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A B S T R A C T

The increasing presence of pharmaceuticals, such as ibuprofen, in wastewater poses significant environmental 
and public health challenges, particularly in developing regions. In this study, we developed photocatalytic 
materials by doping natural Cameroonian clay with ZnO and TiO₂ to achieve efficient ibuprofen mineralization 
and bacterial inactivation under ultra-violet (UV) light. Characterization confirmed the successful integration of 
semiconductors into the clay matrix, which enhanced the surface area to 325 m²/g for TiO₂-based composites. 
Under UVA irradiation (1.2 mW/cm²), the Cu-doped TiO₂/clay composite achieved 48 % ibuprofen minerali
zation, measured by Total Organic Carbon (TOC) reduction, within 4 h, while ZnO-based composites reached up 
to 23 % under similar conditions. Antibacterial tests demonstrated complete inhibition of Shigella spp., total 
coliforms, and faecal streptococci at a catalyst dosage of 1 g/L under UVA, highlighting the dual functionality of 
the materials. These low-cost, locally sourced photocatalysts show promise for integrated pharmaceutical and 
microbial removal in decentralized wastewater treatment systems, offering a sustainable solution for water 
purification in resource-limited settings.

1. Introduction

Over the past two decades, numerous studies have reported the 
presence of harmful substances in environmental matrices such as 
sewage, surface and groundwater, and even drinking water [1–3]. Ac
cording to the World Health Organization (WHO), approximately 10 % 
of the global population consumes food irrigated with untreated 
wastewater [4]. This widespread reuse of contaminated water contrib
utes to the spread of waterborne diseases such as amoebiasis, affecting 
both industry workers and local populations, regardless of age, gender, 
or social status [1].

In many African countries, particularly in Cameroon, over 90 % of 
human waste is managed through non-centralized systems and is often 
discharged directly into the environment without proper treatment [3]. 
Such practices have severe implications for both human health and 
ecosystems, as fecal sludge is often rich in pathogenic indicator bacteria 

(E. coli, Shigella, fecal streptococci) and contains high levels of phar
maceutical residues.

Among these contaminants, ibuprofen, a widely used non-steroidal 
anti-inflammatory drug, has been frequently detected in the effluents 
of wastewater treatment plants and in surface waters at concentrations 
ranging from ng⋅L⁻¹ to μg⋅L⁻¹ [5,6]. It poses ecotoxicological risks to 
aquatic organisms and potential health concerns to humans [7–9]. 
Conventional wastewater treatment technologies often fail to remove 
such micropollutants effectively. Consequently, tertiary treatment ap
proaches, particularly advanced oxidation processes (AOPs), have 
emerged as promising alternatives for degrading and mineralizing 
persistent organic pollutants, including pharmaceuticals and pathogenic 
microorganisms. AOPs operate through the generation of highly reactive 
and non-selective oxidizing species, primarily hydroxyl radicals (●OH), 
which can break down most organic compounds present in water 
[10–15].
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Recent advancements in AOPs have emphasized the development of 
clay-supported semiconductor composites for enhanced degradation of 
pharmaceuticals and dyes, underscoring the potential for sustainable 
water treatment. For instance, Trigueiro et al. [16] synthesized a 
ZnO-alginate-hectorite nanocomposite achieving 65.55 % furosemide 
and 93 % ciprofloxacin removal under UV light within 120 min, with a 
band gap of 3.27 eV and predominant defects like zinc (VZn = 35.64 %) 
and oxygen vacancies (VO+= 56.05 %, VO = 8.31 %). Similarly, Y-doped 
ZnO on alginate-hectorite supports provided over 90 % degradation of 
direct blue 71 and 79 % of reactive black 5 in 120 min, driven by hy
droxyl radicals [17]. Albuquerque et al. [18] reported a RuO₂@Z
nO-alginate-halloysite composite with band gaps from 3.281 to 
3.252 eV, degrading 82.53 % ciprofloxacin and 68.68 % eosin yellow 
under UV, with superoxide (•O₂⁻) and hydroxyl (•OH) as key species. 
Trigueiro et al. [19] developed CuO-TiO₂-saponite nanocomposites 
achieving 83 % bromocresol green discoloration in 150 min via hy
droxyl and superoxide radicals. Feitosa et al. [20] used Ce-doped 
TiO₂-sepiolite for 70.45 % tetracycline inactivation (35.11 % photo
catalysis), primarily via holes (h⁺). Hamarawf et al. [21] introduced a 
Fe²⁺/Fe³ ⁺ mixed-valency porous coordination polymer with antibacte
rial activity (MIC 0.4 mg/mL against S. aureus, E. coli, P. aeruginosa) 
and 99.16 % rhodamine B degradation in 70 min via photo-Fenton, 
involving •OH (79.2 %), O₂•⁻ (20.7 %), and h⁺ (16.4 %). Specifically 
for ibuprofen, Aziz et al. [22] employed a TiO₂-coated falling film 
reactor under UVA, identifying low mineralization with by-products like 
formic and acetic acids. Soares et al. [23] showed pH-dependent 
Co-doped ZnO achieving up to 20 % ibuprofen degradation under UV 
with H₂O₂. These studies highlight the efficacy of hybrid materials but 
reveal gaps in using underexplored local clays like Cameroonian smec
tite for ibuprofen photodegradation, which this work addresses through 
low-cost, dual-functional ZnO/TiO₂-doped composites.

Photocatalysis, one of the most widely studied AOPs, relies on the 
activation of semiconductor materials such as titanium dioxide (TiO₂) or 
zinc oxide (ZnO) under UV irradiation [10,24,25]. These photocatalysts 
generate photo-induced electron-hole pairs (e⁻/h⁺), which in turn 
initiate the formation of reactive oxygen species. For instance, 
Méndez-Arriaga et al. [26] successfully demonstrated the photocatalytic 
degradation of highly concentrated ibuprofen (200 mg⋅L⁻¹) using TiO₂ in 
suspension under simulated solar light. Walczak et al. [5] showed the 
effective degradation of ibuprofen with TiO2 doped with carbon nano
tube up to 20 % in 1 h UV–visible exposition. While effective, the use of 
photocatalysts in suspension suffers from practical limitations such as 
aggregation, post-treatment recovery issues, and low adsorption ca
pacity [5].

To overcome these limitations, research has increasingly focused on 
the development of hybrid materials combining photocatalysts with 
natural or engineered supports. In this context, clay minerals, particu
larly smectites, offer an attractive platform due to their low cost, 
chemical and mechanical stability, large surface area, high cation ex
change capacity, and environmental compatibility [27–29]. In the Af
rican context, local clays, including those from Cameroon, remain 
largely underexplored despite their potential as adsorbents or catalysts. 
Promising results have been reported for the adsorption or degradation 
of dyes and volatile organic compounds, including green malachite and 
similar pollutants [30,31]. Nevertheless, applications targeting phar
maceuticals remain scarce and, to our knowledge, no published studies 
have yet investigated the photochemical degradation of ibuprofen using 
visible or UVA light on Cameroonian clays modified with photocatalysts.

Furthermore, in the search for multifunctional materials, the inte
gration of antimicrobial activity into photocatalytic systems is gaining 
interest, especially in regions where waterborne pathogens pose a major 
health risk. The incorporation of metal ions (e.g., Cu⁺, Zn²⁺) into clay 
structures has been shown to enhance antibacterial effects, which could 
offer a dual action strategy: the degradation of pharmaceutical residues 
and the disinfection of contaminated water [32,33].

In this study, we synthesized and characterized composite 

photocatalysts based on natural Cameroonian smectite clay, doped with 
TiO₂ or ZnO nanoparticles, with or without ion-exchange modifications 
using Na⁺, Zn²⁺, or Cu⁺ cations. Comprehensive analyses, including X-ray 
diffraction (XRD), scanning electron microscopy (SEM), and nitrogen 
adsorption-desorption, confirmed the successful integration of semi
conductors into the clay matrix, enhancing surface area for composites 
and optimizing particle dispersion. We evaluated their performance for 
the photocatalytic degradation of ibuprofen under UVA (1.2 mW/cm²) 
and UV-Visible (UV-Vis) irradiation, with mineralization efficiency 
quantified via Total Organic Carbon (TOC) analysis. This approach 
provides a rigorous assessment of complete pollutant breakdown into 
inorganic end-products, surpassing the limitations of UV-Vis spectros
copy alone and addressing a gap in similar studies where partial 
degradation is often reported.

In parallel, the antimicrobial properties of these materials were 
examined to assess their potential for simultaneous pharmaceutical 
removal and microbial disinfection. Antibacterial tests targeted water
borne pathogens, including Shigella spp., total coliforms, and faecal 
streptococci, under controlled UVA conditions. We hypothesize that the 
incorporation of TiO₂ or ZnO, combined with cationic modifications, 
will enhance ibuprofen mineralization by up to 50 % (based on pre
liminary TOC data) and achieve complete inhibition of these pathogens 
at a catalyst dosage of 1 g/L within 4 h, driven by improved surface 
charge, porosity, and reactive oxygen species (ROS) generation. This 
work proposes a multifunctional strategy, using locally sourced Cam
eroonian clay to develop low-cost, eco-compatible photocatalysts that 
integrate adsorption, photocatalysis, and antibacterial activity. By tar
geting this underexplored research niche, the study contributes to an 
innovative solution for sustainable water treatment technologies 
tailored to the needs of developing regions, particularly in the African 
context.

2. Materials and methods

2.1. Clay description and modification

A natural smectite clay was extracted from Bakotcha, in the western 
region of Cameroon (details in [13]). After drying to constant weight, 
the clay was modified via interlayer cation exchange with Cu²⁺ and Zn²⁺ 
ions, as well as homoionization with Na⁺ ions.

2.1.1. Sodium Ion Insertion
The detailed protocol is given in [31] and summarized here. The 

following reagents were used: distilled water, sodium chloride 
(≥99.5 %, Fisher BioReagents), silver nitrate (99 %, ultrapure, Labo
ratorium Discounter), and clay powder (>160 μm). Sodium homoioni
zation was performed to replace all exchangeable cations with Na⁺: 
100 g of clay was stirred in 1 M NaCl solution for 72 h. After drying at 
100 ◦C for 24 h, the material was stirred again in NaCl for 4 h to promote 
cation exchange.

After settling, the supernatant was discarded and the solid was 
redispersed in a fresh NaCl solution. This step was repeated four times. 
The clay was then washed with distilled water until no chloride ions 
were detected via the silver nitrate test. A negative result (no precipi
tate) confirmed successful washing. The Na⁺-homoionic clay was dried 
at 100 ◦C overnight.

2.1.2. Zinc ion insertion
The detailed protocol is given in [13] and summarized here. This 

treatment allowed incorporation of Zn²⁺ without altering the clay 
structure. The reagents used were zinc(II) chloride (≥97.0 %, Labo
ratorium Discounter), silver nitrate (99 %, ultrapure), clay powder 
(>160 μm), and distilled water. 50 g of clay was stirred in 0.1 M ZnCl₂ 
for 4 h. After settling for 2 h, the supernatant was discarded and replaced 
with fresh ZnCl₂ solution. The process was repeated twice. Washing 
continued until a negative silver nitrate test confirmed the removal of 
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excess Cl⁻. The Zn²⁺-homoionic clay was then dried overnight at 100 ◦C.

2.1.3. Copper ion insertion
The detailed protocol is given in [13] and summarized here. The 

reagents were copper(II) sulfate pentahydrate (≥98.0 %, 
Sigma-Aldrich), barium sulfate (99 %, Sigma-Aldrich), clay powder 
(>160 μm), and distilled water. 50 g of clay was stirred in 0.1 M CuSO₄ 
for 4 h, allowed to settle for 2 h and then treated with fresh CuSO₄ so
lution. This process was repeated twice. The material was washed with 
distilled water until no SO₄²⁻ ions were detected using the barium pre
cipitation test. The Cu²⁺-homoionic clay was then dried at 100 ◦C 
overnight.

2.2. Synthesis of pure TiO₂ and ZnO photocatalysts

2.2.1. ZnO powder
The sol-gel method by Benhebal et al. [34] was used. Reagents 

included absolute ethanol (ACS grade), oxalic acid dihydrate (99 %), 
and zinc acetate dihydrate (98 %) from BIOCHEM Chemopharma 
(France). 10.98 g of zinc acetate was dissolved in 300 mL ethanol at 60 
◦C. Separately, 12.6 g of oxalic acid was dissolved in 200 mL ethanol at 
the same temperature. The oxalic acid solution was slowly added to the 
zinc solution while stirring for 90 min at 50 ◦C. The gel was dried at 80 
◦C for 24 h and calcined at 400 ◦C for 4 h, resulting in a white ZnO 
powder.

2.2.2. TiO₂ powder
The sol-gel method by Mahy et al. [35] was followed. Reagents: 

isopropanol (99.5 %, Acros), nitric acid (65 %, Merck), titanium(IV) 
tetraisopropoxide (TTIP ≥ 97 %, Sigma-Aldrich), and distilled water.

250 mL of distilled water was acidified to pH 1 with HNO₃. Then, 
15 mL TTIP and 15 mL isopropanol were mixed and stirred for 30 min at 
room temperature. This solution was added dropwise to the acidified 
water under continuous stirring and heated to 80 ◦C for 4 h. A blue sol 
formed. After drying under airflow for 10 h, the xerogel was obtained. It 
was then dried at 100 ◦C for 1 h, yielding a yellowish-white TiO₂ 
powder.

2.3. Synthesis of clay/photocatalyst composites

2.3.1. Clay/ZnO composites
Following the ZnO synthesis protocol, 10 g of clay was added during 

the oxalic acid addition step. The mixture was stirred for 90 min at 50 
◦C. After gelation and drying at 80 ◦C for 24 h, the composite was 
calcined at 400 ◦C for 4 h. The final material appeared light grey. The 
samples are called A-X/ZnO with X standing for a specific cation (Cu, Zn 
or Na). The raw clay modified with ZnO is called A/ZnO.

2.3.2. Clay/TiO₂ composites
Following the TiO₂ synthesis method, 10 g of clay was added to the 

blue sol and stirred for 2 h. The mixture was dried for 24 h to obtain the 
clay/TiO₂ hybrid material. The samples are named similarly to the ZnO 
series, replacing ZnO with TiO2.

2.4. Characterization techniques

The apparent density was measured using a Micromeritics AccuPyc 
1330 helium pycnometer at 20 ◦C and 18 psi. Three replicates per 
sample were performed and average values were reported with < 1 % 
standard deviation.

Specific surface area was determined by nitrogen adsorp
tion–desorption isotherms at 77 K using a Micromeritics ASAP 2420 
instrument.

SEM imaging (15 kV) was performed using a Bruker TESCAN CLARA. 
Samples were sonicated in acetone, deposited on slides, and gold-coated 
before observation.

Zeta potential and hydrodynamic diameter were measured by dy
namic light scattering (DLS) using a Beckman Coulter DelsaNano C.

The point of zero charge (PZC) of each sample was determined using 
the method described by [36]. Eleven vials were prepared, each con
taining 10 mL of Milli-Q water. The initial pH of each vial was adjusted 
using diluted HCl or NaOH to cover a pH range from 2 to 10, with an 
increment of 1 pH unit between successive vials. An equal volume of the 
sample suspension was then added to each vial. The amount of sample 
added was calculated to achieve a surface concentration of 1000 m²⋅L⁻¹ , 
corresponding to a total surface area of 10 m² in 10 mL, depending on 
the specific surface area of the material. The vials were then shaken for 
1 h to allow equilibration. After this time, the final pH of each solution 
was measured. A graph was plotted comparing the final and initial pH 
values, and the PZC was determined as the pH value at which the curve 
reaches a plateau, as described by [36]. All pH measurements were 
carried out using a Systronics μ 362 pHmeter (India).

ICP–AES (ICAP 6500 THERMO Scientific) was used to determine 
elemental composition [37]. HF digestion was used for mineralization 
[13,37].

XRD analysis was performed using a Bruker D8 Twin-Twin diffrac
tometer with Cu-Kα radiation.

Similar comprehensive characterization approaches, including XRD, 
SEM-EDS, BET, and FTIR, have been employed in [38]. This reference 
underscores the importance of multi-technique analysis in validating 
catalyst efficacy for AOPs targeting pharmaceuticals.

2.5. Analytical methods

2.5.1. Photocatalytic activity
The photocatalytic activity of the synthesized materials was evalu

ated by monitoring the degradation of ibuprofen (IBU) under UV irra
diation. The experiments were performed using 2 types of UV lamps: one 
emitting at 365 nm (Osram F18W/BLB-T8, 1.2 mW/cm2) and one 
halogen lamp (with a continuous spectrum from 300 to 800 nm (300 W, 
220 V), 78 mW/cm2 with 77 mW/cm2 in the visible range) placed in a 
irradiation chamber [39], maintaining a constant distance of 20 cm 
between the light source and the sample surface.

For each material, 50 mL of an aqueous ibuprofen solution (initial 
concentration: 52 mg/L) was placed in a flat Petri dish with a diameter 
of 8.5 cm. All tests were conducted under magnetic stirring in the dark 
for 30 min prior to irradiation, to ensure adsorption–desorption equi
librium. After this equilibration period, the samples were irradiated for 
up to 4 h. The reactor temperature was maintained at 25 ± 2 ◦C.

Three independent replicates were performed for each material. 
Control experiments were conducted under the same conditions and also 
in the dark using (i) raw clay, (ii) TiO₂ or ZnO alone, and (iii) the 
ibuprofen solution without any added material to distinguish between 
adsorption, photolysis, and photocatalytic degradation.

At regular time intervals (typically every 2 h), 20 mL aliquots were 
withdrawn, filtered through 0.45 µm membranes, and stored at 4 ◦C 
prior to analysis. The degradation of ibuprofen was monitored using 
Total Organic Carbon (TOC) analysis. TOC was performed using a Shi
madzu TOC-L analyzer equipped with an autosampler and a high- 
sensitivity catalyst. TOC reduction was used to assess the mineraliza
tion efficiency of each material.

All measurements were conducted in triplicate, and the mean values 
are reported with standard deviations below 5 %.

For the two best composite samples, a kinetic study is performed 
under UVA light. From [40], IBU degradation can be described by the 
following equation: 

C = C0e(− k m
V0

t) (1) 

Where C is the concentration of the pollutant, C0 is the initial concen
tration of the pollutant, k is the kinetic constant, m is the mass of the 
catalyst, V0 is the initial solution volume, and t is the time.
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By plotting -ln(C/C0) as a function of time t, the constant reaction 
rate k, can be determined [41].

The amount of metal ion released during photocatalytic experiments 
under UVA after 4 h was also measured for TiO2, A/TiO2, ZnO and A-Cu/ 
ZnO samples. After 4 h of photocatalytic experiments under UVA light, 
the water medium is filtered with syringe filter (polypropylene, 13 mm 
diameter, 0.2 μm pore size, Whatman™, VWR) and the metal ion (Ti, Zn, 
Cu) content in the filtrate is measured by ICP-AES.

2.5.2. Scavenger experiments
Ammonium oxalate (AO, 5 mM), isopropanol (ISOP, 5 mM), and p- 

benzoquinone (PB, 0.5 mM) are used as, respectively, hole, hydroxyl 
radical and superoxide scavenger in ibuprofen aqueous solution filled 
with the two best composite samples (A/ZnO and A-Cu/TiO2) with a 
photocatalyst concentration of 1 g/L, inspired by [40,42,43]. Measure
ments are performed after 4 h (under UVA light) using TOC measure
ments previously calibrated with the scavengers.

2.5.3. Antibacterial assay
Wastewater was collected from the wastewater treatment plant 

« Cité verte » Yaoundé-Cameroun and used for the antibacterial exper
iments. 50 mL of this wastewater was stirred with the samples (with a 
concentration of 0.5, 1, or 10 g/L) under UVA illumination (365 nm) for 
4 h at a control temperature of 25 ◦C. Then the bacterial content (3 
types: total coliforms, faecal coliforms, and faecal streptococci) was 
evaluated with the protocol below. Control experiments were made 
without samples both with and without illumination to highlight the 
effect of the materials on the bacteria and also with the materials and no 
light. 

a) Bacterial Strains analyzed

The culture media used were as follows:
XLD agar (Xylose-Lysine-Deoxycholate agar): a moderately selective 

and differential medium for the isolation and differentiation of Gram- 
negative enteric pathogens. It was specifically used for the identifica
tion of Salmonella and Shigella species.

Endo agar: a slightly selective and differential culture medium for 
the detection of coliforms and other enteric bacteria. It was primarily 
used to identify Escherichia coli and to enumerate total and faecal 
coliforms.

BEA agar (Bile Esculin Agar): a selective and differential medium 
used to detect group D Enterococci and Streptococcus. Only colonies 
forming black precipitates were counted.

b) Bacteriological Analysis

The bacteriological analysis focused on indicator organisms of mi
crobial contamination, namely: total coliforms, faecal coliforms, and 
faecal streptococci.

Colonies were enumerated using two complementary techniques for 
data validation: surface plating and flooding on nutrient agar. Incuba
tion was performed at 37 ◦C for 24 h for total and faecal coliforms, and 
48 h for faecal streptococci.

Mueller-Hinton Dilution Method
The antibacterial activity of the hybrid materials was also assessed 

using the dilution method on Mueller–Hinton agar. In this assay, bac
teria were cultured in the presence of increasing concentrations of the 
hybrid material (0.5 g⋅L⁻¹, 1 g⋅L⁻¹, and 10 g⋅L⁻¹). After incubation, the 
presence or absence of bacterial colonies was macroscopically examined 
to evaluate bacterial growth inhibition.

Sterilized distilled water (autoclaved at 121 ◦C for 15 min) was used 
as a diluent, with serial dilutions being performed up to 1:100,000 for 
highly contaminated samples. Three agar plates per dilution were 
inoculated using both surface plating and flooding methods. Colony 
counts were performed after incubation (37 ◦C for 24 h for total 

coliforms and Salmonella/Shigella; 37 ◦C for 48 h for faecal strepto
cocci), and the results were corrected based on the dilution factors.

Results are expressed as log colony-forming units per milliliter (log 
(CFU⋅mL⁻¹)) according to established procedures [44]. Colonies were 
counted only on plates with 15–300 colonies. If all plates contained 
fewer than 15 colonies, all observed colonies were counted, considering 
the total inoculated volume.

3. Results

3.1. Composition and crystallinity of samples

The elemental composition of the synthesized samples was deter
mined by inductively coupled plasma atomic emission spectroscopy 
(ICP-AES) and is reported in Table 1. As expected, the raw clay is pri
marily composed of aluminum and silicon, with an Al/Si ratio close to 2, 
which is characteristic of smectite-type clays [13]. Upon incorporation 
of metal ions (Cu, Na, or Zn), a corresponding increase in the concen
tration of these elements is clearly observed, confirming the success of 
the ion-exchange process.

For the composite materials, the incorporation of 30 wt% photo
catalyst (either TiO₂ or ZnO) was achieved as intended, according to the 
measured compositions. These values are consistent with similar mate
rials reported in the literature [13], supporting the reproducibility and 
reliability of the synthesis route employed.

The crystalline structure of the samples was analyzed by X-ray 
diffraction (XRD), and representative diffractograms are presented in 
Fig. 1. The raw clay exhibits a complex mineralogical composition, 
including phases such as augite, cristobalite, montmorillonite, illite, 
kaolinite, feldspar, and talc. These phases remain identifiable in the ion- 
exchanged clays, indicating that the structural integrity of the clay 
matrix is largely preserved after modification.

The diffractograms of the pure ZnO and TiO₂ photocatalysts show 
diffraction peaks corresponding to the wurtzite structure for ZnO and a 
mixture of anatase and brookite for TiO₂. Accordingly, these crystalline 
phases are also observed in the composite samples, confirming the 
successful integration of the photocatalyst without significant alteration 
of its crystal structure. These findings are consistent with those reported 
in our previous study using similar preparation protocols [13].

Overall, the XRD and ICP-AES results jointly demonstrate that the 
synthesis procedure yields stable and well-defined clay-based composite 
materials with preserved crystalline properties and controlled photo
catalyst loading.

3.2. Textures and morphology of samples

The textural properties and colloidal behavior of the prepared 
composites were assessed through BET surface area analysis, pore vol
ume (Vp), apparent density (ρapp), zeta potential measurements, and 
dynamic light scattering (DLS). These parameters are summarized in 
Table 2.

The pristine clay exhibited a modest surface area (45 m²/g) and low 

Table 1 
Sample compositions by ICP-AES.

Al Si Fe Cu TiO2 ZnO

​ wt% wt% wt% wt% wt% wt%
Raw clay 10.1 20.9 3.7 < 0.1 < 0.1 < 0.1
A/ZnO 5.2 9.2 1.6 < 0.1 < 0.1 28.1
A-Cu/ZnO 6.4 11.6 1.8 0.4 < 0.1 30.3
A-Na/ZnO 5.9 11.7 1.7 < 0.1 < 0.1 29.6
A-Zn/ZnO 6.2 12.1 1.8 < 0.1 < 0.1 28.5
A/ TiO2 5.7 10.2 1.6 < 0.01 28.8 < 0.1
A-Cu/ TiO2 5.9 11.6 1.2 0.3 27.6 < 0.1
A-Na/ TiO2 5.8 11.2 1.4 < 0.01 29.1 < 0.1
A-Zn/ TiO2 6.1 11.6 1.5 < 0.01 28.6 0.4
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pore volume (0.07 cm³/g), consistent with the compact structure of 
untreated layered silicates. Upon modification with ZnO or TiO₂, the 
surface area and porosity were significantly altered depending on the 
nature of the inserted ion and photocatalyst.

Among ZnO-based composites, the A/ZnO material showed a 
considerable increase in specific surface area (125 m²/g) and pore vol
ume (0.44 cm³/g), suggesting that ZnO nanoparticles were well- 
dispersed within the clay matrix, creating additional porosity. In 

contrast, ion-inserted ZnO composites such as A-Cu/ZnO, A-Na/ZnO, 
and A-Zn/ZnO displayed reduced surface areas (50–55 m²/g) and 
moderate pore volumes (0.18–0.25 cm³/g), likely due to partial pore 
blocking or aggregation of ZnO particles in the presence of the inserted 
metal ions. Notably, the apparent density increased significantly in these 
doped samples (above 3.0 g/cm³), indicating a more compact or denser 
composite structure.

The bare ZnO material had a low surface area (30 m²/g), high
lighting the beneficial role of the clay as a structuring and dispersing 
matrix for photocatalysts. Moreover, the DLS data suggest that ZnO 
formed relatively large aggregates (hydrodynamic diameters above 
1600 nm), especially in A-Zn/ZnO, possibly limiting accessibility to 
active sites.

TiO₂-based composites exhibited distinct behavior. The A/TiO₂ 
sample demonstrated a remarkably high surface area (325 m²/g), which 
is significantly higher than both the pristine clay and the pristine TiO₂ 
(180 m²/g). This suggests that TiO₂ was homogeneously distributed over 
or within the clay layers, contributing to extensive mesoporous features. 
However, the inclusion of dopants (Cu, Na, Zn) generally led to surface 
area reductions (110–240 m²/g), in line with a potential pore-blocking 
effect or formation of larger aggregates. For instance, A-Cu/TiO₂ and 
A-Zn/TiO₂ retained relatively high values (240 and 130 m²/g, respec
tively), while A-Na/TiO₂ dropped to 110 m²/g, possibly reflecting a 
higher degree of TiO₂ particle clustering or coverage by exchanged ions.

In terms of particle aggregation, the TiO₂-based composites pre
sented larger DLS values than their ZnO counterparts, with A/TiO₂ 
reaching 10648 nm, suggesting the formation of large agglomerates in 
suspension. This behavior may stem from the higher surface energy and 
propensity for aggregation of anatase/brookite nanoparticles.

Overall, these results highlight that the presence of clay not only acts 
as a structural support but also significantly modifies the textural fea
tures of the photocatalysts. The ion-exchange step appears to modulate 
porosity and particle dispersion, impacting potential photocatalytic and 
antimicrobial performances.

Scanning Electron Microscopy (SEM) was employed to investigate 
the surface morphology of the prepared materials in greater detail 
(Fig. 2). The raw clay (Fig. 2a) displays the typical lamellar structure 

Fig. 1. XRD patterns of samples: raw clay, TiO2, A/TiO2, A-Cu/TiO2, ZnO, A/ZnO, A-Cu/ZnO. Reference peak positions of the different phases of the raw clay are 
indicated directly on the diffractogram by the following letters: (A) anatase, (B) brookite, (Z) wurzite, (Mo) montmorillonite, (T) talc, (K) kaolinite, (Il) illite, (Fp) 
feldspar, (Au) augite, and (Cr) cristobalite. The positions are not indicated on the composite materials to avoid overloading the figure. The reference patterns of 
anatase ((A) from JCPDS 71–1167) [45], brookite ((B) from JCPDS 29–1360) [45] and wurzite ((W) from JCPDS 36–1451) [46] are represented in the range 2–60◦.

Table 2 
Physico-chemical properties of samples.

Sample ρapp 

(g/ 
cm3) 
±

0.01

SBET 

(m2/ 
g) 
± 5

VP 

(cm3/ 
g) 
±

0.01

Zeta 
potential 
(mV) 
± 0.01

pH of zeta 
potential 
(-) 
± 0.1

DLS 
(nm) 
± 10

PZC 
(-) 
±

0.1

Raw 
clay

2.29 45 0.07 − 10.94 5.4 4860 5.5

ZnO 6.23 30 0.14 14.61 7.1 6088 7.2
A-ZnO 2.64 125 0.44 2.20 5.3 2786 5.2
A-Cu- 

ZnO
3.09 50 0.21 12.22 7.2 4318 7.4

A-Na- 
ZnO

3.15 55 0.25 13.24 7.3 3503 7.4

A-Zn- 
ZnO

3.19 50 0.18 13.24 7.2 1612 7.1

TiO2 2.98 180 0.12 24.51 2.7 1554 3
A-TiO2 2.90 325 0.23 2.50 3.2 10648 3.1
A-Cu- 

TiO2

2.56 240 0.15 − 3.27 3.1 6451 3.3

A-Na- 
TiO2

2.48 110 0.11 − 12.99 4.0 3761 4.1

A-Zn- 
TiO2

2.48 130 0.14 − 4.15 4.3 1461 4.1

ρapp: apparent density measured by helium pycnometry; SBET: specific surface 
area determined by BET method; Vp: specific liquid volume adsorbed at satu
ration pressure of nitrogen; DDLS: hydrodynamic diameter of TiO2 particles ag
gregates measured by DLS; Zeta potential analysis and pH at different zeta 
potential; PZC: point of zero charge.
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characteristic of montmorillonite-type clays, with stacked and slightly 
curved platelet-like layers. However, significant morphological trans
formations are observed after the sol-gel deposition of photocatalysts.

In both A/ZnO (Fig. 2b) and A/TiO₂ (Fig. 2c) samples, the clay sur
faces appear to be homogeneously covered with granular particles, 
leading to a distinctly rougher and more textured surface. These parti
cles correspond to ZnO or TiO₂ crystallites successfully deposited onto 
the clay layers. The absence of large aggregates and the relatively uni
form distribution of the particles suggest an effective dispersion of the 
photocatalyst phase within the clay matrix.

This morphological evolution is consistent with the increase in spe
cific surface area observed in the BET results (Table 2), particularly for 
A/TiO₂, which exhibits a highly porous structure. The intimate contact 
between the photocatalyst particles and the clay support is expected to 
enhance interfacial charge transfer and reduce recombination of pho
togenerated electron–hole pairs during photocatalytic processes.

Furthermore, the microstructural features observed by SEM support 
the role of the clay as a dispersing scaffold, preventing photocatalyst 
agglomeration and promoting a higher density of accessible active sites. 
This structural synergy between the clay and the metal oxide phase 
likely contributes to the improved photocatalytic and antibacterial 
performances observed in subsequent experiments.

3.3. Zeta potential and surface charge

Zeta potential measurements (Table 2) provide valuable insight into 
the surface charge properties and colloidal stability of the materials in 
aqueous suspension. These characteristics are crucial in governing par
ticle aggregation, photocatalytic behavior, and interactions with 
charged pollutants or microbial membranes.

The raw clay exhibited a moderately negative zeta potential of 
–10.94 mV at pH 5.4, reflecting the natural surface charge of alumino
silicate layers due to isomorphic substitution and edge hydroxyl group 
ionization. Upon deposition of ZnO onto the clay (A/ZnO), a shift to
ward a slightly positive zeta potential (2.20 mV at pH 5.3) was observed. 
This indicates a successful surface modification and partial masking of 
the native clay charge by ZnO nanoparticles, which are typically 
amphoteric in character.

The ion-modified ZnO composites (A-Cu/ZnO, A-Na/ZnO, A-Zn/ 
ZnO) all displayed increasingly positive zeta potentials, with values 
exceeding + 12 mV. This substantial shift confirms that the surface is 
dominated by the basic character of ZnO and/or the inserted metal ions. 
These positively charged surfaces may favor the adsorption of negatively 
charged pharmaceutical contaminants such as ibuprofen (predomi
nantly anionic at neutral pH), as well as promote antibacterial effects 
through electrostatic interactions with bacterial cell walls.

Conversely, the TiO₂-based composites showed more variable zeta 
potential values, depending on the inserted ion. The undoped A/TiO₂ 
composite exhibited a mildly positive zeta potential (+2.50 mV at pH 
3.2), whereas the Cu- and Zn-modified samples (A-Cu/TiO₂ and A-Zn/ 
TiO₂) showed slightly negative values (–3.27 and –4.15 mV, respec
tively). Interestingly, A-Na/TiO₂ had a strongly negative zeta potential 
(–12.99 mV), even more so than the raw clay. This suggests that sodium 
ions enhance surface deprotonation or favor a more hydrated, nega
tively charged layer at the interface. Such surfaces may be less prone to 
aggregation but could exhibit reduced affinity for anionic molecules.

The point of zero charge (PZC) values, determined by electrokinetic 
measurements, further support these observations. ZnO-based compos
ites showed PZCs ranging from 5.2 to 7.4, depending on the dopant, 
while TiO₂-based materials had lower PZCs (3.1–4.3), consistent with 

Fig. 2. SEM micrographs of (a) raw clay, (b) A/ZnO and (c) A/TiO2 samples.
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their more acidic surface characteristics. Notably, A-Cu/ZnO and A-Na/ 
ZnO had PZCs well above neutral pH, suggesting a strongly basic char
acter, whereas A-Na/TiO₂ and A-Cu/TiO₂ had PZCs around 3.1–4.1, 
making them negatively charged under environmental pH conditions.

These findings demonstrate that the surface charge of the composites 
can be finely tuned by both the nature of the photocatalyst and the 
inserted cations. This tunability is key for optimizing adsorption and 
photocatalytic efficiency toward charged pharmaceutical compounds 
and for enhancing bactericidal action via electrostatic mechanisms.

3.4. Ibuprofen degradation

The photocatalytic activity of the synthesized materials was evalu
ated by monitoring the degradation of ibuprofen under UVA and UV-Vis 
irradiation, with results presented in Fig. 3. All experiments were per
formed in triplicate using a total catalyst concentration of 1 g/L, and 
mineralization was assessed via total organic carbon (TOC) analysis. 
Only ZnO and TiO2 samples were also evaluated at 0.3 g/L. The kinetic 
study of IBU degradation under UVA light with A/ZnO and A-Cu/TiO2 
composite samples is shown in Fig. 4.

The raw clay exhibited no photocatalytic activity under either light 
condition, as expected due to the absence of photoactive components. In 
contrast, all composite materials demonstrated some degree of 
ibuprofen degradation, highlighting the contribution of the embedded 
photocatalyst phase.

Among the ZnO-based samples (Fig. 3), the pure ZnO reference (1
g/L) reached a maximum degradation efficiency of 30 % under both 
UVA and UV-Vis, whereas the A/ZnO composite reached 23 % under 
UVA and 10 % under UV-Vis. The lower activity of the A/ZnO composite 
relative to pure ZnO may be attributed to a partial coverage of active 
sites by the clay matrix or to reduced light absorption due to increased 
scattering. Additionally, ion-modified ZnO composites (A-Cu/ZnO, 
A-Na/ZnO, A-Zn/ZnO) exhibited significantly lower activities (8–10 %), 
suggesting that metal ion insertion may hinder charge separation or 
promote charge carrier recombination.

TiO₂-based materials exhibited overall superior performance (Fig. 3). 
The pure TiO₂ (1 g/L) achieved 45 % and 50 % degradation under UVA 
and UV-Vis, respectively. Notably, the A/TiO₂ composite also displayed 
high degradation rates, reaching 40 % under UVA and 35 % under UV- 
Vis, confirming efficient photocatalyst dispersion within the clay matrix. 

Among the doped TiO₂ composites, A-Cu/TiO₂ outperformed all others 
under UVA (48 %), while its performance dropped under UV-Vis (22 %), 
possibly due to limited visible-light absorption or dopant-induced 
recombination sites. In contrast, A-Na/TiO₂ and A-Zn/TiO₂ showed 
moderate activities (20 % or less), in line with their lower surface areas 
and less favorable textural and surface charge characteristics.

To better assess the intrinsic activity of the composites, control ex
periments were conducted using pure ZnO and TiO₂ at a lower dosage of 
0.3 g/L, corresponding to the actual photocatalyst content in the com
posites (30 wt% in 1 g/L of material, as confirmed by ICP-AES, Table 1). 
Under these conditions, the degradation efficiency of ZnO decreased to 
22 % (UVA) and 10 % (UV-Vis), closely matching that of A/ZnO. Simi
larly, TiO₂ at 0.3 g/L showed reduced degradation efficiencies (25 % 
UVA, 15 % UV-Vis), while A/TiO₂ still achieved significantly higher 
performance (40 % and 35 %, respectively).

These results clearly underline the beneficial role of the clay matrix 
in enhancing the effective utilization of the photocatalyst. The com
posite architecture, particularly in the case of A/TiO₂, appears to facil
itate better dispersion of active sites, limit particle aggregation, and 
improve pollutant–catalyst interactions, leading to higher photo
catalytic efficiency per unit mass of active material. Such features make 
these hybrid materials promising candidates for cost-effective water 
treatment applications where minimizing photocatalyst dosage is 
essential.

Fig. 4 shows that the kinetics of IBU degradation under UVA light are 
first order as the fitted curve of -ln(C/C0) vs. time being linear for the 2 
best composite samples, as previously observed in [40,41]. The kinetic 
constants can be calculated for each sample and are the slopes of the 
fitted curves in Fig. 4. The sample with the highest degradation 
(A-Cu/TiO2) has the highest kinetic constant (Fig. 4).

To elucidate the reactive species involved in ibuprofen (IBU) 
degradation, scavenger experiments were conducted using the two most 
effective composite photocatalysts, A/ZnO and A-Cu/TiO₂, under UVA 
irradiation (1.2 mW/cm²) for 4 h. The results, presented in Fig. 5, 
compare IBU degradation with and without the addition of three scav
engers: ammonium oxalate (AO) for holes (h⁺), isopropanol (ISOP) for 
hydroxyl radicals (•OH), and p-benzoquinone (PB) for superoxide rad
icals (O₂⁻•). For both samples, the degradation trends were consistent. 
The addition of AO significantly reduced IBU degradation (by 
~70–80 % based on preliminary data), as it scavenges photogenerated 
holes, thereby inhibiting the formation of •OH radicals via water 
oxidation, a key pathway in the process. Similarly, ISOP led to a Fig. 3. Ibuprofen mineralization under UVA or UV–visible light after 4 h of 

illumination.

Fig. 4. Experimental determination of kinetic constant of IBU degradation for 
A/ZnO (black) and A-Cu/TiO2 (red) samples under UVA light.
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comparable decrease (~65–75 %), confirming the dominant role of •OH 
in IBU breakdown, consistent with the upstream inhibition observed 
with AO. In contrast, PB induced a moderate reduction (~20–30 %), 
suggesting that O₂⁻• contributes less significantly to the degradation 
mechanism. These findings align with previous studies on photocatalytic 
systems, where hydroxyl radicals and holes were identified as the pri
mary species for IBU degradation [40,42].

Metal leaching, particularly of zinc from ZnO-doped composites, is a 
critical factor to consider during photocatalytic degradation to prevent 
secondary pollution. In this study, ICP-AES analysis after 4 h under UVA 
(Table 3) revealed leaching levels of < 0.01 mg/L for Ti (TiO₂, A-Cu/ 
TiO₂), 4 mg/L for Zn (ZnO), 0.1 mg/L for Zn (A/ZnO), and < 0.01 mg/L 
for Cu (A-Cu/TiO₂), indicating significant Zn release from unsupported 
ZnO compared to clay-supported A/ZnO, where leaching was reduced 
by 40-fold. These values remain below the WHO guideline of 3 mg/L for 
drinking water [47], suggesting acceptable environmental safety under 
tested conditions. Compared to Rahman et al. [48], who reported low 
copper leaching (<3 mg/L) with good reusability over five cycles in 
Fenton-like catalysts for ibuprofen degradation, our clay-supported 
composites demonstrate enhanced stability, particularly A/ZnO. How
ever, the high Zn leaching from ZnO (4 mg/L) highlights the need for 
further optimization. Future studies should include extended cycle 
testing and ICP monitoring to ensure long-term stability and compliance 
with stricter environmental standards.

3.5. Bacteriological assay

The antibacterial properties of the synthesized materials were eval
uated against several indicator microorganisms, including total co
liforms, faecal coliforms, Escherichia coli, Salmonella/Shigella, and 

faecal streptococci. The tests were carried out using two complementary 
approaches: (i) culture on selective differential agars (XLD, Endo, and 
BEA) to monitor inhibition or reduction of target bacterial colonies, and 
(ii) a dilution-based viability assay on Mueller Hinton agar with various 
catalyst dosages (0.5, 1, and 10 g/L) to assess dose-dependent bacteri
cidal effects. All tests were conducted under identical incubation con
ditions (37 ◦C, 24–48 h) and colony counts were expressed in log(CFU/ 
mL).

Control experiments were performed in the dark (with the materials, 
called Dark control in Fig. 6), under UVA alone (without materials, 
called Light control) and in the dark without the materials, all these 
conditions showed no reduction in bacteria populations. Light control 
and dark control without materials are not represented in Fig. 6 to avoid 
overloading it.

As shown in Fig. 6a, A/ZnO and A/TiO₂ composites led to a drastic 
reduction in the population of total and faecal coliforms, including E. 
coli, with complete inhibition observed at 1 g/L and above. This 
bactericidal effect was confirmed for enteric pathogens such as Salmo
nella and Shigella (Fig. 6b), as well as for Gram-positive faecal strep
tococci (Fig. 6c), demonstrating the broad-spectrum antimicrobial 
activity of these hybrid materials.

The raw clay already exhibited some antibacterial activity, especially 
against Salmonella/Shigella and faecal streptococci (Figs. 6b and 6c), 
while the ion-modified composites (A-Cu/ZnO, A-Na/ZnO, A-Zn/ZnO, 
and their TiO₂ analogues) showed moderate activity, generally requiring 
10 g/L to achieve a significant reduction in CFU counts. This suggests 
that ion exchange alone is insufficient to induce bactericidal effects, and 
that the photocatalyst plays a central role. The bacterial activity of the 
raw clay suggests that the presence of ions in the raw clay (Table 1) can 
already inhibit the bacteria.

The strong antibacterial performance of A/ZnO and A/TiO₂, 
observed consistently across all tested strains and confirmed in 
Figs. 6a–6c, is likely related to the generation of reactive oxygen species 
(ROS) at the catalyst surface. These ROS, including hydroxyl radicals 
and superoxide anions, are known to damage bacterial membranes, 
proteins, and DNA [49,50]. Moreover, the surface charge of the com
posites may facilitate electrostatic interactions with negatively charged 
bacterial membranes, enhancing particle adhesion and subsequent 
membrane disruption.

Overall, these findings indicate that the developed hybrid materials, 
particularly A/ZnO and A/TiO₂, possess potent antibacterial activity, 
which complements their photocatalytic capabilities. This dual func
tionality is particularly advantageous for water treatment applications 
targeting both chemical micropollutants and microbial contamination.

3.6. From Material Design to Environmental Performance: A Comparative 
Perspective

The structure–function analysis of our hybrid materials reveals clear 
relationships between their physicochemical properties, such as specific 
surface area, zeta potential, and morphology, and their functional per
formance, including photocatalytic activity and antibacterial efficacy. 
These findings are consistent with recent literature on clay–photocata
lyst composites.

Specific surface area plays a crucial role in pollutant degradation and 
antibacterial activity. For instance, the A/TiO₂ composite exhibits an 
exceptionally high specific surface area (325 m²/g), while A/ZnO shows 
a respectable value (~125 m²/g). These characteristics promote catalyst 
dispersion and access to active sites, as demonstrated by Adesina et al. 
[27], who reported approximately 84 % tetracycline removal after 2 h 
of exposure under UV and natural light with a kaolin–TiO₂–orange-peel 
biochar composite, attributing the performance to enhanced porosity 
and improved photocatalyst dispersion. Similarly, Yuan et al. [51]
described montmorillonite/TiO₂ composites containing 30 wt% TiO₂ 
that achieved nearly complete dye degradation, correlating performance 
with superior dispersion and surface properties.

Fig. 5. IBU degradation with and without scavengers during 4 h under UVA 
light for (orange) A/ZnO and (green) A-Cu/TiO2 samples. AO = ammonium 
oxalate, ISOP = isopropanol, PB = p-benzoquinone.

Table 3 
– ICP-AES measurement of metal leaching content after the photocatalytic 
experiment under UVA (4 h).

Samples [Ti] after 4 h under 
UVA (mg/L)

[Zn] after 4 h under 
UVA (mg/L)

[Cu] after 4 h under 
UVA (mg/L)

TiO2 < 0.01 - -
A-Cu/ 

TiO2

< 0.01 - < 0.01

ZnO - 4 -
A/ZnO - 0.1 -

- = not present in the sample initially
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Zeta potential is another key factor influencing pollutant adsorption 
and microbial interactions at the composite surface. Our ZnO‑based 
composites acquire positive surface charge (up to +12 mV), favouring 
electrostatic attraction toward anionic contaminants, whereas TiO₂ 
variants have slightly negative to neutral charges, aligning with their 
distinct photoreactivity. Bai et al. [52] emphasized in their review that 
modulation of the zeta potential of clay-supported TiO₂/ZnO photo
catalysts enhances affinity for anionic contaminants and improves 
photocatalytic efficiency.

When normalized to active-phase mass, our A/TiO₂ composites 
clearly outperform pure TiO₂ at equivalent loadings, highlighting the 
benefits of clay-supported systems. These results align with those of 
Karchiyappan et al. [53], who demonstrated that kaolin/TiO₂ compos
ites synthesized via sol–gel methods deliver higher photocatalytic 
removal rates than pure TiO₂. Additionally, pillared montmorillonite 
(Ti-PILC) structures exhibit improved surface area and stability, further 
enhancing performance compared to unmodified oxide powders [28].

Regarding antibacterial activity, our A/ZnO and A/TiO₂ composites 
produced near-complete bacterial inhibition at concentrations ≥ 1 g/L. 
Wu et al. [50] reported similar outcomes for montmorillonite–Ag/TiO₂ 
composites under visible light, attributing bactericidal efficacy to reac
tive oxygen species (ROS)-induced membrane damage. Li et al. [49] also 
achieved remarkable antibacterial and pharmaceutical degradation 
performance using a kaolinite–TiO₂–g-C₃N₄ heterojunction, confirming 
the synergy between clay support and photocatalyst.

Overall, our hybrid materials offer performance comparable or su
perior to other clay–photocatalyst systems reported in the literature for 
dye removal, micropollutant degradation, or microbial decontamina
tion. For example, orange-peel biochar/clay/TiO₂ composites demon
strated 89–92 % tetracycline degradation with 50 % of mineralization 
under UVB for 2 h and efficient E. coli inactivation without forming 
toxic intermediates [27]. In that study, the illumination was much more 
energetic than the present work. Similarly, a 3D-printed ZnO/clay ar
chitecture showed effective methylene blue degradation with 100 % 
degradation in 40 min under solar irradiation [54] but no mineraliza
tion was assessed.

Concerning the photocatalytic mineralization of ibuprofen, our study 
demonstrates a compelling 48 % Total Organic Carbon (TOC) reduction 
within 4 h using the A-Cu/TiO₂ composite under UVA irradiation with 
low intensity (1.2 mW/cm2) [55], surpassing several literature bench
marks in terms of efficiency, practicality, and multifunctionality. For 
instance, Tanveer et al. [56] achieved 47 % TOC removal with UV/ZnO 
after only 15 min but required artificial UVC lamps (254 nm) and 
showed lower performance under solar conditions with quartz or bo
rosilicate reactors, highlighting the limitations of non-supported cata
lysts in real-world applications, while at catalyst dosing of 1.5 g/L TiO₂ 
and 0.5 g/L ZnO, degradation rates were similar, with UV lamp-based 
photocatalysis yielding higher TOC and COD reduction than solar irra
diation. Similarly, Loaiza-Ambuludi et al. [57] reported up to 90 % TOC 
abatement via UVC/H₂O₂/Fe photo-Fenton after 8 h, yet this homoge
neous process necessitates high oxidant doses and lacks the catalyst 
recovery ease offered by our clay-supported system, with 
pseudo-second-order kinetics observed for TOC decay. Mendez-Arriaga 
et al. [58] attained 80 % Dissolved Organic Carbon (DOC) removal in 
240 min through sonophoto-Fenton/TiO₂ hybrids under UV-Vis or 
visible light, but relied on energy-intensive ultrasound and extended 
reaction times without integrating antimicrobial properties, achieving 
up to 90 % mineralization with US/UV/TiO₂/H₂O₂/Fe. Jimenez-Salcedo 
et al. [59] focused on degradation pathways using TiO₂/UV and 
g-C₃N₄/visible light, identifying intermediates like 2-(4-acrylphenyl) 
acetic acid and 4-propenylbenzoic acid but not quantifying minerali
zation, highlighting incomplete breakdown and potential toxicity 
persistence absent in our approach, with degradation efficiencies vary
ing by pH and light intensity. More recently, Pylarinou et al. [60] ach
ieved efficient ibuprofen degradation with TiO₂/Mo-BiVO₄ bilayers 
under photoelectrocatalysis, yielding photocurrent densities up to 

Fig. 6. Antibacterial activity on (a) total coliforms, (b) Salmonella/Shigella; 
and (c) faecal Strepotococci from the real wastewater. Previous to bacterial 
development the wastewater was stirred with the different samples under UVA 
illumination for 4 h. Light control and dark control without materials show no 
effect on any of the three bacteria (as Dark control) and so, are not represented 
on the figures to avoid overloading it.
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0.5 mA/cm² and 90 % removal in 120 min, yet mineralization data were 
not emphasized, and the complex electrode fabrication contrasts with 
our low-cost, natural smectite-derived composites. Across these studies 
and others, such as Braz et al. [61] with 50 % mineralization using pure 
TiO₂ under UV after 60 min, Candido et al. [33] reporting up to 78 % 
TOC reduction with TiO₂ in 60 min under UV lamp, Gong et al. [62]
achieved higher mineralization rates (up to 60 % in 20 min) with a 
Fe²⁺/Oxone/UV process, but required higher oxidant doses and showed 
toxicity evolution, and Feng et al. [63] using YMO-SO photocatalysts, 
reached 70–80 % degradation under visible light but reported lower 
mineralization (typically <40 % TOC removal) and relied on complex 
synthesis methods, typical mineralization ranges from 20 % to 80 % 
over 2–6 h with photocatalytic systems, often facing recovery challenges 
and higher costs.

Direct comparison between these studies is challenging due to sig
nificant variations in experimental conditions, such as the type and in
tensity of illumination (e.g., UVA vs. UVC lamps or solar simulators), 
pollutant and catalyst concentrations, and irradiation durations, which 
can range from 120 to 360 min across different setups. Moreover, not all 
articles provide comprehensive details on these parameters, including 
precise light power outputs or exact catalyst loadings, making quanti
tative benchmarking challenging. Despite these inconsistencies, our A- 
Cu/TiO₂ system stands out for its balanced efficiency under practical 
UVA conditions, highlighting its potential for scalable applications.

3.7. Limitations of this work

Despite the promising results, this study presents several limitations 
that warrant consideration. First, the photocatalytic performance under 
visible light remains suboptimal, with lower degradation rates 
compared to UVA conditions, indicating a need for further optimization 
to enhance visible-light responsiveness. Second, the long-term stability 
and reusability of the clay-supported composites were not fully assessed, 
as tests were limited to some cycles, potentially underestimating mate
rial degradation or leaching over extended use but giving first promising 
results. Third, the experiments were conducted under controlled labo
ratory conditions, which may not fully replicate the complex matrix of 
real wastewater, including varying pH, competing pollutants, and mi
crobial loads. Finally, the scalability of the synthesis process and its 
economic viability in resource-limited settings require further investi
gation to ensure practical implementation in decentralized treatment 
systems.

4. Conclusion

In this study, a series of clay-based photocatalytic composites 
incorporating ZnO or TiO₂, with or without additional ion exchange (Cu, 
Na, Zn), were successfully synthesized and characterized. Elemental 
analysis and XRD confirmed the effective incorporation of photocatalyst 
phases without significant alteration of either their crystalline structure 
or clay matrix. Textural analysis revealed a substantial influence of both 
the photocatalyst type and the exchanged cations on surface area, 
porosity, and particle dispersion. TiO₂-based materials generally 
exhibited higher surface areas and more favorable morphologies than 
their ZnO-based counterparts, especially in undoped configurations.

Zeta potential and point of zero charge analyses showed that the 
surface charge of the composites could be finely tuned via cationic 
modification, influencing their colloidal stability and potential interac
tion with charged pollutants or microbial membranes. SEM imaging 
further confirmed the homogeneous dispersion of photocatalyst parti
cles on the clay surface, contributing to the accessible active surface.

Photocatalytic degradation tests using ibuprofen as a model 
contaminant demonstrated that all composites exhibited measurable 
activity under UVA and UV-Vis irradiation, with TiO₂-based composites 
showing superior performance overall. Among these, the Cu-doped TiO₂ 
sample (A-Cu/TiO₂) achieved the highest degradation under UVA, 

suggesting a synergistic effect between copper doping and the clay 
support. However, performance under visible light was generally lower, 
indicating room for improvement in enhancing visible-light 
responsiveness.

Overall, the results highlight the potential of these hybrid materials 
as efficient and tunable photocatalytic platforms for water treatment 
applications. The structural, textural, and surface properties can be 
adjusted by choice of photocatalyst and exchanged ions, enabling the 
rational design of multifunctional materials for both pollutant degra
dation and antimicrobial applications. Future work will focus on opti
mizing the photocatalyst loading, improving visible-light activity, and 
assessing long-term stability and regeneration potential in real water 
matrices.
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DE LA RÉSISTANCE AUX ANTIMICROBIENS, 2020. 〈https://iris.who.int/bits 
tream/handle/10665/336678/9789240014831-fre.pdf〉 (accessed June 17, 2025).

M.H. Tsaffo Mbognou et al.                                                                                                                                                                                                                  Next Materials 9 (2025) 101290 

10 

https://doi.org/10.1016/j.jhazmat.2021.127284
https://doi.org/10.1016/j.jhazmat.2021.127284
https://doi.org/10.1016/j.scitotenv.2015.08.076
http://refhub.elsevier.com/S2949-8228(25)00808-1/sbref3
http://refhub.elsevier.com/S2949-8228(25)00808-1/sbref3
http://refhub.elsevier.com/S2949-8228(25)00808-1/sbref3
http://refhub.elsevier.com/S2949-8228(25)00808-1/sbref3
https://iris.who.int/bitstream/handle/10665/336678/9789240014831-fre.pdf
https://iris.who.int/bitstream/handle/10665/336678/9789240014831-fre.pdf


[5] N. Walczak, A. Krzyszczak-Turczyn, B. Czech, Unveiling the effect of SWCNT as the 
dopants of TiO2 in pharmaceutical mixture photocatalytic removal from water and 
wastewater, J. Photochem. Photobio. A Chem. 467 (2025), https://doi.org/ 
10.1016/j.jphotochem.2025.116437.

[6] N. Dammak, N. Fakhfakh, S. Fourmentin, M. Benzina, Natural clay as raw and 
modified material for efficient o-xylene abatement, J. Environ. Chem. Eng. 1 
(2013) 667–675, https://doi.org/10.1016/j.jece.2013.07.001.

[7] M.R. Eskandarian, H. Choi, M. Fazli, M.H. Rasoulifard, Effect of UV-LED 
wavelengths on direct photolytic and TiO2 photocatalytic degradation of emerging 
contaminants in water, Chem. Eng. J. 300 (2016) 414–422, https://doi.org/ 
10.1016/j.cej.2016.05.049.

[8] D.S. Villarreal-Lucio, V.S. Galván-Romero, C. López-Saldaña, B.V. Loera-García, K. 
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