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Abstract: Produced water (PW) is water that is extracted alongside crude oil or gas during the drilling 

process, necessitating proper treatment prior to environmental discharge. In this paper, we examined 

the application of ceramic adsorbents, derived from residue catalytic cracking (RCC) spent catalysts 

and natural clay, for the reduction of total dissolved solids (TDS) in PW. The preparation of ceramic 

adsorbents entailed the combination of spent catalyst RCC with natural clay in various proportions. 

The influence of adsorbent composition, diameter, flow rate, and operating time on TDS removal was 

investigated. Response surface methodology (RSM) was employed to optimize the removal of TDS. 

The findings demonstrated that a ceramic adsorbent composed of 50% RCC spent catalyst, with a diameter 

of 20 mm, was most effective in removing 58.39% TDS at a flow rate of PW 8 L/min. The integration of 

ceramic adsorbent with reverse osmosis (RO) significantly decreases the TDS of PW by 90.73%. Ceramic 

adsorbents are a pretreatment method for RO to decrease TDS in PW. The findings present practical 

implications, offering oil and gas companies an alternative method for treating PW using RCC spent 

catalysts and RO membrane. 
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1. Introduction  

The PW constitutes the predominant wastewater stream from reservoirs of the oil and gas industry, 

comprising a complex mixture of organic and inorganic compounds [1–4]. Although reinjection into 

an oil reservoir is the most common disposal method, PW can migrate into surface waters and soils, 

posing considerable environmental risks [5]. The global oil and gas sector produces around 250 million 

barrels of PW per day, which estimated over 40% is discharged into the environment. Typical oil wells 

exhibit a water-to-oil production ratio ranging between 4–5 barrels of water per barrel of oil, 

corresponding to roughly a 75% water cut. However, this ratio can vary widely based on reservoir 

characteristics, geological formation, well age, and extraction techniques [5]. 

The PW contains a wide range of contaminants, including salts and inorganic ions, organic acids, 

benzene, toluene, ethylbenzene, and xylene (BTEX) compounds, polyaromatic hydrocarbons (PAHs), 

phenols, metals, and chemical additives [6,7]. Treatment methods proposed for PW include oxidation 

processes [7], adsorption [8], membrane distillation [9], and electrochemical technologies [10]. Total 

dissolved solids (TDS) in PW comprise inorganic salt such as calcium, magnesium, sodium, bicarbonate, 

sulphate, and chlorides well as organic matter [11,12]. These constituents pose significant risks to aquatic 

ecosystems and water resources. Elevated TDS and salinity levels present a major challenge in PW 

treatment, as they can cause pipeline corrosion, hinder water reinjection, promote scaling in industrial 

and domestic systems, and pose potential health hazards [13,14]. Higher TDS concentrations in PW 

originate directly from the formation, where salinity range from 1,000 to over 300,000 mg/L [15].  

Ceramic adsorbent materials are thermally and chemically stable, retain function across wide 

ranges of pH, temperature, and salinity, and enable tunable porosity and surface chemistry via low-

cost clay formulations. These attributes make ceramics well-suited for polishing PW where durability 

and mass-transfer accessibility are critical [16,17]. In addition, repurposing RCC spent catalysts into 

clay-based ceramics advances circular-economy goals by valorizing an abundant industrial waste. 

Accordingly, we employe clay/RCC-based ceramic adsorbents as a scalable, low-cost, and resilient 

platform for PW treatment and adopt a starch-assisted formulation to generate an accessible pore network. 

Adsorption is frequently employed in water and wastewater treatment because of its 

straightforward design, operational adaptability, high efficiency, and effective method for eliminating 

dissolved organic pollutants and chemical contaminants from industrial wastewater [18]. Nonetheless, 

a single technology is insufficient to achieve the requisite effluent characteristics in PW treatment, thereby 

requiring the use of multiple treatment systems in a series configuration [19,20]. Adsorption can be 

utilized as a hybrid or integrated process with membranes, or as a pretreatment method to improve 

contaminant removal and regulate flux during membrane filtration [21–24]. Membrane technology 

presents multiple benefits, including the elimination of superfluous chemicals, reduced energy 

consumption, minimized sludge generation, and the attainment of high-quality permeate water. 

Ceramic membranes are advantageous for industrial wastewater treatment due to their resistance to 

heat and chemicals, reduced fouling, extended lifespan, and versatility in composition with various 

metal oxides. Their high chemical and thermal stability also make them suitable for harsh 

environments [25,26]. 

Metal oxide-based catalysts are extensively utilized in the crude oil cracking process at oil 

refineries. Approximately 15.98 tons of catalyst are utilized annually by one of the oil and gas 

industries in South Sumatra, Indonesia [27]. A toxic and hazardous waste warehouse regularly disposes 

of and stores spent catalysts from the RCC unit. Ceramic filters have been produced utilizing the RRC 

spent catalyst, which comprises silica dioxide and alumina oxide, for the fabrication of ceramic filters. 

Researchers have conducted successful tests on ceramic filters composed of a blend of clay and RCC 
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spent catalyst, structured as a porous cylinder for PW treatment [28]. During the calcination process, 

the formation of surface cracks on ceramic filters remains an issue that can reduce their mechanical 

strength. Ceramic adsorbents derived from RCC and clay are regarded as alternative ceramic 

membranes because of their straightforward configuration, compact size, ease of fabrication, and 

comparable properties to traditional ceramic membranes. Ceramic adsorbents are extensively utilized 

for the defluorination of groundwater, water purification, and the removal of fluoride, arsenate, 

phosphate, and dyes. We focused on the development of ceramic adsorbents utilizing different 

compositions of clay and RCC-spent catalyst for the treatment of PW with TDS before the RO 

membrane process. Furthermore, we conducted optimization of the variables, including RCC 

composition in the ceramic adsorbent, diameter, contact time, and flow rate, to attain the optimal 

percentage of TDS reduction. A hybrid ceramic adsorbent combined with RO is anticipated to mitigate 

the effects of TDS on RO fouling. 

2. Materials and methods 

2.1. The PW collection 

The PW samples were provided by oil and gas companies in South Sumatra, Indonesia. A total of 

1,200 L of PW was collected in dry season to minimize seasonal variability and ensure the sample 

consistency before used as samples for further study. The collected PW was stored in three high density 

polyethylene (HDPE) tanks to ensure proper handling and prevent contamination, degradation, or 

leakage during storage and transport to the laboratory for subsequent treatment and analysis. Prior to 

being used as samples, the PW was characterized for its initial physicochemical analysis including 

TDS and pH using standard method. 

2.2. Preparation of ceramic adsorbent  

The RCC spent catalyst was obtained from a crude oil processing facility in South Sumatra, 

Indonesia. To synthesize the ceramic adsorbent, the RCC was first sieved using a 100-mesh screen to 

remove larger particulates, followed by thermal treatment in a furnace at 700–900 °C for one hour to 

eliminate hydrocarbon contaminants. Subsequently, the purified RCC was blended with natural clay 

in varying proportions and mixed with demineralized water to form a homogeneous paste. The 

resulting mixture was molded into disc-shaped tablets with diameters of 10 mm and 20 mm and a 

uniform thickness of 10 mm. These green bodies were oven-dried at 100 °C for 2 h and then subjected 

to calcination at 900–1000 °C overnight to enhance their structural integrity and porosity. The 

physicochemical properties of the synthesized adsorbents were characterized using Scanning Electron 

Microscopy coupled with Energy Dispersive X-ray Spectroscopy (SEM-EDX) for surface morphology 

and elemental composition and Brunauer–Emmett–Teller (BET) analysis to determine surface area 

and pore characteristics. 

2.3. Composition of ceramic adsorbent 

Ten cylindrical ceramic adsorbents were formulated by varying the clay to RCC ratio and pellet 

diameter. Percentages for clay and RCC are reported on an ash-free inorganic basis (excluding water 

and organic binders). Gadung starch (Dioscorea hispida) dissolved in demineralized water was added 

at 5 wt% relative to the total inorganic solids as a temporary binder and sacrificial pore-forming agent; 
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it was fully removed during thermal treatment, thereby increasing open porosity without altering the 

final clay: RCC ratio. Clay and RCC (both 100-mesh) were homogenized with the starch solution at 

room temperature to form a plastic paste (consistent with the room-temperature fabrication used in 

prior work on produced-water ceramics). The paste was then shaped by extrusion through circular dyes 

to obtain cylinders of diameters 10 and 20 mm; extrudates were cut to 10 mm thickness. Green bodies 

were dried at room temperature for 24 h and subsequently sintered at 900 °C for 24 h. This room-

temperature drying and 900 °C sintering schedule follows produced-water ceramic filter protocols 

reported in the literature, ensuring methodological continuity with earlier studies [12]. 

Ceramic adsorbents using different raw material compositions were applied in the experiment: 

Adsorbent A (70% clay, 30% RCC, diameter 10 mm); B (70% clay, 30% RCC, diameter 20 mm); 

C (30% clay, 70% RCC, diameter 10 mm); D (30% clay, 70% RCC, diameter 20 mm); E (60% clay, 

40% RCC, diameter 10 mm); F (60% clay, 40% RCC. diameter 20 mm); G (40% clay, 60% RCC, 

diameter 10 mm); H (40% clay, 60% RCC, diameter 20 mm); I (50% clay, 50% RCC, diameter 10 

mm); and J (50% clay, 50% RCC, diameter 20 mm).  

2.4. Method 

Ceramic adsorbents were uniformly distributed within a polyethylene cylindrical column 

measuring 10 cm in diameter and 30 cm in height until full saturation was achieved. We identified three 

concurrent stages in the PW treatment process. The initial stage involved filtration with a polypropylene 

filter, followed by an adsorption stage utilizing a ceramic adsorbent, and concluding with filtration through 

a RO membrane. We employed the commercial CSM-RO membrane type RE 4040 BE. The RO membrane 

exhibited a diameter of 101.6 mm, a length of 1016 mm, and an effective area of 7.9 m². It operated at a 

flow rate of 9.3 m³/d, with a maximum operating pressure of 4.14 MPa (600 psi) and a maximum chloride 

concentration of less than 0.05 mg/L. A scanning electron microscope with energy dispersive X-ray (SEM-

EDX) Hitachi Flexsem 1000 was utilized to analyze the surface morphology of the ceramic adsorbent. 

The TDS was measured using the Horiba Laqua PC210-K TDS Meter, while acidity was assessed 

using the Horiba Laqua pH meter. The formula for TDS calculation is as follows: 

TDS removal (%) =
(TDSin− TDSout)

TDSin 
 x 100%       (1) 

where TDSin shows the initial TDS of the sample, while TDSout shows the TDS of the filtrate. 

3. Results and discussion 

3.1. Characterization of PW 

Table 1 presents the characteristics of PW. The TDS values of PW surpassed the thresholds 

established by the Indonesian Minister of Environment regulation No. 5/2014 concerning liquid waste 

from oil and gas exploration. We examined TDS removal due to its substantial impact on RO 

membrane fouling and its potential threat to aquatic ecosystems and water intended for human use [11]. 

Table 1. Produced water characteristics. 

Parameter Unit Water Quality Standard Value 

pH - 8–9 7.82 

TDS mg/L 4,000 14,556 
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3.2. Effect of ceramic adsorbent composition on acidity 

Figure 1 shows that the filtrate pH for the ceramic-adsorbent, hybrid ceramic-adsorbent, and RO 

streams increased relative to the PW feed yet remained within the regulatory range (6–9). All permeates 

were alkaline (≥ 8.0). This behavior was consistent with acid–base equilibria at oxide–water interfaces 

governed by the isoelectric point (IEP). When pH is larger than IEP, oxide surfaces are deprotonated 

and negatively charged, whereas pH less than IEP yields positive charge [29]. Typical IEPs of ~8–9 for 

Al2O3 and ~1.8–2.7 for SiO2 explain why silica-rich surfaces are negative near neutral pH, supporting 

the observed association of cations (e.g., Na⁺, Mg²⁺, and K⁺) at the surface. The ceramic surface is further 

influenced by composition and functional groups. Hydroxylated oxides such Al2O3, TiO2, and ZrO2 are 

intrinsically hydrophilic, which enhances wetting and facilitates water transport [23]. Across the 

experimental range, flow rate and contact time did not significantly affect filtrate pH (ANOVA, P > 0.05). 

 

Figure 1. The pH of ceramic adsorbent effluent (A to J) and hybrid ceramic adsorbent-RO 

permeates (A-RO to J-RO).  

SEM/EDX indicates a silica-rich surface (strong Si signal) on the ceramic adsorbent. Because 

silica has a low isoelectric point (≈1.8–2.7), the surface is expected to be negatively charged near 

neutral pH [30]. This negative charge can promote the electrostatic association of cations such as Na⁺, 

Mg²⁺, and K⁺. 

3.3. Effects of ceramic adsorbent composition on TDS removal 

Figure 2 indicates the removal of TDS by ceramic adsorbents with dimensions of 10 mm in 

diameter and 10 mm in thickness. The data suggested that increasing the contact time between the 

adsorbent and the PW can enhance the TDS removal efficiency. Among the samples, Adsorbent A 

consisting of 70% clay and 30% RCC could effectively remove 71.08% of TDS. Despite this, 

adsorbents C, E, G, and I achieved TDS removal efficiencies of 55.65%, 55.07%, 53.21%, and 54.09%, 

respectively. Interestingly, a higher proportion of RCC in the ceramic adsorbent composition appered 

to correlate with a decline in TDS removal over time. However, the selected range of feed flow rates 

applied in this study showed no significant effect on TDS removal. 
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Figure 2. TDS removal (%) for different ceramic adsorbents (A C, E, G, I) at various flow 

times (15–75 min) and flow rates (6–8 L/min) in PW treatment using adsorbents with a 

diameter of 10 mm. 

Figure 3 depicts TDS removal using ceramic adsorbents with a diameter of 20 mm and a thickness 

of 10 mm. Despite having twice the diameter compared to adsorbents A, C, E, G, and I, adsorbent B 

achieved a TDS removal efficiency of 55%, while adsorbents D, F, J, and H showed an average 

removal of 53.28% despite having twice the surface area of adsorbents A, C, E, and G. The ceramic 

adsorbent composition was primarily silica oxide, which had a negatively charged surface. This surface 

facilitated the adsorption of TDS cations through electrostatic force. At an applied flow rate, PW 

samples appeared to have little effect on TDS removal.  

 

Figure 3. TDS removal (%) for ceramic adsorbents (B, D, F, H, J) at various flow times (15–

75 min) and flow rates (6–8 L/min) in PW treatment using adsorbents with a diameter of 

20 mm. 

The TDS of PW exhibited a positive association with conductivity and influenced acidity. Various 

complex geological parameters of the reservoir formation, including geographical location, age, depth, and 

water cut, determine these values [31]. Under operating conditions of 8 L/min of flow rate and 15 minutes 

contact time, ceramic adsorbent D exhibited the lowest TDS removal efficiency (45.11%). Moreover, 

the TDS removal for ceramic adsorbent H was stable at 53.48% under the same conditions. This 

suggested that escalating the RCC proportion in the ceramic adsorbent may influence the adsorption 
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of cations on the surface of the membrane.  

Figures 4 and 5 illustrate the TDS removal from PW using a hybrid system consisting of ceramic 

adsorbents and RO. The performance of this hybrid system, employing ceramic adsorbents with 

varying diameters, highlights the importance of clay content in the ceramic membrane as a key factor 

influencing TDS removal efficiency. As shown in Figure 4, the combination of ceramic adsorbent C 

and RO achieves a TDS removal efficiency ranging from 85.23% to 90.73%, indicating strong 

synergistic performance. Similarly, Figure 5 shows that the hybrid of ceramic adsorbent B and RO 

maintains a relatively consistent TDS removal efficiency between 83% and 84.1%, further supporting 

the effectiveness of clay-based ceramic adsorbents in hybrid systems. 

 

Figure 4. TDS removal (%) for hybrid ceramic adsorbent–RO systems (A–RO, C-RO, E–

RO, G–RO, I–RO) at various flow times (15–75 min) and flow rates (6–8 L/min) in PW 

treatment using adsorbents with a diameter of 10 mm. 

 

Figure 5. TDS removal (%) for hybrid ceramic adsorbent–RO systems (B–RO, D-RO, F–

RO, H–RO, J–RO) at various flow times (15–75 min) and flow rates (6–8 L/min) in PW 

treatment using adsorbents with a diameter of 20 mm. 

3.4. Effects of ceramic adsorbent diameter on TDS removal 

Table 2 presents the characteristics of the RCC and ceramic adsorbents, including specific surface 
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area, pore size, and pore volume, determined through BET analysis based on nitrogen 

adsorption/desorption studies. The specific surface area was typically regarded as the primary 

determinant of adsorption capacity, representing a critical property in the adsorption process. Table 2 

demonstrates that ceramic adsorbents with diameters of 10 mm and 20 mm exhibited specific surface 

areas between 10.14 and 16.55 m2/g and 14.67 and 31.02 m2/g, respectively. The values were lower 

than those of RCC, which had a surface area of 66 m²/g and a pore size of 1.69 nm [12]. The smaller 

particle size of RCC compared to ceramic adsorbents contributed to its greater uniformity. The findings 

indicated an increase in the pore size of ceramic adsorbents from 1.69 nm to 3.79 nm. Ceramic 

adsorbents can be classified as mesoporous based on their pore size. 

Table 2. BET characterization of ceramic adsorbents. 

 Ceramic adsorbents   

 A B C D E F G H I J 

Specific surface area (m2/g) 10.14 31.02 15.57 26.08 14.41 14.67 16.55 17.91 17.99 12.95 

Pore size (nm) 

Pore volume (cm3/g) 

3.21 

0.03 

1.72 

0.06 

1.69 

0.04 

1.69 

0.07 

3.79 

0.05 

3.76 

0.05 

2.77 

0.05 

2.13 

0.05 

1.69 

0.05 

3.79 

0.05 

Figure 6 illustrates the TDS concentration of PW after 75 minutes of adsorption. Among ceramic 

adsorbents tested, ceramic adsorbent A achieved the highest TDS removal efficiency at 74.92%. This 

performance could be attributed to its relatively larger pore size (with a surface area of 10.14 m²/g) 

compared to other adsorbents, which was likely due to the inclusion of clay in its composition. The 

presence of larger pores facilitated the adsorption of cations through electrostatic interactions between 

the charged surface and the dissolved ions. In comparison, the hybrid system combining ceramic 

adsorbent C with RO attained the highest overall TDS removal of 90.73%. The use of ceramic 

adsorbent alone reduced TDS by approximately 54.64% from its initial level, whereas the integration 

of ceramic adsorption with RO consistently produced permeates meeting water quality standards, with 

TDS removal efficiencies ranging from 82.48% to 90.73%. In contrast, hybrid ceramic adsorbents C 

and RO achieved the highest TDS removal value of 90.73%. 

 

Figure 6. TDS of ceramic adsorbent filtrates (a) and hybrid ceramic adsorbent–RO 

permeates (b) after 75 min of treatment. 
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3.5. Optimization of TDS 

The RSM is a statistical approach that combines experimental design techniques and is typically 

applied in multiple stages, including assessing the influence of factors and determining optimal 

conditions through the development of response surfaces and contour plots. This method enables 

researchers to analyze the interactions among variables and construct a predictive mathematical model 

that describes the overall process. Among the different RSM designs, the central composite design (CCD) 

is one of the most widely employed, as it efficiently supports process optimization while minimizing 

the number of experimental runs [30,32].  

To optimize TDS removal efficiency using ceramic adsorbents, a statistical experimental design 

was conducted through RSM with a CCD in Minitab Software version 22. This approach enabled the 

evaluation of linear, interaction, and quadratic effects, which are essential for capturing complex 

adsorption behaviors. A total of 31 runs including factorial, axial, and center points were performed 

using four independent variables: RCC composition (X₁: 30–70 %), adsorbent diameter (X₂: 10 and 

20 mm), adsorption time (X₃: 15–75 min), and flow rate of PW (X₄: 6–8 L/min). The relationship 

between these variables and TDS removal efficiency was described by a second-order polynomial 

regression model (Eq 2) incorporating linear, quadratic, and interaction terms: 

Y = β₀ + β₁X₁ + β₂X₂ + β₃X₃ + β₄X₄ + β₁₁X₁² + β₂₂X₂² + β₃₃X₃² + β₄₄X₄² + β₁₂X₁X₂  

+ β₁₃X₁X₃ + β₁₄X₁X₄ + β₂₃X₂X₃ + β₂₄X₂X₄ + β₃₄X₃X₄       (2) 

Here, Y is the predicted TDS removal (%), β₀ is the intercept, βᵢ are the linear coefficients, βᵢᵢ the 

quadratic coefficients, and βᵢⱼ the interaction coefficients. Positive coefficients indicate synergistic 

effects, while negative ones indicate antagonistic effects. 

ANOVA confirmed the model’s significance (p < 0.05) with a high R² and a non-significant lack-

of-fit, indicating good model adequacy. Optimization using Minitab’s desirability function (target: 

Maximize TDS adsorption) identified the optimal conditions as RCC content 50 %, adsorbent diameter 

20 mm, and flow rate 8 L/min, predicting a maximum removal of 58.39 %, which was experimentally 

validated with close agreement. The fitted quadratic regression equation for TDS removal is: 

Y = 83.4 + 0.403X₁ + 0.597X₂ − 0.398X₃ − 18.6X₄ + 0.00102X₃² + 0.48X₄² − 0.05633X₁X₂  

+ 0.00307X₁X₃ + 0.1426X₁X₄ + 0.00335X₂X₃ + 0.3504X₂X₄ + 0.0187X₃X₄   (3) 

The positive coefficients of X₁ and X₂ indicated that increasing RCC content and adsorbent diameter 

enhanced TDS adsorption. Conversely, X₃ had a negative coefficient (−0.398), suggesting a slight 

decrease in adsorption efficiency with longer contact time, although the positive quadratic term (X₃²) 

indicated the presence of a nonlinear optimum. X₄ exhibited the strongest negative linear effect (−18.6), 

meaning higher flow rates markedly reduced adsorption, but the positive quadratic term (X₄²) 

suggested an optimal range existed. Notable interactions included X₁X₄ (0.1426) and X₂X₄ (0.3504), 

where simultaneous increases in these factor pairs improved adsorption. Other interactions, such as 

X₁X₂ and X₃X₄, had smaller coefficients and lesser influence. Overall, RCC content and adsorbent 

diameter were the most influential positive factors, whereas flow rate required careful control due to 

its strong negative linear effect combined with a quadratic optimum. 

Figure 6 shows that the percentage of TDS adsorbed was significantly influenced by RCC 

composition, contact time, adsorbent diameter, and flow rate of PW. In general, an increase in clay 

consistently enhanced TDS adsorbed across all conditions. Moreover, longer contact time tended to 

improve adsorption, suggesting that the process occurs gradually until equilibrium is reached. A larger 
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adsorbent diameter also contributes to higher adsorption efficiency, likely due to an increased surface 

area that facilitates better interaction between the adsorbent and ions in the solution. Furthermore, 

higher flow rates generally enhance TDS adsorbed, but their effect is less pronounced than other factors, 

possibly due to limited contact time between the fluid and the adsorbent. Therefore, a combination of 

clay concentration, optimal contact time, larger adsorbent diameter, and an appropriate flow rate is the 

best condition for achieving maximum adsorption efficiency. Figure 7 shows that the surface plot 

confirmed the interaction between diameter and RCC on TDS adsorbed, where increasing diameter 

and RCC simultaneously resulted in increasing the TDS removal percentage. 

 

Figure 7. Contour plots RCC vs flow rate (a), time (b), and diameter (c). 

3.6. Comparison with other results  

Adsorption and membrane-based studies for PW treatment have reported a wide range of TDS 

removal efficiencies, influenced by the adsorbent type, feedwater salinity, and operating conditions, 

as shown in Figure 8. For instance, systems incorporating magnetite–silica nanocomposites within 

activated sludge processes achieved only 3.6% TDS removal [33]. Ozonation, when applied as a 

pretreatment step, improved membrane performance but reduced only TDS by 38.25% [34]. 

Constructed wetlands (CWs), developed within a circular economy framework and using materials 

such as aggregates, activated carbon, plastics, and shredded tires, reached 33.7% removal [35,36]. 

Semi-continuous bioreactor and microalgae photobioreactor systems demonstrated a moderate 

performance of 49.8% [37], while natural kapok fiber achieved 52% removal [13].  

Intermediate performance was reported for subbituminous coal adsorbents, which achieved up to 80% 

removal in high-salinity waters (>150,000 mg/L) [38]. Date palm seed–based activated carbon, 

optimized through RSM, removed over 91% TDS alongside significant reductions in COD, BOD, and 

TOC [32]. Biopolymer-based composites such as chitosan–graphene also showed high efficiencies, 

removing 91% TDS [39]. Further improvement was observed with modified kapok fiber followed by 

ultrafiltration, reaching 94% TDS removal [13]. 
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Figure 8. Surface contour plots of TDS adsorption (%) for different combinations of RCC 

content, adsorbent diameter, adsorption time, and flow rate. 

At the upper end of performance, advanced separation technologies and hybrid processes consistently 

achieved near-complete TDS removal. Modified silica reduced TDS from 242,500 to 513 mg/L, 

corresponding to 99.8% efficiency [7]. Activated carbon pre-treatment combined with nanofiltration and RO 

achieved 40% and 99.67% removal, respectively [40]. Membrane distillation processes were among the most 

effective: Vacuum membrane distillation (VMD) reduced TDS from 138,000 to 35 mg/L (99.97%), and 

direct contact membrane distillation (DCMD) reduced the TDS from 135,000 to 15 mg/L (99.99%) [26,27]. 

Integrated treatment trains combining activated carbon, electrocoagulation, and membrane filtration 

produced the highest performance, removing >99% of TDS and other pollutants [41]. Overall, the 

comparison highlights that while adsorbent-based and nature-based systems provide moderate 
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reductions (30–60%), and certain advanced adsorbents reach >90%, the membrane-based and hybrid 

systems consistently deliver the highest TDS removal (>99%), approaching complete desalination.  

Despite these advances, practical application in oilfield operations often demands materials that 

are not only effective in TDS reduction but also robust under extreme conditions. Ceramic-based 

adsorbents, including those synthesized from RCC–clay composites, offer a distinctive advantage 

because they combine ion-exchange and adsorption mechanisms with superior mechanical strength, 

chemical resistance, and thermal stability. This makes them particularly suited for treating high-TDS 

PW in harsh industrial environments, as they can function effectively as stand-alone units or as 

pretreatment to RO to reduce scaling potential and enhance overall system performance. Their 

versatility in composition, enabling integration of functional metal oxides, further enables tailoring of 

surface properties for enhanced ionic affinity, positioning ceramic-based adsorbents as a competitive 

solution in high-demand PW applications. 

3.7. SEM-EDX analysis of ceramic adsorbents 

The morphology of ceramic adsorbents was examined using scanning electron microscopy (SEM) 

and energy-dispersive X-ray spectroscopy (EDX). SEM analysis was conducted on all surfaces of the 

ceramic adsorbent while elemental characterizations was performed using EDX to provide detailed 

composition of ceramic adsorbents. Figures 9–12 illustrate the spectrum of the ceramic adsorbents 

before and after adsorption to illustrate their composition and SEM images of ceramic adsorbents A, 

B, D, and H. Ceramic adsorbents A and B were primarily composed of clay, while the RCC spent 

catalyst mostly consisted of ceramic adsorbents D and H. The SEM images illustrate the irregular 

surface and varied dimensions of the pores in the ceramic adsorbent. The EDX spectrum indicated that 

the ceramic adsorbents consist of silica, alumina, and iron. The ceramic adsorbent, upon usage, 

demonstrated the presence of sodium, magnesium, potassium, chlorine, iron, barium, and titanium ions. 

The acid sites present on the silica-alumina surface interacted with transition metals, including 

platinum and titania, among others. Clay and RCC consistuted the primary components of the ceramic 

adsorbent. The ceramic adsorbents confirmed the presence of silica and alumina in the RCC 

compounds. The characteristics of RCC resembled those of zeolite, as it consists of 38.27% silicon 

dioxide and 51.3% aluminum oxide, exhibiting a low Si/Al ratio of 0.75. This composition is typical 

of aluminosilicate materials exhibiting elevated aluminum content. 

 

Figure 9. SEM-EDX of ceramic adsorbent A at magnification 500X before adsorption (a) 

and after adsorption (b). 
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Figure 10. SEM-EDX of ceramic adsorbent B at magnification 500X before adsorption (a) 

and after adsorption (b). 

 

Figure 11. SEM-EDX of ceramic adsorbent D at magnification 500X before adsorption (a) 

and after adsorption (b). 

 

Figure 12. SEM-EDX of ceramic adsorbent H at magnification 500X before adsorption (a) 

and after adsorption (b). 

Silicon dioxide (SiO2) is the primary constituent of clay minerals, while aluminum oxide (Al2O3) 

is another major component. Incorporating clay into ceramic adsorbents alters the Si/Al ratio, which 

depends on the type of clay used. Certain clays, such as montmorillonite, have relatively high silica 

contents and exhibit substantially higher cation exchange capacities [36]. The presence of SiO2 and 

Al2O3 in clay minerals contributes to adsorption capacity through ion exchange and, in the case of 
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expandable clays like montmorillonite, by increasing interlayer spacing, which facilitates the uptake 

of water and ionic species [33]. Comparison of TDS removal efficiencies for various adsorbents used 

in PW treatment, as shown in Figure 13. 

 

Figure 13. Comparison of TDS removal efficiencies for various adsorbents used in PW treatment. 

The ANOVA for the quadratic polynomial of CCD results of TDS removal was shown in Table 3. 

The Si/Al ratios of the ceramic adsorbents in this study (Table 4) ranged from 1.07 to 1.58 before 

adsorption. In aluminosilicate-based materials, lower Si/Al ratios are generally associated with higher 

surface acidity, which can promote electrostatic attraction toward cations. However, in multi-

component ceramics, adsorption performance is also affected by surface area, pore structure, and other 

oxide phases. The solution pH relative to the point of zero charge (PZC) additionally governs surface 

charge, which can influence cation uptake. 

Table 3. ANOVA for the quadratic polynomial of CCD results of TDS removal. 

Source DF Adj SS Adj MS F-Value P-Value 

Model 12 2499.3 208,275 54.2 0.000 

Linear 4 1100.91 275,227 71.62 0.000 

X1 1 933.78 933,776 42.98 0.000 

X2  1 37.2 37,204 9.68 0.007 

X3 1 5.17 5,168 1.34 0.263 

X4 1 5.05 15,047 3.92 0.065 

Square 2 4.29 2,143 0.56 0.583 

X1X1 1 3.17 3,175 0.83 0.377 

X4X4 1 1.45 1,445 0.38 0.548 

2-Way Interaction 6 300.74 50,123 13.04 0.000 

X1X2 1 195.45 195,447 50.86 0.000 

X1X3 1 11.17 11.16 62.91 0.108 

X1X4  1 35.77 35,768 9.31 0.008 

X2X1 1 2.8 2,798 0.73 0.406 

X2X4 1 49.22 49,222 12.81 0.003 

X3X4 1 2.98 2,985 0.78 0.391 

*Note: R2 = 97.60%, Adjusted R2 = 95.80%, and Predicted R2 = 90.68%. 
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Table 4. Si/Al ratio of ceramic adsorbents. 

Ceramic adsorbent  A B C D E F G H 

Silica/Alumina  1.46 1.21 1.07 1.08 1.58 1.47 1.20 1.25 

Although this study was conducted under controlled conditions, and we focused solely on overall 

TDS reduction, the potential influence of coexisting impurities in PW, such as dissolved organics and 

oil and grease on the adsorption process, through mechanisms like fouling, competitive adsorption, or 

scaling, should be considered in future work to better reflect real-field conditions. 

4. Conclusions 

We demonstrated the potential of a hybrid ceramic adsorbent–RO system for the effective removal 

of TDS from PW. Optimization using RSM identified the optimum conditions as 50% RCC 

composition, an adsorbent diameter of 20 mm, and a flow rate of 8 L/min, achieving a maximum TDS 

removal efficiency of 58.39%. The statistical model showed good predictive capability, with 

experimental validation confirming the predicted performance. We effectively treated PW utilizing a 

hybrid ceramic adsorbent and RO. The spent catalyst from RCC can be utilized to produce ceramic 

adsorbents in diverse compositions when mixed with natural clay. Moreover, increasing the RCC 

content in the ceramic adsorbent composition may lead to a reduction in TDS removal from PW. The 

optimal TDS removal of PW is 90.73%, achieved through the use of a hybrid ceramic adsorbent C in 

conjunction with RO. A hybrid ceramic adsorbent combined with RO presents benefits for saline water 

treatment, including PW, as ceramic adsorbents are effective pretreatments for the RO process. This 

results from the ceramic adsorbent's capacity to decrease TDS in PW by approximately 50%. Oil and 

gas companies may utilize the practical implications of these findings to treat PW through the 

application of RCC-spent catalyst-based ceramic adsorbents and RO membranes.  
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