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A B S T R A C T

The advancement of natural ceramic materials with multifunctional properties is essential for promoting sus
tainable solutions in wastewater treatment and microbial control. This study examines kaolinite-based ceramics 
from Algerian DjebelDebbagh clay (DD2) modified with magnesium oxide (MgO) at concentrations of 0, 40, and 
80 wt%, both with and without the addition of 38 wt% zirconium dioxide (ZrO2) (DD2Z), to evaluate their 
structural, adsorptive, and antibacterial properties. Ceramic composites were synthesized through high- 
temperature sintering and characterized using X-ray diffraction (XRD), scanning electron microscopy with 
energy-dispersive X-ray spectroscopy (SEM/EDS), Brunauer-Emmett-Teller (BET) surface area analysis, ther
mogravimetric analysis (TGA) and atomic force microscopy analysis (AFM). Phase analysis indicated the 
development of mullite, spinel, zircon, and magnesium silicate phases, which progressed with higher MgO 
content. The incorporation of ZrO2 enhanced mesoporosity and surface area, whereas MgO improved perme
ability and facilitated bacterial inactivation. The antibacterial activity against Pseudomonas putida was assessed 
through immersion and agar diffusion methods, revealing that the DD2Z + 80 wt% MgO sample demonstrated 
the highest inhibition rate of 75 % and the largest inhibition zone measuring 12.5 mm. Liquid diffusion tests 
confirmed enhanced wettability and pore connectivity in the ZrO2-MgO systems. The findings indicate that MgO- 
and ZrO2-modified natural kaolinite ceramics may serve as cost-effective, durable, and antibacterial materials 
suitable for integrated wastewater treatment applications.

1. Introduction

Microbes are incredibly diverse and among the most widespread life 
forms on Earth. Recent work by Guo et al. [1] has documented alarming 
antibiotic resistance patterns in urban wastewater systems, highlighting 
the urgent need for advanced treatment solutions. They are capable of 
surviving in some of the harshest environments, including extremely hot 
or cold climates, acidic or radioactive zones, high-pressure locations, 
and areas with high salinity [2,3]. These microorganisms exist in the air, 
soil, water, and even inside the human body and food, where they can be 
responsible for numerous infections affecting people, animals, and 
plants [4,5]. Ongoing research has revealed a troubling trend: the 
continued use of antibiotics has led to the rise of resistant bacterial 

strains. This aligns with findings by Li et al. [6], who demonstrated how 
conventional biochar treatments become ineffective against 
metal-resistant bacteria in complex wastewater matrices, contributing 
to illnesses with increasingly high mortality rates [7,8].

Researchers selected three bacterial species for testing: two Gram- 
positive strains (Staphylococcus aureus, Bacillus subtilis) and one Gram- 
negative strain (Pseudomonas putida), chosen for their environmental 
relevance and resistance characteristics. Staphylococcusaureus (S. aureus) 
is a toxin-producing bacterium commonly found in human nasal pas
sages and food sources [9–15]. Bacillussubtilis (B. subtilis) is a 
spore-forming soil microorganism with high resistance to stress condi
tions [16–18]. Pseudomonasputida (P.putida) is widespread in natural 
and clinical environments and shows strong resistance to antimicrobials, 
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posing risks in post-surgical infections [19–23].
The rise of multidrug-resistant bacteria and the environmental 

persistence of synthetic pollutants demand urgent solutions that are 
both effective and economically viable [24]. Traditional disinfection 
methods and wastewater treatment approaches often fall short due to 
high operational costs, limited durability, and environmental concerns 
[25,26]. This study addresses the need for environmently friendly, 
multifunctional ceramic materials capable of simultaneous microbial 
control and pollutant removal [27–29].

Kaolinite from DjebelDebbagh (DD2) was chosen for its high purity 
(SiO2: 45.29 wt%, Al2O3: 38.36 wt%) and thermal stability, making it 
suitable for ceramic applications [30,31]. Magnesium oxide (MgO) was 
added for its proven antibacterial activity via reactive oxygen species 
(ROS) generation and its role in forming spinel structures that enhance 
mechanical strength [32,33]. MgO also brings thermal stability, a wide 
band gap (Eg = 7.2 eV), and catalytic efficiency, making it ideal for 
combined antibacterial and filtration functions [34–36]. Zirconium di
oxide was introduced at 38 wt%, to improve porosity (~33 %) and 
structural integrity during sintering, outperforming other oxides like 
TiO2 under similar conditions [34,35]. Both MgO and ZrO2 are widely 
used in water treatment and environmental remediation due to their 
stability and effectiveness [37–42]. Recent studies by Dai et al. [43] and 
Xu et al. [44] have demonstrated how oxide stabilization mechanisms in 
cementitious and ceramic systems can be adapted for wastewater ap
plications. Their work with glass-modified cements and aluminum 
oxynitrides confirms that careful control of oxide interfaces enhances 
both structural stability and functional performance - principles we 
apply here through our MgO-ZrO2-kaolinite composite design. Previous 
studies have also considered the removal of persistent dyes such as 
Methylene Blue and Orange II, which are toxic and non-biodegradable 
[45–47]. Conventional treatment methods often fail to fully eliminate 
such pollutants, while ceramic membranes provide better durability, 
selectivity, and energy efficiency [48,49].

While polymeric membranes dominate the commercial sector, 
ceramic membranes are gaining interest for their superior thermal and 
chemical resistance, mechanical stability, and longevity [50,51]. With 
advancements in nanotechnology, new antibacterial surfaces made from 
inorganic compounds have been developed. One such method is thermal 
autoclaving, which applies heat and pressure to reduce particle size and 
improve structural features [52,53]. Tuning the physical properties of 
these agents, such as size and surface structure, can significantly 
improve their antibacterial capabilities [54].

Beyond antibacterial properties, the developed ceramics show 
promise for integrated wastewater treatment systems [55]. Preliminary 
adsorption tests with methylene blue (50 mg/L solution) revealed 92 % 
removal efficiency within 120 min for DD2Z+40 wt% MgO, comparable 
to activated carbon benchmarks. This dual functionality stems from: (1) 
the mesoporous structure (2–50 nm pores) providing high surface area 
(16.31 m2/g) for contaminant adsorption, and (2) the continuous anti
bacterial action preventing biofilm foulinga major limitation of con
ventional adsorbents. When configured as a membrane (0.5 mm 
thickness, 35 % porosity), the material demonstrated stable water flux of 
120 L/m2h at 0.5 bar pressure, suggesting practical viability for 
continuous flow systems.

For the first time, this study investigates the combined use of MgO 
and ZrO2 in kaolinite-based ceramic composites for antibacterial and 
water treatment applications. Using DD2 kaolin as the base material, 
composites were synthesized with 0, 40, and 80 wt% MgO and a fixed 
38 wt% ZrO2. These ceramics were formed into pellets via sintering and 
characterized using Scanning Electron Microscopy (SEM), (EDS), (XRD), 
(BET), and (TGA). The functional performance was assessed through 
liquid diffusion tests and antibacterial evaluations, including immersion 
and agar diffusion methods against Pseudomonas putida.

The present approach differs from previous studies that typically 
focus on either antibacterial or adsorptive properties in isolation. By 
combining MgO and ZrO2 within a sintered kaolinite matrix, a single 

ceramic material was designed to offer both high filtration performance 
and effective bacterial inhibition without the need for surface modifi
cation, chemical coatings, or polymer supports. The choice of environ
mentlly friendly natural Algerian kaolin and straightforward processing 
methods also improves scalability and cost-efficiency, which remain 
major limitations in current ceramic membrane development. The re
sults provide valuable insights into how the structural and surface 
modifications brought by MgO and ZrO2 enhance the multifunctionality 
of kaolinite-based ceramics. This work contributes to the development 
of durable, antibacterial ceramic membranes capable of efficient water 
purification and resistance to microbial contamination.

2. Materials and methods

2.1. Materials

The ceramic samples were developed using six compositions, as 
outlined in Table 1. The base material, kaolin from DjebelDebbagh 
(DD2), was obtained from a deposit located west of Guelma, Algeria 
(36◦31′52″N, 7◦16′03″E). This clay was selected for its known purity and 
suitability for high-temperature ceramic applications. To tailor the 
ceramic structure and improve functional performance, magnesium 
oxide (MgO) was added in two different weight percentages (40, and 80 
wt%). Zirconium oxide (ZrO2) was also incorporated at a constant 38 wt 
% to improve mechanical stability and enhance the pore structure. The 
chemical composition and purity of all materials used are summarized in 
Table 2.

2.1.1. Samples synthesis
The preparation began with raw kaolin (DD2) collected in block 

form. These blocks were first crushed mechanically, then screened to 
obtain a uniform grain size of 250 μm [56]. After screening, two batches 
of powder were prepared: one consisting of DD2 alone, and another in 
which 38 wt% zirconium oxide (ZrO2) was added to the DD2 powder to 
improve thermal and mechanical properties [53,54]. This combination 
was done prior to any wet processing.

Both powder types underwent wet milling at 500 rpm for 20 min to 
ensure homogeneity and even particle distribution [57]. After milling, 
the slurries were dried, then calcined at 520 ◦C for 30 min to eliminate 
moisture, organic matter, and volatile impurities critical for thermal 
stability and proper phase formation [56,58]. The calcined powders 
were then blended with magnesium oxide (MgO) in three concentrations 
(0, 40, and 80 wt%) to modify the ceramic structure and further enhance 
functional properties [31,32].

To prevent agglomeration and ensure even distribution of ZrO2 and 
MgO particles throughout the matrix, each composition was subjected to 
additional wet milling step (500 rpm, 20 min) using distilled water as 
the medium, followed by drying at 105 ◦C. This repeated dispersion 
process helped break up soft agglomerates and improved interparticle 
contact.

These mixtures were thoroughly homogenized, molded into discs 
using uniaxial pressing at 0.9 tons for uniform compaction [56,58], and 
subjected to sintering at 1300 ◦C (5 ◦C/min heating rate, 2 h dwell) to 
initiate phase consolidation. A final high-temperature treatment at 
1400 ◦C under the same heating conditions promoted full densification 
and phase development. Each step in this sequence is reflected precisely 
in the updated Fig. 1 to align with the experimental flow and ensure 
reproducibility.

Table 1 
Type of samples and their composition.

Samples

DD2 (S.T) DD2Z (S.T)
DD2 (T)+ 40 wt% Mg DD2Z (T)+ 40 wt% Mg
DD2 (T)+ 80 wt% Mg DD2Z(T) + 80 wt% Mg
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The molded discs are then subjected to high-temperature sintering at 
1400 ◦C with a heating rate of 5 ◦C/min and a dwell time of 2 h, allowing 
for densification, phase stabilization, and the development of the final 
ceramic microstructure [35,60]. The sintered samples are analyzed for 
their physical, mechanical, and thermal properties, determining their 
suitability for various applications based on their composition and 
processing conditions [29,35].

2.2. Characterization techniques

2.2.1. Structural characterization
An X-ray diffraction (XRD) analysis was carried out to investigate the 

phase composition and structure of the samples. Experiments were 
performed on a Rigaku X-ray diffractometer operating at 40 kV and 40 

Table 2 
Identification of materials used in sample preparation.

Material Chemical 
formula

Purity 
(%)

Chemical Composition (%)

Kaolin Djebel 
Debbagh (DD2)

Al2Si2O5(OH)4 High SiO2 (45.29), Al2O3 (38.36), 
TiO2 (0.44), Fe2O3 (0.09), 
K2O (0.33), Na2O (0.07), 
CaO (0.23), MgO (0.03), 
MnO (0.19)

Zirconium Oxide ZrO2 >99.99 
%

–

MagnesiumOxide MgO 98 –

Fig. 1. Process flow for the preparation and analysis of kaolin Djebel Debbagh (DD2) ceramic samples with MgO additions.
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mA using Cu Kα radiation (λ = 0.1541 nm). The samples were scanned in 
the 2θ range of 10◦–90◦ at a step size of 0.02◦/min. A field-emission 
scanning electron microscope (FESEM; FEI Quanta 250), equipped 
with an energy dispersive spectrometer (EDS detector; active area: 150 
mm2), was used at 30 kV to characterize the morphological features of 
the samples. A quorum-coating machine (model Q150R) was used to 
deposit a thin gold layer on the surface.

Atomic force microscopy (AFM) was performed using aA100 model 
of APEResearchin tapping mode to analyze surface topography and 
roughness at nanoscale resolution, with measurements taken across 
multiple 5 × 5 μm scan areas. A quorum-coating machine (model 
Q150R) was used to deposit a thin gold layer on the surface. The Fourier 
transform-infrared (FTIR) spectra of the materials were recorded using a 
Thermo Scientific Nicolet Is5 instrument in the range of 500–4000 cm− 1. 
Thermogravimetric analysis (TGA) was conducted using a Discovery 
SDT 650 by TA instruments to evaluate the thermal stability and 
decomposition profile of the samples. The BET measurement was con
ducted by using Quantachrome® ASiQwin™- Automated Gas Sorption 
Data Acquisition and Reduction.

2.2.2. Antibacterial tests
The antibacterial efficacy of ceramic samples was evaluated against 

Pseudomonas putida (ATCC 12633) using complementary immersion and 
agar diffusion methods [21,36]. For immersion testing, sterilized disks 
were suspended in bacterial suspensions (1.4 × 109 ± 0.1 × 109 

cells/mL) at 37 ◦C for 8 h, with optical density measured at a wavelength 
of 570 nm (OD570 nm) measured hourly to quantify inhibition rates [10,
23]. In parallel, agar diffusion technique involved placing disks on 
nutrient agar plates inoculated with Pseudomonas putida, followed by 24 
h incubation at 37 ◦C to measure inhibition zone diameters [14,28]. The 
immersion method captured 3D bacterial interactions within the porous 
ceramic matrix [31,32], while agar diffusion highlighted 
surface-localized effects [37], collectively demonstrating the role of 
MgO-induced porosity (0.5–2 μm) [61] and ZrO2-enhanced reactive 
oxygen species (ROS) generation in antibacterial activity [31,32].

3. Results and discussion

3.1. Structural characterization

3.1.1. Phase evolution (XRD)
Fig. 2 illustrates the XRD patterns for DD2, DD2Z and their respective 

modifications with 40 and 80 wt% MgO. The XRD patterns shown in 
Fig. 2a reveal significant phase transformations and microstructural 
evolution in DD2 upon incorporation of MgO at different concentrations 
(40 wt% and 80 wt%), after sintering at 1400 ◦C. DD2 primarily consists 

of mullite and cristobalite phases, reflecting the typical thermal 
decomposition of kaolinite clay into a mullite (Al6Si2O13)-dominated 
microstructure with cristobalite as a secondary silica phase. Peaks cor
responding to mullite dominate the pattern, alongside notable peaks for 
cristobalite, confirming effective mullitization and partial vitrification 
[62]. With the addition of 40 wt% MgO, the diffraction pattern clearly 
indicates the formation of spinel (MgAl2O4), evident from distinct new 
peaks corresponding to the spinel phase [28,62]. Simultaneously, 
mullite and cristobalite phases remain present, although with reduced 
intensity, suggesting partial consumption of alumina and silica by the 
MgO to form spinel. Quartz reflections observed in this composition 
likely originate from incomplete reaction or minor residual phases 
present in the original raw materials. The coexistence of mullite, spinel, 
and cristobalite suggests a complex interaction among phases, leading to 
refined microstructural characteristics beneficial for mechanical 
robustness and antibacterial activity (see Fig. 3).

Further increasing MgO content to 80 wt% leads to substantial phase 
evolution, marked by an increased intensity of spinel peaks and signif
icantly diminished mullite and cristobalite reflections. This change in
dicates an almost complete conversion of alumina and silica from the 
kaolin to spinel, alongside residual quartz peaks from unreacted com
ponents. The pronounced dominance of spinel in the diffraction pattern 
suggests extensive formation of refractory spinel phases and reduction of 
glassy phases, correlating to increased porosity which might results in 

Fig. 2. XRD patterns of (a) DD2 with and without MgO (b) DD2Z with and without MgO.

Fig. 3. Average crystallite size of samples.
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reduced mechanical integrity [64]. These XRD results demonstrate that 
moderate MgO addition (40 wt%) produces a balanced phase compo
sition, maintaining structural integrity through optimal phase coexis
tence, while higher MgO concentrations (80 wt%) significantly alter the 
phase evolution, favoring extensive spinel formation at the cost of 
densification and mechanical properties. This intricate interplay be
tween phase evolution and microstructural characteristics underscores 
the critical role of MgO content in tailoring ceramic properties for tar
geted applications such as antibacterial water filtration [65,66].

The XRD patterns in Fig. 2b show a clear evolution of phase consti
tution as MgO content increases in DD2Z sintered at 1400 ◦C. In the as- 
sintered DD2Z, the diffraction peaks are dominated by monoclinic, ZrO2 
and zircon silicate, with secondary reflections attributable to mullite and 
minor cristobalite, confirming the expected conversion of kaolin into a 
mullite -silica matrix reinforced by dispersed ZrO2 particles [67]. Upon 
adding 40 wt%MgO, new peaks corresponding to Mg2SiO4 emerge 
alongside persistent ZrO2 and ZrSiO4 reflections, while the relative in
tensity of mullite peaks diminishes [68]. This indicates that MgO 
actively reacts with the aluminosilicate network to form magnesium 
silicate phases, reducing mullite content and driving a more homoge
neous composite microstructure. However, at 80 wt%MgO, the diffrac
tion pattern is further dominated by strong Mg2SiO4 reflections and 
pronounced ZrO2 peaks, with only trace mullite detectable, signifying 
near-complete phase conversion and the stabilization of a robust 
spinel-like network. No deleterious phases appear, underscoring excel
lent chemical compatibility between MgO and the DD2Z matrix. 
Collectively, these XRD results demonstrate that moderate MgO addi
tions (40 wt%) effectively tailor phase composition balancing residual 
mullite, zirconia, and newly formed magnesium silicate while higher 
MgO levels drive complete transformation to Mg2SiO4-rich ceramics. 
This controlled phase evolution correlates directly with the enhanced 
densification, mechanical integrity, and antibacterial functionality 
required for high-performance water-filtration applications [69–73].

To clarify the phase evolution in these ceramics and evaluate the 
impact of MgO on both DD2 and DD2Z, the average crystallite sizes were 
determined using the Scherrer equation [72,74], as presented in Equa
tion (1). 

Dhkl =
Kλ

Bhkl cos θ
(Eq. 1) 

where Dhkl is the crystallite size in the direction perpendicular to the 
lattice planes, hkl are the Miller indices of the planes being analyzed, K is 
a numerical factor frequently referred to as the crystallite-shape factor, λ 
is the wavelength of the X-rays, Bhkl is the width (full-width at half- 
maximum) of the X-ray diffraction peak in radians and θ is the Bragg 
angle.

The crystallite size data presented in Table 3 shows a clear refine
ment effect with increasing MgO addition in both DD2 and DD2Z 
ceramic materials. In the DD2 system, the baseline sample (DD2) ex
hibits an average crystallite size of about 50.2 nm, whereas incorpo
rating 40 wt% MgO reduces this to ~34.2 nm, and further raising MgO 
to 80 wt% drives crystallites down to ~23.6 nm. This pronounced 
crystallite size reduction can be attributed primarily to MgO-driven 
phase evolution, where reactions between MgO and the kaolin-derived 
aluminosilicate phases generate magnesium aluminate spinel 
(MgAl2O4) and magnesium silicates (e.g., forsterite, Mg2SiO4) [73]. 
These new, fine-grained phases disrupt the typical mullite growth seen 

in pure kaolin ceramics, limiting crystal coarsening and promoting a 
nanostructured microstructure (see Table 4).

In the DD2Z system, which contains ZrO2, the baseline sample 
without MgO already shows a smaller crystallite size (~39.7 nm) than 
DD2. Zirconia is known to inhibit excessive grain growth by pinning 
boundaries and forming stable secondary phases (e.g. ZrSiO4) [75–77]. 
This effect is further enhanced when 40 wt% MgO is introduced, 
reducing crystallite size to ~32.9 nm. At the higher MgO content (80 wt 
%), the crystallite size increases slightly to ~36.4 nmlikely reflecting a 
shift in phase equilibria or partial coalescence of Mg-rich phases such as 
forsterite [78]. Nevertheless, the overall refinement remains substantial 
compared to MgO-free compositions. ZrO2 in tandem with MgO thus 
guides the sintered material toward a multi-phase nanocomposite with 
spinel, forsterite, and residual aluminosilicate-based phases all finely 
dispersed.

This crystallite size refinement has notable implications for anti
bacterial performance and water filtration applications. Smaller crys
tallites feature higher specific surface area and more defect sites, 
enhancing chemical reactivity and, in turn, promoting bactericidal 
mechanisms. For MgO-containing ceramics, these effects include raising 
local pH in aqueous environments and potentially generating reactive 
oxygen species on the ceramic surface factors known to disrupt bacterial 
cell membranes [57,79]. Concomitantly, finer grains can yield a more 
controlled pore network, beneficial for water filtration; while moderate 
levels of MgO promote densification and grain refinement, they can also 
preserve adequate porosity. This microstructural balance fine crystalline 
phases, interconnected pores, and bactericidal surface chemistry 
enhance both filtration efficiency (physical removal of microbes) and 
antimicrobial efficacy (chemical inactivation of bacteria). Indeed, 
studies on MgO-doped kaolin and mullite–zirconia ceramics confirm 
that such materials combine robust mechanical properties with potent 
antibacterial characteristics [80–82]. Overall, optimizing MgO content 
ensures maximal crystallite refinement while preserving or improving 
filtration capacity, particularly when zirconia is also present to reinforce 
and stabilize the ceramic matrix at high temperatures a stabilization 
mechanism analogous to the interfacial enhancement observed by 
Chaudhary et al. [83] in ZnO-carbon nanotube photocatalytic systems, 
though achieved here through distinct ceramic-oxide interactions.

Fig. 4 shows the Williamson-Hall plots illustrating the linear rela
tionship between β cos θ and 4sinθ, based on Equation (2) [84,85]: 

β cos θ=
kλ
D

+ 4ε sin θ (Eq.2) 

While the original equation allows for estimating crystallite size and 
lattice strain, this analysis focuses on the goodness of linear fit, 
expressed as the coefficient of determination (R2), for each sample. 
Using a consistent number of six crystal planes across all compositions, 
linear regression was applied to assess microstructural uniformity.

The R2 values were found to be consistently high, indicating strong 
linearity and minimal deviation in each dataset. For DD2 (Fig. 4a), the 
R2 exceeded 0.99, reflecting stable phase formation. The values 
remained similarly high for DD2 + 40 wt% MgO (Fig. 4b) and DD2 + 80 
wt% MgO (Fig. 4c), demonstrating reliable structural trends with 
increasing MgO content [59,60]. This pattern continued in ZrO2-modi
fied samples: DD2Z (Fig. 4d), DD2Z + 40 wt% MgO (Fig. 4e), and DD2Z 
+ 80 wt% MgO (Fig. 4f) all showed excellent fits with R2 values above 
0.98, confirming the uniformity of the strain response and the effec
tiveness of ZrO2 in stabilizing the microstructure [61,69].

These high R2 values support the interpretation that MgO promotes 
the formation of defined crystalline phases such as spinel (MgAl2O4) and 
forsterite (Mg2SiO4), which reduce lattice disorder and enhance crys
tallinity [62,64]. This structural improvement likely contributes to 
antibacterial efficiency by ensuring even surface charge distribution and 
stable Mg2+ release [61,65,66]. At the same time, improved micro
structural cohesion, as seen in SEM observations, reduces crack forma
tion and supports the mechanical integrity required for long-term 

Table 3 
Root mean square (RMS) roughness of DD2Z samples with varying 
MgO content.

Samples RMS roughness (μm)

DD2Z 0.1478
DD2Z + 40 wt% MgO 0.1374
DD2Z + 80 wt% MgO 0.1845
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Table 4 
Detailed comparison table for the six materials (DD2, DD2Z, and their MgO-modified versions).

Material BET Surface 
Area (m2/g)

Total Pore 
Volume (cm3/g)

Pore Size 
Distribution

Isotherm Type Adsorption 
Uptake

Pore Accessibility Best Applications

DD2 
(Kaolin)

0.3327 Low Microporous Type II (Non-porous) Low Poor Low-value ceramic 
applications

DD2-40 
MgO

0.951 Slightly 
increased

Mesoporous (5–50 
nm)

Type III (Partially porous) Slightly higher Better Membranes, catalyst 
supports

DD2-80 
MgO

0.874 Very low Macroporous 
(50–200 nm)

Type III (Macroporous) Very low Blocked (low 
accessibility)

Filtration membranes, 
ceramic reinforcement

DD2Z 
(Kaolin)

16.316 High Mesoporous (5–50 
nm)

Type IV (Mesoporous) High Good Adsorption, catalysis, 
pollutant removal

DD2Z- 
40MgO

2.884 Reduced Larger mesopores 
(10–100 nm)

Type II-III (Becoming 
non-porous)

Reduced Reduced Membranes, adsorption- 
filtration hybrids

DD2Z-80 
MgO

3.3422 Severely reduced Macroporous (>100 
nm)

Type II-III (Transitioning 
to non-porous)

Drastically 
reduced

Severely blocked Gas separation, low- 
pressure filtration

Fig. 4. Williamson-Hall plot analysis of lattice strain in MgO-reinforced DD2 and DD2Z composites.
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filtration use [71,73,76,78]. Together, these findings point to the dual 
benefits of MgO and ZrO2 modification in enhancing both antibacterial 
activity and structural durability [81].

3.1.2. Morphology

3.1.2.1. SEM/EDS analyses. The SEM morphology and corresponding 
EDS spectra for DD2 and DD2Z modified with MgO additions (40 wt% 
and 80 wt%) are presented in Figs. 5 and 6, respectively. Fig. 5 shows 
distinct microstructural evolutions correlated with elemental distribu
tion after sintering at 1400 ◦C. The plant-mediated synthesis approach 

used by Aziz et al. [86] highlights alternative methods for MgO pro
duction, though such nanoparticle systems face challenges in waste
water applications. Our ceramic composite approach instead stabilizes 
MgO within a sintered matrix, as evidenced in Fig. 5b where EDS con
firms magnesium incorporation without nanoparticle aggregation - 
addressing the leaching risks common to colloidal systems [86]. The 
pure DD2 exhibits a relatively dense microstructure with limited visible 
porosity and a smooth surface indicative of partial vitrification and 
mullite formation. The EDS spectrum shown in Fig. 5d primarily consists 
of silicon (Si), aluminum (Al), and oxygen (O), consistent with the 
kaolinite-derived mullite (Al6Si2O13) and silica-rich amorphous phases 

Fig. 5. SEM micrographs of DD2 with its modifications and corresponding EDS spectra (a,d) DD2, (b,e) DD2 + 40 wt% MgO, and (c,f) DD2 + 80 wt% MgO.
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typical of sintered kaolin [87–89].
Upon the addition of 40 wt% MgO shown in Fig. 5b, the SEM 

micrograph indicates a significantly altered morphology characterized 
by a finer, more granular texture and increased porosity, suggesting 
reactive sintering between MgO and the kaolin-derived aluminosilicate 
phases. The EDS analysis shown in Fig. 5e confirms the substantial 
presence of magnesium (Mg), in addition to Si, Al, and O, indicating 
successful formation of magnesium-containing phases, such as spinel 
(MgAl2O4) [62]. This new phase formation contributes to enhanced 
mechanical interlocking and potentially introduces active Mg-rich sites 
for antibacterial properties, critical for water filtration applications 
[90]. At higher MgO content (80 wt%) illustrated in Fig. 5c, the 
morphology displays coarser, more pronounced porosity with large ag
gregates and significant intergranular gaps, indicating incomplete 

densification.
Correspondingly, the EDS spectrum shown in Fig. 5f reveals a pro

nounced peak for Mg alongside Al, Si, and O and formation of larger 
forsterite grains. Although this configuration likely maximizes surface- 
exposed MgO sites beneficial for antibacterial activity [65], the 
observed high porosity and lower structural coherence can compromise 
mechanical integrity and effective filtration performance.

On the other hand, our SEM/EDS analysis reveals distinct phase 
evolution in the DD2Z composites (Fig. 6). In the baseline DD2Z sample 
(Fig. 6a), three key microstructural components are evident: (1) The 
dark gray matrix (Region A) corresponds to kaolin-derived mullite 
(Al6Si2O13), confirmed by EDS peaks at 1.49 keV (Al-Kα) and 1.74 keV 
(Si-Kα). (2) Bright white particulates (Region B) represent ZrO2 aggre
gates, identified by the characteristic Zr-Lα peak at 2.04 keV (3) The 

Fig. 6. SEM micrographs of DD2Z with its modifications and corresponding EDS spectra (a,d) DD2Z, (b,e) DD2Z + 40 wt% MgO, and (c,f) DD2Z + 80 wt% MgO.
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intermediate gray network (Region C) shows Al-Si-O glassy phase filling 
intergranular spaces [91].

With 40 wt% MgO addition (Fig. 6b), four new features emerge: (i) 
Light gray angular MgO grains (1–3 μm, Region D) showing strong Mg- 
Kα at 1.25 keV. (ii) Needle-like Mg2SiO4 crystals (Region E) forming at 
mullite boundaries, exhibiting 1:2 Mg:Si ratio in EDS. (iii) ZrO2 particles 
(Region B) now appear more rounded due to partial dissolution. (iv) The 
porosity decreases to ~25 % as MgO promotes liquid-phase sintering 
[56].

The 80 wt% MgO composite (Fig. 6c) shows complete microstruc
tural transformation: (a) Large (5–10 μm) Mg2SiO4 aggregates (Region 
F) dominate, with EDS confirming 33 at.% Mg and 17 at.% Si. (b) ZrO2 
particles (Region G) become uniformly distributed, maintaining their 
cubic structure (Zr-Kα at 15.78 keV). (c) Residual mullite appears as 
isolated dark islands (Region H). (d) A unique “core-shell” structure 
forms where MgO cores (Region I) are surrounded by reaction-formed 
MgAl2O4 (Region J), verified by EDS mapping showing Mg-Al-O 
gradients.

3.1.2.2. Atomic force microscopy analysis (AFM). Fig. 7 displays 3D 
AFM surface topography images of DD2Z ceramic composites with 
increasing MgO content (0, 40, and 80 wt%), accompanied by quanti
tative RMS roughness data in Table 3 [58,60]. The base DD2Z (a) shows 
a moderately uniform surface with an RMS roughness of 0.1478 μm, 
featuring small, evenly distributed undulations within the 0–1.00 μm 

height range [60,61]. The addition of 40 wt% MgO (b) induces subtle 
textural changes, creating a slightly more varied morphology with 
marginally reduced RMS roughness (0.1374 μm), suggesting that this 
intermediate composition may promote better particle packing or par
tial surface leveling [78].

However, at 80 wt% MgO (c), the surface becomes significantly 
rougher (RMS = 0.1845 μm) with prominent peaks and deep valleys, 
indicating that excessive MgO disrupts the microstructure, likely due to 
particle aggregation, phase segregation, or differences in sintering 
behavior between the components [32,65]. The color gradients (dark 
orange to bright yellow) visually emphasize these height variations, 
where brighter zones correspond to elevated regions [61].

This systematic roughness evolution demonstrates that MgO content 
critically influences surface quality, with potential implications for 
interfacial properties [38,39], mechanical performance [62,64], and 
functional applications of these composites [9].

The non-monotonic trend in roughness (initial decrease at 40 wt% 
followed by a sharp increase at 80 wt%) highlights the complex inter
play between filler concentration and microstructural development in 
ceramic systems [81].

The AFM images in Fig. 8reveal a systematic evolution of wave-like 
surface patterns in DD2Z composites with increasing MgO content (0, 
40, and 80 wt%) [60]. In (a) pure DD2Z, the surface displays irregular, 
low-amplitude waves (height variations <100 nm) with chaotic 
red-yellow intermixing, characteristic of an unmodified ceramic matrix 

Fig. 7. Surface Topography of DD2Z with Increasing MgO Content Analyzed by 3D Atomic Force Microscopy. (a) DD2Z, (b) DD2Z + 40 wt% MgO, and (c) DD2Z +
80 wt% MgO.
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with inherent grain boundary irregularities and porosity [58]. The 
introduction of (b) 40 wt% MgO induces a striking transition to periodic, 
high-frequency waves (wavelength ~500 nm) with 20–30 % increased 
amplitude uniformity, evidenced by the alternating blue-yellow bands 
[64]. This suggests MgO particles act as nucleation sites, promoting 
epitaxial grain growth and reducing interfacial energy [65]. At (c) 80 wt 
% MgO, the morphology shifts dramatically to millimeter-scale, saw 
tooth-shaped waves with sharp crests (peak-to-valley ~1.2 μm), where 
the dominant green-yellow contrast indicates MgO-rich phases forming 
continuous percolation networks [81].

This non-linear progression - from stochastic roughness (a) to in
termediate ordering (b) and finally to exaggerated topographic features 
(c) - correlates with XRD data showing MgO crystallite coarsening above 
60 wt% [63,64].

The AFM phase contrast (inset) further reveals that the 80 wt% 
sample develops hard MgO ridges (bright) separated by softer DD2Z 
troughs (dark), creating a composite surface with potential for aniso
tropic mechanical properties [39]. These microstructural trans
formations, quantified by FFT analysis demonstrating a 3-fold increase 
in dominant spatial frequency from (a) to (c), fundamentally alter 
interfacial contact mechanics, with implications for tribological [62,64] 
and dielectric applications in extreme environments [42].

3.1.2.3. Porosity (BET). The nitrogen adsorption-desorption isotherms 
of DD2 (natural kaolin from Djebel Debbagh) and DD2Z (kaolin modi
fied with 38 weight-percent ZrO2) are shown in Fig. 9(a and b). The 
rather higher nitrogen absorption over the isotherm suggests that ZrO2 
obviously increases adsorption capacity. Common of non-porous, or 
macroporous, materials with restricted adsorption capacity, the DD2 
sample shows a low BET surface area (0.33 m2/g) and Type II isotherm. 
By contrast, DD2Z has a Type IV isotherm, unique among mesoporous 

materials [50,56] and a surface area of (16.31 m2/g) which represent a 
significant increase. The corresponding pore size distribution inset 
shows a change toward bigger mesopores in DD2Z, therefore verifying 
the development of a more easily accessible porous network. This 
change greatly increases surface area and pore volume, therefore 
enhancing the fit of the material for uses based on adsorption. Previous 
work indicates that ZrO2 might be a structural activator in ceramic 
matrix, improving porosity and thermal stability [50,56], which fits the 
observed transition here. In wastewatertreatment, the modified DD2Z 
ceramics show generally great promise for membrane filtration, cata
lytic processes, and heavy metal adsorption [29,73].

Fig. 9 (c, d) show the nitrogen adsorption-desorption isotherms for 
the DD2 and DD2Z samples treated with 40 wt% MgO, so highlighting 
major structural and surface property changes. MgO added to DD2-MgO 
(kaolin with 40 % MgO) helps to create extra mesopores not found in the 
raw kaolin, therefore enhancing permeability and somewhat increasing 
surface area. Because of its modest porosity and enhanced meso
structure, which supports greater fluid transport, this composition is 
more suited for filtering than for adsorption. Lower than in the un
modified DD2Z-MgO (ZrO2-modified kaolin + MgO) sample are the 
surface area and nitrogen absorption. The phenomena arises from MgO’s 
partial blocking or filling of current mesopores, hence reducing acces
sible pore volume and active adsorption sites. Increased permeability 
and reduced adsorption efficiency follow from the pore size distribution 
moving from 5–50 nm to 10–100 nm. With a BET surface area of around 
16.31 m2/g and a Type IV isotherm profile fit for multilayeradsorption, 
the original DD2Z showed notable mesoporosity [73]. MgO alters the 
isotherm shape to Type II–III, which implies a reduction in adsorption 
capacity, hence improving appropriatenes for flow-through uses 
including membrane filtration [80]. Though its adsorption capacity is 
less than that of DD2Z, the improvement observed in DD2-MgO relative 

Fig. 8. Evolution of wave-like microstructural patterns in DD2Z with increasing MgO content. (a) DD2Z, (b) DD2Z + 40 wt% MgO, and (c) DD2Z + 80 wt% MgO.
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to raw DD2, a non-porous Type II material, is rather significant. This 
implies that MgO contributes to improve the concentration of useful 
mesopores in dense kaolin. Although MgO-modified variants, particu
larly DD2-MgO and DD2Z-MgO, show enhanced permeability and me
chanical strength, which qualifies them for membrane support systems 
and catalytic systems, DD2Z is the main choice for adsorption and 
pollution removal [92].

Fig. 9 (e, f) illustrates the nitrogen adsorption-desorption isotherms 
of DD2 and DD2Z ceramics treated with a high MgO content (80 wt%), 
therefore exposing notable changes in surface area, pore structure, and 
isotherm behavior. From 16.31 m2/g in unmodified DD2Z to barely 
0.33 m2/g, the BET surface area drastically decreases, therefore sug
gesting a significant loss in adsorption capabilities. This sudden decline 
is ascribed, as similarly reported in other MgO-modified porous systems, 
to the collapse or clogging of mesopores arising from the excessive 
presence of MgO, which causes the production of huge agglomerates and 
partial densification [93]. These reduces the total pore volume and 

limits access to active adsorption sites. The pore size distribution going 
from the mesoporous region (5–50 nm) to predominantly macropores 
(>100 nm) generates a Type IV to a Type II–III isotherm. This implies 
lower multilayer adsorption capability since macropores are generally 
inefficient for nitrogen absorption and van der Waals interactions are 
not effectively maintained [60,93]. Such a modification decreases the 
material’s usability for adsorption-based purposes even as it increases 
permeability.

Comparatively, samples with 40 wt% MgO sustain adsorption effi
ciency while somewhat raising mesoporosity and permeability, hence 
preserving an optimal balance. Although modest MgO inclusion pro
motes structural reinforcement and functional porosity, too large loads 
can prohibit adsorption by filling or distortion of mesopores. These re
sults highlight the significant part MgO concentration performs in con
trolling performance and pore architecture. Therefore, even although 
DD2Z is still the most efficient for adsorption and pollutant absorption, 
DD2Z-80 wt% MgO is more suited for usage requiring permeability and 

Fig. 9. BET adsorption-desorption isotherms of composite. of DD2 and DD2Z samples with varying MgO concentrations.
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structural integrity, like membrane supports or catalytic flow-through 
systems [19,93].

3.2. Thermal charcterization

3.2.1. TGA analyses
Fig. 10 presents the thermogravimetric analysis (TGA) results for 

DD2 and DD2Z ceramics with and without MgO additions. Both the 
unmodified DD2 and ZrO2-containing DD2Z samples exhibit strong 
thermal stability, with only minor mass loss observed up to 1000 ◦C. 
This behavior reflects the presence of stable crystalline phases like 
mullite and zircon formed during sintering, which resist thermal 
decomposition even at high temperatures [94].

In contrast, the introduction of MgO significantly affects the thermal 
response. Samples containing 40 wt% MgO (DD2 + 40 wt% MgO) begin 
to exhibit noticeable weight loss starting around 600 ◦C. This loss is 
likely due to a combination of dehydroxylation and phase changes 
associated with the formation of Mg-containing compounds, such as 
spinel (MgAl2O4) and forsterite (Mg2SiO4), along with the release of 
residual volatiles [95].

In summary, The results of TGA reveal that the introduction of ZrO2 
and MgO into kaolinite-based ceramics has a remarkable effect on the 
thermal stability. The base material (DD2) and its modified version with 
ZrO2 (DD2Z) show low weight losses, which means these have good 
inherent stability. In comparison, DD2 + 40 Mg delivered an early 
weight loss above 600 ◦C, suggesting low thermal resistance. However, 
weight loss decreases when more MgO is added, for example, 80 mg 
(DD2 + 80 wt% Mg) It was attributed to that higher MgO concentration 
of 80 Mg cause to the formation of stable magnesium silicate or spinel- 
like phases that strengthen the ceramic material. A stabilizing effect is 
noticed in the DD2Z + 80 wt% Mg composition that combines the sta
bilizing effect of ZrO2 and a high dose of MgO. Such co-action is believed 
to contribute to the generation of relatively stable crystalline structures, 
which in turn can withstand thermo-degradation and the material can 
thus be used in high-temperature applications [80].

3.3. Liquid diffusion application

Fig. 11 illustrates the diffusion behavior of octanol liquid droplets 
through various ceramic samples, specifically comparing DD2 and DD2Z 
(DD2 with 38 wt% zirconium oxide, ZrO2) with varying concentrations 
of magnesium oxide (MgO) [35,56]. The baseline samples, DD2 and 
DD2Z, exhibit linear spreading patterns, with droplet positions reaching 
approximately 1.3–1.4 cm at 3.5 s, indicating uniform and unimpeded 

diffusion across their surfaces [78]. When 40 wt% MgO is incorporated, 
as depicted in Fig. 11(c) and (d), the spreading behavior becomes less 
consistent, with scattered data points and slightly reduced final droplet 
positions around 1.3 cm [63]. This suggests that MgO begins to modify 
the porosity and surface properties of the samples, creating a more 
complex microstructure that restricts liquid movement [65].

At higher MgO concentrations (80 wt%), the effects are more pro
nounced: DD2+80 wt% MgO shows minimal spreading, with droplet 
positions stabilizing around 1.3 cm, likely due to the increased tortu
osity and porosity acting as barriers to diffusion [62,81]. In contrast, 
DD2Z+80 wt% MgO exhibits enhanced spreading, reaching up to 1.5 
cm, indicating that the presence of ZrO2 interacts uniquely with MgO to 
create a microstructure that promotes better wettability or connectivity 
of pores, facilitating liquid diffusion despite the high MgO content [76].

Numerical values from the graphs reveal initial droplet positions 
ranging from 0.9 to 1.0 cm and final positions between 1.2 and 1.8 cm, 
depending on the sample composition, with the slope of the lines 
reflecting varying diffusion rates [5,78]. The importance of MgO lies in 
its ability to significantly alter porosity and surface properties; for 
instance, porosity may increase from approximately 10 % in pure DD2 to 
around 25 % with 40 wt% MgO and up to 40 % with 80 wt% MgO [5,35,
78]. This modification not only influences the rate and extent of liquid 
diffusion but also highlights the critical role of ZrO2 in mitigating the 
restrictive effects of high MgO concentrations, thereby optimizing 
diffusion characteristics for specific applications [76]. The addition of 
magnesium oxide (MgO) to ceramic materials significantly increases the 
percentage of porosity in the final product, which plays a critical role in 
determining how liquids interact with the material’s surface [78]. 
Porosity refers to the void spaces within the material, and these voids 
can profoundly affect its physical and mechanical properties, including 
liquid diffusion behavior [5,78]. When MgO is incorporated, the ceramic 
surface becomes more irregular and rough, altering the wetting behavior 
of liquid droplets [32,65]. Areas with higher porosity may allow for 
greater initial absorption or wicking of the liquid into the material due to 
enhanced capillary action [78,82]. Capillary forces are particularly 
effective in regions with larger or more interconnected pores, meaning 
that the location of the droplet on the surface can influence how quickly 
and deeply the liquid penetrates the material [60]. For instance, a 
droplet placed over an area with high porosity will diffuse faster 
compared to regions with smaller or less connected pores [82]. In terms 
of time, higher porosity generally leads to faster initial absorption 
because of the increased surface area and capillary action, allowing the 
liquid to penetrate deeper into the material more rapidly [5,78]. How
ever, long-term diffusion can be slowed by the tortuosity of the pore 
network - the complex, winding pathways through which the liquid 
must travel [82]. This resistance can extend the total time required for 
complete diffusion, depending on the specific structure and connectivity 
of the pores [78]. To summarize, the location of the droplet affects the 
rate of diffusion, with higher porosity facilitating faster initial spreading, 
while the time for diffusion is influenced by both the rapid initial ab
sorption and the potential slowdown caused by the complexity of the 
pore network [62,81].

Understanding these dynamics is essential for optimizing processes 
involving liquid diffusion in MgO-modified ceramics, as it allows for 
better control over the interaction between liquids and the material’s 
porous structure. By tailoring the porosity through MgO addition, it is 
possible to design ceramics with desired diffusion characteristics for 
specific applications [60,72].

3.4. Antibacterial application

3.4.1. Immersion method
In this experiment, six samples were prepared by adding different 

weight percentages of magnesium oxide (MgO) (0 wt%, 40 wt%, and 80 
wt%) to two types of ceramics: DD2 and DD2 + 38 wt% ZrO2 (DD2Z). 
These samples were suspended in deionized water at concentrations of 

Fig. 10. Thermogravimetric Analysis (TGA) of DD2 and DD2Z samples with 
varying MgO concentrations.
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500, 250, 100, and 50 μg/mL [31,32]. Each sample was then added to a 
Pseudomonas putida solution (ATCC 12633) with a concentration of 1.4 
× 109 cells/mL [10], selected for its clinical relevance as a 
Gram-negative, biofilm-forming pathogen commonly found in water 
systems. Bacterial suspensions were prepared in sterile nutrient broth 
(Oxoid CM0001) at 1.4 × 109 cells/mL, verified by optical density at 

600 nm and plate counting [10,20]. For immersion tests, ceramic sam
ples were sterilized by autoclaving (121 ◦C, 15 min) prior to suspension 
in bacterial solutions to eliminate confounding effects from surface 
contaminants [37,40]. The mixtures were incubated at 37 ◦C with 

continuous shaking for various durations (0–8 h) [10,23]. After incu
bation, bacterial suspensions were transferred to a 96-well culture plate 
(100 μL/well), and their optical density (OD) was measured at 570 nm 
using a BioTek Eon microplate spectrophotometer. The bacterial inhi
bition rate was calculated using the formula [31,32]:  

To clarify the antibacterial mechanism observed in the immersion 
test, several interdependent processes are considered. First, MgO present 
in the ceramic gradually releases Mg2+ ions into the surrounding 

Fig. 11. Time-dependent droplet position analysis of DD2 and DD2Z samples with varying MgO concentrations during octanol oil spreading.

Inhibition rate
(

%
)

=

(

1 −
OD(8h,without sample) − OD(0h,without sample)

OD(8h,with sample) − OD(0h,with sample)

)

× 100% (Eq. 3) 
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solution. These ions disrupt the bacterial cell membrane by interfering 
with its structural integrity, leading to leakage of intracellular compo
nents and eventual cell death [65]. Second, both MgO and ZrO2 have 
been shown to produce reactive oxygen species (ROS) under aqueous 
conditions, especially in porous or nanostructured matrices. ROS such as 
superoxide radicals and hydroxyl ions cause oxidative stress in bacteria 
by damaging DNA, proteins, and lipid membranes [32,38]. Third, the 
high porosity of the ceramic samples, enhanced by MgO and ZrO2, in
creases the contact surface area between the bacteria and the ceramic. 
This facilitates bacterial adsorption, physical entrapment, and localized 
exposure to toxic species within the pore network [5,78]. Finally, MgO 
also contributes to raising the local pH near the ceramic surface, creating 
an alkaline environment that inhibits bacterial growth and metabolic 
activity [31]. This multifactorial mechanism explains the strong anti
bacterial activity observed, particularly in the DD2Z + 80 wt% MgO 
sample, which demonstrated a 75 % inhibition rate.

It is important to note that porosity increases with increasing MgO 
percentage [78]. Additionally, ZrO2 in DD2Z improves porosity to ~33 
%, enhancing antibacterial efficacy compared to DD2 [31,32]. The 
DD2Z + 80 wt% MgO sample exhibited the highest inhibition rate (75 
%), resulting from: (1) enhanced Mg2+ release disrupting bacterial 
membranes [31,32,65]; (2) increased ROS generation from MgO nano
particles and ZrO2-induced surface defects [30,36]; and (3) physical 
entrapment in hierarchical pores (0.5–2 μm). This multifactorial 
mechanism differs from single-mode antibacterial materials [37,40], 
with ZrO2-modified samples maintaining 85 % activity after 5 washing 
cycles, indicating stable active component integration [19].

To further validate the proposed mechanism, we compared the 
antibacterial results of our ceramics with those reported for similar 
systems. The DD2Z + 80 wt% MgO sample reached a 75 % inhibition 
rate and a 12.5 mm inhibition zone against Pseudomonas putida, out
performing other MgO-based ceramics in comparable tests. Sivaselvam 
et al. [31] observed inhibition zones of around 9 mm using MgO-doped 
alumina, while El-Shaer et al. [38] reported 70 % inhibition using 
Mg-modified silica materials. In those systems, surface coatings or 
nanoparticle suspensions were often required. In contrast, our ceramic 
relies solely on bulk composition and sintering, suggesting that the 
intrinsic structural features such as MgO availability, ZrO2-induced 

porosity, and ROS generation jointly enhance the antibacterial effect.
To evaluate whether the antibacterial activity observed was influ

enced primarily by changes in pH, the pH of the bacterial suspension 
was measured after 8 h of contact with each ceramic sample. The results 
showed that unmodified DD2 and DD2Z samples maintained near- 
neutral pH values (7.1–7.3), while MgO-modified samples increased 
pH in proportion to MgO content, reaching up to 9.2 in DD2Z + 80 wt% 
MgO. However, pH alone did not account for the antibacterial effects. 
Control suspensions adjusted to similar pH values using NaOH, without 
ceramic materials, showed no significant bacterial inhibition under 
identical conditions. Furthermore, among samples with similar pH (e.g., 
DD2 + 80 wt% MgO and DD2Z + 80 wt% MgO), the ZrO2-modified 
composition consistently showed higher inhibition rates. These results 
confirm that while elevated pH may contribute to bacterial stress, it is 
not the sole factor. The antibacterial activity is better explained by a 
combination of surface alkalinity, ROS generation, and membrane 
disruption, as supported by ROS analysis and structural observations. 
The enhanced antibacterial activity of our DD2Z-MgO composites aligns 
with findings by Rotti et al. [96], who reported MgO nanoparticles 
achieving 4-log bacterial reduction via ROS generation. However, our 
ceramic matrix prevents nanoparticle aggregation a critical limitation 
they identified for colloidal systems. Muhaymin et al. [97] similarly 
observed photocatalytic antibacterial effects with plant-synthesized 
MgO, but their free nanoparticles lacked the recoverability of our 
fixed-bed ceramic system, which retains 85 % activity after repeated use 
(Fig. 12). This structural advantage is particularly relevant for waste
water treatment, where material durability and reusability are 
paramount.

Fig. 12 illustrates the antibacterial action of a porous ceramic disk 
against Pseudomonas putida bacteria in solution [5,10]. The beaker 
contains a prepared bacterial suspension with P. putida, a rod-shaped, 
Gram-negative bacterium known for its environmental adaptability 
[21,23]. A porous ceramic disk is submerged in the solution, and its 
highly porous surface provides active sites for bacterial interaction [5,
78]. The ceramic’s surface charge and pore structure facilitate the 
attraction and entrapment of bacteria, as indicated by arrows showing 
bacterial movement toward the disk [31,65]. Once bacteria enter the 
pores, they become immobilized, disrupting their physiological 

Fig. 12. Antibacterial action of a porous ceramic disk on Pseudomonas putida in solution.
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functions and ultimately leading to cell death [30,36]. The ceramic’s 
ability to absorb and retain bacteria prevents further proliferation, 
reducing bacterial concentration in the surrounding solution [76]. This 
schematic highlights the role of porosity [19], surface charge [32,65], 
and structural characteristics in enhancing the antibacterial efficiency of 
the ceramic material [60].

Fig. 13 illustrates the antibacterial inhibition rates of DD2 and ZrO2- 
modified DD2 (DD2Z) ceramics containing 0 %, 40 %, and 80 % MgO 
against Pseudomonas putida [5,10]. When magnesium oxide (MgO) is 
incorporated at concentrations of 40 % and 80 %, the inhibition of 
Pseudomonas putida becomes more effective [31,32]. MgO primarily 
improves the surface properties of ceramics by increasing reactive re
gions that disrupt bacterial sites [32,65]. Remarkably, the antibacterial 
efficiency increases even higher when zirconium oxide (ZrO2) is also 
incorporated into the ceramic composition producing the DD2Z series 
[76]. ZrO2 enhances the efficacy of the material by increasing meso
porosity and facilitating the continuous dispersion of MgO [19,76]. The 
DD2Z sample achieves an exceptional outcome with a maximal inhibi
tory rate of 75 % at 80 % MgO [31,32]. This plainly demonstrates that 
the combination of MgO and ZrO2 not only enhances porosity and sur
face area [74], but also makes the environment more conducive to 
bacterial inhibition [31,32,65]. These findings suggest that modified 
ceramics are not only captivating but also highly effective in 

applications such as water filtration systems, where durability and 
robust antibacterial properties are of paramount importance [60,76].

To support the proposed antibacterial mechanism, a comparative 
ROS analysis was conducted on selected ceramic samples using a DCFH- 
DA-based fluorescence assay. The results, presented in Fig. 14, show a 
clear increase in ROS intensity with higher MgO content, particularly in 
ZrO2-modified samples. DD2Z + 80 wt% MgO exhibited the highest ROS 
generation, approximately four times greater than unmodified DD2. 
This trend correlates with the enhanced inhibition rates observed in the 
antibacterial assays. The increased ROS levels are attributed to the 
greater surface reactivity and porosity introduced by MgO, which 
facilitate oxidative stress at the bacterial interface. Although this anal
ysis was performed using standard indirect fluorescence methods rather 
than electron spin resonance, the data provide strong evidence that ROS 
play a significant role in bacterial inactivation in MgO-rich 
compositions.

3.4.2. Agar diffusion method
Fig. 15 shows the antibacterial activity testing of DD2 and DD2Z 

ceramic samples against Pseudomonas putida using an agar diffusion 
method [10]. To prepare this test, P. putida was cultured to reach a 
concentration of 1.4 × 109 cells/mL (±0.1 × 109) and spread uniformly 
on nutrient agar plates [20,23]. The nutrient agar plates contained 15 
g/L bacteriological agar with 5 g/L peptone and 3 g/L beef extract to 
ensure optimal bacterial growth for zone inhibition measurements [62,
81]. Ceramic disks were surface-sterilized by UV exposure (30 min) 
prior to placement on agar to prevent cross-contamination [37,40]. The 
ceramic disks (shown as white/beige circular samples) were then placed 
on the bacterial lawn, with Fig. 15a showing the DD2Z variants (DD2Z 
pure, DD2Z+ 40 wt% MgO, and DD2Z+ 80 wt% MgO) and Fig. 15b 
showing the DD2 variants (DD2 pure, DD2+40 wt% MgO, and DD2+ 80 
wt% MgO). The inhibition zones around each sample were measured 
after 24 h of incubation at 37 ◦C (±0.5 ◦C) [10,23].

The results clearly demonstrate that DD2Z samples exhibited larger 
inhibition zones compared to their DD2 counterparts, with DD2Z+ 80 
wt% MgO showing the largest inhibition zone of 12.5 ± 0.5 mm, fol
lowed by DD2Z+ 40 wt% MgO at 9.8 ± 0.4 mm.

Our composite’s enhanced performance compared to pure MgO 
stems from three synergistic effects evident in the agar tests. First, the 
ZrO2-modified porous structure (33 % porosity) enables deeper diffusion 
of antibacterial components into the agar medium. Second, energy- 
dispersive X-ray spectroscopy showed Mg2+ distributes more uni
formly in our composite than in pure MgO samples. Most critically, the 
ROS measurements (Fig. 14) demonstrated nearly double the oxidative 
species generation versus MgO alone, which we attribute to charge 
transfer at MgO-ZrO2 interfaces. This combination explains both the 
larger inhibition zones observed and their sustained activity after 
repeated testing.

In contrast, the DD2 samples showed smaller inhibition zones, with 
DD2+ 80 wt% MgO reaching only 8.2 ± 0.4 mm and DD2+ 40 wt% 
MgO showing 6.5 ± 0.3 mm. This enhanced antibacterial performance 
of DD2Z samples can be attributed to their higher porosity (~33 % ± 2 
% greater than DD2) due to the presence of ZrO2 [76], which facilitates 
better interaction with bacteria and more effective release of MgO [10,
31,32,65].

Table 6 clearly shows the progression of antibacterial effectiveness as 
both MgO content increases and with the addition of ZrO2 in the DD2Z 
samples (see Table 5). The largest inhibition zone was observed with 
DD2Z+ 80 wt% MgO, demonstrating the synergistic effect of combining 
high MgO content with the enhanced porosity provided by ZrO2.

3.4.3. Comparative analysis of immersion vs. agar diffusion methods for 
testing antibacterial activity of porous ceramics

The immersion method demonstrates superior effectiveness 
compared to the traditional agar diffusion method for evaluating the 
antibacterial properties of DD2 and DD2Z ceramics against Pseudomonas 

Fig. 13. Antibacterial properties of ceramic samples.

Fig. 14. Quantitative analysis of ROS generation in DD2 and DD2Z ceramic 
samples with varying MgO content.
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putida [5,10,23]. In the immersion method, ceramic samples are sus
pended in a bacterial solution (1.4 × 109 ± 0.1 × 109 cells/mL), 
allowing complete three-dimensional interaction between bacteria and 
the entire porous structure of the ceramic, resulting in higher efficiency 
(85 % ± 5 %) compared to the agar diffusion method (60 % ± 5 %) [37]. 
This enhanced performance is particularly evident in samples with 
higher porosity, such as DD2Z+80 wt% MgO, where the pores (0.5–2 μm 
± 0.1 μm) actively participate in bacterial capture and elimination 
throughout the entire sample volume [76]. In contrast, the agar diffu
sion method only demonstrates surface interactions, as evidenced by the 
inhibition zones (maximum 12.5 ± 0.5 mm for DD2Z+80 wt% MgO) 
[31,32], failing to fully utilize the enhanced porosity (~33 % ± 2 %) 
provided by ZrO2 addition [60,76]. The immersion method also enables 
quantitative measurement through optical density readings and pro
vides more accurate time-dependent antibacterial activity assessment 
[10,23], making it more representative of real-world applications where 

complete surface contact and pore network utilization are crucial for 
effective antibacterial performance [76].

These advantages align with recent findings by Shkir et al. [98], 
whose Ag/MgO nanocomposites achieved 90 % bacterial inhibition but 
required costly silver dopants. Our ZrO2-modified system matches this 
performance (85 % inhibition) without noble metals, while significantly 
outperforming their recyclabilityretaining 85 % activity after 5 cycles 
versus their reported 40 % decline after 3 cycles [98]. Similarly, 
plant-synthesized MgO nanoparticles [96,97] show limited reusability 
in flow systems, further highlighting the practical benefits of our 
ceramic-immobilized approach for wastewater treatment.

In the present study, Pseudomonas putidawas selected as a represen
tative Gram-negative bacterium due to its environmental persistence, 
high resistance to antimicrobials, and relevance in water systems. While 
Gram-positive strains were mentioned to frame the broader context of 
bacterial contamination, P. putida was selected for its ability to challenge 
the antibacterial efficacy of ceramic surfaces under realistic conditions. 

Fig. 15. Antibacterial activity testing of DD2 and DD2Z ceramic samples against Pseudomonas putida using an agar diffusion method.

Table 5 
Antibacterial inhibition rates of DD2 and DD2Z ceramics with varying MgO 
content against Pseudomonas putida.

Sample 
Type

MgO (wt. 
%)

Porosity Improvement Inhibition Rate 
(%)

SD

DD2 0 None 25 ±3
DD2 40 Moderate 40 ±4
DD2 80 High 60 ±5
DD2Z 0 None (+38 % ZrO2) 35 ±3
DD2Z 40 Moderate (+38 % 

ZrO2)
55 ±4

DD2Z 80 High (+38 % ZrO2) 75 ±5

Table 6 
Inhibition zone measurements for DD2 and DD2Z ceramic samples against 
P. putida.

Sample 
type

MgO content 
(wt.%)

Inhibition zone diameter 
(mm)

Porosity 
enhancement

DD2 0 3.2 ± 0.2 None
DD2 40 6.5 ± 0.3 Moderate
DD2 80 8.2 ± 0.4 High
DD2Z 0 4.8 ± 0.3 ~33 % ± 2 %
DD2Z 40 9.8 ± 0.4 ~33 % ± 2 %
DD2Z 80 12.5 ± 0.5 ~33 % ± 2 %

Table 7 
Comparative analysis of immersion and agar diffusion methods for antibacterial 
testing of ceramic samples.

Parameter Immersion Method Agar Diffusion Method

Testing environment Bacterial suspension (1.4 
× 109 ± 0.1 × 109 cells/ 
mL)

Nutrient agar plates

Interaction Type 3D interaction with entire 
sample

Surface interaction only

Method efficiency 85 % ± 5 % 60 % ± 5 %
Pore utilization Complete utilization 

(0.5–2 μm ± 0.1 μm)
Surface pores only

Porosity enhancement 
effect (ZrO2)

Fully utilized (~33 % ± 2 
%)

Partially utilized

Measurement type Quantitative (OD at 570 
nm)

Semi-quantitative (zone 
measurement)

Best performing sample 
results

DD2Z+80 wt% MgO: 75 % 
± 5 % inhibition

DD2Z+80 wt% MgO: 
12.5 ± 0.5 mm zone

Time- 
dependentanalysis

Possible (0–8 h) Limited (24 hoursonly)

Real-world application 
relevance

High Moderate

Bacterial contact area Entire sample surface and 
pores

Surface contact only

Result reproducibility High Moderate
Data collection points Multiple time points Single endpoint
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Given its role in biofilm formation and its resilience in aqueous envi
ronments, it provided a stringent and appropriate test organism for 
assessing the materials’ potential applications in wastewater.

3.5. Comparative analysis

To benchmark the performance of DD2Z-MgO composites against 
existing ceramic membranes, Table 8 compares key metrics (antibacte
rial efficacy, adsorption capacity, and surface area) with prior studies. 
Notably, our material achieves a 75 % bacterial inhibition rate sur
passing pure MgO ceramics (45–60 %) due to synergistic MgO-ZrO2 
interactions that enhance ROS generation and pore entrapment [31,32]. 
Similarly, the 92 % methylene blue removal efficiency rivals activated 
carbon [19,45] while the BET surface area (16.31 m2/g) represents a 49 
× improvement over conventional kaolin ceramics [5]. This multi
functionality addresses a critical gap in materials that typically sacrifice 
adsorption for antibacterial properties or vice versa.

The comparative data underscore two key advantages of DD2Z-MgO 
composites: (1) The integration of ZrO2 not only stabilizes the porous 
structure but also amplifies MgO’s antibacterial action via defect- 
mediated ROS production [32,62], and (2) The hierarchical porosity 
(0.5–2 μm) enables simultaneous adsorption and microbial inactivation, 
unlike single-function membranes [50,51]. While prior studies focused 
on either high flux (e.g., ZrO2 membranes [50,51] or antibacterial ac
tivity (e.g., MgO-Al2O3 [40]), our work achieves both, as evidenced by 
the 120 L/m2h water flux under operational pressures. This dual func
tionality represents a significant advance over prior systems. While 
Farani et al. [99] achieved antimicrobial and filtration properties in 
polymer-supported nanocomposites, their materials degraded after 5 
cycles a limitation overcome by our all-ceramic design. Similarly, Aziz 
et al. [86] demonstrated excellent antibacterial activity with 
plant-synthesized MgO, but their nanoparticles lack the structural 
integrity required for continuous wastewater treatment. Our membranes 
maintain 85 % activity after 5 cycles (Table 7) while processing 120 
L/m2h, demonstrating practical advantages for real-world 
implementation.

To clarify the role of the material, the DD2Z-MgO ceramic systems 
developed in this study are intended for use as filtration membranes 
rather than conventional adsorbents. This classification is supported by 
their structural configuration (sintered ceramic discs of 0.5 mm thick
ness), controlled porosity (~35 %), and stable water flux performance 
(120 L/m2⋅h at 0.5 bar), which are characteristic features of membrane 
materials. While adsorption tests using methylene blue were conducted 
to assess surface reactivity and porosity, they do not reflect the primary 
application. Long-term functional stability was partially addressed 
through repeated antibacterial cycling, with the DD2Z + 80 wt% MgO 
sample maintaining approximately 85 % inhibition efficiency after five 
washing cycles. However, detailed rejection studies under continuous- 
flow conditions using dye or contaminant challenges were not within 

the scope of this work and are planned for follow-up investigations. 
These future tests will aim to establish rejection rates and fouling 
resistance under dynamic conditions, which are critical for confirming 
membrane performance in real wastewater environments.

4. Conclusion

This study demonstrates a new route for producing dual-function 
ceramic materials by combining structural and antibacterial oxides in 
a natural clay base. The synergy between ZrO2 and MgO enhances 
porosity, mechanical stability, and antibacterial performance in a way 
that outperforms single-function systems reported in the literature. This 
integrated design can meet the demands of decentralized water treat
ment while reducing reliance on synthetic components or complex 
fabrication steps. The addition of MgO at different concentrations (0, 40, 
and 80 wt%) resulted in notable phase transformations, including the 
development of spinel (MgAl2O4) and forsterite (Mg2SiO4), as evidenced 
by XRD analysis. The incorporation of 38 wt% ZrO2 into the DD2 matrix 
significantly enhanced mesoporosity and increased the BET surface area 
by 49 times, indicating a marked improvement in adsorption capacity. 
Microstructural analysis using SEM/EDS and AFM indicated that 
elevated MgO content led to greater porosity and surface roughness, 
thereby promoting improved permeability and bacterial entrapment. 
Thermogravimetric analysis (TGA) revealed a compromise between 
enhanced functionality and diminished thermal stability with increased 
MgO loadings. Antibacterial assays conducted on Pseudomonas putida 
revealed a maximum inhibition rate of 75 % and an inhibition zone 
measuring 12.5 mm for the DD2Z-80 wt% MgO composite, indicating its 
enhanced antimicrobial effectiveness. The synergistic effects of MgO 
and ZrO2 modifications resulted in the formation of structurally robust, 
highly porous, and functionally active ceramic materials. The findings 
indicate that DD2-based composites may serve as cost-effective, sus
tainable, and efficient options for membrane filtration, antibacterial 
surfaces, and integrated wastewater treatment technologies. While this 
study demonstrates promising results, future work should focus on: (1) 
scaling up production using industrial extrusion methods to evaluate 
cost-effectiveness; (2) long-term stability testing under real wastewater 
conditions with complex contaminant mixtures; and (3) integration with 
photocatalytic components like TiO2 to enable self-cleaning function
ality. The modular nature of this material system allows for tuning 
composition based on specific application needs with higher MgO con
tent (60–80 wt%) for medical antibacterial surfaces versus balanced 
formulations (30–50 wt%) for water treatment membranes.
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Table 8 
Comparative analysis of antibacterial and adsorption performance between this study and prior studies of ceramic membrane materials.

Material composition Target Bacteria/ 
Contaminant

Key Metrics This Work (DD2Z-80 
wt%MgO)

Prior Studies Advantages of thisstudy Ref.

MgO-doped kaolinite 
+38 % ZrO2

Pseudomonas putida Inhibition rate (%) 75 % (immersion) 45–60 % (pure 
MgOceramics)

Higher efficacy via ZrO2 

synergy
[31,
32]

MgO-doped kaolinite +
38 % ZrO2

Pseudomonas putida Inhibition zone (mm) 12.5 mm (agar) 5–9 mm (MgO-Al2O3 

composites)
Larger zone due to 
mesoporosity

[39,
40]

MgO-doped kaolinite +
38 % ZrO2

Methyleneblue (50 
mg/L)

Adsorption efficiency 
(%)

92 % (120 min) 70–85 % 
(activatedcarbon)

Competitiveremoval, anti- 
fouling

[19,
45]

MgO-doped kaolinite +
38 % ZrO2

– BET surface area (m2/ 
g)

16.31 0.3–5 (typical kaolin 
ceramics)

49 × improvement via ZrO2 [5]

Mullite-ZrO2 membranes 
(reference)

E. coli Water flux (L/m2h at 
0.5 bar)

120 50-90 (ZrO2-only 
membranes)

Balanced flux + antibacterial 
action

[50,
51]
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[35] D. Bouras, A. Mecif, R. Barillé, A. Harabi, M. Zaabat, Porosity properties of porous 
ceramic substrates added with zinc and magnesium material, Ceram. Int. 46 (2020) 
20838–20846, https://doi.org/10.1016/J.CERAMINT.2020.05.114.

[36] W.J. Jung, F. Mabood, A. Souleimanov, L.G. Whyte, T.D. Niederberger, D.L. Smith, 
Antibacterial activity of antagonistic bacterium Bacillus subtilis DJM-51 against 
phytopathogenicClavibactermichiganense subsp. michiganense ATCC 7429 in 
vitro, Microb. Pathog. 77 (2014) 13–16, https://doi.org/10.1016/J. 
MICPATH.2014.10.008.

D. Bouras et al.                                                                                                                                                                                                                                  Journal of Science: Advanced Materials and Devices 10 (2025) 100974 

18 

https://doi.org/10.1016/j.jhazmat.2025.138193
https://doi.org/10.1002/smll.202303838
https://doi.org/10.1002/smll.202303838
https://doi.org/10.1016/j.inoche.2023.110913
https://doi.org/10.1016/j.inoche.2023.110913
https://doi.org/10.1016/j.arabjc.2023.105112
https://doi.org/10.1016/j.ceramint.2024.05.091
https://doi.org/10.1016/j.wasman.2025.02.027
https://doi.org/10.1016/J.JMRT.2023.06.031
https://doi.org/10.1016/J.JMRT.2023.06.031
https://doi.org/10.1016/J.JER.2023.10.040
https://doi.org/10.1016/J.JER.2023.10.040
https://doi.org/10.1109/TMECH.2023.3323385
https://doi.org/10.1109/TMECH.2023.3323385
https://doi.org/10.1016/J.MICPATH.2014.10.008
https://doi.org/10.1016/J.MICPATH.2014.10.008
https://doi.org/10.1016/J.MICPATH.2020.103972
https://doi.org/10.1016/j.jsamd.2023.100642
https://doi.org/10.3390/PH13060133
https://doi.org/10.1080/23144599.2022.2123082
https://doi.org/10.18502/IJPH.V52I8.13395
https://doi.org/10.1111/J.1462-2920.2011.02538.X
https://doi.org/10.1111/J.1462-2920.2011.02538.X
https://doi.org/10.1016/j.jre.2022.05.018
https://doi.org/10.1111/1751-7915.13043
https://doi.org/10.1111/1751-7915.13043
https://doi.org/10.1007/s43207-024-00398-6
https://doi.org/10.1007/s43207-024-00398-6
https://doi.org/10.3168/jds.2008-1384
https://doi.org/10.3168/jds.2008-1384
https://doi.org/10.1016/J.YMBEN.2018.05.005
https://doi.org/10.1016/j.conbuildmat.2024.139367
https://doi.org/10.1016/j.conbuildmat.2024.139367
https://doi.org/10.1016/J.IJBIOMAC.2021.09.142
https://doi.org/10.1016/J.IJBIOMAC.2021.09.142
https://doi.org/10.1016/J.CBI.2022.110072
https://doi.org/10.1016/J.CBI.2022.110072
https://doi.org/10.7536/PC211120
https://doi.org/10.7536/PC211120
https://doi.org/10.1186/S12934-015-0393-3
https://doi.org/10.1007/S11082-022-04161-1
https://doi.org/10.1016/j.optmat.2022.112725
https://doi.org/10.1016/j.optmat.2022.112725
https://doi.org/10.1007/S40145-022-0630-2
https://doi.org/10.1007/S40145-022-0630-2
https://doi.org/10.1016/J.CLAY.2017.10.005
https://doi.org/10.1016/j.jece.2020.104256
https://doi.org/10.1016/J.IJPHARM.2020.119373
https://doi.org/10.1016/j.cej.2023.146340
https://doi.org/10.3390/CATAL11060733
https://doi.org/10.1016/J.CERAMINT.2020.05.114
https://doi.org/10.1016/J.MICPATH.2014.10.008
https://doi.org/10.1016/J.MICPATH.2014.10.008


[37] K. Gold, B. Slay, M. Knackstedt, A.K. Gaharwar, Antimicrobial activity of metal and 
metal-oxide based nanoparticles, Adv. Ther. 1 (2018) 1700033, https://doi.org/ 
10.1002/ADTP.201700033.

[38] A. El-Shaer, M. Abdelfatah, K.R. Mahmoud, S. Momay, M.R. Eraky, Correlation 
between photoluminescence and positron annihilation lifetime spectroscopy to 
characterize defects in calcined MgO nanoparticles as a first step to explain 
antibacterial activity, J. Alloys Compd. 817 (2020) 152799, https://doi.org/ 
10.1016/j.jallcom.2019.152799.

[39] M. Amina, N.M. Al Musayeib, G.A. Al-Hamoud, A. Al-Dbass, A. El-Ansary, M.A. Ali, 
Prospective of biosynthesized L. sativum oil/PEG/Ag-MgObionanocomposite film 
for its antibacterial and anticancer potential, Saudi J. Biol. Sci. 28 (2021) 
5971–5985, https://doi.org/10.1016/j.sjbs.2021.06.052.

[40] G.H. Naguib, H.M. Nassar, M.T. Hamed, Antimicrobial properties of dental cements 
modified with zein-coated magnesium oxide nanoparticles, Bioact. Mater. 8 (2022) 
49–56, https://doi.org/10.1016/j.bioactmat.2021.06.011.

[41] Z. Huang, Y. Zhang, H. Wang, J. Li, Improved electrical resistivity-temperature 
characteristics of oriented hBN composites for inhibiting temperature-dependence 
DC surface breakdown, Appl. Phys. Lett. 123 (2023) 52203, https://doi.org/ 
10.1063/5.0166638.

[42] P. Xu, X. Liu, Y. Zhao, D. Lan, I. Shin, Study of graphdiyne biomimetic 
nanomaterials as fluorescent sensors of ciprofloxacin hydrochloride in water 
environment, Desalination Water Treat. 302 (2023) 129–137, https://doi.org/ 
10.5004/dwt.2023.29723.

[43] T. Dai, C. Fang, T. Liu, S. Zheng, G. Lei, G. Jiang, Waste glass powder as a high 
temperature stabilizer in blended oil well cement pastes: hydration, microstructure 
and mechanical properties, Constr. Build. Mater. 439 (2024) 137359, https://doi. 
org/10.1016/j.conbuildmat.2024.137359.

[44] J. Xu, D. Li, J. Song, D. Du, X. Zhang, Hydrolysis behavior and mechanism of AlON 
powders, Mater. Des. (2025) 114338, https://doi.org/10.1016/j. 
matdes.2025.114338.

[45] D.A.M. Alexandrino, C.M.R. Almeida, A.P. Mucha, M.F. Carvalho, Revisiting 
pesticide pollution: the case of fluorinated pesticides, Environ. Pollut. 292 (2022) 
118315, https://doi.org/10.1016/J.ENVPOL.2021.118315.

[46] A.S.M. Nur, M. Sultana, A. Mondal, S. Islam, F.N. Robel, M.A. Islam, M.S.A. Sumi, 
A review on the development of elemental and codopedTiO2 photocatalysts for 
enhanced dye degradation under UV–vis irradiation, J. Water Process Eng. 47 
(2022) 102728, https://doi.org/10.1016/J.JWPE.2022.102728.

[47] N.A. Zainol, A. Baharuddin, N.A. Yusoff, K.S.A. Sohaimi, N.M. Rohaizad, A. 
A. Ghani, E.A. Wikurendra, A. Andini, A. Syafiuddin, Removal of methylene blue 
dye from aqueous solution by using orange peel treated with acid as an adsorbent, 
Desalination Water Treat. 260 (2022) 161–168, https://doi.org/10.5004/ 
DWT.2022.28425.

[48] E. Mansor, H. Abdallah, A.M. Shaban, The role of membrane filtration in 
wastewater treatment, Environ. Qual. Manag. 34 (2024) e22251, https://doi.org/ 
10.1002/TQEM.22251.

[49] P. Sanchis-Perucho, D. Aguado, J. Ferrer, Á. Seco, A. Robles, A comprehensive 
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