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Abstract

4-Chlorophenol (4-CL) is a toxic and persistent industrial pollutant resistant to
conventional treatment, making its removal from wastewater a major environmental
challenge. Visible-light photocatalysis provides a clean and efficient route for its complete
mineralization. This study introduces a novel ZnO-functionalized sulfonated carbonaceous
bentonite (ZnO@SB) nanohybrid, designed to enhance visible-light absorption, charge
separation, and surface reactivity. The composite was synthesized via controlled sulfonation
of organic-rich bentonite followed by uniform ZnO nanopaiticle deposition. Structural and
spectroscopic analyses confirmed successful functicnalization and high ZnO dispersion across
the sulfonated matrix. Under visible light, ZnO@SB (0.5 g/L, pH 8) achieved 100% degradation
of 4-CL (5 mg/L) in 30 min and 100% TOC removal in 60 min (complete mineralization),
following pseudo-first-order kinetics (ki = 0.1657 min~!, R2 > 0.98). The quantum vyield
increased from 7.39 x 10-¢ to 2.96 x 10-7 with higher catalyst loading. The photocatalyst
retained >90% activity after five cycles, with Zn2* leaching below 0.005 mg/L, indicating
excellent chemical stability. Mechanistic studies confirmed the dominant roles of superoxide
(O2¢-) and hydroxyl (*OH) radicals in driving hydroxylation, dechlorination, and aromatic ring
cleavage. The novelty of this work lies in the synergistic integration of sulfonated
carbonaceous bentonite with ZnO, which simultaneously enhances adsorption, charge
transfer, and visible-light response. This multifunctional hybrid provides a low-cost, stable,
and highly efficient photocatalyst for scalable visible-light-driven degradation and
mineralization of chlorinated phenolic pollutants.

Keywords: 4-Chlorophenol; ZnO@5B,; Bentonite, Sulfonation, Visible-light photocatalysis; Wastewater

treatment
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Introduction

The relentless expansion of industrial activities and human advancement has led to a
substantial increase in the discharge of hazardous chemical pollutants into natural
ecosystems. This ongoing contamination is exerting detrimental effects on aquatic
environments, public health, and ecological stability on a global scale [1]. Among the various
toxic substances released into water bodies, phenolic compounds are particularly notorious
due to their severe toxicity. They are frequently introduced into the environment as residuals
from the use of herbicides, petroleum-based chemicals, and wocod-processing industries [2].
Chlorophenols, a significant subclass of phenolic pollutants, are commonly integrated into the
synthesis of numerous chemical products, including fungicides and pesticides [2, 3]. These
compounds pose serious environmental and health hazards even at very low concentrations.
Their persistence in the environment, resistance to natural degradation, and tendency to
bioaccumulate make them particularly alarming in terms of long-term ecological and
toxicological impact [4, 51.

Scientific findings have consistently demonstrated that chlorophenols exhibit
mutagenic, genotoxic, and carcinogenic characteristics. Their resistance to biological
breakdown further enhances their environmental longevity, contributing to their widespread
toxicity in both aquatic and terrestrial systems [2, 3, 6]. One of the most commonly used
chlorophenols is 4-chlorophenol (4-CL), a compound employed extensively across several
industries, including pharmaceuticals, petrochemicals, dyes, and general chemical
manufacturing [7]. Due to its environmental stability, toxic nature, and carcinogenic potential,
4-CL has been formally identified by the United States Environmental Protection Agency as
one of the most hazardous chemical pollutants [5]. Accordingly, the urgent development of
innovative and highly effective strategies for the removal or detoxification of 4-CL from

contaminated media is of paramount importance for protecting ecosystems and public health.
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A broad spectrum of methods has been explored for the elimination of phenolic
contaminants from environmental systems, with notable techniques including membrane-
based separation, adsorption methodologies, and various advanced oxidation strategies [8-
10]. However, conventional treatment methods—such as adsorption and membrane
separation—are constrained by limited selectivity, membrane fouling, high operational costs,
and the generation of secondary wastes [11, 12, 13]. These drawbacks motivate the adoption
of photocatalytic oxidation, a cleaner and more sustainable alternative capable of deep-to-
complete mineralization of chlorinated phenols under mild conditions [5, 14].

Advanced oxidation processes (AOPs)—such as the conventional Fenton reaction,
photocatalysis, and the photo-Fenton method—have recently received widespread interest
because of their exceptional effectiveness in breaking down persistent organic contaminants
[14-19]. These oxidative techniques are regarded as both environmentally benign and
technologically adaptable, particularly because they can harness solar energy, making them
attractive options for large-scale and sustainable remediation efforts [5]. Consequently,
significant research efforts have been invested in the synthesis and evaluation of diverse
microstructured and nanostructured materials, aiming to exploit their multifunctionality in
facilitating the degradation of organic contaminants alongside the reduction of hexavalent
chromium [16, 20-23]. The effectiveness of a photocatalyst is governed by a range of
parameters, including its structural and thermal stability, ability to be reused, ecological
safety, suitable bandgap energy, electron-hole recombination behavior, adsorption efficiency,
and economic viability [24, 25]. In alignment with goals for green chemistry and sustainable
development, recent scientific discourse has emphasized the strategic use of naturally
abundant precursors to engineer multifunctional materials. These bio-derived or mineral-
based composites aim to offer synergistic photocatalytic and adsorptive efficiencies while
remaining cost-effective and environmentally safe [26, 27]. This design also helps to minimize
the common drawbacks of conventional photocatalysts, including rapid charge recombination,
poor visible-light absorption, surface deactivation, photocorrosion, and low mineralization
efficiency [11, 28, 29].

Zinc oxide (ZnO), in both nano- and microscale forms, is widely recognized for its

effectiveness in oxidative degradation due to its high chemical stability, broad surface area,
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non-toxic nature, and strong oxidative potential [26-30]. It also benefits from resistance to
photocorrosion and a favorable exciton binding energy, making it highly suitable for
photocatalysis [31-35]. To enhance its photocatalytic performance, strategies such as metal
ion doping, composite integration, and nanoparticle immobilization have been widely
explored, aiming to reduce charge recombination and improve light absorption and pollutant
interaction [26, 36]. Nanostructured zinc-based photocatalysts demonstrate exceptional
photocatalytic activity, long-term stability, and environmental safety, making them promising
candidates for green and sustainable remediation technologies [37-39].

Within the field of photocatalytic science, bentonite has gained increasing recognition
as an effective support material for heterogeneous catalysts [40, 41]. Bentonite (BEN), a
naturally abundant phyllosilicate clay, is widely employed in environmental remediation due
to its unique physicochemical characteristics [41, 42]. It offers a high cation exchange
capacity, expansive surface area, abundant active sites, and an inherently non-toxic nature,
making it particularly well-suited for dual functions—as a direct adsorbent and as a host
matrix for metal and metal oxide catalysts [43, 44]. These attributes significantly improve
both the functional and structural efficiency of photocatalytic systems when bentonite is
incorporated as a supporting phase [42, 45]. The compositional profile of bentonite varies
based on its smectite content, the type of associated mineral impurities, and their relative
concentrations [46]. Of special interest are organic-rich bentonite variants, commonly referred
to as oil shales, which remain relatively underutilized despite their wide availability [47].
These materials exhibit a unique hybrid structure that combines inorganic clay layers with
intercalated organic substances such as kerogen and bitumen [47-49]. Chemical modification
of these clay-organic composites, particularly through acid activation or sulfonation, can
significantly enhance their surface polarity and introduce oxygenated functional groups [47-
49]. This transformation increases their potential as acidic adsorbents and efficient catalyst
supports [50-53].

This study introduces an innovative approach to the development of a cost-effective,
eco-friendly, and high-performance photocatalyst for the efficient degradation of 4-
chlorophenol (4-CL)—a persistent and toxic contaminant—commonly found in industrial

wastewater. The research focuses on engineering a novel composite material by integrating
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zinc oxide (ZnO), a widely studied photocatalyst, with sulfonated carbonaceous bentonite
(SB), a naturally abundant yet underutilized clay-based support. The core objective is to
harness the complementary functionalities of both components: the inherent adsorption
capacity and surface acidity of sulfonated bentonite, and the strong oxidative and
photocatalytic capabilities of ZnO. This synergistic integration is designed to enhance the
removal efficiency of 4-CL through a dual mechanism involving surface adsorption and visible-
light-driven photocatalytic oxidation. The novelty of this work lies in the strategic exploitation
of carbon-rich, organic-intercalated bentonite—commonly overlooked in photocatalyst
design—as a multifunctional platform. Through targeted sulfonation, the carbonaceous
content of the bentonite is chemically activated to introduce robust acidic groups, while its
layered silicate structure offers a high surface area for uniform ZnO dispersion. This tailored
composite (ZnO@SB) is expected to exhibit enhanced photocatalytic activity, reusability, and
stability under environmentally relevant conditions. By leveragina naturally available, low-cost
mineral resources, this study not only addresses the urgent demand for sustainable treatment
technologies for hazardous organic pollutants but aisc contributes to advancing the circular
utilization of clay-based materials in the design of next-generation hybrid catalysts for

environmental remediation.

2. Experimental work
2.1. Materials and chemicals

The bentonite used in this investigation was collected as a natural geological sample
from Local quarries in Egypt. A detailed chemical composition analysis of the raw material
revealed the presence of the following major oxides as the main composition: silicon dioxide
(SiO2) at 54.1%, aluminum oxide (Al20s3) at 24.73%, ferric oxide (Fe203) at 6.02%, magnesium
oxide (MgO) at 1.09%, sodium oxide (Na,O) at 0.09% , potassium oxide (K;0) at 1.12 %, SOs3
at 1.78 %, and exhibited a loss on ignition (L.O.l) of 10.57 %. The synthesis of the ZnO@SB
hybrid photocatalyst was performed using high-grade chemicals to ensure reproducibility and
purity. Concentrated sulfuric acid (99%), absolute ethanol, and zinc nitrate hexahydrate
(Zn(NOs3)2:6H20; 98%) were utilized, all acquired from Sigma-Aldrich (Egypt). For the

evaluation of adsorption behavior and photocatalytic activity, 4-chlorophenol—chosen as a
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model organic contaminant—was also obtained from Sigma-Aldrich, with a reported purity of
98%.
2.2. Synthesis of the photocatalyst
2.2.1. Acid activation of bentonite

The raw bentonite was ground using a ball mill to reduce the particle size to below 100
KM, ensuring uniform texture and consistency prior to the modification and synthesis steps.
80 grams of the resulting powder were then slowly added to 250 mL of sulfuric acid (70%),
with the mixture maintained at a steady temperature of 100 °C. This acid-clay suspension was
stirred continuously at 700 rpm for 12 hours, allowing the acid to thoroughly interact with the
bentonite’s layered structure. Once the reaction was complete, the mixture was left to cool
naturally to room temperature. The solid product—now sulfonated bentonite (SB)—was
collected through vacuum filtration using Whatman filter paper. To remove any leftover acid
and soluble impurities, the filtered solid was rinsed five times with distilled water. Finally, the
cleaned material was placed in oven at 75°C for about 4 hours to ensure it was fully
dehydrated and ready for use (Fig. 1).
2.2.3. Preparation of ZnO@SB hybrid material

The ZnO@SB hybrid materia! was synthesized by dispersing 10 grams of sulfonated
bentonite (SB) into 100 mL of an aqueous solution containing 10 grams of zinc nitrate. To
ensure effective interacticn between the zinc ions and the functional groups on the bentonite
surface, the mixture was stirred continuously at 650 rpm for 10 hours. This was followed by
ultrasonic treatment for 2 hours using a 240-watt ultrasonic generator, which helped enhance
dispersion of the metal precursor and encouraged its incorporation into the clay structure.
Subsequently, 100 mL of a 0.1 mM sodium hydroxide solution was slowly added to the
suspension under constant stirring. The reaction was allowed to proceed for another 6 hours
to promote the controlled precipitation of zinc species. To further support the formation and
uniform distribution of ZnO within the clay matrix, the mixture was heated at 100 °C for 24
hours, with ultrasonic activation applied every 6 hours and continuous stirring maintained at
700 rpm. After the synthesis was complete, the solid ZnO@SB composite was separated by
filtration using Whatman filter paper. It was then thoroughly washed with distilled water

through five rinsing cycles (10 minutes each) to remove any unreacted materials and soluble
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byproducts. Finally, the purified material was dried in an oven at 80 °C for 12 hours, yielding

the ZnO-functionalized bentonite hybrid (Fig. 1).
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Fig.1l. Schematic diagram for the synthesis of ZnO@SB composite. Created by the authors in Adobe lllustrator

v29.8.1 (Adobe Inc., https://www.adobe.com/products/illustrator.htm/).

2.4. Characterization techniques

To assess the structural and physicochemical properties of the synthesized materials, a
range of analytical techniques was employead. The crystalline phases and structural changes
occurring during synthesis were examined using X-ray diffraction (XRD), performed on a
PANalytical Empyrean diffractometer operating within a 26 range of 5° to 80°. Functional
groups and chemical modifications were identified through Fourier-transform infrared
spectroscopy (FT-IR) using a Shimadzu FTIR-8400S, with spectra collected across the range of
400-4000 cm-. The surface morphology and particle structure were visualized using
scanning electron microscopy (SEM, Zeiss Ultra 55), following gold sputter-coating of the
samples to enhance conductivity. Additionally, nitrogen adsorption-desorption isotherms were
measured with a Beckman Coulter SA3100 surface area analyzer, after degassing the
samples. These measurements provided insights into surface area and porosity—key
parameters for evaluating the material’s potential in adsorption and photocatalytic
applications.
2.5. Advanced oxidation of 4-CL

The photocatalytic potential of the ZnO-functionalized sulfonated bentonite (ZnO@SB)

composite was thoroughly investigated through the degradation of 4-chlorophenol (4-CL)
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under visible light exposure. Experiments were conducted in a vertically oriented Pyrex glass
reactor, measuring 7 cm in diameter and 15 cm in height, which was engineered to maximize
both light transmission and photocatalyst suspension uniformity. lllumination was provided by
a 400-watt commercial metal halide lamp, emitting predominantly visible light with a
characteristic wavelength around 490 nm. The lamp was positioned 3.5 cm from the external
wall of the reactor, providing a consistent light intensity across the sample volume. Light
irradiance at the reactor surface was measured at an average of 18.7 milliwatts per square
centimeter, effectively mimicking solar irradiation conditions suitable for environmental
applications.

Before initiating visible-light irradiation, all photocatalytic experiments were preceded
by an adsorption-desorption equilibration step to ensure that any subsequent decrease in 4-
CL concentration was exclusively attributed to photocatalytic activity. For this purpose, the
reaction suspension containing the photocatalyst and pollutant solution was stirred
continuously in the dark for 30 minutes to attain adsorption equilibrium between the solid
surface and the aqueous phase. After equilibrium was established, illumination was started
under the same stirring conditions to commence the photocatalytic degradation experiment.

The photocatalytic experiments were conducted under ambient temperature
(approximately 20 °C). During testing, the initial concentration of 4-CL varied from 5 mg/L to
20 mg/L, while the ZnO@SB photocatalyst loading was adjusted incrementally from 0.2 to 0.5
g/L. The reaction durations ranged from 5 minutes up to 240 minutes, enabling detailed
observation of kinetic trends, pollutant breakdown efficiency, and the influence of varying
pollutant concentrations and photocatalyst dosages.

After each trial, the amount of un-degraded 4-CL remaining in the solution was
quantified to assess both the initial adsorption equilibrium and the extent of photocatalytic
oxidation. All experimental runs were repeated three times to verify reproducibility, with
observed standard deviations consistently under 3.5%, confirming the reliability of the
methodology. To further elucidate the degradation process and identify transformation
products, high-performance liquid chromatography system (HPLC 3000) equipped with a
Thermo analytical column analysis was performed. In addition, total organic carbon (TOC)

analysis was conducted using a Shimadzu TOC-VCPH analyzer to measure the degree of



mineralization. This step was essential for determining the photocatalyst's effectiveness in
breaking down 4-CL into non-toxic, low-molecular-weight byproducts, thus providing a
complete picture of the material’s photocatalytic efficiency.
3. Results and discussion
3.1. Characterization of the photocatalyst:
3.1.1. X-ray diffraction (XRD) analysis

The structural modifications imparted throughout the multistep synthesis were
meticulously characterized wusing XRD analysis, providing vital insights into the
crystallographic transformations occurring at each functionalization stage (Fig. 2). The initial
diffraction profile of the raw carbonaceous bentonite-based material (CB) exhibited
pronounced reflections consistent with a montmorillonite-dominant mineralogy. Notably,
peaks at 26 = 6.05° (002), 19.77° (020), and 25.1° (105) aligned well with standard reference
patterns from JCPDS cards 00-003-0010 and 00-058-2010 (Fia. 2A), affirming the layered
silicate structure characteristic of unmodified bentonite [50]. However, subtle deviations in
peak positions and intensities, compared to typical montmorillonite, were evident—an
indication of structural perturbation likely caused by the intercalation of native organic
moieties such as kerogen or maceral derivatives. These organic components, commonly
found in carbon-rich bentonites, are known to insert into the interlayer space, resulting in a
basal spacing expansion. This interpretation is strongly supported by the measured increase

in interlayer distance to ~14.59 A, significantly exceeding that of standard montmorillonite

(Fig. 2A). Such interlayer steIIing confdms the succedstfllmBtYanhg-modification of the clay—
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Fig.2. XRD patterns of raw carbonaceous bentonite (A) [50], sulfonated sample (B) and synthetic ZnO/SB

photocatalyst (C)

Subsequent sulfonation of the composite yielded a material (SB) with a markedly
altered diffraction pattern, reflecting substantial changes in the crystalline order of the
support (Fig. 2B). A noticeable reduction in the intensity and clarity of montmorillonite
peaks—alongside peak broadening and in some cases, complete disappearance—suggests
structural degradation induced by acid leaching (Fig. 2B). This phenomenon is attributed to
the partial dissolution of key lattice cations, such as Si** and Al3+, which are fundamental to
the tetrahedral and octahedral layers of the montmorillonite framework [47]. As these cations
are selectively extracted under acidic conditions, the clay undergoes partial exfoliation and
loses long-range periodicity, leading to increased disorcer within the layered architecture.
Furthermore, the strong oxidizing environment associated with sulfonation promotes the
cleavage of thermally and chemically labile linkages—particularly ether bonds (C-O-C)—
within the intercalated organic matrix [54, 55]. This oxidative fragmentation contributes to
partial amorphization of the hybrid structure while simultaneously enriching the surface with
acidic functional groups, predominantly sulfonic acid (-SOsH). These newly introduced
moieties significantly enhance the composite’s surface reactivity and potential for catalysis,
providing both Brgnsted acid sites and coordination centers for metal anchoring.

The final ZnO-functionalized composite (ZnO@SB) displayed a complex XRD signature,
indicative of successful integration of crystalline ZnO nanoparticles onto the modified
bentonite substrate (Fig. 2C). While a residual basal reflection of bentonite was still detectable
at 20 = 7.12°, its diminished intensity and minor shift implied a partial preservation of the
original clay structure, now altered by successive chemical treatments (Fig. 2C).
Superimposed on this pattern were distinct and sharp peaks at 26 values of 31.75°, 34.85°,
36.61°, and 47.6°, corresponding to the (100), (002), (101), and (102) planes of hexagonal
wurtzite ZnO (Fig. 2C) (JCPDS Nos. 65-3411, 36-1451). These reflections unambiguously

confirm the successful crystallization of ZnO, with an estimated crystallite size of ~34 nm—
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well within the nanometric regime and favorable for enhanced photocatalytic efficiency.
Interestingly, a systematic shift of certain ZnO peaks toward lower diffraction angles was
observed, which may signal lattice distortion caused by strong interactions between Zn?* ions
and the sulfonic acid groups anchored on the bentonite surface. This suggests possible
surface complexation or partial intercalation of zinc species within the clay matrix, inducing
strain within the ZnO lattice. Such structural coupling implies a tightly bound interface
between the metal oxide and its support, which is crucial for charge transfer, pollutant
adsorption, and photocatalytic turnover.

From an application standpoint, these structural and chemical features collectively point
to the formation of a multifunctional photocatalyst with synergistic properties. Acidic sites
introduced by H2SOas activation increase surface polarity and adsorption affinity, promoting
pollutant accumulation and diffusion to active centers [56, 57]. Nanocrystalline ZnO domains
enhance light absorption and charge separation by exposing polar facets [58, 59]. Meanwhile,
the hierarchically porous framework improves mass transpoit, active-site accessibility, and
photon utilization, accelerating degradation kinetics {60, 61]. This engineered heterostructure
thus provides an efficient platform for the removal of persistent pollutants such as 4-
chlorophenol, where adsorption-photocatalysis coupling is crucial for high-performance
remediation.

3.1.2. Scanning electron microscopy (SEM) analysis

The morphological evolution of carbonaceous bentonite throughout its stepwise
chemical modification was carefully tracked using scanning electron microscopy (SEM) (Fig.
3). In its raw form, the carbonaceous bentonite (CB) exhibited a typical clay-like morphology,
with dense aggregates of irregularly stacked platelets forming bulky, compact masses (Fig.
3A). These layered structures are characteristic of smectite-type clays, which naturally
possess lamellar arrangements due to their silicate framework. Closer inspection also
revealed the presence of fine, spherical particulates scattered across the surface (Fig. 3A),
which are likely associated with organic components—possibly kerogen or other
carbonaceous residues—embedded within or adhered to the clay layers. These organic
inclusions not only contribute to the physical heterogeneity of the material but may also play

a role in its chemical reactivity, providing potential sites for further functionalization.
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Fig.3. SEM images of carbonaceous bentonite (A), sulfonated sample (B), and synthetic ZnO/SB hybrid (C and D)

Following sulfonation with concentrated H2SOs, the bentonite underwent marked
surface transformation. The sulfonated material (SB) displayed smoother surfaces compared
to the unmodified CB (Fig. 3B), suggesting that the acid treatment effectively removed
surface-bound impurities and partially decomposed organic matter. This "cleaning" action
likely results from both the oxidative strength and acidity of H2504, which can break down
labile bonds within organic fragments while simultaneously altering the surface topography.
Interestingly, despite the smoother appearance, the sulfonated samples also showed an
increase in porosity and surface roughness at a finer scale. SEM images (Fig. 3B) revealed
uneven edges and pore-like features across the particle surfaces—evidence of mineral
leaching and microstructural etching brought about by acid attack. From a photocatalytic
standpoint, this is highly advantageous: greater porosity improves accessibility to active sites,
while surface acidity enhances interactions with pollutant molecules during degradation
processes.

After ZnO deposition, the final ZnO@SB composite presented a clearly distinct
morphology. SEM images (Fig. 3C and D) showed that ZnO nanoparticles formed a uniform,
interlinked layer over the sulfonated clay surface. The nanoparticles appeared as aggregated
nano-grains with slightly curved, worm-like geometries, resulting in a porous and texturally

rich structure. This hierarchical assembly supports both high surface area and efficient mass
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transport—two key requirements for photocatalytic systems operating under flow or batch
conditions. The homogeneous distribution of ZnO suggests strong binding between the
nanoparticles and the sulfonated bentonite surface, likely facilitated by coordination with
sulfonic acid groups. These interactions may contribute to improved electron transfer and
photocatalytic activation. Mechanically, the ZnO layer reinforces the structural stability of the
composite, while functionally, it introduces redox-active centers capable of driving
photocatalytic and oxidative degradation reactions.

3.1.3. Fourier-transform infrared (FTIR) spectroscopy analysis

Fourier-transform infrared (FT-IR) spectroscopy was employed to monitor the
progressive chemical and structural transformations of natural bentonite (NB), organically
enriched carbonaceous bentonite (CB), and the sulfonated bentonite-based photocatalyst
(SB). Figure 4 presents the comparative spectra, which elucidate the changes at each stage of
synthesis, offering insight into the development of functional groups critical to adsorption and
photocatalytic activity. The FT-IR spectrum of the unmodified rnatural bentonite (NB) displayed
well-resolved vibrational bands characteristic of montmorillonite-type clay minerals (Fig. S1).
A broad absorption envelope in the 3100-3700 cm~! range was attributed to the stretching
vibrations of structural -OH groups, including those from interlayer water and lattice
hydroxyls (Fig. S1). The sharp peak at 1640.6 cm~! corresponds to the bending vibration of
adsorbed H:20, while prominent signals at 1000.3 cm~* and 918.2 cm~! were assigned to Si-O
stretching and Al-O vibrational modes, respectively. Additional features in the 400-1000 cm~?
region were consistent with Si-O-Mg, Fe-OH, and Si-O-Al bending vibrations, affirming the
integrity of the layered silicate framework [46, 47] (Fig. S1).

For carbonaceous bentonite (CB), the core mineral structure was largely retained, as
evidenced by the persistence of montmorillonite bands. However, new absorption features
emerged, revealing the successful intercalation of organic matter within the clay matrix (Fig.
4A). Notably, a band at 2924.8 cm~! was observed, corresponding to C-H stretching vibrations
of aliphatic chains, while signals at 1620 cm~* and 1428 cm~! were assigned to C=0 bending
and C-OH deformation, respectively (Fig. 4A) [47, 55]. These spectral changes are indicative
of kerogen-like or maceral organic compounds being incorporated into the interlayer space or

adsorbed onto the surface. The formation of this hybrid organic-inorganic structure is
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significant, as it enhances surface heterogeneity and offers reactive sites for subsequent

chemical functionalization.
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Fig. 4. FT-IR spectra of carbonaceous bentonite (A) [50], sulfonated sample (B), and synthetic ZnO/SB hybrid (C)

Following sulfonation, the FT-IR spectrum of the SB sample revealed significant
alterations in both its mineralogical and organic functional gioup profiles (Fig. 4B). The -OH
stretching band became noticeably broader and diminished in intensity, a change that is
indicative of the formation of carboxylic acid (-COOH) functionalities (Fig. 4B). This
transformation is likely a result of the oxidative breakdown of native organic constituents
under the highly acidic treatment conditions [50, 62, 63]. Additionally, the weakening of
hydroxyl-related bands aiso suggests partial dehydroxylation of the clay structure and the
removal of physically adsorbed water molecules, both of which are consistent with acid-
induced structural reorganization and leaching. A new, broad band around ~2516 cm-!
appears, commonly attributed to O-H stretching in strongly hydrogen-bonded carboxylic acids
(-COOH) (Fig. 4B). Its presence suggests the oxidative introduction of proton-donating acidic
groups, which complements the sulfonic functionality and enhances surface reactivity. The
complete reduction of the detected band around 1428 cm~! (CH or C-OH bending) in the CB
sample, demonstrate the extensive oxidation and destruction effect of the sulfuric acid on the
existed organic matters (Fig. 4B). This might be associated with chemical evolution toward
more acidic, catalytically relevant functional groups.

The disappearance of this band, coupled with the appearance of strong S=0 stretches

and the broad O-H band near 2516 cm~! in the SB spectrum, collectively signals loss of
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weakly bound or passive organic matter, and creation of chemically active, polar functional
groups, such as sulfonic and carboxylic acids, which are better suited for adsorption and
photocatalytic performance (Fig. 4B) [64, 65]. Changes in the Si-O stretching region (~1000-
1100 cm~?) imply partial disruption of the silicate layers, likely caused by the leaching of
framework cations (e.g., Si**, Al3*, Mg?*) during acid treatment as well as possible overlap
with the incorporated (O=S=0) groups during the suflonation process. A new absorption band
observed at ~598 cm~! in the SB spectrum can be assigned to S-0 or S-C bending vibrations,
further confirming the presence of sulfonic acid groups (-SOsH) introduced during acid
treatment [66, 67] (Fig. 4B). These groups are particularly valuable as they enhance acidity
and surface polarity, facilitating stronger interactions with target pollutants in photocatalytic
applications.

Upon incorporation of ZnO, the FT-IR spectrum of ZnO@SB revealed both the retention
and transformation of these key features (Fig. 4C). The sulfonic bands remained visible but
exhibited slight shifts to lower wavenumbers and increased broadening, likely due to
electrostatic interactions or coordination between Zn2?* ions and sulfonate groups [68]. This
observation indicates the chemical stability of suifonic functionalities, even after metal oxide
loading, and their potential role in anchcring ZnO particles within the clay matrix. The most
prominent change in the ZnO@SB spectrum was the appearance of a strong band near ~490-
510 cm™?, which is characteristic of Zn-O stretching vibrations from the crystal structure of
ZnO nanoparticles (Fig. 4C) [69, 70]. This band was absent in the SB spectrum, serving as
direct evidence of ZnO formation and confirming successful composite synthesis. Additionally,
significant changes were observed in the region between ~1472 and 1420 cm~!, where new
bands emerged that are consistent with asymmetric and symmetric stretching of coordinated
carboxylate (-COO-) or sulfonate groups (Fig. 4C). These features, coupled with the
diminution or disappearance of the broad ~2500 cm~! band, suggest that Zn2?* ions engaged
in coordination interactions with pre-existing carboxylic and sulfonic acid sites, forming stable
metal-ligand complexes during synthesis. Such interactions contribute to the chemical
integrity of the composite and may facilitate interfacial electron transfer during

photocatalysis.
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Taken together, the FT-IR comparison between SB and ZnO@SB highlights the retention
of surface acidity, the successful formation of ZnO nanophases, and the development of
strong chemical interactions at the oxide-support interface. These structural features directly
contribute to the catalyst’s dual-function performance. The acidic surface groups support
adsorption and pre-concentration of chlorophenol molecules, while the ZnO domains provide
active redox sites for photocatalytic degradation. The interplay between these functionalities
is essential for enhancing both the efficiency and selectivity of 4-chlorophenol removal under
visible light conditions.

3.1.4. Energy dispersive X-ray (EDX) analysis

Energy Dispersive X-ray (EDX) spectroscopy was employed to confirm the elemental
composition and validate the successful chemical modification of the synthesized materials, in
agreement with prior structural and spectroscopic analyses (Fig. S2). The EDX profile of the
sulfonated bentonite (SB) displayed prominent signals corresponding to oxygen (O), silicon
(Si), and aluminum (Al)—the principal constituents of the aluminosilicate lattice inherent to
bentonite clays (Fig. S2). In addition, the presence of carbon (C) was attributed to residual
organic phases within the carbonaceous matrix, while a well-defined sulfur (S) peak provided
direct evidence for the successful incorporation of sulfonic acid groups (-SOsH) (Fig. S2). The
detection of sulfur is particularly significant, as it confirms the chemical grafting of functional
acid moieties onto the ciay surface—an essential modification aimed at improving surface
acidity, polarity, and adsorption potential. These findings indicate that the sulfonation process
effectively altered the surface chemistry of the raw clay, enhancing its photocatalytic and
adsorptive properties without compromising the integrity of the core mineral framework. The
presence of these acidic sites plays a pivotal role in pollutant uptake and in facilitating charge
interaction with target molecules, thereby improving overall reactivity.

For the ZnO-functionalized composite (ZnO@SB), the EDX spectrum showed the
continued presence of the original framework elements (Si, Al, O, and C), indicating that the
structural backbone of the sulfonated bentonite was retained post-modification (Fig. S2). Most
notably, a distinct zinc (Zn) signal was observed, confirming the successful deposition and
incorporation of zinc oxide (ZnO) into the sulfonated clay matrix (Fig. S2). This integration is

critical, as ZnO introduces catalytically active redox centers that serve as electron donors and
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acceptors during photocatalytic reactions. The uniform distribution of Zn also suggests
effective dispersion of nanoparticles across the support surface, which is essential for
maximizing photocatalytic efficiency. Therefore, the EDX analysis confirms both the chemical
functionalization of bentonite with sulfonic groups and the subsequent loading of ZnO
nanoparticles, both of which are central to the material’s dual functionality in adsorptive
enrichment and photocatalytic degradation of organic contaminants.

3.1.5. Textural studies

The textural characteristics of the ZnO-functionalized sulfonated bentonite composite
(ZnO@SB) were comprehensively evaluated using nitrogen adsorption-desorption analysis, as
illustrated in Figure 5A, alongside pore size distribution data presented in Figure 5B. The
nitrogen adsorption-desorption isotherm of ZnO@SB exhibits a typical Type IV profile with a
distinct H3 hysteresis loop, in line with the International Union of Pure and Applied Chemistry
(IUPAC) guidelines (Fig. 5A). This pattern is emblematic of mesoporous structures, particularly
those composed of aggregates of plate-like particles forming slit-shaped pores. The presence
of this hysteresis suggests multilayer adsorption followed by capillary condensation, indicative
of well-organized mesoporosity [71, 72]. The progressive increase in nitrogen uptake across
the low to intermediate relative pressure range (P/Po = 0.0-0.8) reflects gradual pore filling,
while the pronounced uptake at higher relative pressures (P/Po > 0.9) implies the presence of
interparticle voids or larger mesopores that contribute to hierarchical porosity. Such
hierarchical features are commonly associated with improved mass transfer properties, which
are vital in catalysis where reactants and products must navigate through the porous network
[73].

The pore size distribution curve reveals a dominant pore diameter within the range of 4
to 10 nm, with a significant peak centered at approximately 7.8 nm (Fig. 5B). This confirms
the mesoporous framework of the composite. The relatively narrow distribution and centered
peak suggest that the ZnO nanoparticles were effectively dispersed within the sulfonated
bentonite matrix, ensuring structural integrity without blocking or collapsing the native pore
network. Such uniformity is essential for sustaining high surface area and maintaining
reactive site accessibility. The measured Brunauer-Emmett-Teller (BET) surface area of

ZnO@SB is 78.6 m?/g, and the total pore volume stands at 0.1291 cm3/g. The BET surface

-17 -



523

524

525

>26

527

>28

>29

>30

531

>32

>33

>34

>35

>36

>37

>38

>39

40

41
542

543

44
545
>46

47

>48

>49

50

51

552

area measured for ZnO@SB (78.6 m?/g) is above typical values for unsupported ZnO
nanoparticles (commonly ~12-35 m?/g) and in the same band as H2SOas-activated/bentonite-
based acids (~50-70 m?/g). Moreover, recent ZnO-bentonite hybrids show type-IV (H4) N2-
sorption isotherms and larger specific areas than bare ZnO, consistent with enhanced
mesoporosity and surface accessibility [74-77]. These values reflect a substantial degree of
internal porosity and surface exposure, both of which are advantageous for photocatalytic and
adsorptive applications. A high surface area promotes greater availability of active sites, while
a well-developed pore volume supports efficient transport of reactant molecules and rapid
diffusion kinetics. Notably, the coexistence of mesopores and larger voids (inter-aggregate
spaces) introduces a multi-scale porosity that offers dual functional benefits: enhanced
adsorption capacity due to increased surface sites, and improved photonic and molecular
transport within the material matrix. This structural arrangement is particularly beneficial in
photocatalytic systems, where both light harvesting and molecule diffusion are rate-

determining steps.

4.0 )N

3.5- (A) -@-Adsorption T 0.06 - (B) .
. ~@ - Desorption v ~
Semn || / °

w
=]
L

]

q
]

g’ nm™

"-UJ
©
E 254 - ®
gl ' . 0.04 - .
& 2.0 4 © ﬂ. / \.
Q 5 ® '®
Q15 4 %
: S| &
3 1.0 S
o o]
S o

0.5 - I

0_0.- 0.00 .

0.0 0.2 0.4 0.6 0.8 1.0 2 s 6 _ 8 10
Relative pressure (P/Po) Pore diamter (nm)

Fig.5. Nitrogen adsorption/desorption isotherm curve (A) and pore size distribution curve (B) of ZnO@SB

3.1.6. Optical properties

The optical properties of the ZnO@SB composite were evaluated using UV-Vis
spectroscopy. The spectrum exhibits a strong absorption band in the UV region, followed by a
gradual decrease in intensity toward longer wavelengths (Fig. S3). This behavior is typical of
ZnO-based materials and reflects the fundamental band-to-band transitions of ZnO
nanocrystals, together with a weak visible-light tail associated with defect-related states and

interfacial electronic interactions with the sulfonated carbonaceous bentonite matrix [78, 79].
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The modest but non-negligible visible-range absorbance suggests the presence of localized
states or electronic coupling at the ZnO-support interface, which subtly modifies the optical
response of the hybrid material, as reported for other ZnO/clay and ZnO/carbon composites.
The optical band gap of ZnO@SB, estimated from the Tauc plot assuming a direct allowed
transition, was approximately 2.75 eV, lower than that of bulk ZnO (=3.2-3.3 eV) [80-82].

This reduction indicates a red shift of the absorption edge toward the visible domain
and is consistent with literature on defect-rich and carbon-modified ZnO/clay systems, where
band-gap narrowing is attributed to oxygen-vacancy states, interfacial defect levels, and
charge-transfer interactions with carbonaceous and mineral supports. In the present system,
the sulfonated carbonaceous bentonite provides both acidic and m-conjugated functional
groups that can interact electronically with ZnO, promoting the formation of interfacial states
and facilitating charge delocalization at the ZnO/SB interface [83-85].

The narrowed band gap and red-shifted absorption edge enhance the ability of
ZnO@SB to utilize the visible fraction of the metal-halide light employed in this study, thereby
increasing the generation of electron-hole pairs under irradiation. This enhanced optical
response is consistent with radical-scavenging experiments, which identified hydroxyl and
superoxide radicals as the predominant reactive oxygen species responsible for 4-CL
degradation. The improved radical formation can be ascribed to more efficient photon
harvesting, facilitated charge separation, and the participation of interfacial electronic states
created through coupling of ZnO with the sulfonated bentonite substrate. Overall, the UV-Vis
and Tauc analyses indicate that ZnO@SB possesses a modified electronic structure and
enhanced visible-light responsiveness compared with pristine ZnO. When combined with the
mesoporous nature and high adsorption capacity of the bentonite-based support, these
optical and electronic features provide a robust basis for the superior photocatalytic
performance of ZnO@SB relative to unmodified ZnO and several conventional ZnO-based
photocatalysts reported in the literature.

3.2. Photocatalytic degradation results
3.2.1. Effect of oxidation parameters

3.2.1.1. Effect of pH
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The pH of the aqueous medium significantly influences both the surface charge
distribution of the ZnO@SB composite and the ionization behavior of water-soluble organic
compounds such as 4-chlorophenol (4-CL) [86]. To investigate this relationship, the adsorption
efficiency of ZnO@SB was evaluated across a pH range of 3 to 10, under controlled
conditions: contact time of 60 minutes, temperature of 20 °C, solution volume of 50 mL, 4-CL
concentration of 5 mg/L, and an adsorbent dosage of 0.2 g/L. The results demonstrated a
pronounced pH-dependent trend. Oxidation efficiency increased with pH, reaching a
maximum of 90.7% at pH 8 (Fig. 6), followed by a sharp decline under alkaline conditions (pH
10) (Fig. 6). This behavior is governed by both surface chemistry and the speciation of 4-CL in
aqueous media. At low pH values, the surface of ZnO@SB tends to be positively charged,
while the abundance of H* ions leads to competition with 4-CL molecules for adsorption sites,
thereby reducing adsorption capacity [87].

As the pH increases toward neutrality, the electrostatic repulsion diminishes, and 4-
CL—whose pKa ranges between 4.7 and 9.4—partially dissociates into its anionic form [72].
This transition promotes stronger interactions between the negatively charged 4-CL and the
relatively neutral or slightly positive adsorbent surface, enhancing adsorption. The peak
adsorption at pH 8 is attributed to an optimal balance between surface charge conditions and
the molecular speciation of 4-CL. At alkaline pH values above 9, both 4-CL and the ZnO@SB
surface acquire negative charges, leading to strong electrostatic repulsion. This reduces the
availability of 4-CL molecules at the photocatalyst surface, resulting in significantly diminished
adsorption performance [88].

In heterogeneous photocatalytic systems such as this, efficient oxidation relies heavily
on the initial adsorption of the pollutant onto the photocatalyst surface. This proximity
facilitates effective electron transfer and interaction with oxidizing radicals, such as hydroxyl
radicals (*OH) and superoxide anions (Oz2¢~), which are generated during photocatalytic
activation. At optimal pH (8), where adsorption is maximized, a higher concentration of 4-CL is
localized on the photocatalyst surface, enabling rapid and effective oxidation. In contrast,
under acidic or strongly alkaline conditions where adsorption is limited, fewer pollutant
molecules are available at the active sites, resulting in lower degradation rates. Moreover,

poor adsorption at high pH also reduces the interaction between 4-CL and ROS, further
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hindering oxidation kinetics. These observations reinforce the synergistic relationship
between adsorption and oxidation processes in photocatalytic systems. Optimizing pH not
only enhances the initial capture of pollutants but also directly improves the efficiency of their
subsequent degradation. Therefore, controlling pH is critical for maximizing the overall

performance of ZnO@SB in advanced oxidation processes targeting 4-CL.

Fig.6. Experimental influence of the solution pH on the oxidation of 4-CL using ZnO@SB

3.2.1.2. Effect of 4-CL contents at different periods

The photocatalytic performance of ZnO@SB composites was systematically
investigated as a function of reaction time (ranging from 5 to 240 minutes) and varying initial
concentrations of 4-chlorophenol (4-CL) from 5 to 20 mg/L. Throughout the experimental
procedures, key parameters were meticulously controlled to ensure consistency:
photocatalyst dosage was maintained at 0.2 g/L, the reaction volume at 50 mL, pH at 8, and
temperature at a constant 20 °C. The ZnO@SB material demonstrated pronounced
photocatalytic activity, facilitating rapid degradation of 4-CL in relatively short timeframes
(Fig. 7A). Notably, complete removal (100%) of 4-CL was achieved at an initial concentration
of 5 mg/L within 80 minutes. For higher concentrations—namely 10 mg/L and 15 mg/L—the
same removal efficiency was attained at extended durations of 120 and 240 minutes,
respectively (Fig. 7A), highlighting the time-dependent nature of the degradation process in
relation to pollutant load.

However, as the initial concentration of 4-CL increased, a noticeable decline in
photocatalytic efficiency was observed (97.8%; 20 mg/L after 240 minutes). This phenomenon
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can be attributed to the development of densely packed adsorption layers of 4-CL molecules
on the ZnO@SB surface. Such layers hinder the accessibility of active sites and suppress the
effective interaction between the photocatalyst and incident light, as well as between reactive
species and the substrate molecules. The excessive accumulation of 4-CL reduces light
penetration, thereby impeding the generation of hydroxyl and other reactive radicals
essential for oxidative degradation [89]. Moreover, the gradual attenuation in degradation
efficiency over prolonged reaction times suggests the depletion of reactive oxidative species
as the reaction progresses. Once the radicals generated by the photocatalyst are consumed—
particularly in high pollutant concentrations—the rate of degradation plateaus, and the
system approaches an equilibrium state. This stagnation implies a dynamic balance where
radical generation no longer compensates for the demand, resulting in marginal further
degradation of 4-CL. This behavior is consistent with previous findings that reported a
decrease in oxidative decomposition efficiency due to radicai exhaustion during prolonged
photocatalytic processes [90]. These results underscore the significance of optimizing
pollutant load and reaction duration to achieve rnaximum photocatalytic efficiency. The
findings also highlight potential challenges in scaling this process for treatment of wastewater
with high concentrations of recalcitranit organic pollutants, indicating the necessity for

enhanced photocatalyst desigin or multi-stage treatment strategies.

3.2.1.3. Effect of ZnO©@SB dosages at different periods

The impact of varying ZnO@SB photocatalyst dosages on the photocatalytic
degradation of 4-chlorophenol (4-CL) was comprehensively investigated. Dosage levels were
adjusted from 0.2 g/L to 0.5 g/L to evaluate their effect on the decomposition efficiency of
different 4-CL concentrations (5-20 mg/L). The photocatalytic oxidation was conducted over a
time range of 5 to 240 minutes, with all other operational conditions held constant: reaction
volume (50 mL), temperature (20 °C), and pH (8). The results revealed a strong correlation
between increased photocatalyst dosage and enhanced degradation performance (Fig. 7B-E).
For instance, at a 4-CL concentration of 5 mg/L, complete degradation was achieved within 80
minutes using 0.2 g/L of ZnO@SB (Fig. 7B). When the dosage was increased to 0.4 g/L and 0.5

g/L, the time required for full oxidation was significantly reduced to 40 and 30 minutes,
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respectively (Fig. 7B). Similar trends were observed at higher pollutant concentrations: for 10
mg/L of 4-CL, complete removal was reached in 120 minutes with 0.2 g/L, compared to only
80 and 60 minutes when using 0.4 g/L and 0.5 g/L, respectively (Fig. 7C).

At a concentration of 15 mg/L, a marked improvement in degradation efficiency was
also evident. Complete removal was achieved in just 100 minutes at 0.5 g/L, in contrast to the
240 minutes required with 0.2 g/L (Fig. 7D). For the highest tested concentration (20 mg/L),
full degradation was accomplished in 240 minutes using 0.4 g/L and was further reduced to
180 minutes with a 0.5 g/L photocatalyst dose (Fig. 7E). These findings clearly indicate that
increasing the ZnO@SB dosage significantly enhances photocatalytic activity. This
improvement is attributed to the greater availability of active photocatalytic sites and a
higher surface area for interaction, which collectively facilitate more efficient generation and
utilization of reactive species (ROS), such as hydroxyl radicals, during the oxidation process
[36, 91]. The enhanced photocatalyst loading intensifies the contact probability between the
4-CL molecules and the active surface of ZnO@SB, thereby accelerating the degradation
kinetics. Furthermore, the observed dosage-dependent performance suggests that the
photocatalyst quantity directly influences the extent and rate of oxidative transformations,
particularly in systems with elevated poiiutant loads. However, it is essential to balance
photocatalyst dosage to avoid potential drawbacks such as light scattering or agglomeration
at excessive concentrations, which may reduce the effective surface area or hinder photon
absorption efficiency. In summary, optimizing the dosage of ZnO@SB is critical for maximizing
degradation performance, especially when targeting varying concentrations of persistent
organic contaminants. The data underscores the photocatalyst’'s potential for scalable
application in wastewater treatment scenarios where tailored dosages can ensure both high

efficiency and cost-effectiveness.
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Fig.7. Experimental influence starting 4-CL content of 4-CL versus time (A) (Notice 5, 10, 15, and 20 mg/L
pollutant concentration), incorporated dosage of the photocatalyst (B, C, D, and E) on their oxidation using

ZnO@SB, and the mineralization efficiency (F) (Notice 0.2, 0.3, 0.4, and 0.5 g/L ZnO@SB solid dosage).

3.2.2. Mineralization efficiency

To assess the extent of mineralization achieved during the photocatalytic degradation of
4-chlorophenol (4-CL), total organic carbon (TOC) analyses were conducted on treated
solutions. This assessment aimed not only to verify the breakdown of the parent compound
but also to determine the conversion of residual organic matter into final mineralized
products—principally carbon dioxide (CO2) and water (H20)--as well as to detect the
persistence or formation of intermediate organic byproducts during oxidation. The
experiments employed ZnO@SB at varying dosages (ranging from 0.2 g/L to 0.5 g/L) in
systems containing 5 mg/L of 4-CL. TOC measurements were recorded at progressive time
intervals to monitor the temporal evolution of mineralization efficiency (Fig. 7F). The results
indicated a notable reduction in TOC values over time, confirming the photocatalytic system'’s
efficacy in degrading not only the parent pollutant but also its intermediate transformation
products.

Interestingly, a temporal lag was observed between the complete degradation of 4-CL
molecules and the full mineralization of the corresponding organic carbon content. While total
4-CL removal was achieved within 40 minutes and 30 minutes using ZnO@SB at dosages of
0.4 g/L and 0.5 g/L, respectively, complete TOC elimination required longer durations—80
minutes and 60 minutes for the same photocatalyst loadings (Fig. 7F). This discrepancy
implies that the photocatalytic oxidation process initially vyields partially oxidized
intermediates, which require additional exposure to reactive oxidative species for further
breakdown and final conversion into CO2 and H20. The delayed reduction in TOC, relative to
the faster disappearance of the parent compound, highlights the complexity of the
degradation pathway and suggests a multistep mechanism. During the initial stages, ZnO@SB
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facilitates the rapid oxidative cleavage of 4-CL's aromatic structure, producing less complex
but still organic intermediates. These intermediates persist transiently in solution and
necessitate additional oxidation steps before full mineralization is realized.

Nevertheless, the eventual complete TOC removal confirms the photocatalyst’s ability
to drive the reaction to completion, achieving full detoxification and mineralization of 4-CL.
This is a crucial consideration for practical applications, as the mere disappearance of the
parent molecule does not guarantee the absence of harmful or persistent secondary
byproducts. The ability of ZnO@SB to achieve both degradation and mineralization positions it
as a promising candidate for advanced wastewater treatment technologies.

3.2.4. Recyclability properties

The reusability of the ZnO@SB photocatalyst was rigorously evaluated through five
consecutive photocatalytic cycles (denoted as RN1l to RN5) to assess its durability and
operational feasibility for repeated 4-chlorophenol (4-CL) degradation. Following each
degradation run, the photocatalyst was recovered via filtration, thoroughly rinsed with
distilled water for 15 minutes to remove residual organic and inorganic species, and
subsequently dried at 60°C for 12 hours to ensure complete regeneration before reuse.
Photocatalytic experiments were performed under optimal reaction conditions—specifically, a
ZnO@SB dosage of 0.5 g/L, reaction volume of 50 mL, pH 8, and a reaction time of 120
minutes (Fig. 8). The experimental results demonstrated that ZnO@SB maintained excellent
oxidative performance across all reuse cycles. Complete degradation (100%) of 4-CL at an
initial concentration of 5 mg/L was achieved during the first two cycles (RN1 and RN2), while
slightly reduced efficiencies of 97.4%, 95.1%, and 90.6% were observed in the subsequent
RN3, RN4, and RN5 cycles, respectively (Fig. 8).

These findings underscore the superior regeneration capability and structural stability
of ZnO@SB, which outperformed the comparative reference photocatalyst in maintaining
degradation efficiency over repeated uses. The modest decline in photocatalytic activity over
successive cycles is a common phenomenon in heterogeneous photocatalysis and is primarily
attributed to the gradual surface passivation of active sites. This may result from the
formation of stable complexes or persistent organic intermediates adsorbed onto the

photocatalyst surface, which partially obstruct access to reactive sites. The leachability of Zn
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ions after each photocatalytic cycle was evaluated by analyzing the filtrate using inductively
coupled plasma-optical emission spectroscopy, confirming a minimal Zn release (< 0.005
mg/L) and demonstrating the excellent structural stability and environmental safety of the
ZnO@SB photocatalyst during repeated use. The negligible zinc leaching further corroborated
the material’s structural robustness and suitability for prolonged use, reducing the risk of
secondary contamination in treated water—an essential consideration for environmental
compliance and large-scale deployment. Additionally, the comparison between the fresh and
used FT-IR spectra shows very minor spectral changes, indicating that the ZnO@SB
photocatalyst remains structurally stable after the degradation of 4-chlorophenol (Fig. S4).
Only slight variations are observed in the O-H stretching region (=3420-3450 cm~?!) and the
H-O-H/organic residue band around ~1635-1640 cm~1, which are attributed to small amounts
of adsorbed water or trace reaction intermediates on the surface. All key structural bands—
particularly the Si-O-Si/Si-O-Al framework vibration near 1000-1010 cm-! and the Zn-O
lattice bands at =700, 540, and 470 cm—*—remain unchanged in position and shape. These
observations confirm that no structural degradation, dissolution, or chemical transformation of

the ZnO@SB composite occurred during the photocatalytic process.
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Fig.8. The recyclability properties of ZnO@SB during the oxidation of 4-CL molecules

The sustained high degradation efficiency, even after multiple cycles, highlights the
potential of ZNO@SB as a practical and sustainable photocatalyst for industrial wastewater
treatment. Its enhanced photocatalytic activity and recyclability can be ascribed to the
engineered structural features and surface properties that promote the generation and

transfer of reactive species. Furthermore, the gradual efficiency reduction observed over time
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aligns with the typical operational behavior of durable photocatalysts subjected to continuous
stress, indicating a high tolerance for repeated use without significant performance loss.
Overall, ZnO@SB presents a promising solution for the efficient and environmentally
responsible removal of recalcitrant organic pollutants such as 4-CL from aqueous systems. Its
recyclability, structural integrity, and low environmental impact position it as a strong
candidate for integration into advanced oxidation processes (AOPs) in real-world water
remediation.
3.2.5. Synergetic properties of oxidation system

The synergistic behavior of carbonaceous bentonite (CB), sulfonated bentonite (S.CB),
zinc oxide (Zn0O), and their composite (ZnO@SB) was systematically investigated to evaluate
their adsorption and photocatalytic performance in the removal of 4-chlorophenol (4-CL).
Experiments were conducted under three distinct conditions to distinguish the individual
contributions of each material: adsorption in the absence of light, photolysis under visible-
light irradiation without any photocatalyst, and photccatalysis under visible light in the
presence of the materials. All experiments were carried out under standardized conditions,
including a photocatalyst dosage of 0.5 g/, an initial 4-CL concentration of 20 mg/L, a
reaction volume of 50 mL, pH 8, and a totai reaction time of 180 minutes (Fig. 9).

In dark conditions, the materials displayed varying adsorption capacities, with removal
efficiencies of 11.3% for CB, 27.6% for S.CB, 6.4% for ZnO, and 46.8% for ZnO@SB (Fig. 9).
The improved adsorption performance of S.CB over unmodified CB can be attributed to the
introduction of sulfonic functional groups during the sulfonation process, which enhance
surface polarity and generate additional active sites for pollutant interaction. The significantly
higher adsorption efficiency observed for ZnO@SB is indicative of a synergistic enhancement
due to the integration of ZnO nanoparticles within the functionalized bentonite matrix. This
hybridization likely improves both the surface area and the density of energetically favorable
adsorption sites, thereby facilitating the uptake of 4-CL molecules through increased
molecular interaction and accessibility.

Control experiments involving photolysis under visible light, in the absence of any
photocatalyst, resulted in negligible degradation of 4-CL, with only 0.7% removal observed.

This confirms the inherent photostability of the compound and highlights the necessity of a
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photocatalyst to initiate degradation under visible light. When the materials were introduced
under visible-light irradiation, only ZnO and ZnO@SB exhibited significant photocatalytic
activity (Fig. 9). CB and S.CB, while effective adsorbents, showed no meaningful contribution
to light-driven degradation. The removal efficiencies under photocatalytic conditions were
28.6% for ZnO and 100% for ZnO@SB (Fig. 9), measured after the establishment of
adsorption-desorption equilibrium. These findings clearly demonstrate the substantial
improvement in photocatalytic activity achieved through the formation of the ZnO@SB

composite.
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Fig.9. the synergetic effect of the integrated components on the adsorption and photocatalytic performances

of ZnO@SB

The enhanced perfermance of ZnO@SB is ascribed to multiple interrelated mechanistic
factors. The sulfonated bentonite framework promotes pre-adsorption of 4-CL molecules near
catalytically active ZnO sites, effectively increasing local reactant concentrations. This
enhances the likelihood of oxidative degradation once the photocatalytic reaction is initiated.
The integration of ZnO further increases the available surface area and the number of
photocatalytic sites, while its homogeneous dispersion across the sulfonated matrix prevents
agglomeration, ensuring maximal light harvesting and reactive surface exposure. Additionally,
the composite structure improves charge separation efficiency by facilitating the migration of
photogenerated electrons and holes, thereby suppressing recombination losses. This prolongs
the lifetime of reactive charge carriers and promotes the generation of highly oxidative
species such as hydroxyl radicals (¢OH) and superoxide anions (Oz¢~), which are crucial for

efficient photocatalytic degradation.
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The cumulative effects of enhanced adsorption affinity, expanded active surface area,
efficient photon utilization, and improved charge carrier dynamics collectively account for the
remarkable photocatalytic efficiency of ZnO@SB. These results underscore the advantages of
material hybridization in achieving superior performance and demonstrate the potential of
ZnO@SB as a robust, cost-effective, and scalable photocatalyst for the degradation of
persistent organic pollutants. Its dual-functionality and visible-light responsiveness make it
particularly attractive for environmental applications, including the treatment of industrial and

pharmaceutical wastewater.

3.2.6. Kinetic behavior and quantum yield evaluation

To elucidate the underlying mechanism of 4-CL oxidation via photocatalysis over the
ZnO@SB nanocomposite, a detailed kinetic investigation was conducted using both pseudo-
first-order (Eq.1) and pseudo-second-order kinetic (Eq.2) modeis. The experimental data were

fitted to their respective linearized rate expressions, as follows [26]:

Co
|I’1C—t = kt (1)
1 1
== Tt ot (2)
C GCo

Here, Cy and C; are the amimonium concentrations at time zero and time t, respectively,
and ki, ksrepresent the corresponding rate constants for pseudo-first-order and pseudo-
second-order kinetics. Analysis of the fitting results revealed that the oxidation of 4-CL
consistently followed pseudo-first-order kinetics across all tested initial concentrations and
photocatalyst dosages, particularly at specific 4-CL levels (Figure 10A-J; Table 1). This
conclusion is supported by higher correlation coefficients and superior linear agreement with
the pseudo-first-order model. These findings indicate that the reaction kinetics are primarily
influenced by the availability of surface-active oxidizing species rather than by complex
adsorption-desorption equilibria or multi-reactant interactions. However, both kinetic models
provided insight into different concentration regimes, indicating that multiple parallel
oxidation pathways may be operative. This suggests the generation of diverse reactive
oxygen species (ROS), such as hydroxyl radicals (¢OH) and superoxide anions (Oz2¢~), during

photocatalytic irradiation, contributing simultaneously to the degradation process. These
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species are known to be strongly dependent on the surface interactions and photogenerated
charge carriers of the semiconductor photocatalyst.

The calculated rate constants exhibited a decreasing trend with increasing 4-CL
concentrations (Table 1), implying that elevated pollutant loads may hinder photocatalytic
performance by reducing the number of available active sites or through radical scavenging,
consistent with surface saturation effects. This inhibitory effect has also been linked to
competitive adsorption and limited light penetration due to higher turbidity or solute
interference. Conversely, increasing the ZnO@SB dosage resulted in a notable enhancement
in rate constants, underscoring the role of additional photocatalytic surface area and
increased ROS production in accelerating the degradation reaction. These results reinforce
that optimal performance is achieved under low-to-moderate pollutant concentrations, where

sufficient photocatalytic activity and photon absorption are maintained.
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Fig.10. linear fitting of the oxidation results with the First order (A (starting concentration), B (different dosages at
5 mg/L of 4-CL), C (different dosages at 10 mg/L of 4-CL), D (different dosages at 15 mg/L of 4-CL), and E (different
dosages at 20 mg/L of 4-CL)) and Second order (F (starting concentration), G (different dosages at 5 mg/L of 4-CL),
H (different dosages at 10 mg/L of 4-CL), | (different dosages at 15 mg/L of 4-CL), and ] (different dosages at 20

mg/L of 4-CL)) kinetic models
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To further quantify the system’s photochemical efficiency, the quantum yield (®) was
assessed. Quantum vyield is defined as the ratio of the number of pollutant molecules
degraded to the number of incident photons absorbed (Eq. 3), providing a fundamental
measure of the efficiency of photon-to-chemical energy conversion [92, 93]. In this study, ®
was calculated via two complementary approaches: a direct molar ratio and a rate constant-

based formulation (Eq. 4) [41, 94]:

¢ — Number of 4-CL (3)

Number of absorbed photons
"~ 2.303 Xl A X EAXI

Where k; (s7!) is the pseudo-first-order rate constant, Iy, (Einstein-L-*-s71) is the

o} (4)

intensity of incident light at wavelength (A), eA (cm~1-M-1) is the molar absorptivity of the
system, and £ (cm) is the optical path length of the quartz reactor. The derived ® values
exhibited a clear inverse relationship with increasing ammonium concentrations. As pollutant
levels rose, ® decreased markedly, indicating a reduction in the system's photonic efficiency.
This can be attributed to multiple inhibitory effects, including enhanced scattering and
absorption of incident light by the denser solute matrix, saturation of active sites on the
photocatalyst surface, and competitive consumption of ROS by excess ammonium ions. These
phenomena collectively reduce the efficiency of photon utilization and charge carrier
dynamics, ultimately hindering photocatalytic activity. On the other hand, increasing the
ZnO@SB photocatalyst dosage significantly improved ®, this can be attributed to enhance
light absorption, increased number of active sites, and more efficient generation of ROS. The
improved interaction between light photons and 4-CL molecules at higher photocatalyst
loadings also contributes to enhanced quantum efficiency. These observations are in
agreement with the kinetic trends and affirm the critical role of operational parameters in
optimizing photocatalytic performance. In summary, the synergistic evaluation of reaction
kinetics and quantum yield highlights the high photocatalytic competence of ZnO@SB,
particularly under low pollutant concentrations—conditions often encountered in
environmental remediation scenarios. These findings underscore the necessity of optimizing
key operational variables, such as photocatalyst loading, initial contaminant concentration,
and light intensity, to achieve maximal degradation rates and photonic efficiencies in practical

applications.
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Table 1. The estimated parameters of the kinetic models and the quantum yield efficiency

Conditions First order model Second order model Quantum
yield
R2 p K1 R2 /W KZ
Concentration
5 mg/L 0.94 0.191 0.0414+0.0 0.90 0.058 0.0172%0.0 7.39 x 108
10 mg/L 0.98 0.118 0.0304+0.0 0.90 0.105 0.0112+0.001 5.42 x 108
15 mg/L 0.96 0.533 0.0233+0.0 0.80 0.693 0.0104=0.0 4,16 x 108

20 mg/L 0.96 0.546 0.0155+0.027 0.78 0.279 0.0043+0.008 2.76 x 108
Dosages at 5 mg/L 4-CL content

0.2 g/L 0.94 0.191 0.0414+0.0 0.90 0.631 0.0172%0.0 7.39 x 108
0.3 g/L 0.89 0.105 0.0708=0.004 0.78 1.347 0.0527%0.011 1.26 x 107
0.4 g/L 0.88 0.543 0.1237+0.009 0.75 1.598 0.0851%0.023 2.21 x 107
0.5 g/L 0.81 0.489 0.1657%0.022 0.60 1.873 0.1398+0.053 2.96 x 107
Dosages at 10 mg/L 4-CL content
0.2 g/L 0.98 0.118 0.0304+0.0 0.90 0.105 0.0112%0.001 5.42 x 108
0.3 g/L 0.98 0.112 0.0382+0.001 0.80 0.943 0.0203%x0.003 6.82 x 108
0.4 g/L 0.96 0.406 0.0811+0.006 0.81 1.063 0.0818%0.015 1.45 x 10”7
0.5 g/L 0.94 0.403 0.0966+0.010 0.67 1.462 0.0923%+0.020 1.72 x 107
Dosages at 15 mg/L 4-CL content
0.2 g/L 0.96 0.533 0.0233%0.0 0.80 0.693 0.0104%0.0 4.16 x 108
0.3 g/L 0.95 0.568 0.0270+0.0021 0.62 1.122 0.0233%0.003 4.82 x 108
0.4 g/L 0.97 0.511 0.0443+0.0026 0.65 2.278 0.0371+0.006 7.91 x 108
0.5 g/L 0.98 0.129 0.0457+0.0020 0.71 1.173 0.0412*0.004 8.16 x 108
Dosages at 20 mg/L 4-CL content
0.2 g/L 0.96 0.546 0.0155%0.027 0.78 0.279 0.0043+0.0081 2.76 x 108
0.3 g/L 0.98 0.164 0.0170+0.031 0.88 0.134 0.0044=0.007 3.03 x 108
0.4 g/L 0.99 0.099 0.0194+0.013 0.79 0.352 0.0070%0.001 3.46 x 108
0.5 g/L 0.98 0.1005 0.0264+0.017 0.75 0.328 0.0088%0.001 4,71 x 108

3.2.7. Suggested mechanism
3.2.7.1. The affected oxidizing species

The reactive species involved in the photocatalytic degradation of 4-chlorophenol (4-
CL) wusing ZnO@SB were examined through selective scavenging experiments.
Ethylenediaminetetraacetic acid disodium salt (EDTA-2Na), isopropanol (I-P), and 1,4-
benzoquinone (B-Q) were employed as quenchers for photogenerated holes (h+), hydroxyl
radicals (*OH), and superoxide radicals (Oz2¢-), respectively. Each scavenger (1 mM) was
introduced into the reaction system containing 0.5 g/L ZnO@SB and 5 mg/L 4-CL at pH 8, and
the photocatalytic trials were conducted under visible-light irradiation for 120 minutes. The
presence of these scavengers caused distinct reductions in the degradation performance,
providing clear insight into the dominant oxidative pathways. The removal efficiency dropped
to 16.4% with I-P, 47.2% with B-Q, and 94.8% with EDTA-2Na. The strong inhibitory effect of
isopropanol indicates that hydroxyl radicals (*OH) constitute the principal oxidizing species
driving the degradation of 4-CL. Meanwhile, the significant reduction observed with
benzoquinone demonstrates the important secondary role of superoxide radicals (Oz2¢-). The
minimal suppression in the presence of EDTA-2Na suggests that photogenerated holes

contribute only marginally to the overall process.
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These findings highlight the mechanistic significance of radical pathways in the
photocatalytic system. The dominance of *<OH reflects highly efficient interfacial charge
separation and strong oxidative activity at the ZnO-bentonite interface, while the contribution
of Oz~ indicates effective electron transfer and oxygen activation facilitated by the
composite structure. The limited role of h* further suggests that electron-driven processes are
favored, consistent with the enhanced charge mobility afforded by the sulfonated bentonite
support. Overall, the scavenging results confirm that the superior performance of ZnO@SB
originates from a synergistic radical-mediated mechanism dominated by hydroxyl radicals
and supported by superoxide species.
3.2.7.2. General oxidation mechanism and pathway

The photocatalytic degradation of 4-chlorophenol (4-CL) over the ZnO@sulfonated
bentonite (ZnO@SB) nanocomposite is governed by a complex sequence of light-induced
redox processes, molecular adsorption, generation of reactive oxygen species (ROS), and
oxidative transformation of aromatic intermediates (Fig. 11) [95, 96]. Under visible-light
irradiation, ZnO acts as the primary photoactive cornponent, absorbing photons with energy
equal to or greater than its bandgap and generating electron-hole pairs through excitation of
valence band electrons to the conduction band (Eq. 5) [97].

ZnO + hv s e+ h*tyg  (5)

The photogeneratzd conduction band electrons are scavenged by dissolved molecular
oxygen, producing superoxide anion radicals (Oz2¢-), while valence band holes oxidize
hydroxide ions or water molecules to yield hydroxyl radicals (*OH) [98]. These fundamental
redox reactions can be summarized by Egs. 6 and 7
O2+e > 022" (6)

h* + OH- = *OH ; h* + H20 » «OH + H* (7)

These ROS species are central to the oxidative degradation mechanism of 4-CL. Prior to
oxidation, 4-CL is adsorbed onto the surface of ZnO@SB (Fig. 11) [96]. The sulfonated
bentonite component enhances this adsorption through a combination of hydrogen bonding,
electrostatic interactions, and acid-base affinities facilitated by its abundant -SOsH and -OH
groups [47, 50]. At a solution pH near 8, 4-CL exists partly in its phenolate anion form, which

promotes stronger surface interactions with the polar bentonite structure (Eq. 8) [87, 991:
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CeHaCIOH = CeH4aCIO~ + H*  (8)

Following adsorption, the initial ROS-driven transformation involves hydroxylation of
the aromatic ring by <OH radicals (Eg. 9). This yields dihydroxylated chlorinated
intermediates, such as 4-chlorocatechol, 4-chlorohydroquinone, and chlororesorcinol,
depending on the site of radical attack (Fig. 11) [96, 100, 101]. These compounds are more
susceptible to subsequent oxidation due to increased electron density and weakened C-CI
bonds:

CeH4CIOH + *OH - CICeH3(OH)2  (9)

Further oxidative steps lead to dechlorination, where the C-Cl bond is cleaved and
chloride ions are released into solution (Eg. 10) [102-105]. The resulting intermediates are
non-chlorinated dihydroxybenzenes, such as catechol, hydroquinone, and resorcinol:
CICsH3(OH)2 + *OH — CeH4(OH)2 + CI-  (10)

The degradation then proceeds via aromatic ring cleavage, initiated by further ROS
attack [89, 99]. These reactions produce open-chain dicarboxylic acids, such as muconic acid,
maleic acid, and fumaric acid, which are successively oxidized to shorter-chain mono- and
dicarboxylic acids including oxalic acid, formic acid, and acetic acid (Eq. 11) (Fig. 11) [96].
These transformations reflect the progressive oxidative fragmentation of the aromatic
structure:

CeéH4(OH)2 + ROS - (COOH)2 + CH3COOH + HCOOH + ... (11)

Ultimately, the low molecular weight intermediates are mineralized to carbon dioxide
and water, achieving complete detoxification of the original compound (Eq. 12) [96]:

CnhHmOx + ROS -» CO2 + H20 + CI-  (12)

The identification of key intermediates—such as chlorocatechols, hydroquinone, and
oxalic acid—via chromatographic and spectroscopic analyses in similar systems confirms the
validity of this mechanistic pathway. These compounds represent crucial markers for tracking
reaction progression and evaluating degradation completeness. Notably, the release of
chloride ions can be quantitatively monitored to assess the extent of dechlorination, a critical
step toward pollutant detoxification.

The superior efficiency of the ZnO@SB system is not solely due to the photoreactivity

of ZnO but is greatly amplified by the synergistic role of the sulfonated bentonite matrix. This
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component significantly improves the adsorption capacity of the composite, increasing the
local concentration of 4-CL near the photoactive surface. Additionally, its polar and acidic
surface functionalities facilitate water activation, enhance ROS generation, and stabilize
photogenerated charge carriers by acting as electron acceptors or trap states, thereby
suppressing recombination losses. The uniform dispersion of ZnO nanoparticles across the
layered bentonite surface also contributes to higher light-harvesting efficiency and improved
charge transport.This integrated mechanism demonstrates that ZnO@SB not only enables
visible-light-driven activation of oxygen and water but also sustains a cascade of well-coupled
redox reactions leading to the complete mineralization of 4-CL. The process is efficient under
ambient conditions, requires no sacrificial agents, and proceeds through detoxified
intermediates, making it highly suitable for application in advanced oxidation processes for
wastewater treatment. The cooperative behavior between semiconductor photoactivation and
functionalized support-mediated adsorption and charge controi underpins the photocatalyst’s

high activity and environmental compatibility.

Fig.11l. Schematic diagram for the oxidation mechanism and pathway of 4-CL molecules over ZnO@SB
photocatalyst.  Chemical structures drawn in ChemDraw  Professional v25.0 (Revvity Signals,
https://revvitysignals.com/products/chemdraw), then arranged and annotated in Adobe lllustrator v29.8.1 (Adobe

/nc.).

3.2.9. Comparison study
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A comprehensive comparison was conducted to contextualize the photocatalytic
performance of the synthesized ZnO@SB photocatalyst in the degradation of 4-chlorophenol
(4-CL). This assessment integrated the principal operational parameters—initial pollutant
concentration, catalyst dosage, irradiation conditions, and reaction duration—and contrasted
the activity of ZnO@SB with several state-of-the-art photocatalysts previously reported in the
literature (Table 2). The results demonstrate that ZnO@SB exhibits outstanding visible-light-
driven degradation efficiency, achieving complete removal of 4-CL within markedly shorter
reaction times and with relatively low photocatalyst loading. This rapid and efficient
degradation highlights the strong intrinsic activity of the ZnO@SB system and confirms its
effectiveness across varying pollutant concentrations. The comparative assessment further
reinforces the technical reliability and operational robustness of ZnO@SB. When
benchmarking against Au/ZnO, BiVO4/WOs, g-CsNs-based hybrids, and other advanced
catalysts, ZnO@SB consistently performs at equal or superior ievels under milder conditions.
The catalyst’s ability to achieve near-quantitative degradation in significantly reduced
irradiation times underscores its efficient light harvesting, improved charge separation, and

optimized surface interactions.

Table.2. The photocatalytic performance of ZnO@SB during the degradation of 4-CL in comparison with other

materials in literature

Catalysts Dosage Cong,. Light source Degradation References
performance
Zr0O,/g-C3Ny 60 mg 30 mg/L 300 W Xe lamp 120 min, ca. 90 % [106]
BiVO,4/WO; 0.125 g/L 25 mg/L 50 W LED lamps 300 min, ca. 97 % [107]
g- C3N4/Bi;M00g/CeO; 30 mg 10 mg/L 300 W Xe lamp 80 min, ca. 99.1 % [108]
Au/ZnONRs - 10 mg/L Solar irradiation 300 min, ca. [109]
100 %
Zn0/gC3Ng/carbon 100 mg 10 mg/L Visible light: 400 W 300 min, ca. 92 % [110]
xerogel lamp
FeTiO3/TiIO, - 6 mg/L uv 180 min, ca. 75 % [111]
FeOCIl/CDots 1.0 g/L 5 mg/L Visible light 180 min, ca. [112]
90.1 %
ZnO/PPy/CNTs 0.59g/L 10 mg/L 500 W Xe lamp 130 min, ca. [113]
100 %
Al Fe PILC 0.5 g/L 20 mg/L Visible light 195 min, ca. [114]
100 %
ZnO@SB 0.5 g/L 5 mg/L 400 W Metal halide 30 min, ca. This study
lamp 100 %
ZnO@SB 0.5 g/L 10 mg/L 400 W Metal halide 60 min, ca. This study
lamp 100 %
ZnO@SB 0.5 g/L 15 mg/L 400 W Metal halide 100 min, ca. This study
lamp 100 %
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Beyond its strong photocatalytic performance, ZnO@SB offers several practical and
economic advantages. Its fabrication relies on abundant, naturally occurring bentonite, a low-
cost precursor that can be readily modified through a simple sulfonation process. Combined
with the accessible synthesis route of ZnO nanoparticles, the overall preparation remains
straightforward, scalable, and economically favorable. This positions ZnO@SB as a credible
alternative to more expensive or synthetically demanding catalysts, particularly for large-
scale environmental treatment systems. Overall, the comparison highlights that the
exceptional efficiency of ZnO@SB—together with its ease of preparation, stability, and
economic viability—makes it a highly promising photocatalyst for real-world wastewater
remediation applications.

3.2.8. Health and safety aspects of ZnO@SB photocatalyst

The implementation of photocatalytic materials in water treatment systems must align
with global environmental safety standards and human health protection benchmarks (Fig.
12). The integration of ZnO@SB photocatalyst irito industrial and municipal water treatment
systems necessitates a proactive assessment of occupational safety to ensure the protection
of personnel during all stages ¢f the photocatalyst’s lifecycle. The immobilization of ZnO
nanoparticles onto the sulfonated bentonite support markedly reduces the risk of nanoparticle
aerosolization—a critical concern in occupational exposure scenarios involving free nano-ZnO.
This structural immobilization minimizes potential inhalation hazards and limits photocatalyst
dispersion onto surfaces or into ventilation systems. Furthermore, the composite operates
efficiently under mild, ambient conditions (neutral pH, room temperature, and visible light),
eliminating the need for hazardous reagents or high-temperature equipment, thereby
reducing operator exposure to thermal stress, chemical burns, and phototoxicity. Its
regeneration process—Ilimited to simple water rinsing and drying—avoids the use of solvents
or caustic agents, thus enabling safe and routine maintenance without requiring extensive
personal protective equipment (PPE) or specialized disposal procedures (Fig. 12).

From a human factors engineering perspective, the ZnO@SB system supports a user-

centered operational model that enhances safety, usability, and efficiency (Fig. 12). Its
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compatibility with low-complexity reactor designs and decentralized treatment infrastructure
simplifies training requirements and minimizes the potential for human error during
installation, operation, and regeneration. By removing the need for intensive process control,
hazardous material handling, or complex instrumentation, the system reduces cognitive load
and physical demands on operators, contributing to a safer and more ergonomic work
environment. These features align with recognized principles of human-systems integration
and occupational ergonomics, promoting sustained workforce performance while maintaining
system reliability and process integrity. The photocatalyst's design thus supports compliance
not only with environmental and public health standards, but also with occupational safety
frameworks such as ISO 45001 and HFE-driven safety protocols.

A critical aspect of environmental and public health safety is the prevention of heavy
metal leaching from photocatalytic materials. Elemental analysis of treated effluent revealed
that Zn2+ release from ZnO@SB remained consistently below 6.005 mg/L across all operating
conditions (Fig. 12). This is well under the maximum permissible limits set by the World
Health Organization (WHO) for drinking water (2.0 mg/L) and the U.S. EPA (5.0 mg/L),
confirming the chemical stability of the composite and its negligible contribution to metal ion
contamination. The immobilization of ZnO within the bentonite matrix prevents nanoparticle
dissociation, a known concerii with free nano-ZnO, which has been associated in literature
with oxidative stress, cytctoxicity, and aquatic bioaccumulation.

The photocatalyst exhibited efficient and complete degradation of 4-chlorophenol (4-
CL), a toxic compound classified by the U.S. Environmental Protection Agency (EPA) as a
priority pollutant and regulated due to its carcinogenicity, endocrine-disrupting potential, and
resistance to natural biodegradation. The oxidation pathway involved rapid aromatic
hydroxylation, dechlorination, and subsequent ring cleavage, leading to full mineralization
into carbon dioxide and water. This was confirmed by TOC measurements, indicating the
absence of persistent or harmful intermediates. Importantly, no secondary byproducts such as
chlorinated quinones or phenolic acids were detected, thereby fulfilling the detoxification
requiremer J O C02+ H,O lent standards.
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Fig.12. Schematic diagram for the health and environmental aspects of ZnO@SB as photocatalyst for the

oxidation of 4-CL molecules. Created by the authors in BioRender.com (https.//biorender.com).

Taken together, the ZnO@SB composite satisfies a broad spectrum of environmental
and health performance criteria: high pollutant removal efficiency, full mineralization of toxic
organics, minimal heavy metal release, safe composition, and reusability without hazardous
residues. Its design and behavior are in accordance with the goals outlined in the United
Nations Sustainable Development Goals (SDGs), particularly SDG 6 (Clean Water and
Sanitation) and SDG 12 (Responsible Consumption and Production). The composite represents
a scalable, environmentally compliant solution for the detoxification of phenolic wastewater,
offering both regulatory safety and high technical value for industrial and municipal
applications.

Conclusions

A novel ZnO-loaded sulfonated carbonaceous bentonite (ZnO@SB) photocatalyst
was developed and demonstrated outstanding visible-light-driven performance for the
mineralization of 4-chlorophenol (4-CL) in aqueous solutions. The photocatalyst achieved
100% degradation of 4-CL (5 mg/L) within 30 minutes, and complete mineralization (100%
TOC removal) within 60 minutes under neutral pH and ambient temperature, using a
photocatalyst dosage of 0.5 g/L and a light intensity of 18.7 mW/cm?2. Kinetic modeling
revealed pseudo-first-order behavior with a maximum rate constant of ki = 0.1657 min-1,
while the quantum yield increased significantly from 7.39 x 10-® to 2.96 x 107 as
photocatalyst dosage increased from 0.2 to 0.5 g/L. Mechanistic investigations confirmed the

generation of highly reactive oxygen species (*OH, O2¢-), which drove successive
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hydroxylation, dechlorination, and aromatic ring cleavage of 4-CL, yielding intermediates such
as chlorocatechol and ultimately CO2 and H20. Chloride ion monitoring validated the extent of
dechlorination during the photocatalytic process. The ZnO@SB photocatalyst demonstrated
excellent reusability, retaining over 90.6% of its initial activity after five successive cycles,
with zinc leaching consistently below 0.005 mg/L, well within WHO and EPA safety thresholds.

While these results demonstrate the promising potential of ZnO@SB as an efficient,
stable, and environmentally compliant photocatalyst for the removal of chlorinated organic
contaminants, the present study was conducted under controlled laboratory conditions using
synthetic wastewater. Therefore, further investigations are required to evaluate long-term
stability, catalyst durability under continuous operation, and performance in complex real
wastewater matrices. Future studies should also explore scale-up feasibility and reactor
design optimization to assess the practical applicability of this material in real-world water

treatment systems.
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