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ABSTRACT 

The presence of phenolic compounds in aquatic systems has become a significant 

environmental concern due to their toxicity and persistence. This study evaluates the 

effectiveness of synthetic zeolites as adsorbents for removing phenol from 

contaminated aqueous solutions. The adsorbent was synthesized from natural clay 

using ZnCl₂ as an activating agent through a straightforward three-step process: (i) 

calcination at 90°C, (ii) aging for 24 hours, and (iii) crystallization for 8 hours. The 

synthesized material was then characterized by X-ray diffraction (XRD) to determine its 

mineralogical composition and the crystalline structure of the zeolite. The efficiency of 

phenol removal was assessed as a function of adsorbent dosage (0.1 g.L⁻¹ to 0.3 g.L⁻¹), 

contact time (20 to 60 minutes), and initial phenol concentration (500 mg.L⁻¹ to 5000 

mg.L⁻¹). The adsorption kinetics were analyzed using pseudo-first-order and pseudo-

second-order models, while equilibrium data were fitted to the Freundlich and 

Langmuir isotherm models. The results confirmed the successful synthesis of FAU-X 

zeolite from smectitic-kaolinitic clay. The zeolite-based adsorbent demonstrated high 

efficiency in phenol removal, exhibiting a sorption capacity of 125 mg.g⁻¹ after 60 

minutes. The adsorption process followed pseudo-second-order kinetics, while 

equilibrium data were best described by the Langmuir isotherm model, indicating a 

monolayer adsorption pattern. The retention of pollutants was primarily governed by 

chemical interactions, including hydrogen bonding and electrostatic attraction 

between phenol molecules and the adsorbent surface. This study highlights the 

potential of synthesizing cost-effective zeolite-based adsorbents for wastewater 

treatment, contributing to the development of sustainable and environmentally 

friendly remediation technologies. 
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1. Introduction 

Water pollutants, encompassing both organic and inorganic substances, primarily originate from industrial 

discharges and human actions, notably the extreme application of pesticides and fertilizer [1]. Consequently, 

substantial volumes of industrial effluents, comprising various organic contaminants like pesticides, antibiotics, 

hydrocarbons, herbicides, phosphate, fluoride, dyes, phenols…etc., are released into aquatic environments [2, 3]. 

Phenol and its derivative compounds are discharged by numerous industrial sectors, which include 

pharmaceuticals, petroleum and petrochemicals, pesticides, plastics, paper production, and various other 

manufacturing processes [4]. Phenolic compounds have attracted considerable attention due to their essential 

role in various everyday applications. These compounds hold substantial economic importance across multiple 

industries, including food, medicine, agriculture, chemical synthesis, aviation, and cosmetics. However, despite 

their industrial significance, their presence in the environment, even at low concentrations, remains a serious 

concern. Phenol, in particular, is one of the most common pollutants in wastewater, frequently originating from 

industrial processing and refining plants [5-7]. Because of their toxicity and detrimental impact on the 

environment, phenolic compounds have been designated as priority pollutants by the United States 

Environmental Protection Agency (EPA); in fact, EPA determined a limit of less than 1 (ppb) for surface waters; so 

usually, a stringent effluent discharge limit of less than 0.5 mg.L-1 is imposed [8, 9]. Hence, the elimination of 

phenol from industrial wastewater stands as a pressing global challenge.  

Various treatment approaches, encompassing biological, chemical, and physical processes, are being employed 

to address the removal of phenol from industrial effluent charged before the released into the environment [10, 4]. 

Although these techniques are effective in eliminating phenols, some, notably secondary biological treatments, 

have constraints that restrict their application to wastewater with elevated concentrations of phenolic compounds 

[11, 12]. Adsorption technology has garnered considerable attention due to its ease, cost-effectiveness, 

environmentally friendly attributes, and extraordinary treatment competence [13-17]. Therefore, several 

researches confirmed the use of various adsorbent for removal of different pollutants such as heave metal, 

phenol, phosphate fluoride, dyes, pharmaceutical products…etc. [18-20]. Zeolites are characterized by their 

microporous nature and possess a crystalline three-dimensional structure consisting of aluminum, silicon, and 

oxygen [21-23]. Additionally, they carry cations and water within their structure. Several works investigated zeolite 

(natural and synthetic) and suggested considering this adsorbent to be employed for the sorption of phenol from 

wastewater [24-27]. Natural zeolites often come with impurities that restrict their adsorption and ion exchange 

capabilities. In contrast, synthetic zeolites can be tailored to achieve desired properties. Consequently, there is a 

growing demand for the production of synthetic zeolites, driven by the expanding range of applications for these 

materials. 

As already known the primary raw materials used in zeolite production are silica and alumina. Clays have 

increasingly become a source of silicon and aluminum for zeolite preparation because of their widespread 

accessibility and cost-effectiveness in various countries [28-30]. Given the aforementioned context, this study 

endeavors to the preparation of zeolite from raw clay and assess its efficacy as a sorbent for phenol adsorption. A 

detailed examination of the influence of sorbent amount, contact duration, and initial phenol concentration is 

conducted. To elucidate the principal interactive mechanisms at play in the removal process, equilibrium data are 

fitted to adsorption isotherms, including Langmuir. In addition, kinetic parameters are computed founded on the 

Pseudo First Order (PFO) and Pseudo Second Order (PSO) to offer a more comprehensive description of the 

adsorption mechanism. Finally, potential adsorption mechanisms were proposed. Largely, these findings could 

contribute to the development of treatment strategies aimed at mitigating environmental and public health risks 

associated with the presence of phenol in various environmental compartments. 

2. Materials and methods 

2.1. Geological Studies: Localization of Raw Clay 

In Tunisia, clay is a major mineral resource found throughout the country, including the north, center, and 

south. Many works have explored the utilization of these clay reserves in various fields [31]. In this work, a 
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smectite-rich clay, is collected from center Tunisia: clay of Chouabine formation from Djebel Jebbes El Meheri-Sidi 

Bouzid Fig. (1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Simplified geological map of Jebel Jebbes El Meheri-Sidi Bouzid [32] and geological cross-section showing the clay 

units of the Choubine Formation. 
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2.2. Synthesis of Zeolites  

In this study, zeolite synthesis was conducted following the alkaline fusion method, as per the approach 

outlined by Hamdi and Srasra in 2012 [33] and Amri et al. in 2022 [34]. In general, the use of hydroxides from 

numerous alkalis, including sodium, potassium, calcium, lithium, and silicates of sodium and potassium, is 

believed suitable for activating waste materials [35]. In this particular investigation, NaOH powder is employed as 

the alkali activator in the zeolite preparation process. The procedure involved initially blending 30g of clay powder 

with 40g of crushed soda crystals. The resulting mixture was subjected to calcination in an oven at 600°C for one 

hour, resulting in a color change to green. The ensuing product mixed with 24 ml of distilled water and agitated 

for one day at room temperature. Subsequently, crystallization occurred at 90°C for duration of 8 hours. The 

crystallized material was filtered, washed, and dried, yielding a beige powder. The nomenclature for the resulting 

zeolites is based on the temperature utilized, for instance, zeolite-90°C signifies a zeolite prepared at 90°C.  

2.3. Phenol Stock Solution 

The synthetic phenol solution was prepared with varying concentrations (C0) ranging from 500 to 5000 mg/L. 

Analytical grade phenol (AR) was employed. A daily preparation of the required stock solution was carried out. 

2.4. Characterizations Methods 

Mineralogical identification of both raw clay and synthetic zeolite was accomplished using X-ray diffraction 

analysis was performed using a PANalytical X’Pert diffractometer. The ATR/FT-IR studied of raw clay was conducted 

with Perkin Elmer FT-IR/FIR spectrometer (frontier) across the wavenumber series of 400–4000 cm-1. The chemical 

analysis of raw clay was performed through X-Ray Fluorescence.  

2.5. Phenol Adsorption Tests 

The phenol adsorption experiments adhered to the following procedure: A 30 mL solution containing phenol at 

the desired concentration was brought into contact with a specified amount of adsorbent at room temperature, 

under natural pH conditions. After each experiment, the mixtures were filtered and subjected to analysis using 

UV/Vis spectroscopy. The ultimate concentration was determined through reference to a calibration curve in the 

UV spectrum at λ = 254 nm. These experiments were conducted to evaluate phenol removal by zeolite and to 

examine the influence of various factors, including sorbent quantity, contact time, and initial phenol concentration. 

Each experiment was repeated three times, and the mean value was used for analysis. The adsorption 

performance is quantified by measuring the quantity of phenol adsorbed (qeexp, mg.g-1) by equations (1) 

respectively : 

 

qeexp = 
Ci−Cf

m
∗ V  (1) 

 

Where Ci: initial phenol concentration (mg.L-1), Cf: final phenol concentration (mg.L-1), m : dosage of adsorbent 

(g.L-1), and V : volume of the phenol solution (mL). 

2.6. Modeling Studies 

Numerous models have been proposed in the literature to describe adsorption kinetics and isotherms, each 

providing a unique perspective on the adsorption process [36-38]. In this study, the kinetics of phenol adsorption 

were examined using first-order and second-order equations, while adsorption equilibrium was evaluated through 

Langmuir and Freundlich isotherm models. The accuracy of these kinetic and isotherm models in representing the 

experimental data was assessed using the coefficient of determination. 



Eco-friendly Zeolite Synthesis for Phenol Adsorption Yahya et al. 

 

5 

3. Results and Discussion  

3.1. Characterization of Raw Clay 

3.1.1. Mineralogical Composition 

The XRD patterns for both the natural clay and the purified clay are displayed in Fig. (2). The outcomes suggest 

that this clay comprises a mixture of clay minerals (66.31%), including smectite (14.75 Å) and illite (10.55 Å), along 

with minor impurities (33.69%), such as dolomite (2.89 Å), hematite (2.67 Å), and quartz (2.89 Å). The <2µm fraction 

reveals the prevalence of smectite (51.02%) and illite (45.81%), with minor levels of kaolinite (3.15%). 

 

Figure 2: X-ray diffraction pattern of raw clay. 

3.1.2. Chemical Composition 

The results of this analysis reveal that the primary constituents of the clay are silica (SiO2: 39.58%) followed by 

alumina (Al2O3: 9.33%). The sample also contains notable quantities of magnesium (MgO: 8.04%), iron (Fe2O3: 

4.071%), and calcium (CaO: 6.75%). In contrast, elements such as Na2O, SO3, and TiO2 are present in trace 

amounts. The relatively high percentages of silica (SiO2) and alumina (Al2O3) are particularly favorable for the 

utilization of the studied clays in zeolite synthesis.  

3.1.3. FTIR Analysis  

The FTIR spectrum of raw clay is revealed in Fig. (3). The bands at 3,425 cm-1 (H–O–S stretching), and 1639 cm-1 

(H–O–H bending) show the existence of adsorbed water. Absorption band at 1,026 cm-1 was given to the stretching 

mode of Si–O. The bending bands are at 528 cm-1 for Si–O–Al and 469 cm-1 for Si–O–Si. The bands located at 795 

represent the quartz and 1440 cm-1 is characteristic of carbonate. 

 

Figure 3: FTIR spectra of used clay. 
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3.2. Characterization of Synthesized Zeolites 

Fig. (4) shows the XRD patterns of the zeolite synthesized at 90°C. The diffractogrammes of sample prepared at 

90°C shows that all XRD peaks agree well with the characteristic peaks of zeolite (Na-X). The synthetic zeolite 

products still contained a significant amount of residual raw materials and/or other phases. The presence of non-

zeolite phases in the converted products limits the cation exchange capacity of the products and greatly reduces 

the applicability of synthetic zeolite [33]. For this research the typical diffraction peaks corresponding to clay 

minerals (smectite, kaolinite, and illite) remarkably disappear during the crystallization step, to be replaced by the 

generation of Faujasite zeolite (Na-X). The small zigzag peaks found in the spectrum refer to the presence of 

amorphous material. The only crystalline form in the used clay was quartz, as the thermal treatment during 

calcination does not affect quartz [39]. The XRD of the crystals has a low background, strong intensities and sharp 

peaks, indicating the as-synthesized zeolite 4A crystals are perfect [33]. In practical terms, we can assume that the 

synthesized zeolites are pure, based on the data provided by the International Zeolite Association. 

 

Figure 4: X-ray diffraction patterns of synthesized zeolite. 

3.3. Adsorption Study of Phenol  

3.3.1. Preliminary Study: Comparative Study 

This study involves a comparison of the efficiency of phenol adsorption on raw clay and synthesized zeolite. 

The adsorption tests were conducted at room temperature for one hour, utilizing a 30 ml volume, a phenol 

concentration of 2000 mg.L-1, natural pH conditions, and 0.2 g.L-1 of adsorbent. The comparative results are 

depicted in Fig. (5). From this figure, it is evident that zeolites exhibit significantly greater adsorption efficiency 

compared to raw clay. The quantity of phenol adsorbed is approximately 44 mg.g-1 for raw clay, increasing to 95.02 

mg.g-1 for zeolite-90°C. These results can be attributed to the advantageous properties of zeolite, such as a 

uniform micropore structure and a high surface area. In fact, according to Hamdi and Srasra in 2012 [33], 

synthetic zeolite, with its uniform micropore structure and high surface area, generally exhibits higher adsorption 

capacity when compared to clay minerals. 

3.3.2. Impact of the Adsorbent Dosage 

One of the significant parameters in the removal of phenolic compounds in the fungus preparations is the 

adsorbent dosage. The impact of the adsorbent dosage on the phenol adsorption onto zeolite-90°C was 

determined for 2000 mg.L-1 initial aqueous concentration and at natural pH. The tested adsorbent doses varied 

from 0.1 g.L-1 to 0.3 g.L-1. The results of the effect adsorbent dosage in the phenol adsorption onto zeolite-90°C 

are represented in Fig. (5). As shown in this figure, phenol removal efficiency increased from 59.45 to 101.7 mg.g-1 

when the zeolite dose increased from 0.05 to 0.3 mg.L-1. The increase of the phenol removal efficiency was the 

result of an increase in surface area which was actively effective in adsorption process. At equilibrium, the 
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quantity adsorbed of phenol is in order to 95.23 mg.g-1 for m=0.2g and 101.7 mg.g-1 for m=0.3g; since the latter 

(m=0.2g and m=0.3g) present very close values we have chooses 0.2 g as a mass to determine the phenomenon of 

phenol adsorption for the rest of the work.  

 

Figure 5: Adsorption study of Phenol. 

3.3.3. Impact of Contact Time and Modeling of Sorption Kinetic 

The time of pollutant adsorption is a very important parameter from an economic point of view. The effect of 

contact time was investigated at 20, 30, 40, 50 and 60 min in an ambient temperature and natural pH. For all 

experiments, the initial aqueous phenol concentration and adsorbent dosage were fixed to 2000 mg.L-1 and 0.1 

g.L-1 respectively. The Fig. (5) illustrates the adsorption of phenol onto zeolite over time, revealing a three-phase 

adsorption process: a rapid initial phase, a subsequent slower phase, and finally, an equilibrium phase. These 

findings indicate that the phenol adsorption process can be divided into distinct stages. The rapid adsorption 

phase, lasting approximately 10 minutes, can be attributed to the initial abundance of active sites on the zeolite 

surface. This abundance results in a high sticking probability, facilitating a swift adsorption process. As time a 

progress, the number of available active sites gradually diminishes, leading to a decrease in the adsorption rate. 

Around 30 minutes into the process, a near equilibrium state is achieved, where the adsorption rate stabilizes. 

This deceleration in the adsorption process is primarily a consequence of active site occupation; as more sites 

become occupied, the adsorption process naturally slows down. After approximately <40 minutes, equilibrium is 

nearly reached, indicating that most of the available adsorption sites are now occupied. The time required to 

reach this state of equilibrium was estimated at about 60 min. This finding is in concordance with previous studies, 

where the phenol by zeolite attains an equilibrium state between 60 and 100 min [25, 40].  

Adsorption kinetics is a key aspect that characterizes the rate at which a solute is taken up in a chemical 

reaction, ultimately influencing how long the adsorption process continues. In this study, two distinct kinetic 

models were employed to describe adsorption processes: the pseudo-first-order kinetic model and the pseudo-

second-order kinetic model. Table 1 present the parameters associated with these two models, including R-

squared values (R2), rate constants (k), and adsorption capacities (Qads), among others. These parameters offer 

valuable insights into the behavior of the adsorption process and provide a basis for understanding the kinetics of 

solute uptake in the studied systems. The pseudo-first-order kinetic model implies physical adsorption and 



Yahya et al. Global Journal of Earth Science and Engineering, 12, 2025 

 

8 

assumes homogeneous adsorbents [41]. However, the results from this study revealed a discrepancy between the 

calculated adsorption quantity (qeIcal: 95.23 mg.g-1) and the experimental adsorption quantity (qeexp = 49.00 mg.g-1), 

despite a relatively high R-squared value of 0.919. This incongruity suggests that the pseudo-first-order model is 

not suitable for accurately representing the adsorption kinetics of phenol onto zeolite. In contrast, the pseudo-

second-order kinetic model suggests chemical adsorption and assumes heterogeneous adsorbents [41]. The 

model yielded a higher correlation coefficient (R2 = 0.99) and a calculated adsorption capacity (qeIIcal = 100.00 

mg.g-1), indicating that the pseudo-second-order model provides a more accurate description of the adsorption 

kinetics of phenol onto zeolite. Consequently, the rate of phenol adsorption onto zeolite appears to be dependent 

on the availability of adsorption sites and involves chemical adsorption or chemisorption, which entails valence 

forces through electron sharing or exchange between the adsorbent and adsorbate [12]. The same finding were 

reported by El-Kordy and his team in 2022 [11] when investigating the phenol removal from aqueous solution by 

adsorption onto synthesized Faujasite-type Y zeolite.  

Table 1: Pseudo-first-order and pseudo-second-order parameters of phenol adsorption onto zeolite. 

Model 
Equations Plot 

Parameters Value 

Experiments qe,exp (mg.g-1) 95.23 

Pseudo-first-order Ln ((qe − qt) = LnqeI − K1t Ln ((qe − qt) vs. t 

qeI,cal (mg.g-1) 49.00 

k1 (min-1) 0.13 

R2 0.919 

Pseudo-second-order 
t

qt

=
1

K2qeII
2 +

1

qeII

t 
t

qt
 vs.t 

qeII,cal (mg.g-1) 100 

k1 (min-1) 0.004 

R2 0.998 

 

3.3.4. Impact of Initial Phenol Concentrations and Modeling of Adsorption Isotherm 

A series of experiments were conducted to investigate the influence of the initial phenol concentration (Fig. 5). 

The initial phenol concentration was systematically varied within the range of 500 to 5000 mg.L-1, while 

maintaining a fixed adsorbent dosage of 0.2 g.L-1 and a contact time of 60 minutes. As depicted in Fig. (5), it 

becomes evident that the amount of phenol adsorbed by the zeolite at 90°C increases in direct proportion to the 

concentrations in the aqueous phase. Specifically, the quantity of adsorbed phenol rises from 30.64 to 96.44 mg.g-1 

as the initial phenol concentration increases from 500 to 5000 mg.L-1. Adsorption isotherm models were employed 

to establish the equilibrium relationship between the amount of adsorbed phenol and the concentration of the 

adsorbate at a constant temperature. The linear isotherm constants and their corresponding correlation 

coefficients (R2) for the two models used are presented in Table 2. Based on the obtained data, it is evident that 

the Langmuir model provides the most suitable fit for the experimental results. This indicates that the adsorbent's 

 

Table 2: Langmuir and Freundlich parameters of phenol adsorption onto zeolite. 

Model 
Equations Plot 

Parameters Value 

Experiments qmaxcal (mg.g-1) 96.44 

Langmuir 

𝐶𝑒

𝑞𝑒

=
1

𝐾𝐿𝑞𝑚𝑎𝑥,𝐿

+
1

𝑞𝑚𝑎𝑥,𝐿

𝐶𝑒 

𝑅𝐿 =
1

1 + 𝐾𝐿𝐶𝑖
 

𝐶𝑒

𝑞𝑒
vs. 𝐶𝑒 

qmax(L) (mg.g-1) 125 

KL (L.mg-1) 0.001 

RL 0.66-0.16 

R2 0.993 

Freundlich 𝐿𝑛 𝑞𝑒 = 𝐿𝑛𝐾𝐹 +
1

𝑛
𝐿𝑛𝐶𝑒 𝐿𝑛𝑞𝑒vs. 𝐿𝑛𝐶𝑒 

kF 3.17 

nF 2.33 

R2 0.856 



Eco-friendly Zeolite Synthesis for Phenol Adsorption Yahya et al. 

 

9 

surface is homogeneous in nature. The Langmuir model assumes monolayer adsorption onto a surface containing 

a finite number of specific and energetically equivalent homogeneous adsorption sites. The Freundlich model 

often used to describe the adsorption characteristics of surfaces with a non-uniform distribution of heat of 

adsorption and assuming a reversible and multilayer adsorption process, yielded correlation coefficients that 

deviated from unity. This divergence from unity rules out the possibility of non-uniform adsorption of phenol on a 

heterogeneous surface. Furthermore, the KF and nF values obtained from the Freundlich equation were 3.17 

(mg.g−1) (L.mg−1)1/n
F and 2.33, respectively. nF value is range between 1–10, which suggests favorable phenol 

adsorption by zeolite at 90°C.  

3.3.5. Comparative Studies with other Adsorbent 

The performance and efficiency of adsorbents in industrial applications are highly dependent on their pore 

structure and surface properties [42]. To assess the efficacy of zeolite-90°C in phenol removal compared to other 

adsorbents reported in the literature, a comparative analysis based on Langmuir's adsorption capacity, denoted 

as "qmax," was conducted. The results indicate that zeolite-90°C exhibits a notably higher adsorption capacity when 

compared to several other adsorbents listed in Table 3. Specifically, the phenol adsorption capacity of zeolite-90°C 

is more than double that of Activated alumina. Furthermore, the adsorption capacity of our zeolite-90°C 

significantly surpasses that of relatively expensive adsorbents such as Garlic peel [43] and Banyan root activated 

carbon [44]. These findings suggest that the phenol adsorption rates of our synthesized zeolite are quite 

promising, especially when compared to other natural and synthetic zeolites with similar characteristics. Moreover, 

the cost of our zeolite-90°C remains competitive. Table 3 reveals that activated carbon derived from coconut coir 

boasts a higher maximum adsorption capacity than zeolite-90°C. However, activated carbon is the most 

commonly utilized adsorbent. Nevertheless, the challenges associated with carbon regeneration, coupled with its 

high cost, underscore the need for economically viable, stable, and efficient adsorbents. Therefore, zeolites 

synthesized from natural aluminosilicates materials emerge as an economical choice for the removal of phenol 

from aqueous solutions. In conclusion, it's worth highlighting that the clay used in the synthesis process holds 

promise as an attractive material for preparing zeolites dedicated to the removal of phenol from aqueous 

solutions. 

Table 3: Comparison of adsorption capacity of phenol onto zeolite-90°C with other mineral and organic adsorbents. 

Adsorbents Adsorption Capacity (mg.g-1) References 

Zeolite 

Commercial sodium zeolite 13.051 [45] 

Faujasite-type Y zeolite 90 [11] 

Acid-modified Pseudomonas 5.96 [46] 

Faujasite-type Y zeolite 81 [47] 

Natural bioadsorbent neem 47.90 [48] 

Other Adsorbents 

Clarified sludge 1.052 [41] 

Na–bentonite  8.76 [49] 

Mg-Al LDH 82.6 [50] 

Natural clay 15 [51] 

Banyan root activated carbon 26.95 [44] 

Garlic peel 14.49 [43] 

Natural zeolites 34.5 [52] 
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3.3.6. Mechanism of Adsorption 

To gain a comprehensive understanding of phenol adsorption onto zeolites, it is essential to analyze the 

underlying mechanisms. This adsorption phenomenon is influenced by a series of interconnected factors, 

including the functional groups present in both phenol and zeolite, the textural and surface properties of the 

zeolite, the diffusional behavior of phenol towards the adsorbent surface, and the nature of the intermolecular 

interactions between these components. Three primary models have been proposed to explain the adsorption 

mechanism of phenol: (i) the electron donor-acceptor (EDA) complex, representing chemical adsorption, (ii) π–π 

dispersion interactions, characteristic of physical adsorption, and (iii) solvent effects [36]. The EDA complex model 

suggests that the surface oxygen functional groups of zeolite and the aromatic rings of phenol interact as electron 

donors and acceptors, respectively [52]. Meanwhile, solvent effects arise when adsorption sites intended for 

phenol are occupied by water molecules, which form hydrogen bonds with surface oxygen groups, partially 

blocking the zeolite's pores and limiting phenol adsorption. 

4. Conclusions 

In summary, the successful synthesis of a cost-effective and eco-friendly zeolite from natural clay 

demonstrates its strong potential for wastewater treatment applications. XRD analysis confirmed the 

transformation of clay into a well-crystallized zeolite structure. The synthesized zeolite exhibited remarkable 

adsorption performance, effectively removing 125 mg.g⁻¹ of phenol from a highly concentrated solution (5000 

mg.L⁻¹) within 60 minutes using just 0.2 g of adsorbent. The adsorption process followed a pseudo-second-order 

kinetic model, indicating chemisorption as the dominant mechanism, while equilibrium data were best described 

by the Langmuir isotherm, suggesting a monolayer adsorption pattern. Compared to other reported adsorbents, 

the synthesized zeolite demonstrated superior efficiency, making it a promising candidate for large-scale 

wastewater treatment. Its high sorption capacity, rapid removal rate, and environmentally sustainable nature 

underscore its viability for practical applications in industrial effluent remediation. 

5. Recommendations 

In this study, a highly efficient synthetic zeolite was employed for water treatment applications. While the 

results obtained were promising, there remains significant potential for further optimization and refinement. 

Although batch experiments provided valuable insights into adsorption behavior, they have inherent limitations in 

replicating real-world conditions. 

Batch studies, while essential for initial screening and understanding fundamental adsorption mechanisms, do 

not fully capture the dynamic flow conditions present in practical applications. To overcome this limitation, future 

research should transition from batch experiments to column studies. Column studies offer several advantages, 

including the ability to simulate continuous flow conditions, extended contact times between the adsorbent and 

the contaminated water, and a more realistic assessment of adsorption efficiency under operational conditions. 

By adopting this approach, the reliability of the findings can be further enhanced, paving the way for optimized 

process parameters and facilitating the scale-up of this technology for real-world wastewater treatment 

applications. 
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