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A B S T R A C T

The abstract highlights the global issue of environmental contamination caused by organic
compounds and the exploration of various methods for its resolution. One such approach involves
the utilization of titanium dioxide (TiO2) as a photocatalyst in conjunction with natural
adsorption materials like kaolin. The study employed a modeling-based approach to investigate
the sustainable photocatalytic degradation of acidic dyes using a Jordanian nano-kaolin–TiO2
composite material and solar energy. Mechanistic insights were gained through the identification
of the dominant reactive oxygen species (ROS) involved in the degradation process, as well as the
synergetic effect between adsorption and photocatalysis. The Jordanian nano-kaolin–TiO2 com-
posite was synthesized using the sol-gel method and characterized. The nanocomposite photo-
catalyst exhibited particle sizes ranging from 27 to 41 nm, with the TiO2 nanoparticles well-
dispersed within the kaolin matrix. The efficacy of this nanocomposite in removing Congo-red
dye was investigated under various conditions, including pH, initial dye concentration, and
photocatalyst amount. The optimal conditions for dye removal were found to be at pH 5, with an
initial dye concentration of 20 ppm, and using 0.1 g of photocatalyst, resulting in a 95 % removal
efficiency. The mechanistic insights gained from this study indicate that the hydroxyl radicals
(•OH) generated during the photocatalytic process play a dominant role in the degradation of the
acidic dye. Furthermore, the synergetic effect between the adsorption of the dye molecules onto
the photocatalyst surface and the subsequent photocatalytic degradation by the ROS was found to
enhance the overall removal efficiency. These findings contribute to the fundamental under-
standing of the photodegradation mechanisms and guide the development of more efficient
photocatalytic systems for the treatment of acidic dye-containing wastewater. The use of solar
power during the purification procedure also leads to cost reduction and strengthens sustain-
ability efforts.
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1. Introduction

Kaoline, a clay variety rich in kaolineite minerals, exhibits a chemical constitution predominantly defined by Al2Si2O5(OH)4.
Notably, it manifests sheets of silicates, wherein alternate silicate strata are composed of tetrahedral silica sheets and octahedral
alumina sheets. The linkage between these layers involves an oxygen atom bridging a silica sheet to an octahedral alumina sheet. The
widespread application of kaoline as an adsorbent in water treatment derives from its economic viability, abundant availability, and
considerable surface area [1,2]. In contemporary discourse, there has been a notable surge in interest regarding the utilization of
modified kaoline incorporated with metal oxides. This heightened attention is motivated by the augmented adsorption capacities and
photocatalytic attributes exhibited by such formulations in the mitigation of a broad spectrum of pollutants. Notably, these pollutants
encompass heavy metals, organic dyes, and pharmaceutical compounds [2,3].

Various auxiliary materials are utilized in conjunction with TiO2 to enhance the indispensable photocatalytic capabilities necessary
for water treatment [4,5]. Silica emerges as a prominent auxiliary due to its substantial surface area, stability, and compatibility with
TiO2. Furthermore, activated charcoal, zeolites (crystalline aluminosilicates) [6], clays (including montmorillonite, bentonite, and
kaoline), polymeric materials such as polyethylene glycol (PEG) and polyvinyl alcohol (PVA), and carbon-based materials such as
graphene, carbon nanotubes (CNTs), and carbon nanofibers (CNFs) are employed [7,8]. These auxiliary materials collectively augment
photocatalytic activities by providing augmented surface area, enhanced dispersion, improved adsorption capacity, and efficient
charge transfer, all of which are pivotal for effective water treatment applications [9–11].

Jordan possesses ample reservoirs of kaoline, presenting a spectrum of distinctive attributes that can confer advantages to diverse
industries [12,13]. Recent inquiries have systematically explored the utilization of Jordanian kaoline in distinct environmental ap-
plications. Awwad et al. (2020) have investigated its effectiveness in removing heavy metals from water [14], while the work of
Mohammadhosseini et al. (2022) has scrutinized its photocatalytic ability in degrading organic pollutants under both UV and visible
light exposure [15]. Furthermore, Ibbini et al. (2018) have demonstrated the suitability of Jordanian kaoline in antimicrobial removal
applications [16]. These comprehensive studies collectively underscore the versatile applications of Jordanian kaoline across various
environmental domains and affirm its potential as a sustainable solution for environmental remediation, as articulated by Chen et al.
(2023) [11].

Various methodologies have been employed to incorporate metal oxides into kaolineite, with the aim of augmenting its efficacy in
water treatment. These methodologies encompass co-precipitation [17], sol–gel [18], impregnation [19], and hydrothermal tech-
niques [20]. The literature suggests that the introduction of metal oxides enhances the adsorption capacity of kaolineite, particularly
concerning pollutants such as heavy metals and dyes [11].

A comprehensive understanding of the synthesis methodology plays a pivotal role in optimizing the efficacy of kaoline–TiO2
composites photocatalysts for water treatment applications. Hydrothermal synthesis is commonly associated with the generation of
composites featuring expanded surface areas, contrasting with co-precipitation and sol-gel techniques which tend to yield more
crystalline structures [21,22]. Additionally, co-precipitation and sol-gel methods typically result in kaoline–TiO2 composites char-
acterized by heightened crystallinity levels, potentially enhancing charge carrier mobility and overall photocatalytic efficiency [23,
24]. Furthermore, the long-term stability and durability of kaoline–TiO2 composites are contingent upon various factors such as crystal
phase, defect density, and resistance to aggregation. Notably, hydrothermally synthesized composites often demonstrate superior
stability and durability when compared to counterparts synthesized through alternative methods [21,22,24,25].

Several metal oxides, including TiO2 [26,27], Fe2O3 [28], and ZrO2 [29], have been employed in conjunction with kaoline for water
treatment applications. Each metal oxide exhibits distinct properties that contribute to the removal of pollutants from water. Notably,
titanium dioxide emerges as a prominent metal oxide photocatalyst in the modification process. When combined with kaoline, it
displays significant promise for degrading organic contaminants in water, owing to its exceptional photocatalytic efficiency [14,
30–32].

Moreover, the synergy of adsorption and photocatalytic attributes is evident in studies such as Barbosa et al.’s (2015) investigation
[18]. The uniform dispersion of TiO2 across the kaoline surface not only enhances effective adsorption but also accelerates dye
degradation. Similarly, iron oxide (Fe2O3) has proven capable of enhancing the adsorption efficiency of kaoline for heavy metal ions,
attributed to its expansive surface area and strong affinity for these ions [33,34].

These findings spotlight the potential of composite materials combining kaoline and metal oxides as a robust and sustainable
approach for water treatment and environmental remediation. Kaoline-TiO2 composites are reputed for their lack of effectiveness as
either adsorbents or photo-degradation catalysts, due to their low photostability, high cost, inferior degradation efficiency, and high
toxicity.

The study’s hypothesis suggests that synthesizing a Kaoline-TiO2 nanocomposite using Jordanian kaoline as a decontaminant will
enhance the removal efficiency of Congo-red dye compared to pure TiO2. It anticipates that incorporating kaoline will improve product
properties such as surface area and porosity, resulting in a more effective photocatalyst for water purification. The well-spread TiO2
nanoparticles within the kaoline matrix are expected to offer heightened active sites for adsorption and photocatalytic degradation of
organic pollutants. Consequently, under optimal conditions, the nanocomposite is projected to exhibit superior dye removal efficiency,
making it a promising water purifier solution, particularly for regions with limited freshwater resources like Jordan. Moreover, the
utilization of solar energy during the purification process is expected to decrease expenses and boost system sustainability. This hy-
pothesis forms the basis of the study, suggesting that the Kaolin-TiO2 nanocomposite will outperform pure TiO2 and address envi-
ronmental contamination caused by organic compounds through synergistic effects with kaolin as a natural adsorption material.

The primary objective of this study is to investigate the synergistic effect between adsorption and photocatalysis using Jordanian
nano-kaolin–TiO2 composites for the sustainable degradation of Congo-red dye. By systematically varying parameters such as pH,
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initial dye concentration, and nanocomposite dosage, the influence of these factors on the removal efficiency was evaluated.
Furthermore, the mechanistic insights gained through the identification of the dominant reactive oxygen species (ROS) involved in the
degradation process were crucial for understanding the underlying photocatalytic degradation pathways. The examination of scav-
enger effects on the nanocomposite provided valuable information about the relative importance of hydroxyl radicals (•OH), su-
peroxide radicals (•O2

− ), and holes (h+) in the degradation mechanism. Monitoring the removal efficiency across multiple recycling
cycles also allowed for the assessment of the reusability and sustreainability of the nanocomposite material. These comprehensive
investigations, focusing on the synergistic effect and the mechanistic aspects, collectively contribute to advancing the potential
application of this approach in wastewater treatment, specifically in Olive oil presses in Jordan, where the availability of naturally
sourced materials like Jordanian kaolin can be leveraged for cost-effective and sustainable water purification solutions.

2. Materials and methods

2.1. Chemicals and reagents

All reagents are chemically pure and used without further purification. Titanium tetra isopropoxide (TTIP), ethanol, Congo red dye
[acidic dye] (C32H22N6Na2O6S2), Tertbuta-nol (TBA), Na2EDTA, sodium hydroxide (NaOH), Hydrochloric acid (HCl). The Jordanian
kaolin employed in this study was sourced from the Mahis and Hiswa localities, pre-treated; washed and calcined at 500 ◦C for 5 h.

2.2. Synthesis

During this experimentation, two solutions were employed: Solution A, consisting of 1 % kaolin in distilled water (pre-treated), and
Solution B, comprising 10 % TiO2 in ethanol. The addition of Solution B to Solution A was executed gradually under robust stirring
conditions at 75 ◦C overnight. Subsequently, the combined solution was allowed to stand at room temperature for a duration of 7 days
for the aging process until complete drying occurred. The ensuing powder underwent annealing at 500 ◦C for 5 h. The resultant
powder, characterized by a weight-to-weight percentage ratio of 1:10 %, was utilized in subsequent photocatalytic experiments.

2.3. Characterization of Kaolin– TiO2

The chemical compositions of the kaolin–TiO2 nanocomposites were assessed through X-ray fluorescence (XRF) spectrometry. The
structural characteristics were investigated via powdered X-ray diffraction (PXRD) using a 7000 Shimadzu 2 kW model X-ray spec-
trophotometer instrument with nickel-filtered copper radiation (CuKα) at λ = 1.5456 Å. The 2θ range was scanned from 2◦ to 60◦ with
a step size of 0.02◦, and the instrument was based in Kyoto, Japan. The microstructures of the specimens were scrutinized using a
scanning electron microscope (SEM) from Hitachi High-Tech, Tokyo, Japan. Specific surface areas were determined by employing a
Nova 2200 gas sorption analyzer from Quantachrome Co., Syosset, NY, USA. The assessment of degradation percentage was conducted
using the PEAK Instruments C-7000UV Spectrometer.

2.4. Experimental design for photocatalytic degradation

The experiment utilized 200 ml of distilled water, incorporating various parameters to achieve optimal conditions. These factors
encompassed the initial concentration of Congo-red dye, a specified dosage of Kaolin-TiO2, and a range of pH values.

Dye concentrations were set at 5, 10, 15, 20, and 25 ppm, while Kaolin-TiO2 dosages varied at 0.1, 0.25, 0.50, 0.75, and 1 g. pH
levels of 3, 5, 7, and 10 were considered.

At pH 3, the wavelength (λ max.) was 550 nm, and for pHs 5, 7, and 10, it was 497 nm. Sunlight energy parameters averaged over
the experiment days included 45.6 μT, 96852 lux, 15 EV, with temperatures ranging between 30 and 37 ◦C during the August
experiments.

Before starting the photodegradation process, samples underwent equilibrium in darkness with continuous stirring for approxi-
mately 1 h. Subsequently, 10 ml aliquots were extracted every 45 min, filtered using syringe glass filters, and absorption was measured
with a UV–Vis spectrophotometer.

To assess the impact of the synthesized material without solar radiation interference, a dark experiment was conducted under
identical conditions as previously described. Photodegradation percentage was calculated using the equation:

Degradation %=
C0 − Ct

C0
× 100%

Where C0 represent the initial concentration after equilibrium time, and Ct denotes the concentration after 225 min (final reading).
Control groups encompass the assessment of degradation percentages for Congo red under two distinct conditions: firstly, in the
absence of Kaolin-TiO2, and secondly, with Kaolin alone.

2.5. Kaolin-TiO2 reusability

To investigate the efficacy of reutilizing the synthesized material, the optimal parameters were selected for successive degradation,

W. Alahmad et al.



Heliyon 10 (2024) e36978

4

employing the same dosage for up to five iterations. The optimized conditions included a 20-ppm dye concentration, 0.1 g of Kao-
lin–TiO2, and a pH of 5. Following the conditions, absorption measurements were taken after 225 min. Subsequently, the Kaolin–TiO2
material was filtered, rinsed with distilled water, dried at 100 ◦C, and subjected to reuse in subsequent experiments.

2.6. Scavenger investigation

The examination of the primary precursor in the photodegradation process involved the utilization of tert-butanol (TBA) as a
hydroxyl radical scavenger and EDTA disodium as a hole scavenger. A solution with a 20 ppm dye concentration, pH 5, and a dosage of
0.1 g was prepared, incorporating 200 mmol of scavengers.

3. Results and discussion

3.1. Characterization of Kaolin– TiO2

Kaolin–TiO2 nanocomposites were subjected to characterization using various techniques, including SEM, XRD, XRF, and BET, to
elucidate their physicochemical properties. The SEM images (Fig. 1) provide insight into the nature of the synthesized material,
depicting particle size both before initial use in Fig. 1 (a) and after undergoing five recycling cycles in Fig. 1 (b). The particle size
exhibited a range between 41 and 27 nm. Notably, the Kaolin-TiO2 powder displayed increased aggregation after the recycling process.

Kaolin has an infinitely repeated structure, including a silica tetrahedral sheet and a gibbsite sheet. Its particles are flaky and often
white, with a hexagonal outline. Fig. 1 showed that the nanocomposite had a spherical shape of size between 27 and 41 nm, in which
the kaolin had a sheet-like texture. From the two images, the originally smooth kaolinite plates are covered with TiO2 nanoparticles.
The nanocomposite after the photo experiment becomes more aggregated, which makes the filtration process more challenging. In a
study by Wongso et al. (2019), the surface morphology of hybrid kaolin/TiO2 composites was studied using SEM displaying spherical
nanoparticles with a diameter mostly in the range of 14–20 nm [35]. In addition, they found that kaolin shows a sheet-like texture. The
results revealed that the kaolinite– TiO2 composites had a more uniform and homogeneous distribution than pure TiO2. Consequently,
Azeez et al. (2022) found that SEM micrographs of TiO2-Kaolinite show a clear change in surface morphology due to the appearance of
spongy discrete particles that differ from pure TiO2 and kaolinite. They also found that the SEM micrographs of TiO2-kaolinite and TiO2
after degradation revealed that the dye molecules had degraded on both the TiO2-AKC and TiO2 surfaces, as was found in this study
[36].

Henych and Štengl (2013) demonstrated that extensively crystallized TiO2 was evenly distributed across the entire surface of the
kaolin substrate, confirming exceptional uniformity and homogeneity [37]. Li et al. (2018) examined the impact of the form of
kaolinite clay on the effectiveness of TiO2 nanoparticles. They observed that TiO2 nanoparticles adhered to one-dimensional nanorods
and two-dimensional nanoflakes exhibited superior dispersion and smaller grain size due to close interactions and strong interfacial
contacts, highlighting the significance of morphology in achieving uniformity and homogeneity [17](Li et al., 2018b)

The XRD pattern (Fig. 2) shows the kaolin, TiO2 and kaolin-TiO2 before photocatalytic experiment and after 5 reuse times, the
pattern shows the crystallin form of titanium dioxide (anatase phase), which is characterized by peaks appearing at 2θ◦ values of 25.3◦,
38.2◦, 48.0◦, 54.0, and 55.0◦ [35,38]. The characteristic peaks for kaolin are 12◦ and 26◦, which are characteristic peaks for kaolinite
minerals in kaolin (Wongso et al., 2019; Azeez et al., 2022a). The characteristic peaks for TiO2 2θ◦ = 25◦ are found in the synthesized

Fig. 1. SEM images of Kaolin-TiO2: a) before initial use and b) after undergoing five recycling cycles.
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sample (before) and in the after-used sample but with less intensity, also the 2θ◦ = 26◦ peak related to the kaolin is found in both the
before- and after-used samples [35,36].

Mustapha et al. (2020) prepared kaolin-TiO2 nanocomposites using a hydrothermal approach and subjected them to XRD analysis
for characterization. The obtained XRD patterns validated the existence of both anatase and rutile phases of TiO2, suggesting the
successful synthesis of the nanocomposite. Additionally, the authors noted a shift in peak positions, indicating alterations in the crystal
structure attributed to the inclusion of kaolin [39].

Table 1 displays the XRF outcomes, revealing variations in the percentages of SiO2, Al2O3, and TiO2 between the Kaolin–TiO2 Pre-
treatment and the sample after photocatalytic procedures. Notably, there was an increase in the percentage of TiO2 post-treatment.
According to the XRF analysis reported by Yahaya et al. (2017), the predominant constituents of kaolin clay include approximately
58.73 % SiO2, 24.35 % Al2O3, 5.36 % K2O, and incidental impurities such as Fe2O3 (2.06 %) [40].

The observed reduction of around 50 % in SiO2 and Al2O3, as indicated by both SEM images and experimental data, signifies the
physical characteristics of TiO2 nanoparticles experiencing pronounced aggregation. This reduction underscores the necessity of
incorporating kaolin to address the aggregation issue in TiO2 nano particles.

3.1.1. Determination of the specific surface areas
The BET method was employed to determine the specific surface area of the nanocomposites, revealing an augmentation post the

introduction of TiO2 and kaolin-TiO2. Initially measured at 25.8 m2/g, it exhibited a decrease to 34.9 m2/g after five usages (Figs. 3 and
4). Wongso et al. (2019) highlighted that the loading of TiO2 on kaolin supports results in higher surface areas for hybrid kaolin/TiO2
composites [35]. With a moderate range of surface areas (22–35 m2 g− 1), kaolin exhibits exceptional adsorption capabilities toward
the methylene blue dye, fostering enhanced interaction between TiO2 nanoparticles and methylene blue and, consequently, improved
photocatalytic performance [35]. It’s noteworthy that the specific surface area of composites can vary based on factors like synthesis
method, TiO2 loading, and calcination temperature [11].

The integration of SEM, XRD, XRF, and BET analyses alongside performance data enables a comprehensive evaluation of the
uniformity and homogeneity of kaolin-modified TiO2 nanocomposites, providing valuable insights into their adsorption and photo-
catalytic capabilities for water purification applications. Enhanced uniformity and homogeneity often result in increased adsorption
capacity due to the augmentation of active sites for pollutant binding [17,37,41]. Additionally, regarding photocatalytic activity, the
uniform distribution of TiO2 nanoparticles ensures efficient light absorption and charge separation, consequently leading to improved
degradation efficiency [17,37,41].

3.2. Photodegradation

Figs. 5–7 depict the degradation percentage against time (minutes), showcasing variations in pH and dosage. The overall duration
of the experiment was 225 min, revealing that the optimal degradation occurred at pH 5. It was observed that an escalation in the

Fig. 2. XRD pattern for Kaolin, TiO2, Kaolin-TiO2 before initial use and after undergoing five recycling cycles.

Table 1
XRF results for Kaolin-TiO2, Pre-treatment, and post photocatalytic procedures.

% SiO2 Al2O3 TiO2

Before usage 18.7 5.03 75.6
Post usage 11.1 3.82 84.1

W. Alahmad et al.
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dosage of kaolin–TiO2 from 0.1 g to 0.5 g led to an increase in the percentage of degradation; however, beyond 0.5 g, the dosage
exhibited diminishing returns in enhancing degradation. Consequently, the optimized condition was determined to be 0.1 g.

Conducting the same experimental procedure without exposure to sunlight (Dark) (refer to Fig. 5), the highest removal percentage
reached approximately 45 % at pH 5. Consistently, under sunlight, pH 5 demonstrated the highest removal percentage. Moreover, the
removal percentage exhibited an upward trend with increasing dosage.

Fig. 3. Linear BET plot for the initial sample, represented by (P/Po)/(V(1-P/Po) vs. P/Po.

Fig. 4. Linear BET plot for after usage sample, represented by (P/Po)/(V(1-P/Po) vs. P/Po.

Fig. 5. The degradation percentage (under sunlight) in relation to pH for various initial concentrations (5, 10, 15, 20, and 25 ppm) of the organic
dye, both in the absence of kaolin–TiO2, and with a 15-ppm initial concentration of the organic dye combined with kaolin without treatment.
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Congo Red is widely used as a reliable representative substance in studies of photocatalysis because of its perceptibility, chemical
structure that closely resembles industrial pollutants, comprehensively understood rate of decomposition, and the uniformity it offers
for comparative analysis [42].

The optimum photocatalytic degradation efficiency for Congo Red, an acidic dye, was observed at pH 5, with similar degradation
percentages at pH 3 and pH 10. These results indicate electrostatic repulsion in both highly acidic and basic environments. In aqueous
settings, the negative surface charge of kaolin is generally influenced by the pH-dependent deprotonation/protonation of the surface
[11,27]. Li et al. conducted a study on the photodegradation of anionic dyes on TiO2 nanoparticles assembled on kaolin with varying
surface charges, they found that the adsorption capacity of the nanocomposites for anionic dyes was influenced by the kaolin surface
charge, which, in turn, was affected by pH [17].

The quantity of kaolin-TiO2 has a direct proportional impact on the degradation percentage, with an increase in the amount leading
to an increase in active sites. Comparing removal in darkness to sunlight irradiation, the approximately 45 % removal in the dark
suggests a substantial adsorption capacity of kaolin-TiO2, thereby enhancing photodegradation. The synergistic effect becomes pivotal
in studying natural adsorbates with the addition of metal oxides as catalysts for degradation [17].

The introduction of TiO2 into the kaolin composite goes beyond just enhancing the active surface area; it creates a synergistic (both
adsorption and photodegradation) [43–45]effect leveraging the distinctive qualities of both materials. This collaboration enhances the
overall efficiency of the photocatalytic process. the Kaolin’s porous structure and surface functional groups contribute to a substantial
adsorption capacity [45–47]. This unique property enables Kaolin to effectively adsorb pollutants from water. These pollutants
concenrated at the catalyst surface, resulting an overall efficiency of the photocatalytic process.

Fig. 6. The degradation percentage in correlation with the varying mass (dosage) of kaolin–TiO2 at pH levels of 3, 5, 7, and 10, with an initial dye
concentration of 20 ppm.

Fig. 7. Percentage degradation in relation to the dosage of Kaolin–TiO2 at pH levels ranging from 3 to 10 in the absence of sunlight irradiation, with
an initial dye concentration of 20 ppm.

W. Alahmad et al.



Heliyon 10 (2024) e36978

8

Optimizing the phase composition of nanocomposites is critical, as the anatase phase of TiO₂ offers superior photocatalytic activity
compared to rutile. Maintaining predominantly anatase phases enhances photocatalytic efficiency [41,48]. Moreover, nanocomposites
with high surface areas demonstrate heightened photocatalytic activity, facilitated by increased availability of active sites for reactants
and photogenerated charges. Control over calcination conditions, including temperature and time, directly impacts nanocomposite
surface area. Ensuring well-dispersed TiO₂ nanoparticles within the kaolin matrix is essential for maximizing photocatalytic activity
[41,48].

The results show that the kaolin-TiO2 nanocomposite exhibits the best dye removal efficiency at pH 5, both in dark conditions and
under sunlight irradiation. At pH 5, the removal efficiency reached 45 % in the dark and 99 % under photodegradation.

The synergistic effect of the kaolin-TiO2 nanocomposite is more effective for the overall degradation process of acidic dyes
compared to basic dyes. This is due to two main factors.

1. Adsorption Capacity: Kaolin and other clay minerals generally have a higher adsorption capacity for cationic (basic) dyes compared
to anionic (acidic) dyes. However, the modification of kaolin with TiO2 enhances the adsorption of anionic/acidic dyes on the
nanocomposite surface. The negatively charged surface of the kaolin-TiO2 nanocomposite provides better electrostatic attraction
for the adsorption of acidic dye molecules [38,49,50].

2. Photocatalytic Activity: The kaolin-TiO2 nanocomposites exhibit higher photocatalytic activity towards the degradation of acidic
dyes compared to basic dyes. The photogenerated electron-hole pairs in TiO2 can more effectively oxidize the adsorbed acidic dye
molecules through the generation of reactive oxygen species. Acidic dyes are more susceptible to photodegradation by the oxidizing
radicals produced on the nanocomposite surface[51–53].

The synergistic effect of the adsorption of acidic dyes on the nanocomposite, which brings them in close proximity to the pho-
tocatalytically active TiO2, enhances the overall degradation efficiency. The improved adsorption capacity and higher photocatalytic
activity towards acidic dyes make these kaolin-TiO2 nanocomposites a suitable choice for the treatment of acidic dye-containing
wastewater[51,54–57].

3.3. Scavenger

In the photocatalytic degradation process, a series of photogenerated active species is suspected to be involved in the photocatalytic
reaction. To further evaluate the roles of these active species during the photodegradation of CR dye, different scavengers were
introduced to quench the relevant active species, including holes (h+), hydroxyl radicals (• OH), and superoxide radicals (• O−

2 ). As
shown in Table 2, the photocatalytic degradation of CR over the kaolin-TiO2 composite was affected by the addition of different
scavengers. The sequence of the photocatalytic degradation efficiency of CR in descending order was:

1. Tert-butyl alcohol (TBA) - a scavenger for hydroxyl radicals (• OH)
2. Sodium ethylenediaminetetraacetate (Na2EDTA) - a scavenger for superoxide radicals (• O−

2 )

This indicates that both superoxide radicals (•O−
2 )and hydroxyl radicals (•OH) are active species contributing to the photocatalytic

activity of the composite catalyst. The sequence of the contributions of the ROS to the photocatalytic activity is: • O−
2 > • OH. The

results suggest that the superoxide radicals (• O−
2 )play a more dominant role in the photocatalytic degradation of CR dye compared to

the hydroxyl radicals (• OH) when using the kaolin-TiO2 composite as the photocatalyst. These active species trapping experiments
provide valuable insights into the relative importance of different ROS in the photocatalytic degradation mechanism. This information
can guide the optimization of the photocatalytic system and the development of more efficient strategies for the removal of organic
pollutants like CR dye.

Two scavengers, Tert-butanol (TBA) and disodium EDTA, were employed in the study. Under optimized conditions (pH = 5, 20
ppm, and 0.1 g dosage), there was a substantial reduction in the removal percentage, dropping from 82 % to 25 % for TBA and to 30 %
for Na2EDTA. In the realm of heterogeneous photocatalysis, the use of radical scavengers serves the purpose of unraveling degradation
mechanisms and enhancing degradation efficiency [58–60].

Tert-butyl alcohol (TBA) and ethylenediaminetetraacetic acid (EDTA) have no significant roles in the degradation of dye com-
pounds through the process of photodegradation. These compounds function as scavengers, effectively controlling the presence of
radical species and exerting a significant influence on the overall efficiency of the degradation process[61–64].

Radical scavengers used in photocatalytic degradation are categorized based on their functions as radicals, electron donors, and
hole scavengers [65]. Radicals bind to radicals formed during photocatalytic degradation, impeding their interaction with the target
pollutant. Examples include oxalate, methanol, azide, tert-butanol, para-benzoquinone, and tris(hydroxymethyl)aminomethane [65].

Table 2
Scavengers percentage removal under optimized conditions.

% Removal

Optimized conditions 82.9
Tert-butanol (TBA) 25.8
Na2EDTA 30.4

W. Alahmad et al.
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Electron donors contribute electrons to the photocatalyst, potentially enhancing photocatalytic efficiency; examples include oxygen
and hydroxyl groups. Hole scavengers react with holes formed during photocatalytic degradation, preventing them from reacting with
target pollutants. Examples of hole scavengers are tert-butyl alcohol (TBA), isopropanol (IPA), and disodium EDTA.

Table 2 illustrates the decrease in percentage removal after the addition of Na2EDTA and TBA, both of which halved the removal
percentage. This suggests that the photodegradation mechanism involves the formation of holes and radicals. The general mechanism
of photodegradation involves the photocatalyst, stimulated by a light source, enhancing the formation of electron-holes. These
electron-holes then react with water to form • O−

2 and • OH, which subsequently react with the pollutant, resulting in the removal of
the pollutant and leaving behind less toxic byproducts [65,66].

The photocatalytic degradation of acidic dyes involves both direct and indirect mechanisms.

- Direct Degradation Mechanism

In the direct degradation mechanism, the dye molecules can undergo photolysis upon direct absorption of light energy. This leads
to the excitation of the dye molecules, causing them to break down and degrade without the involvement of any intermediates or
reactive species [5,67,68].

- Indirect Degradation Mechanism

The indirect degradation mechanism involves the generation of reactive oxygen species (ROS) on the surface of the photocatalyst.
When the photocatalyst is irradiated with light energy, electron-hole pairs are generated. The conduction band electrons can react with
dissolved oxygen to form superoxide radicals (•O−

2 ), which then undergo further reactions to produce other ROS like hydroxyl radicals
(• OH) and hydrogen peroxide (H2O2)[68–70].

These highly reactive ROS, particularly the hydroxyl radicals, can then non-selectively degrade the adsorbed dye molecules
through oxidation reactions. The dye molecules can also undergo photosensitization, providing additional electrons to the photo-
catalyst and generating more radicals like (• O−

2 [5,68,70,71].
The indirect mechanism involving the generation and utilization of ROS is generally considered more prevalent and influential in

the overall photocatalytic degradation of acidic dyes compared to the direct photolysis pathway [53,72].

3.4. Reuse of Kaolin–TiO2: Five recycles

The SEM analysis of Kaolin–TiO2 (refer to Fig. 1) reveals an increased aggregation tendency, whereas the XRD results (Fig. 2)
indicate a reduction in the intensity of the crystalline pattern of TiO2. Additionally, the XRF data (Table 1) demonstrate a decrease in
the percentage of SiO2 and Al2O3, accompanied by an increase in the percentage of TiO2. The degradation percentage against time
(Fig. 8) showcases a commendable removal percentage even after undergoing five reuse cycles. However, a notable transformation of
kaolin-TiO2 into a very fine powder poses challenges in the filtration process. Despite the efficient performance after five reuses, the
fine powder texture necessitates a solution. To address this concern, a prospective approach involves applying a coating on the beads
and columns during advanced work.

Kaolin plays a crucial role in enhancing the photocatalytic activity of TiO2 in the degradation of water pollutants; Kaolin improves
the dispersion of TiO2, thereby increasing the available surface area for photocatalysis [73]. The adsorption of O2 by kaolin enhances
photocatalysis efficiency [73]. Kaolin facilitates the formation of anatase and inhibits its transformation to rutile, thereby enhancing
the photocatalytic activity of TiO2 [74]. Kaolinite induces a shift in the absorption edge of TiO2 to lower energy levels, improving
photocatalysis efficiency and the type-II energy band alignment of TiO2. This improvement enhances the separation and transfer of
photogenerated electron–hole pairs, thereby boosting the overall efficiency of photocatalysis [1,74,75].

The integration of Kaolin into the TiO2 composite engenders a synergistic enhancement of the photocatalytic process across
multiple dimensions. The addition of Kaolin contributes to an expanded active surface area, thereby facilitating both photocatalytic
degradation and the adsorption of organic pollutants [76,77]. Furthermore, the refinement of TiO2 nanoparticle crystal within the
composite results in improved catalytic properties and heightened stability [78,79]. Lastly, the presence of Kaolin aids in the effective
separation of the photocatalyst from the reaction mixture, streamlining the process of recovery and catalyst reuse [77].

Congo red, an azo dye aggregate in water and organic solutions due to hydrophobic interactions, the occurrence of π–π stacking
helps its absorption onto the surface of the TiO2/kaolin composite, the existence of active sites on the composite surface, resulting from
specific functional groups or modifications in pore size [51,80–82].

To enhance the photocatalytic performance, improvements in charge carrier dynamics (including separation, recombination, and
lifetime) within the TiO2/kaolin system are achieved. The treatment with acid enhances the distribution and loading of TiO2 crystal
grains into nano-sized particles [70,74,83], while the concentrated presence of negatively charged hydroxyl groups on the kaolin
surface contributes to the enhanced behavior of charge carriers [68,70].

Aggregation of composites can be achieved by employing low concentrations of kaolin particles, which induce electrostatic
repulsion and hinder aggregation [84]. Moreover, lower concentrations of kaolin particles may facilitate better dispersion within the
TiO2 matrix [84]. Treating kaolin with acids introduces additional functional groups and alters surface properties, enhancing
compatibility with TiO2 nanoparticles [85]. Additionally, the kaolinite matrix can influence the crystal structure of TiO2 nanoparticles,
potentially enhancing catalytic performance and reducing aggregation [86].
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Higher calcination temperatures generally result in increased surface areas for both kaolin and TiO₂ components, leading to larger
specific surface areas in the final nanocomposites [87]. Longer calcination durations facilitate greater conversion of kaolinite to
metakaolin, which typically possesses a higher surface area compared to the original kaolinite. Moreover, extended calcination times
support the growth and stabilization of TiO₂ crystals, further enhancing the overall surface area of the nanocomposites [48].

4. Conclusions

This study introduces a novel approach by utilizing Jordanian kaolin as a natural adsorption material, distinguishing it from
previous research employing different types of kaolin. Through the sol-gel method, a Kaolin-TiO2 nanocomposite with a specific
weight ratio was synthesized, followed by comprehensive characterization via SEM, XRD, XRF, and BET analysis, providing detailed
insights into its structural and morphological properties. The nanocomposite’s efficacy in removing Congo-red dye under various
conditions was investigated, showcasing its performance and versatility in water purification applications. Optimal removal conditions
were determined, highlighting the practical applicability and effectiveness of the Kaolin-TiO2 nanocomposite. Moreover, the emphasis
on utilizing solar energy during the purification process underscores its sustainability and cost-effectiveness, particularly in regions
with limited freshwater resources like Jordan. This study’s unique combination of utilizing Jordanian kaolin, detailed synthesis and
characterization processes, optimization of removal conditions, and emphasis on solar energy utilization contributes significantly to
advancements in water purification technologies.

The application of kaolin–TiO2 composites in photodegradation for water treatment has garnered considerable attention due to
their amplified photocatalytic activity. The collaborative interaction between kaolin and TiO2 nanoparticles enhances photocatalysis
efficiency, proving instrumental in the efficient degradation of diverse water pollutants under sunlight or UV light. Kaolin’s multi-
faceted impact includes improving TiO2 dispersion, expanding photocatalytic surface area, promoting O2 adsorption, inhibiting
anatase transformation into rutile, and refining photocatalysis efficiency by inducing a shift in TiO2’s absorption edge towards lower
energy levels.

In Jordan, a nation with limited water reserves and economic challenges, exploring cost-effective purification solutions using
regionally available materials assumes heightened significance. The demonstrated efficiency and reusability of kaolin with titanium
oxide present a promising avenue for water treatment. The study’s societal impact lies in the material’s capacity to effectively
eliminate impurities, catering to the urgent need for clean drinking water, while the emphasis on utilizing solar power brings about
economic advantages by decreasing operational costs and fostering sustainability.

The study’s focus on tackling global environmental pollution through inventive measures aligns with endeavors to conserve the
environment. By efficiently eliminating impurities, the nanocomposite aids in purifying water sources, positively impacting public
health outcomes. Additionally, the endorsement of sustainable water treatment techniques demonstrates dedication to societal obli-
gations and the preservation of natural resources for future generations.
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