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      ABSTRACT

      Efficient separation of oil-water emulsions is critical for addressing environmental pollution caused by industrial wastewater. This study investigates the application of quartz material coated with hydrophobic nanoparticles to enhance oil-water separation efficiency. Quartz samples were prepared and analysed under different conditions: raw, washed, and coated with one to four layers of hydrophobic nanoparticles. Surface morphology was evaluated using Scanning Electron Microscopy (SEM), revealing the impact of nanoparticle distribution, surface roughness, and inter-particle separation on wettability. The first coating demonstrated optimal nanoparticle distribution, resulting in superior wettability and oil rejection efficiency, reducing oil and grease concentration to 29.3 mg/L. Successive coatings led to clustering and irregular surface morphology, adversely affecting separation performance. Mathematical models were developed to quantify key parameters, including oil rejection efficiency, nanoparticle uniformity, and separation efficiency. The findings highlight the potential of quartz material with a single hydrophobic nanoparticle coating as a low-cost, efficient solution for oil-water separation, providing insights into optimizing coating processes for environmental applications.
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1. [bookmark: _Hlk187108853]Introduction 

[bookmark: _heading=h.fpu7f0jwz6g9]

Oily wastewater is a significant byproduct of various industrial processes, including oil and gas exploration, petrochemicals, textiles, food production, and metalworking industries [1,2]. When inadequately treated, industrial waste, including oily wastewater, poses serious risks to human health, the environment, and ecosystems. This issue has garnered global attention, prompting the enforcement of regulations for waste treatment, reuse, and discharge limits, particularly concerning oily wastewater [3]. In this context, membrane filtration has emerged as a promising, energy-efficient, and environmentally friendly solution due to its ease of use, high removal efficiency, and minimal secondary pollution [4]. Recent research has increasingly focused on materials with optimal wettability for treating oily wastewater. However, traditional commercial ceramic membranes are costly due to expensive raw materials and high sintering temperatures, making polymer membranes more economical for conventional wastewater treatment [5]. Consequently, developing low-cost ceramic membranes or supports using inexpensive minerals such as bauxite, quartz, kaolin, coal gangue, or clay-sand has become a critical area of research in the field of ceramic membranes [6–8]. Amongst other low cost inexpensive mineral materials used for oily wastewater separation, quartz was reported as the promising material for membrane filtration processess [9,10]. 
Several studies were conducted to investigate the oporating parameters of the quartz sands, for insttance Hengyang et al. [11] improved the mechanical performance of quartz sand membranes by introducing a sintering agent, achieving a consistent pore size of 270 nm and an oil rejection efficiency exceeding 97%. While, Jinglin et al. [12] investigated varying pore sizes, finding that membranes with a pore size of 190 nm achieved a examined quartz sand membranes sintered at 1000°C, reporting a pore size of 16.24 nm, compressive strength of 31.05 MPa, and a maximum oil removal rate of 71.25%, highlighting the benefits of higher sintering temperatures for mechanical strength. Although several studies have been conducted using quartz sands and measuring operational parameters, there is limited research on the impact of nanoparticle coating on the surface of the quartz particles to improve the wettability of the material for enhanced oil-water separation purity. Therefore, the current study will analyse the impact of hydrophobic nanoparticles on quartz martial surfaces, specifically dry-graded silica particles ( particle size 0.8-1.8 mm) to improve the oil-water separation quality and develop mathematical models to quantify key parameters.

MATERIALS AND METHODS 

[bookmark: _Hlk187147096][bookmark: _Hlk187145102]The dry-graded silica particles ( particle size 0.8-1.8 mm) were prepared using the crushing technique where the desired particle sizes between 0.8-1.8 mm were obtained as indicated in Figure 1. 
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Figure 1. Crushed quartz particles 

After crushing, the quartz material was thoroughly cleaned using a descaling chemical to eliminate surface impurities and contaminants prior to coating. The cleaned quartz was then air-dried at room temperature (25 °C) for 24 hours. Once dry, the material was spread in a thin, even layer on a flat surface. A high-pressure spray gun was employed to apply hydrophobic nanoparticles to the quartz particles, aiming to enhance surface wettability. Coatings were applied sequentially, ranging from one to four layers, to evaluate their performance in oil-water separation [13].
To ensure uniform coating, the spray gun nozzle was positioned at a 90-degree angle, maintaining a 5 mm distance from the particle surface. After coating, the quartz particles were prepared for analysis using Scanning Electron Microscopy (SEM) to examine surface morphology, as illustrated in Figure 2. For a comprehensive comparison of surface wettability, the samples were categorized into four groups: raw, washed, and coated (with one to four layers of nanoparticles).
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Figure 2. Samples prepared for SEM characterization, illustrating the progression from untreated to multiple coated stages. The samples include (a) Raw quartz material, showcasing its natural surface structure; (b) Quartz after washing, highlighting the cleaned surface; (c) Quartz with the first nanoparticle coating, showing the initial distribution of nanoparticles; (d) Quartz with a second coating, indicating changes with an additional layer; (e) Quartz with a third coating, demonstrating further nanoparticle buildup; and (f) Quartz with the fourth coating, representing the final stage before SEM analysis. These samples enable detailed analysis of surface morphology and nanoparticle adherence through SEM imaging.
2.1 Oil/water separation using quartz martial

[bookmark: _Hlk187148869]Dry-graded silica particles (SiO₂ 98%, Fe₂O₃ 0.18%, particle size 0.8–1.8 mm) were utilized to investigate the quality of permeate during oil-water separation. The study employed the gravitational bed gravity-accelerated technique, as illustrated in Figure 3, to ensure a separation process free from mechanical or electrical influence. Diesel in water was used to simulate industrial oily wastewater in the experiments [14–16]. 
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Figure 3. Illustrates the quartz material employed for oil and water separation, with (a) showing the quartz filtration bed and (b) depicting the oil and water mixture
2.2 Mathematical models developed to analyze quartz material performance 

The mathematical models were developed to analyze the performance of quartz materials in oil-water separation.

Eq. (1) indicates the Oil Rejection Efficiency (ORE), this model measures the quartz material's ability to reduce oil content after treatment, where  is oil and grease concentration in the feed water (mg/L) and  represents the Oil and grease concentration in the treated water (mg/L).

 		(1)

Eq. (2) represents the Surface Wettability Contribution (SWC), this model evaluates the contribution of surface wettability to the oil rejection process, accounting for the number of coatings, where  is the number of hydrophobic nanoparticle coatings applied to the quartz material.

		(2)

Eq. (3) indicates the Separation Performance Index (SPI), the SPI assesses the material’s efficiency in separating water from the oil-water mixture, incorporating permeate volume and feed concentration. Where  is the Volume of water separated (L) and  is the total volume of the oil-water feed (L). 

	(3)

Eq. (4) shows the Nanoparticle Coverage Consistency (NCC), to assess the uniformity of nanoparticle coating on the quartz surface, this equation was developed based on SEM image data. Where  is standard deviation of inter-particle distances (µm) and  is mean inter-particle distance (µm). 

		(4)

Eq. (5) shows the Surface Morphology Factor (SMF), where surface roughness plays a role in oil separation. The SMF quantifies the relationship between roughness and effective surface area, where  is the measured surface area, considering roughness and  indicates the projected flat surface area.

		(5)

Eq. (6) represents the Oil Removal Capacity (ORC), this model calculates the amount of oil removed by the material per unit mass or volume of quartz, where  is the mass of quartz material used (g). 

		(6)

Using these models, the efficiency and performance metrics for each coating stage (raw, washed, first to fourth coatings) can be calculated. For example:
· ORE and SWC help determine the effectiveness of each coating.
· NCC and SMF evaluate nanoparticle orientation and surface morphology from SEM data.
· SPI and ORC provide insights into separation efficiency and the material's oil removal capacity.


[bookmark: bookmark=id.1fob9te][bookmark: bookmark=id.3znysh7]RESULTS AND DISCUSSIONS 

[bookmark: _Hlk187150700]The SEM was used to investigate the surface morphology of quartz particles and the gravitational bed gravity-accelerated technique was used to validate the miscrospopic results. The permeate quality was assessed using the  oil and grease analysis to test the water quality afer oil and water separation. 

3.1 SEM analysis

Figures 4–9 below present the Scanning Electron Microscopy (SEM) results obtained during the analysis of quartz material. The images include the raw quartz (Figure 4), the quartz material after the washing process (Figure 5), and the surfaces coated with hydrophobic nanoparticles, progressing from the first coating (Figure 6) to the fourth coating (Figure 9). These results illustrate the changes in surface morphology at each stage of preparation and coating.
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Figure 4. Presents the Scanning Electron Microscopy (SEM) image of the raw quartz material, highlighting its surface morphology prior to any treatment or coating
Figure 4 shows raw quartz material: The raw quartz material exhibits a rough and uneven surface with visible impurities and irregularities [17,18]. The surface morphology indicates the presence of contaminants that can hinder effective oil-water separation. The roughness is inconsistent, and the absence of hydrophobic treatment leaves the surface with poor wettability characteristics.
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Figure 5. Displays the Scanning Electron Microscopy (SEM) image of the quartz material after the washing process, illustrating the cleaned surface morphology following the removal of impurities and contaminants
Figure 5 shows washed quartz material: After the washing process, the SEM image (Figure 5) reveals a significant reduction in surface impurities. The surface becomes cleaner, with more uniform roughness compared to the raw material. This cleaning process is essential for preparing the quartz material to enhance the adhesion and uniformity of subsequent nanoparticle coatings [19,20]. Despite the improvement in cleanliness, the material still lacks hydrophobic properties, making it unsuitable for efficient oil-water separation.
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Figure 6. illustrates the Scanning Electron Microscopy (SEM) image of the quartz material surface after the first coating with hydrophobic nanoparticles, highlighting the initial layer of coverage applied to enhance surface wettability
Figure 6 shows first coating: The SEM image of the first coating shows a relatively uniform layer of hydrophobic nanoparticles on the quartz surface. The distribution of nanoparticles is consistent, with minimal clustering [21–23]. This even coverage contributes to optimal surface wettability, as the hydrophobic nanoparticles enhance the surface energy, making it resistant to water adhesion. The inter-separation distances between nanoparticles are small and consistent, allowing the surface to maintain a balance between roughness and smoothness, which is crucial for effective oil-water separation. The first coating achieves the best wettability due to the uniformity of nanoparticle coverage. The balance between surface roughness and smoothness ensures that water droplets roll off the surface without being trapped, maximizing the material's hydrophobicity.
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Figure 7. depicts the Scanning Electron Microscopy (SEM) image of the quartz material surface after the second coating with hydrophobic nanoparticles, demonstrating increased coverage and further enhancement of the surface properties
Figure 7 shows second coating: The second coating introduces additional nanoparticles, increasing the surface roughness. While the coverage remains relatively uniform, slight clustering of nanoparticles begins to appear. The increased roughness improves hydrophobicity slightly but introduces variability in nanoparticle distribution, which may result in uneven wettability [24,25]. The inter-separation distance becomes narrower, and although the hydrophobic properties are maintained, the balance seen in the first coating is slightly diminished.

[image: ]

Figure 8. Presents the Scanning Electron Microscopy (SEM) image of the quartz material surface after the third coating with hydrophobic nanoparticles, showcasing the progressive build-up of the coating layer to improve surface wettability
Figure 8 shows third coating: In the third coating, the SEM image indicates a significant increase in surface roughness due to the accumulation of nanoparticles. Clustering becomes more pronounced, and the surface starts to lose its uniformity. The increased roughness can create localized areas where water droplets adhere, reducing overall wettability. Additionally, the nanoparticle orientation is less controlled, leading to uneven distribution [26]. The inter-separation distance decreases further, and the material begins to approach saturation in terms of coating efficiency.
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Figure 9. Displays the Scanning Electron Microscopy (SEM) image of the quartz material surface after the fourth coating with hydrophobic nanoparticles, illustrating the enhanced and uniform coverage achieved through multiple coatings to optimize surface wettability
Figure 9 shows fourth coating: The fourth coating shows a densely packed layer of nanoparticles with significant clustering and irregularities. The excessive accumulation of nanoparticles leads to reduced surface smoothness, and the increased roughness negatively affects wettability [27]. The nanoparticle distribution becomes highly uneven, with some regions oversaturated and others undercoated. The inter-separation distances are minimal, and the surface morphology no longer supports optimal hydrophobicity. This stage demonstrates diminishing returns in terms of wettability improvement.

The first coating achieves the best wettability because it strikes an optimal balance between surface roughness and smoothness. Uniformly distributed nanoparticles create a consistent hydrophobic layer that enhances surface energy without introducing excessive irregularities. This configuration allows water droplets to form spherical shapes and roll off the surface effectively, maximizing separation efficiency [28–30]. In subsequent coatings, increased roughness and clustering disrupt the uniformity of the hydrophobic layer, creating localized hydrophilic regions where water may adhere. This phenomenon reduces the effectiveness of the surface in repelling water, explaining why the first coating demonstrates superior performance.

The SEM analysis clearly shows that the first coating of quartz material with hydrophobic nanoparticles offers the best combination of surface properties for oil-water separation. The uniform distribution, minimal clustering, and optimal inter-separation distances contribute to superior wettability and hydrophobic performance. Excessive coatings result in diminishing returns, highlighting the importance of careful optimization in material preparation for practical applications.




1.2 Oil and grease analysis

The oil and grease analysis was performed to assess the quality of permeate (water) obtained after the oil/water separation process. This evaluation aimed to determine the effectiveness of quartz material in separating oil/water emulsions. The findings from the analysis are summarized in Table 1, highlighting the performance of the quartz material under different conditions. 
The findings revealed that the best results were observed with the first coating, where the hydrophobic nanoparticles were evenly distributed, ensuring optimal wettability and efficient separation. While, additional coatings introduced irregularities, clustering, and excessive roughness, which compromised the separation efficiency and led to significantly higher oil content in the permeate.


Table 1. Impact of nanoparticle coatings on quartz material


	Quartz material 
	Oil and grease (mg/L)
	Impact of nanoparticles

	Raw
	1859.8
	No treatment; high oil content due to lack of hydrophobic properties.

	Washed
	1583.7
	Removal of surface impurities slightly reduces oil content but lacks hydrophobicity for effective separation.

	First coating
	29.3
	Achieves the most efficient oil-water separation. Uniformly distributed nanoparticles enhance wettability, significantly reducing oil content in permeate.

	Second coating
	547.4
	Slightly less effective; increased roughness and nanoparticle clustering reduce uniform hydrophobic coverage.

	Third coating
	27177
	Poor performance; excessive nanoparticle layering and clustering increase hydrophobic irregularities, trapping oil.

	Fourth coating
	73439.7
	Ineffective; oversaturation of nanoparticles disrupts surface properties, causing severe inefficiencies in separation.




1.3 Comparison of oil and grease analysis with SEM findings 

The findings from Table 1 and the SEM analysis converge to highlight the exceptional performance of the first coating. The uniform nanoparticle distribution and balanced surface properties observed in the SEM analysis directly justify the low oil and grease content (29.3 mg/L) achieved in Table 1. Subsequent coatings degrade performance due to increased roughness, clustering, and loss of uniformity, underscoring the importance of optimizing the coating process for practical applications. Table 2 shows the comparison of oil and grease analysis with SEM findings.


Table 2. Comparison of Oil and Grease Analysis with SEM Findings

	Quartz material
	Oil and grease (mg/L)
	SEM findings
	Justification
	

	Raw
	1859.8
	Rough, uneven surface with contaminants; no hydrophobic properties.
	High oil content due to poor wettability and lack of treatment.
	

	Washed
	1583.7
	Cleaner surface with reduced impurities; lacks hydrophobic properties.
	Slight reduction in oil content; impurities removed but hydrophobicity still absent.
	

	First coating
	29.3
	Uniform nanoparticle distribution, minimal clustering, optimal surface roughness and smoothness.
	Best performance; enhanced wettability due to balanced surface morphology, allowing effective oil rejection and clean water permeation.
	

	Second coating
	547.4
	Increased surface roughness, slight nanoparticle clustering, reduced uniformity.
	Performance declines as clustering disrupts uniform wettability, leading to variability in oil rejection.
	

	Third coating
	27177
	Significant clustering, excessive roughness, irregular surface morphology.
	Inefficient separation due to excessive nanoparticle layers and clustering, which trap oil and reduce hydrophobicity.
	

	Fourth coating
	73439.7
	Oversaturated surface with severe clustering and disrupted morphology.
	Extremely poor performance; oversaturation causes irregularities, leading to oil retention and minimal water separation efficiency.
	




The analysis of Table 2 highlights the critical impact of surface morphology and nanoparticle distribution on the quartz material's ability to separate oil from water. The raw and washed quartz materials demonstrated poor separation efficiency due to the absence of hydrophobic properties, as indicated by high oil and grease content (1859.8 mg/L and 1583.7 mg/L, respectively). Washing improved surface cleanliness but did not significantly enhance wettability.
The first coating of hydrophobic nanoparticles showed exceptional performance, reducing oil and grease content to 29.3 mg/L. This was attributed to the uniform nanoparticle distribution observed in the SEM analysis, which created an optimal balance of surface roughness and smoothness. This configuration enhanced wettability, allowing efficient oil rejection and water permeation.
Subsequent coatings (second to fourth) led to a decline in separation efficiency, with oil and grease content increasing dramatically. The SEM analysis revealed that additional coatings introduced clustering, excessive surface roughness, and irregular morphology, disrupting the uniform wettability necessary for effective oil-water separation. The oversaturation of nanoparticles in the fourth coating resulted in severe inefficiencies, with oil and grease content rising to 73439.7 mg/L.
Overall observation, the findings underscore that a single, well-distributed coating of hydrophobic nanoparticles provides optimal separation performance, while excessive nanoparticle layering diminishes efficiency due to surface irregularities and clustering. These results emphasize the importance of optimizing coating processes for practical applications in oil-water separation technologies.


2. CONCLUSIONS

This study demonstrates the effectiveness of hydrophobic nanoparticle coatings on quartz material for oil-water separation. The results indicate that the first coating of hydrophobic nanoparticles significantly enhanced the wettability of the quartz surface, leading to optimal oil rejection efficiency and improved separation performance. SEM analysis revealed that uniform nanoparticle distribution and balanced surface roughness were crucial factors in achieving high separation efficiency. However, subsequent coatings (second to fourth) resulted in clustering and irregular surface morphology, which negatively impacted the material's ability to separate oil from water, as seen by the increase in oil and grease content.
The developed mathematical models provided a quantitative framework for evaluating oil rejection efficiency, surface morphology, and separation performance. These models reinforced the conclusion that a single, well-distributed coating of hydrophobic nanoparticles offers the most efficient solution for oil-water separation. The study underscores the potential of using low-cost quartz material with optimized nanoparticle coatings as an effective and sustainable approach to treating oily wastewater, contributing to the development of more efficient, environmentally friendly filtration technologies. 
While the first coating of hydrophobic nanoparticles showed the best performance, further investigations into the optimal thickness, type, and concentration of nanoparticles can help maximize oil rejection efficiency without introducing clustering or irregularities on the surface.
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