable
and less effective. Weng et. al. [25] and Huang et. al. [26] reported that
these shortfalls can be made less significant by coupling Ag-AgX with
robust materials. This would allow the metallic silver nanoparticles to
undergo a surface plasmon resonance (SPR) phenomenon which enables
them to effectively absorb visible light photons. These factors suggest
that an Ag-AgX composite containing LDH clays will be stable and have
increased photocatalytic activity. The primary objective of this study
was to synthesize a nanocomposite photocatalyst, Ag-AgBr-LDH, with
the capability of degrading ARVDs in water under visible light irradia-
tion. To achieve this, the LDH clay was synthesized and modified to
enhance its photocatalytic properties. Batch photodegradation experi-
ments were conducted to evaluate the performance of the synthesized
photocatalyst, while considering various operating parameters such as
photocatalyst loading, initial pH of the solution, and the effect of
pollutant concentration. Furthermore, a detailed investigation into the
degradation mechanism of ARVDs was carried out to gain insights into
the underlying processes involved in the photocatalytic degradation.
The photostability and reusability of the photocatalyst were also
assessed to determine its durability and performance upon repeated
applications.

2. Experimental
2.1. Materials

Precursor chloride salts, aluminium chloride hexahydrate
(AlCl3-6H50), magnesium chloride hexahydrate (MgCl,-6H20), and zinc
chloride (ZnCl,) were obtained from Glassworld in South Africa. Sodium
hydroxide (NaOH), sodium bromide (NaBr), and silver nitrate (AgNO3)
were purchased as solid compounds from Merck (Pty) Ltd. The ARVDs,
efavirenz and nevirapine, were sourced as solid powders from Adcock
Ingram. Solvents used in the experiments were methanol (99%) and
acetonitrile (99.9%), which were supplied as solutions by Sigma
Aldrich. Hydrochloric acid (HCI) (32%) was also supplied as a solution
by Sigma Aldrich, while acetic acid (99%) was obtained as a liquid from
Glassworld. All the materials were utilized as received without further
processing except for NaOH and HCI that were diluted prior to usage in
pH adjustment. Deionised water dispensed by an Elga Purelab Flex 3
water purifier was used for all the experiments. A 72 W LED lamp with a
peak wavelength range of 380 — 800 nm was used as a source of visible
light irradiation.

2.2. Composite catalyst synthesis

2.2.1. Synthesis of layered double hydroxide clay

LDH clay was synthesized using co-precipitation at a constant pH of
10 (+ 0.25) to prevent the formation of metal hydroxides [26]. The co-
precipitation synthesis method was selected because it provides a
convenient and versatile approach for the preparation of LDH clays with
controlled composition, uniform structure, high purity, and scalability
[27] The required amounts of metal salts were dissolved in deionized
water to create a 1 M solution based on cations with molar ratios of 75%,
5%, and 20% for Mg, Zn, and Al, respectively; a total volume of 250 mL
was produced. The composition of LDH clay was carefully selected to
optimize its physicochemical properties [28]. The salt solutions were
added gradually to a 60 °C pre-heated 1 L glass reactor containing 250
mL of 1 M NayCOs solution. The pH of the slurry was maintained at 10
by adding the required amounts of 2 M NaOH solution. The resulting
slurry was stirred at 500 rpm for 24 h. A Daihan Scientific magnetic
stirrer (MSH-20D) with a hot plate and temperature controller was used
to mix and regulate the temperature of the reactor’s contents. After the
reaction was complete, the suspensions were allowed to cool to room
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temperature before being centrifuged at 9000 rpm for 10 min. The
precipitate was washed three times with excess deionized water before
being dried in an oven set at 50 °C for 12 h. The dried precipitate was
then pulverized before using it for characterization, synthesis of pho-
tocatalyst composite, and photodegradation studies.

2.2.2. Synthesis of a photocatalyst composite

The photocatalyst composite was produced by doping LDH clay with
AgBr using a photo-assisted technique adapted from Chen et al. [29].
The quantities of LDH, AgNOs, and NaBr utilized in this study were
determined based on the investigations carried out by Tabana and
Tichapondwa [30]. LDH clay amounting to 1 g was added to 200 mL of
deionized water and dispersed through ultrasonication for 45 min.
Subsequently, 0.46 g of AgNOs3 dissolved in 5 mL of deionized water was
added to the LDH suspension. After mixing for 2 h, 20 mL of a 2 M NaBr
solution was added to the suspension and stirred in the dark to prevent
photoionization of the produced AgBr [31]. Thereafter, 20 mL of
methanol was added as a hole scavenger before subjecting the mixture to
visible light irradiation. This was to reduce silver ions to metallic silver,
preventing them from reacting with other species and producing un-
wanted by-products. Centrifugation was used to collect the precipitate,
which was then washed three times with deionized water and once with
methanol.

2.3. Catalyst characterization

The photocatalysts were characterized to establish their elemental
composition, mineralogy, morphology, and Brunauer-Emmett-Teller
(BET) surface area. X-ray powder diffraction (XRD) spectra were
determined using a PANalytical X Pert Pro powder diffractometer in 6-6
configuration fitted with an X’Celerator detector and variable diver-
gence with Fe-filtered Co-Ka radiation (A = 1.789 10\) fixed slits. Data was
collected in the angular range of 5 to 90° 26 with a step size of 0.008° 26
and 13 s scan step time. The mineral phases present were confirmed
using X’Pert Highscore plus software, which indexed the spectra against
the ICSD database. A Zeiss Ultra Plus field emission scanning electron
microscope (FEG-SEM) was used to capture the SEM/EDS images. SEM
samples were prepared by distributing the samples on carbon tape stuck
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to a microscopy stub; the samples were then sputter coated with carbon
under argon gas. A Jeol-2100F Field Emission Electron Microscope was
used for Transmission Electron Microscope (TEM) analysis. A few mil-
ligrams of the photocatalysts were placed in well-marked vials before
adding 3 mL of ethanol. The suspensions were sonicated for 15 min to
dissolve the photocatalysts. Small droplets of the dispersed samples were
placed onto a TEM grid and allowed to dry in air. The dried grids were
individually mounted onto a specimen holder for TEM analysis. The
surface elemental compositions and electrochemical states of the pho-
tocatalysts were established through X-ray photoelectron spectroscopy
(XPS) analysis. The analysis was conducted using a Thermo Fisher Sci-
entific ESCALAB 250Xi coupled with a monochromatic Al Ko X-ray
source (1486.7 eV) operated at 300 W. A Micrometrics Tristar 3000 BET
analyzer was used to determine the BET surface area. All samples were
degassed for 24 h at 150 °C under a 10~> Torr vacuum before analysis.

2.4. Photocatalytic degradation experiments

The degradation tests were conducted in a closed compartment lined
with a reflective material. The compartment contained 3 magnetic
stirrers with the radiation sources placed directly above them. Reaction
vessels with a nominal capacity of 250 mL were employed as reactors.
100 mL of predetermined concentrations of EFV or NVP solution were
used in each experiment, and the amount of photocatalyst loaded varied
based on the experimental design. EVF and NVP stock solutions of 100
mg/L were made by dissolving 1 mg of each pollutant in a 10 mL so-
lution containing equal parts methanol and deionized water. The sus-
pensions were sonicated for 30 min to dissolve all solids. The stock
solutions were diluted with deionized water to create other desired
concentrations. Before switching on the light source, pollutant-catalyst
suspensions were allowed to mix and equilibrate in the dark for 30
min. The initial pH of the solutions was adjusted by adding 0.1 M HCl for
acidic solutions and the required amount of 0.1 M NaOH solution for
alkaline solutions. Aliquots were withdrawn at predetermined intervals,
filtered, and analyzed using a Waters Alliance 2695 HPLC. This instru-
ment was fitted with a UV-vis detector and an auto sampler. A Waters
PAH C18 column was used for separation, while Empower Software was
used to collect and analyse data. Elution was accomplished through a
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Fig. 1. (a) X-ray diffraction spectra of neat LDH, Ag-AgBr and Ag-AgBr-LDH composite catalysts.
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Fig. 2. SEM and SEM-EDS analysis of LDH (a) & (b), Ag-AgBr (c) & (d) and Ag-AgBr-LDH (e) & (f) photocatalysts.

gradient flow of a mobile phase composed of acetonitrile, methanol, and
a pH 4.5 buffer solution. The mobile phase used to analyze the pollutants
was separated into 2 distinct fractions. Mobile phase (1) contained
acetonitrile, methanol, and a pH 4.5 buffer solution in the ratios of
60:15:25, whereas mobile phase (2) contained the same components in
the proportions of 50:15:35. The two mobile phases were delivered
using a gradient elution method as follows: 0 — 4 min with 100% mobile
phase (1), 4.01 — 8 min with 100% mobile phase (2), and 8.01 — 12 min
with 100% mobile phase (1).

The experimental plan was divided into two sections. In the first
section, photodegradation tests were carried out using different photo-
catalysts, namely Ag-AgBr, LDH, and Ag-AgBr-LDH, to determine the
most effective one. The tests were conducted under neutral pH condi-

tions, with an initial concentration of 10 mg/L, and a photocatalyst
loading of 2 g/L. The photocatalyst that demonstrated the highest per-
formance was subsequently used in the second section for parameter
optimization tests. Design Expert software (version 13.0, Stat-Ease,
Minneapolis, United States) was utilized to design a series of experi-
ments and optimize the levels of the process parameters, A: photo-
catalyst loading (0.5 — 4 g/L), B: initial solution pH (5 — 12), and C:
initial pollutant concentration (5 — 20 mg/L). A total of 22 experimental
runs were simulated using an optimal design with four levels for each
parameter. The three parameters were identified as independent vari-
ables, while degradation efficiency was chosen as the response output
variable. The optimal values for the process variables were determined
using a three-dimensional response surface modelling (RSM). Analysis



L. Tabana et al.

Journal of Photochemistry & Photobiology, A: Chemistry 444 (2023) 114997

Fig. 3. HAADF-STEM image of Ag-AgBr-LDH (a), EDS mapping, Mg (b), Al (c), Zn (d), Ag (e) & Br (f). TEM images, LDH (g), Ag-AgBr (h) & Ag-AgBr-LDH (i)

of variance (ANOVA) was used to analyze the data, with p < 0.05
indicating a significant difference between the means. The experimental
data were fitted to the quadratic equation shown in Equation (1) for
statistical analysis. Equation (2) was used to determine the experimental
response (photodegradation efficiency (%)).

Y=Py+ Zpixi + ZleZf:]Pi/XinZlepiixii +e€ @
p

0

Y = (1 —%) x 100 (2)

Where Y represents the response; Py is the intercept; P;, P and P; are
coefficients of the linear effect and double interactions; x; and x; are
independent variables; ¢ is error; C; and Cy are pollutant concentration at
time t and initial concentration in mg/L.

After optimizing the process parameters, kinetics studies were con-
ducted at initial concentrations of 5, 10, and 20 mg/L. The primary
radicals responsible for degradation were identified using scavenger
tests. The photostability and reusability tests were conducted by
recovering the used photocatalyst from the solution, washing it with
deionized water, and drying it at 60 °C for 12 h before reusing it 3 times.

3. Results and discussion
3.1. Catalyst characterization

3.1.1. Phase identification of photocatalysts

The XRD patterns of the neat, Ag-AgBr and doped LDH were deter-
mined through XRD analysis (Fig. 1). The characteristic peaks of the
LDH clay were identified at the following angles: 13.2°, 26.6°, 40.2°,
45.1°, 54.8°, 72.1° and 73.2°. These peaks were assigned the following
planes: (003), (006), (012), (015), (018), (110) and (11 3), respec-
tively. These results confirmed the formation of LDH clay with carbonate
ions (CO%’) in the interlayer region [29]. The positions of the basal

planes, d-spacing, crystal parameters (c and a) and the crystallite size (L)
for LDH and Ag-AgBr-LDH are shown in Table S1 in the supplementary
data. The XRD patterns of the composite catalyst Ag-AgBr-LDH revealed
the presence of both LDH and AgBr in the material. A feint peak in the
composite at 20 of 45° was designated to Ag® [32] (an XRD report of the
Ag-AgBr-LDH spectra is shown in Fig. S1 in the supplementary data).
This confirmed the success in synthesis of the desired photocatalyst and
coexistence of Ag®, AgBr and LDH in the composite.

3.1.2. Scanning electron microscopy and transmission electron microscope
analyses of photocatalysts

The morphologies of LDH clay, Ag-AgBr and Ag-AgBr-LDH photo-
catalysts are shown in Fig. 2. LDH clay was characterized by platelet-like
structures that are synonymous with hydrotalcites (Fig. 2(a)). Ag-AgBr
photocatalyst exhibits irregular spherical-like shapes, as demonstrated
in Fig. 2 (c) [33]. The presence of minute particles in Fig. 2(c) could
plausibly be attributed to the partial reduction of Ag" ions within the
AgBr compound. Fig. 2(e) displays the morphology of the composite
catalyst which shows the LDH platelet-like structures covered by near-
spherical Ag-AgBr nanoparticles. The elemental compositions of the
LDH clay, Ag-AgBr and Ag-AgBr-LDH photocatalysts were examined
using energy dispersive X-ray spectroscopy (EDS) and the results are
presented in Fig. 2(b), 2(d) and 2(f) respectively. The elemental analysis
conducted on both LDH clay and the Ag-AgBr-LDH composite confirmed
the presence of Mg, Zn, and Al in both materials. Additionally, the molar
ratios of Ag to bromine Br were determined to be 1.43 and 1.48 in Ag-
AgBr and Ag-AgBr-LDH composite photocatalyst, respectively. These
ratios indicated an excess of Ag relative to Br, providing further evidence
of the successful formation of Ag® in the photocatalyst composite.

Fig. 3 (a) - (f) depict the High-Angle Annular Dark-Field Scanning
Transmission Electron Microscopy (HAADF-STEM) image and EDS
elemental mapping images of the Ag-AgBr-LDH composite photo-
catalyst. The HAADF-STEM (Fig. 3(a)) image provides a representation
of the composite photocatalyst, revealing the spatial distribution and
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arrangement of different elements. The elemental maps (Fig. 3(b) — (f))
indicate the presence and distribution of Mg, Al, Zn, Ag, and Br. Notably,
the well-distributed elements in their respective regions confirm the
successful loading of Ag-AgBr particles onto the LDH clay substrate.
Fig. 3(g) — (i) show the results obtained from TEM analysis of LDH clay,

Ag-AgBr, and Ag-AgBr-LDH photocatalyst. The TEM image of LDH clay
(Fig. 3(g)) exhibits a well-structured morphology, suggesting a high
level of crystallinity in the material. This observation is consistent with
the findings from XRD analysis, further supporting the crystalline nature
of LDH clay. In Fig. 3(h), distinct near-spherical Ag-AgBr particles are
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clearly visible. Notably, Fig. 3(i) highlights the encircled area where Ag-
AgBr particles are observed in close proximity to the LDH clay substrate.
These findings confirm the successful embedding of Ag-AgBr particles
onto the LDH clay.

3.1.3. X-ray photoelectron spectroscopy analysis

The X-ray photoelectron spectroscopy (XPS) spectra for LDH and Ag-
AgBr-LDH photocatalysts are shown in Fig. 4. The Mg 1 s spectra (Fig. 4
(b)) at the binding energies of 1304.4 and 1305.6 for LDH and Ag-AgBr-
LDH photocatalyst respectively were attributed to the magnesium con-
taining hydroxides [34]. The Al 2p spectra (Fig. 4(c)) at 74.6 eV dis-
played only one peak that showed the presence of aluminium containing
hydroxides [35]. In Fig. 4(d), Zn enriched hydroxides are represented by
the Zn 2p3/» and Zn 2p;,» peaks located at 1022.2 and 1045.4 eV
respectively [34]. The Ag3d spectra (Fig. 4(e) displayed two individual
peaks at 368 and 374 eV which were ascribed to Ag 3ds/2 and 3ds/2 of
Ag® and Ag™. The Ag 3d spectra in this study are similar to those re-
ported by Liu et. al. [36], Wang et. al. [37] and Zhang et. al. [38], who
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stated that the peak at 368 eV was due to Ag® while Ag* was represented
at 374 eV. These results are in agreement with XRD spectra for the
composite catalyst which also revealed the presence of Ag®. The peak at
68 eV in the Br 3d spectrum (Fig. 4(d)) was attributed to the crystal
lattice of Br~ in AgBr [39]. The O 1 s spectra showed 3 peaks at 532.2,
532 and 530 eV representing O in adsorbed water, metal hydroxides and
lattice oxygen respectively [40].

3.1.4. Brunauer-Emmett-Teller (BET) surface area

Fig. 5 depicts the nitrogen gas adsorption and desorption isotherms
of LDH and Ag-AgBr-LDH. The isotherm curves correspond to Type IV
isotherms in accordance with IUPAC classification [41]. This showed
that the photocatalysts had mesopores with a diameter range of 2-50 nm
[42]. Doping the LDH with Ag-AgBr NPs resulted in decreased pore
volume (0.075 cm®/g to 0.022 cm®/g) and specific surface area (28.5
mz/g to 10.6 mz/g) compared to neat LDH.
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Fig. 6. Photodegradation efficiencies of ARVDs using various photocatalysts, (a) efavirenz and (b) nevirapine.
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Table 1
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Experimental runs and the corresponding degradation efficiencies for efavirenz and nevirapine.

Run  A: Photocatalyst loading (g/L)  B: pH

C: Pollutant concentration (mg/L)

Efavirenz degradation efficiency (%)  Nevirapine degradation efficiency (%)

1 0.5 5 15 16.2 18.9
2 0.5 9 10 44.7 49.5
3 2 9 5 40.2 43.2
4 4 5 5 18.6 20.2
5 4 5 5 22.8 18.7
6 2 7 15 42.3 46.3
7 4 12 20 68.6 73.6
8 4 12 20 32.9 27.9
9 0.5 5 5 74.3 71.4
10 2 5 10 42.4 37.3
11 4 5 20 29.9 32.9
12 2 12 15 42.5 45.7
13 4 12 5 34.6 27.6
14 4 5 20 35.8 33.7
15 0.5 9 20 24.8 19.3
16 4 12 5 38.6 42.7
17 0.5 5 5 45.8 41.7
18 4 7 10 24.9 18.3
19 2 5 20 27.7 33.3
20 4 9 15 12.5 6.9
21 1 12 20 75.4 72.9
22 0.5 12 5 75.4 72.9
Table 2 Table 3
Analysis of variance for the quadratic model (efavirenz). Analysis of variance for the quadratic model (nevirapine).
Source Sum of Degrees of = Mean F-value p- Source Sum of Degrees of Mean F- P-
Squares freedom Square value Squares freedom Square value value
Model 5031.45 6 838.57 30.13 < Model 4949.94 7 707.13 35.45 <
0.0001 0.0001
A-Photocatalyst 4159.04 1 4159.04 149.42 < A-Phtotocatalyst 4174.68 1 4174.68 209.28 <
loading 0.0001 loading 0.0001
B-pH 60.86 1 60.86 219 0.0163 B-pH 95.76 1 95.76 4.8 0.0489
C-pollutant 837.42 1 837.42 30.08 0.0001 C-pollutant 821.6 1 821.6 41.19 <
concentration concentration 0.0001
AC 520.1 1 520.1 18.68 0.0008 AB 52.44 1 52.44 2.63 0.0131
A? 663.83 1 663.83 23.85 0.0003 AC 535.21 1 535.21 26.83 0.0002
c? 168.05 1 168.05 6.04 0.0288 A? 707.42 1 707.42 35.46 <
Residual 361.86 13 27.84 0.0001
Lack of Fit 207.33 8 25.92 0.8386 0.6081 c? 84.31 1 84.31 4.23 0.0622
Pure Error 154.52 5 30.9 Residual 239.37 12 19.95
Cor Total 5434.23 21 Lack of Fit 195.17 7 27.88 3.15 0.1122
Pure Error 44.2 5 8.84
Cor Total 5200.01 21

3.2. Photocatalytic degradation

3.2.1. Degradation of ARVDs using various photocatalysts

Fig. 6 shows the removal efficiencies of EFV (Fig. 6(a)) and NVP
(Fig. 6(b)) for the composite photocatalyst and its constituents under
control conditions, adsorption, photolysis, and visible light irradiation.
LDH clays are well-known for their ability to remove pollutants via a
variety of mechanisms such as surface adsorption, intercalation [28,43],
and adsolubilization [44]. Noting that the LDH clay in this study was
neither calcined nor did its interlayer anions undergo modification,
surface adsorption was most likely to occur. However, since the bonding
forces involved in physical adsorption of pollutants onto LDH clay are
weak [45], the adsorption efficiencies of neat LDH were limited to 5%.
The Ag-AgBr photocatalyst could only degrade 41% of EFV and 55% of
NVP under visible light irradiation, with adsorption efficiencies for both
pollutants falling below 10%. However, the Ag-AgBr-LDH nano-
composite photocatalyst demonstrated adsorption efficiencies of up to
13% and significantly improved photodegradation efficiencies of 84%
and 100% for EFV and NVP, respectively. This enhancement can be
attributed to surface plasmon resonance and/or z-scheme hetero-
junction formation [23]. The Ag® nanoparticles in the photocatalyst can
improve the photocatalyst’s light-harvesting capacity via surface plas-
mon resonance and act as electron mediators in the formation of a Z-
scheme heterojunction [23]. LDH and AgBr play essential roles as photo-

induced electron and hole sinks, respectively. After determining that Ag-
AgBr-LDH was the most effective photocatalyst, parameter optimization
tests with this photocatalyst were performed.

3.2.2. Statistical analysis of the ARVDs photodegradation process using
ANOVA

Table 1 shows the results of the experimental design for the degra-
dation efficiencies of two ARVDs. Tables 2 and 3 show the ANOVA re-
sults for EFV and NVP, respectively. The quadratic polynomial equations
(Equations (3) and (4)) were derived using relative parameters to opti-
mize the conditions for maximizing the degradation efficiencies of the
ARVDs. ANOVA was utilized to assess the significance and adequacy of
the quadratic models in describing the experimental data. The statistical
significance of each variable and its effect on the response were deter-
mined using p-values and F-values at a 95% confidence level. Variables
with p-values<0.05 were considered to be statistically significant. F-
values of 30.13 for EFV and 35.45 for NVP indicated that the second-
order polynomial models were highly significant. The probability that
these F-values resulted from random noise was estimated to be 0.01%.

Yg = 86.69 + 16.87A — 1.98B — 7.75C + 6.69AC — 14.50A% 4-7.16C> 3
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Table 4
Photocatalytic degradation kinetics parameters.
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Pollutant Parameter Concentration (mg/L)
5 10 20
Efavirenz k 0.151 0.121 0.117
R? 0.97 0.93 0.96
Nevirapine k 0.585 0.433 0.322
R? 0.985 0.941 0.965

Yy =91.48+17.07A —2.62B — 7.70C 4 2.28AB + 6.84AC — 154> + 5.12C*
4

Where Yp and Yy represent the responses for EFV and NVP
respectively.

Fig. 7 depict the actual and predicted response values for EFV (Fig. 7
(a)) and NVP (Fig. 7(b)), respectively. The close proximities of the actual
and predicted experimental values to the straight lines in Fig. 7 indicate
a good correlation between these values. Photocatalyst loading (A),
initial pH of the solution (B), and pollutant concentration (C), second-
order effects of photocatalyst loading (A%) and pollutant concentration
(CZ), and interactions between catalyst loading (A) and pollutant con-
centration (C) were statistically significant for EFV degradation. For
NVP degradation, photocatalyst loading (A), initial pH of the solution
(B), and pollutant concentration (C), second-order effects of photo-
catalyst loading (A% and pollutant concentration (Cz), and interactions
between photocatalyst loading (A) and initial pH of the solution (B) and
photocatalyst loading (A) and pollutant concentration (C) were statis-
tically significant.

3.2.3. Optimization of process parameters using the response surface
method

Fig. 8 (a) shows the degradation efficiency of EFV as a function of
photocatalyst loading and pollutant concentration. For NVP, Fig. 8(b)
and (c) show the degradation efficiency as functions of photocatalyst
loading and pollutant concentration, and photocatalyst loading and pH
respectively. The responses from Fig. 8 (a) and (b) are similar with the
degradation efficiency being directly proportional to photocatalyst
loading and inversely proportional to pollutant concentration. An in-
crease in the amount of photocatalyst results in an increase in the active
sites and a subsequent increase in degradation efficiency. However,
when the pollutant concentration is increased, the ratio of active sites to
pollutant molecules is reduced leading to decreased degradation effi-
ciency. From Fig. 8 (c), photodegradation of NVP increased with an
increase in photocatalyst loading irrespective of the change in pH. The
effect of pH on photodegradation of NVP can be explained as follows:
firstly, the point of zero charge for the photocatalyst was established to
be 9.5 as shown in Fig. S2 in the supplementary data. This implied that
the surface of the photocatalyst was positively charged at pH < 9.5 and
negatively charged at pH greater than 9.5. Secondly NVP has a pKa of
2.8 [46] indicating that it is positively charged at pH < 2.8 and neutral
at higher pH values. The operational pH of neutral fell within the region
where the photocatalyst’s surface was predicted to be positively charged
while the NVP molecules were neutral. This enhanced the intermolec-
ular interactions between the two components and enhanced the
adsorption capacity, resulting in enhanced photocatalytic NVP
degradation.

3.2.4. Photodegradation kinetics

The photocatalytic degradation kinetics of EFV and NVP were
investigated by fitting a simple pseudo-first order (PFO) model (Equa-
tion (5)) to experimental data. Fig. 8(d) shows the fitted model for EFV
and NVP at 10 mg/L (model fittings at 5 and 20 mg/L are shown in the
supplementary data Fig. S3 and S4). The corresponding kinetics pa-
rameters are shown in Table 4. The results show that the degradation
rate constants were inversely proportional to the initial concentration
for the two pollutants, which can be attributed to numerous factors,
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Table 5
Comparison of nevirapine photocatalytic degradation kinetics parameters.
Photocatalyst Initial Degradation Rate Reference
concentration efficiency (%) constant
(1/h)
Ag-AgBr-LDH 5 mg/L 100 0.585 this study
UV/TiO2/ 40 pg/L 89 2.2 [52]
H202
UV/H202 20 ug/L 53 4.8 [51]
UV/(FL- 5 mg/L 69 0.91 [50]
BP@Nb205)
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Fig. 9. Photodegradation efficiencies in the presence of various scavengers.

including competition for active sites between intermediate products
and primary pollutant [47], a decrease in radical generation on the
surface due to high pollutant concentrations [48], and light absorption
by the pollutant, which leads to a reduction in active radical generation
[49]. Furthermore, the photodegradation rate constants of NVP were
compared to those reported in previous studies (Table 5), and it was
determined that the rate constant at 5 mg/L (0.533/h) is comparable to
that reported by Bhembe et. al. [50] (0.912/h) for a similar concentra-
tion. However, their overall degradation efficiency was lower compared
to the total degradation in this study. Ngumba et. al. [51] and Ncube et.
al. [52] reported higher degradation constants of 4.8 and 2.2 (1/h),
respectively, but their pollutant concentrations were lower. It is also
worth noting that previous studies were conducted under UV irradia-
tion, whereas the current study used visible light irradiation. This
demonstrates that Ag-AgBr-LDH is a viable photocatalyst for the
degradation of EFV and NVP under visible light irradiation.

C = Cpe™ ®)
3.2.5. Scavenger tests and photodegradation mechanism

Fig. 9 shows degradation efficiencies of the two ARVDs in the pres-
ence of various radical scavengers. Isopropanol (IPA), p-benzoquinone
(PBQ), copper (II) nitrate (CN) and formic acid (FA) were used as
scavengers for hydroxyl radical (*OH), superoxide radical ®0O3, elec-
trons (e”) and photo-induced holes (hh), respectively. The degradation
efficiency of both EFV and NVP decreased by 46 and 60% when IPA
added. Significant reduction in degradation efficiency was also noted
upon FA addition. These observations indicated that both ®OH and h"
played an important role in the degradation process. This accession was
also reported by Ncube, Zvinowanda [52] and. Tafreshi et. al. [53]. The
addition of PBQ and CN showed moderate reduction in degradation
efficiencies of 14 and 22% for EFV, 32 and 22% for NVP. This implied
that the superoxide radicals and the electrons were not the major drivers
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Fig. 10. Formation of major active species during visible light irradiation of
photocatalyst.

of the photodegradation process.

The proposed mechanism for the photocatalytic degradation of
ARVDs involves the generation of electron-hole pairs on the surface of
silver nanoparticles through surface plasmon resonance (SPR) when
exposed to light as shown in Fig. 10. The photo-excited silver nano-
particles then transfer electrons to the conduction band of AgBr, leading
to the formation of ®03 and other oxidants. The resulting silver nano-
particles can shift to a more positive potential, which allows them to
either oxidize contaminants or capture electrons to revert back to non-
charged Ag nanoparticles. The surface of LDH clays is covered with
OH™, which can accept the photo-induced holes from the valence band
of AgBr to produce ®OH. The binding of Ag-AgBr particles to LDH clay
increases the probability of occurrence of this process. This is further
supported by the scavenger tests, which demonstrated that when ®OH
and h* were scavenged, the photodegradation efficiencies decreased
substantially.

3.2.6. Photo-stability and reusability of the photocatalyst

The composite photocatalyst was recycled in a series of tests to
evaluate its stability and reusability. Fig. 11 shows a gradual decrease in
the degradation efficiency after the first two runs from 84% to 80%
(EFV) and 100% to 95% (NVP). Thereafter, there were 24 and 21%
decrease in efficiencies for EFV and NVP after Run 4. The decline in

Journal of Photochemistry & Photobiology, A: Chemistry 444 (2023) 114997

photodegradation efficiencies was due to the inevitable deactivation of
the photosensitive AgBr that is unstable under visible light irradiation
[54,55]. This deactivation can cause aggregation of Ag® followed by a
disfigured heterojunction structure. Ultimately the SPR property of sil-
ver nanoparticles become compromised giving rise to poor stability of
the photocatalyst. Therefore, it can be postulated that the increased
amounts of Ag’ caused photo-corrosion of the photocatalyst which
resulted in a decline in degradation efficiency.

4. Conclusion

A photocatalyst containing Ag-AgBr and LDH clay was successfully
synthesized through photo-induced reduction method. This composite
proved to be more effective in degrading the ARVDs (efavirenz and
nevirapine) than Ag-AgBr and LDH clay separately. The response surface
modelling showed the interaction between photocatalyst loading and
initial concentration was significant for efavirenz while the interactions
between pH and photocatalyst loading, and photocatalyst loading and
initial concentration were significant for nevirapine. More than 80% and
100% of efavirenz and nevirapine were degraded over 12 and 8 h at
neutral pH, under visible light irradiation. The hydroxy free radicals and
photo-induced holes were established to be the active species respon-
sible for degradation of ARVDs.
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