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Abstract

:

This study focuses on the preparation and characterization of activated carbon derived from Argan paste cake through carbonization at 300 °C followed by activation at 800 °C, utilizing KOH as the activation agent with a ratio of 1:1. The objective of this research is to compare the adsorption capacity of the obtained sample, referred to as APC-300-800, with a commercially available granular activated carbon (GAC) purchased from Aquasorb. The preparation involved various characterization techniques such as BET (Brunauer–Emmett–Teller) analysis, XRD (X-ray diffraction), and SEM (scanning electron microscopy). BET analysis revealed that APC-300-800 exhibited a high surface area of 1937 m2/g. Subsequently, adsorption tests were conducted, leading to the observation that APC-300-800 conforms to the second pseudo-order kinetic model, and the adsorption of paracetamol can be accurately described by the Dubinin–Radushkevich isotherm model, exhibiting an R2 value of 0.89665. The maximum adsorption capacity of paracetamol on APC-300-800, as determined by the Langmuir model, was found to be 344.82 mg/g. Additionally, thermodynamic studies revealed that the adsorption process on APC-300-800 was primarily governed by physisorption, while for GAC, it was attributed to chemisorption. These findings highlight the potential of APC-300-800 as an efficient adsorbent for water treatment applications, showcasing its favorable adsorption characteristics compared to commercially available alternatives.
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1. Introduction


With the emergence of accurate and sensitive instrumental chemical analysis techniques, it has become evident that numerous emerging contaminants (ECs) are present in environmental systems at low concentrations [1]. Pharmaceuticals have gained significant attention and are currently among the contaminants that are extensively researched. This heightened interest is evident from the abundance of highly regarded publications dedicated to the topic. The reason behind this interest is quite clear, as pharmaceuticals exhibit persistence in the environment and are widely utilized on a daily basis [2].



Analgesics and nonsteroidal anti-inflammatory drugs (NSAIDs) are predominantly identified as one of the primary xenobiotics found in soil, sediments, and, alarmingly, even in drinking water sources. Unfortunately, the predictions concerning this matter are far from optimistic, largely due to the substantial annual production of NSAIDs, which hovers around several kilotons [3].



Paracetamol, recognized as a highly effective analgesic and antipyretic, holds a prominent position among the widely used medications. It is accessible both as a standalone ingredient and in combination with other components, and can be obtained either through prescriptions or over-the-counter (OTC) options [4].



While paracetamol offers therapeutic advantages, it is unfortunately recognized as a prevalent cause of poisoning worldwide. Hepatotoxicity can occur due to excessive usage, as approximately 5–10% of paracetamol is transformed by cytochrome in liver microsomes into N-acetyl-para-benzoquinone imine (NAPQI). The surplus of NAPQI leads to increased oxidative stress and mitochondrial dysfunction [5,6].



The Food and Drug Administration (FDA) of the United States emphasizes the importance of adhering to the recommended maximum dose and advises against exceeding 4000 mg as the daily limit [7]. However, as a result of widespread utilization, paracetamol consistently enters drinking water sources through its discharge into municipal wastewater, subsequently leading to contamination of nearby aquatic ecosystems, surface water, and groundwater.



Ecotoxicologists have raised concerns about the presence of pharmaceutical residues in aquatic environments and their potential long-term toxic effects. However, studying these effects is challenging due to the relatively short time period that these substances have been in the environment. Various studies have examined the microbiomes of wastewater, particularly from hospitals, and have found an abundance of anaerobic microorganisms associated with pathogenic threats, including Bifidobacteriales, Bacteroidales, and Clostridiales. Additionally, compared to other locations, hospital wastewater contains microorganisms with higher levels of antimicrobial and antibiotic resistance genes, posing a significant concern. Analysis of the mycobiomes in hospital wastewater has also revealed the presence of opportunistic phyla such as Mycosphaerella, Drechslera, Candida, and Cyphellophora. The potential for these microorganisms to acquire antibiotic resistance is alarming and could have significant implications for global health [8].



Many treatments alone prove insufficient in completely eliminating such contaminants, leaving a considerable number of them unaffected even after undergoing the treatment process, including coagulation–flocculation [9], aerobic degradation [10], ozonation [11], electrolysis [12], photo-Fenton process [13], and filtration with nanomembranes [14]. Given this scenario, it becomes imperative to devise selective methods that exhibit efficacy even when dealing with minute quantities of pollutants. Among the plethora of techniques employed in the treatment of wastewater, adsorption stands out as a highly efficient and promising approach. This widely adopted method boasts numerous advantages, including its affordability, straightforward operation and implementation, effectiveness at extremely low concentrations, and potential for regeneration and reuse, as well as the ability to utilize adsorbent materials from diverse sources. Previous studies have employed conventional water treatment methods to effectively eliminate NSAIDs from both surface and drinking water, as documented in the literature. However, Soltani et al. [15] examined the efficacy of synergistically employing catalytic decomposition and ultrasonic degradation techniques for the elimination of these compounds. The research findings revealed that the integration of stone waste (in powder form) enhanced the pore volume and specific surface area of the ZnO catalyst. As a result, a significant improvement in the degradation efficiency of paracetamol was achieved, demonstrating an outstanding outcome of approximately 98.1%. Mirzaee et al. [16] examined the electrochemical degradation of paracetamol under ultrasonic conditions. Their study showed that utilizing an iron anode in a modified hybrid process resulted in a degradation potential of over 60%. Although the catalytic and electrochemical methods exhibit higher efficiency compared to individual processes, it is important to note that they have inherent limitations and are generally more suitable for specific treatment processes and applications with lower volumes. Moreover, conventional 2D electrochemical reactors suffer from low mass transfer, which leads to oxidation/reduction of compounds only at the surface of the electrode, thereby increasing energy consumption [17]. Moreover, wastewater typically contains chlorides, which can be converted to chlorine (Cl2) and hypochlorites (HOCl/OCl−) [18] through oxidation. These substances have the ability to react with organic materials and generate chlorinated derivatives that are hazardous and long-lasting pollutants. In contrast, the adsorption method is more discriminating as it offers flexibility in design, ease of operation, and simplicity, and it does not require specialized personnel [19].



Granular and powdered activated carbons (GACs and PACs) represent advanced treatment technologies for micropollutant removal, based on their advantages of low cost, large surface area, easy regeneration, availability, and hydrophobicity, and in this context lignocellulose biomass is gaining a lot of interest as a source for activated carbon [20].



For a considerable period of time, the use of adsorbents derived from biological species has been applied in the removal of various types of contaminants [21,22]. One of these adsorbents, activated carbon (AC) impregnated with carbon moieties, has the ability to form a complex with different molecules, and this ability can vary [19].



Mestre et al. [23] reported that by activating a certain procedure, particles with tiny pores, a large surface area (ranging from 950–2000 m2/g), a well-developed pore structure, and active surface properties are obtained. These characteristics enable efficient adsorption of smaller organic compounds, demonstrating that the adsorbent derived from biomass waste exhibits greater selectivity in eliminating ibuprofen. Terzyk et al. [24,25] found that modifying the surface with H2SO4 led to higher efficiency in drug removal compared to using HNO3 and NH3. Macías-García et al. [26] conducted research to examine the effects of varying concentrations of H3PO4 (30–85%) on the chemical modification and adsorption capacity of AC that was prepared from kenaf. But ZnCl2, NaOH, and KOH are commonly favored as activation agents due to the fact that the resultant materials typically exhibit a distinct porous structure and high surface area, and they yield good production results [27].



The Argan tree covers of 871.210 ha of woodland in the fertile regions of the Souss Valley, nearly 17% of the Moroccan forest area [28]. In the past, the extraction of Argan Oil was primarily conducted by Moroccan women who utilized stone mill pressing.



The traditional extraction method often took place under unsanitary conditions. Fortunately, the introduction of mechanical cold-pressing has resolved this issue. This modern technique minimizes the need for manual labor while enhancing the quality of Argan Oil and regenerating higher quantities of byproducts including Argan paste cake [29].



Traditionally, the Argan paste cake was considered a waste material and was often discarded or used as animal feed. However, recent developments have highlighted the potential value of this byproduct. Researchers and manufacturers have started exploring alternative uses for Argan paste cake, transforming it from a waste material into a valuable resource [30]; in this context, the objective of this study is to explore the potential of Argan paste cake as unprocessed material for producing activated carbon through the use of KOH as an activation agent. Additionally, this research assesses its effectiveness in eliminating paracetamol for the first time. To achieve this goal, activated carbon samples were prepared from Argan paste cake to achieve best adsorption performance capacity, and a comparison study was conducted between the prepared samples and commercial GAC (granular activated carbon) prepared from coconut waste. Many studies have been carried out using this commercial activated carbon like a study of the application of enzyme-immobilized activated carbon for the removal of emerging pollutants from water [31] to remove micropollutants from municipal wastewater [32]. Following the adsorption of paracetamol in distilled water, the adsorbent exhibiting the most favorable outcomes for paracetamol elimination was chosen for a comprehensive analysis side by side with the commercial activated carbon (GAC), to measure the influence of the mass of adsorbent, pH, contact time, temperature, and adsorbent activation conditions on paracetamol removal from aqueous solution.




2. Materials and Methods


2.1. Materials and Pre-Treatment


The carbon precursor employed in this study was obtained from Argan paste cake sourced from a small village named Tizgui, located near the city of Tafraout in southwestern Morocco. To ensure its purity, the raw material underwent a thorough washing process using distilled water. Subsequently, it was dried for 24 h at 110 °C in an oven to remove any excess moisture. Once completely dried, the material was carefully crushed and stored in airtight plastic containers for future use. All the chemicals utilized in this research were of analytical grade and procured from Sigma-Aldrich located at Madrid, Spain.



2.1.1. Activation and Carbonization


The prepared raw material was carbonized under nitrogen flow of 300 mL/min for 1 h at 300 °C after cooling down. The resulting biochar was crushed and mixed with KOH (1:1) ratio for activation under nitrogen flow of 300 mL/min for 1 h with 800 °C; after cooling down, the activated carbon was then crushed and neutralized used HCL 1 M until achieving neutral pH. Then, it was subsequently washed using distilled water to eliminate the excess KOH and ash. The activated carbon was preserved in an oven for 24 h at 90 °C and to prevent moisture it was kept in a desiccator.




2.1.2. Granular Activated Carbons (GACs)


This study examined a commercially accessible granular activated carbon (GAC) sample, specifically activated carbon 12 × 40 mesh, supplied by AquaSorb®CT [33] to evaluate its performance. The granular activated carbon (GAC) sample used for this study possesses a substantial surface area around 1100 m2/g and is characterized by particle sizes ranging from 0.5 to 1.7 mm; more properties of the utilized GAC are presented in (Table 1).





2.2. Characterization


To determine the optimal operating parameters for the preparation of activated carbon, various analytical instruments were employed. The surface morphology and structure were examined using a high-resolution field-emission scanning electron microscope (UHR FE-SEM Hitachi SU8020) with cold emission. Specific surface area and porosity analysis were carried out by calculating the N2 adsorption/desorption isotherms at −196 °C and CO2 adsorption at 0 °C, utilizing a volumetric QUADRASORB evoTM apparatus. The structural changes in the crystals of the carbonaceous materials were evaluated using X-ray diffraction (XRD) with Cu Kα radiation (λ = 1.54056 Å) on a PANalytical Empyrean X-ray diffractometer.




2.3. Adsorption Experiments


The adsorption properties of activated carbon, specifically prepared for the removal of paracetamol, were investigated through experimental studies using a Jasco V-630 UV-Vis Spectrophotometer. Measurements were taken at a wavelength of 245 nm. Stock solutions of paracetamol were prepared using distilled water, with a concentration of 1000 mg/L, by dissolving 1000 mg of paracetamol in 1 L of distilled water. Required concentrations for the experiments were obtained by diluting the stock solution accordingly. Batch adsorption experiments were conducted in a series of stoppered 100 mL Erlenmeyer flasks to evaluate the impact of various parameters on the removal of paracetamol using the prepared activated carbon. The important parameters examined included adsorbent dose, solution pH, contact time, initial concentration, and temperature. The experimental conditions were set as follows: 30 mL of paracetamol solution, 10 mg of activated carbon, initial paracetamol concentration of 20 mg/L, natural pH of 5.8, stirring speed of 500 rpm, contact time of 60 min, and room temperature. Adjustments to the pH value were made using 0.1 M NaOH or HCl solution. To quantify the adsorption process, the amount of paracetamol adsorbed at equilibrium (qe) was determined in mg/g, and the corresponding adsorption yield (%) was calculated using the following Equations (1) and (2) [34]:


    q   e   =       C   0      −      C   e     × V   m   ,  



(1)






   R ( % )  =       C   0      −      C   e         C   0        ×   100 ,   



(2)







C0 represents the initial paracetamol concentration in mg/L, Ce represents the concentration of paracetamol at equilibrium in mg/L, V represents the volume of the solution in liters, and mCA represents the mass of the adsorbent in grams.





3. Results


3.1. Characterization of Materials


3.1.1. Textural Properties of APC-300-800


Many samples were studied in the preparation stage to achieve the best optimized sample to carry out the rest of this study. APC-300-800 has the best specific surface area reaching 1937 m2/g with only a KOH/Biomass ratio of 1/1, micropore size of 0.97 cm3/g, and total pore volume size of 1.09 cm3/g. These details are illustrated in (Table 1). The N2 adsorption desorption isotherm is type I and IV, which indicates that the sample is micro-mesoporous, according to the IUPAC classification [35].



The BET results (Figure 1) of the prepared sample, indicate a vast surface area available for adsorption per gram of activated carbon. A higher specific surface area suggests enhanced adsorption capacity and a greater number of active sites. The KOH/Biomass ratio of 1/1 represents the proportion of potassium hydroxide (KOH) used in relation to the Argan paste cake biomass during the activation process. This ratio significantly influences the development of porosity and, consequently, the resulting surface area of the activated carbon. The activated carbon exhibits a micropore size of 0.97 cm3/g. The micropores are characterized by their small dimensions, typically less than 2 nm. The substantial micropore volume suggests a considerable capacity for adsorption of small molecules, owing to the extensive surface area and narrow pore size distribution. The total pore volume of the activated carbon is measured at 1.09 cm3/g. This value represents the collective volume of all types of pores within the activated carbon per gram. The presence of a significant total pore volume implies an extensive pore network, encompassing both micropores and larger mesopores or macropores. It indicates the potential for efficient adsorption of diverse substances.




3.1.2. XRD Analysis


The XRD pattern (Figure 2) shows distinctive diffraction peaks at 2θ = 25.56° and 2θ = 43.16°, which are assigned to the (002) and (100) graphitic planes [36], respectively. The strongest diffraction peak at around 2θ = 25° corresponds to the (002) graphitic plane. This peak indicates the ordered arrangement of carbon atoms within the activated carbon structure. The (002) plane represents the stacking of graphene layers, and its presence suggests the presence of well-developed graphitic structures in the activated carbon.



The small diffraction peak at 2θ = 43.16° is assigned to the (100) graphitic plane. This peak indicates the presence of additional graphitic structures in the activated carbon. The (100) plane is related to the spacing between the carbon layers within the graphite-like structures present in the activated carbon. The presence of distinct diffraction peaks assigned to graphitic planes suggests that the activated carbon derived from Argan paste cake possesses a well-ordered graphitic structure. These graphitic planes contribute to the formation of a high specific surface area and can enhance the adsorption properties of the activated carbon.




3.1.3. SEM Images


The morphology of the activated carbon derived from Argan paste cake is shown in Figure 3b, representing the image after activation. Figure 3a is the image of the raw material with the effect of both activation and carbonization observable on the morphology of the carbon matrix, with creation of new pore sites with heterogeneous distribution caused by two-step pyrolysis. On the other hand, SEM images show a distribution of different pore sizes and shapes.





3.2. Adsorption Process


3.2.1. Influence of Adsorbent Dosage


The influence of adsorbent dosage on the adsorption of paracetamol was investigated to determine the optimal amount of activated carbon (APC-300-800/GAC) required for effective removal. The study explored a dosage range from 10 mg to 50 mg. The results, presented in (Figure 4), indicate that increasing the adsorbent dosage led to a corresponding increase in the percentage of paracetamol removal. Specifically, the percentage of paracetamol removal rose from 79.23% to 84.83% and from 13.89% to 84.35% when the dosage of APC-300-800/GAC increased from 10 mg to 50 mg, respectively. This observation can be attributed to an augmented availability of adsorption sites and an enhanced contact area between the solid and liquid phases, facilitating greater paracetamol adsorption [37]. For the subsequent adsorption experiments, a dosage of 30 mg of APC-300-800 was selected as the optimal amount.




3.2.2. Influence of Contact Time


The rate of adsorption is a critical parameter in understanding the kinetics of the adsorption process. To determine the time required to reach adsorption equilibrium for paracetamol, experiments were conducted using APC-300-800/GAC powder in Erlenmeyer flasks. The flasks contained a paracetamol solution of 30 mL with an initial temperature of 293 K, an initial pH of 6.6, and an initial concentration of 20 mg/L. Figure 5 illustrates the variation of the adsorbed quantity over time. As observed, the adsorbed amount of paracetamol increased with increasing contact time until reaching the equilibrium phase. Within the first 5 min, APC-300-800 demonstrated rapid adsorption, eliminating approximately 62.74% of paracetamol. After approximately 15 min, it reached a significant removal rate. However, it continued to adsorb at a much slower rate, ultimately reaching equilibrium after 120 min. On the other hand, it was observed that GAC exhibited slower adsorption, removing approximately 24.31% of paracetamol in 90 min, with the maximum removal of 56.62% achieved after 180 min. These outcomes can be attributed to the initial openness and accessibility of the adsorption sites, enabling efficient interaction with paracetamol molecules. Additionally, the rapid and substantial adsorption of paracetamol by APC-300-800 can be attributed to its larger surface area, its higher porosity, and the use of KOH-modified groups as catalysts during activation. More details for these models are provided in Table 2.




3.2.3. Influence of pH


Numerous studies have highlighted the significance of pH as a crucial factor in the adsorption process. pH plays a pivotal role in determining the efficiency and effectiveness of adsorption mechanisms. By manipulating the pH of a solution, researchers have observed notable variations in the adsorption behavior and performance of different adsorbents. These findings collectively emphasize the importance of considering pH as a fundamental parameter when investigating and optimizing adsorption processes [38]. The influence of pH on the adsorption of paracetamol was thoroughly investigated. The pH of the solution was systematically varied from 2 to 11 at room temperature, using initial concentrations of 20 mg/L. Precise pH adjustments were made by adding either 0.1 M HCl or NaOH solution to ensure accurate control. The obtained results, depicted in Figure 6, highlight the pivotal role of pH in the adsorption process. It is evident from the findings that the pH of the solution significantly affects the adsorption behavior of paracetamol. For APC-300-800, the percentage of paracetamol adsorbed gradually decreases as the pH increases, reaching a minimum value of 42.28%. Conversely, for GAC, the percentage of paracetamol adsorbed initially increases from pH 2 to 5, but then declines to a minimum of 2.70% at pH 11. These results indicate that higher pH levels lead to a reduction in the amount of paracetamol adsorbed. The optimal pH value for efficient adsorption using APC-300-800 is 2, while GAC demonstrates the highest adsorption capacity at a pH of 5. These findings underscore the importance of considering pH as a critical parameter in the adsorption process, as it directly influences the efficacy of paracetamol removal using different adsorbents.




3.2.4. Influence of Concentration


The impact of initial paracetamol concentration on the adsorption process was thoroughly investigated, as illustrated in Figure 7. Different concentration ranges, ranging from 10 mg/L to 100 mg/L, were examined while keeping the time and temperature constant. The findings revealed a clear relationship between the concentration of paracetamol and its adsorption efficiency and capacity. It was observed that as the initial paracetamol concentration increased, the adsorption efficiency and capacity decreased. This phenomenon can be attributed to the limited availability of active adsorption sites on the surface of the adsorbent. At lower concentrations, there are sufficient vacant sites for paracetamol molecules to occupy, leading to higher removal efficiency. However, as the concentration in the solution increases, the active sites become occupied, resulting in reduced removal of paracetamol from the solution. Interestingly, both the removal efficiency and adsorption capacity exhibited similar characteristics. Initially, there was a rapid and significant increase in both parameters for both adsorbents. This behavior can be attributed to the abundance of vacant sites on the carbon surface during the initial stages of adsorption. However, as the process continued, the remaining vacant sites were influenced by repulsive forces between the molecules on the carbon surface. These findings highlight the intricate relationship between initial paracetamol concentration and its adsorption behavior [39].



Hence, these findings provide further evidence that enhancing the diffusion of paracetamol molecules can be achieved by facilitating improved transport pathways, primarily through the utilization of a large surface area that offers abundant adsorption sites. These results underscore the importance of optimizing the adsorbent’s structural characteristics to enhance the efficiency of paracetamol adsorption.





3.3. Kinetic Study


To comprehensively understand the adsorption processes of the paracetamol molecule, the experimental data obtained were subjected to modeling using various kinetic models, including the pseudo-first-order [40], pseudo-second-order [41], Elovich [42], and intra-particle kinetic models [40]. The corresponding equations for these models are presented below:


  Ln     q   e      −      q   t     = Ln   q   e      −      K   1   t  



(3)






    t     q   t      =    1     K   2   ·     q   e     2      +    t     q   e     ,  



(4)






  qt  =    1   β     ln  ⁡     α β      +   1   β    ln   t ,   



(5)






  qt =   K   int     t     +   C ,  



(6)







	
qe (mg/g): Adsorption amount of paracetamol at equilibrium;



	
qt (mg/g): Amount of paracetamol adsorbed onto the solid phase at time t;



	
k1 (1/min): Pseudo-first-order rate constant;



	
k2 (g/mg·min): Pseudo-second-order rate constant;



	
α (mg/g·min): Initial adsorption coefficient;



	
β (g/mg): Desorption coefficient;



	
Kint (g/mg·min(1/2)): Rate constant of the intra-particle diffusion model;



	
C: Constant.






The kinetics models were evaluated and presented in Figure 8, while the parameter values obtained for each model are listed in Table 2. To determine the best-fitting kinetic model, the fitting parameters were compared, with a focus on achieving high coefficient of determination values (R2 > 0.9992). For the adsorption of paracetamol by APC-300-800, the pseudo-second-order model exhibited a better fit to the experimental data compared to the pseudo-first-order and Elovich models. This suggests that the rate-determining step in the adsorption process is likely the movement of the adsorbate mass from the solution to the surface of the adsorbent [43]. Conversely, for the adsorption of paracetamol by GAC, the pseudo-first-order model provided a better fit, with an R2 value exceeding 0.7277. Additionally, the pseudo-second-order model has been widely recognized as a suitable model for describing paracetamol adsorption on various activated carbon adsorbents, as reported in previous studies [44]. The data obtained was consistent with the experimental data obtained in Figure 8.




3.4. Isotherm Studies


Adsorption isotherms are the key word for better understanding of the relationship in the adsorption phenomena of adsorbate/adsorbent; in modeling those isotherms we can predict the performance of the adsorption system, capacity of adsorbent, mechanism of adsorption, and adsorption performance evaluation. All these parameters are provided using the models. In this study Langmuir [45], Freundlich [46], Temkin [47], and Dubinin–Radushkevich [48] are the models used to fit the experimental results of both our activated carbon APC-300-800 and granular activated carbon (GAC) in adsorption tests of paracetamol molecules. The following are the models of Equations (7)–(10), respectively:


      C   e       Q   e     =     C   e       Q   max     +   1    K L  ·   Q   max     ,  



(7)




where Qe is the adsorbed amount in (mg/g), Qmax represents maximal adsorbed amount in (mg/g), and Ce and KL are the equilibrium concentration in (mg/L) and Langmuir adsorption constant, respectively.


  Ln     Q   e     =    ln     ⁡    KF     +   1   n    ln (    C   e   ) ,  



(8)




where KF represents the Freundlich constant, Ce is the equilibrium concentration in (mg/L), Qe is the amount in (mg/g) of absorbed molecules, and 𝑛 is linearity value of adsorbate/adsorption solution process.


    Q   e   =   RT   b    ln (    C   e    ) +    RT   b    ln (    K   T   ) ,  



(9)




where RT/b represent heating constant of the adsorption, KT is the constant of binding equilibrium, and T is the temperature.


     Ln   (  Q   e   ) =  Ln        Q   s        −      K    ad        є   2   ,  



(10)




where Kad represents the Dubinin–Radushkevich constant, QS represents theoretical isotherms’ saturation capacity, and   є   in (J/mol) refers to the Polanyi potential.



3.4.1. Plotting and Analysis of Langmuir Model


Langmuir model adsorption parameters were obtained using Equation (7). All adsorption parameters are determined in Table 3. The plotting graph of the Langmuir isotherm is illustrated in Figure 9a. Both adsorption precursors have a small KL value; therefore, we understand a weak absorbent/adsorbate interaction due to the active site adsorbing only one molecule. The maximum adsorption capacity is 344.827 mg/g for APC-300-800 and 13.106 mg/g for GAC; the RL values obtained were between 0 and 1 and show that the adsorption of paracetamol onto the APC-300-800 and GAC was favorable.



Plotting graphs show that GAC and APC-300-800 have a relatively high correlation value (R2 > 0.70); we can then say that they are well presented using the Langmuir isotherm.




3.4.2. Plotting and Analysis of Freundlich Isotherm


All Freundlich parameters were obtained using Equation (8); Ce and Qe values were transformed to ln Ce and ln Qe, which are used to plot data illustrated in Table 4. The data graph results are illustrated in Figure 9b. The adsorption parameters are also determined using results of data fitting in Table 4. The Freundlich isotherm fits better for the APC-300-800 adsorption system than for GAC, which can be confirmed by R2 surpassing 0.70 with physical interactions.




3.4.3. Plotting and Analysis of Temkin Isotherm


Temkin parameters were revealed from ln Ce and Qe data plotting, as shown in Figure 9c. From Equation (9), the obtained parameters are R2, b, and K𝑇. Table 5 gathers all the results of the used precursors APC-300-800 and GAC.




3.4.4. Plotting and Analysis of Dubinin–Radushkevich


To draw and to obtain Dubinin–Radushkevich isotherm and adsorption parameters illustrated in Table 6, Equation (10) was used. Qe was transformed to lnQe and calculated 𝜺2 to plot the data, which is represented in Figure 9d, revealing that the APC-300-800 adsorption system has a correlation coefficient higher than (R2 > 0.70) showing the highest R2 value comparing to all other models, so it is considered according to Dubinin–Radushkevich to have micropore size structure, while GAC represents a correlation coefficient lower than (R2 > 0.70).





3.5. Thermodynamic Studies


To examine the absorption characteristics of paracetamol on APC-300-800/GAC, we employed the thermodynamic properties, namely the change in free energy (ΔG°), enthalpy (ΔH°), and entropy (ΔS°), to elucidate the adsorption behavior. The values for these parameters were determined using the subsequent equations:


    ∆ G ° =  − RTLn   K d    ,      and    ∆ G ° = ∆ H °  −  T ∆ S ° ,    



(11)






  Ln   K d   =    ∆ S °    R      −       ∆ H °    RT   ,  



(12)






  K d  =      Q   e       C   e     ,  



(13)




where T is the kelvin temperature (K), Kd is the distribution constant in (L·g−1), and R is the gas constant (8.314 J·mol·K−1).



Table 7 shows the thermodynamic parameters of paracetamol on APC-300-800/GAC. The plot of the ln(kd) curve as a function of 1/t results in a straight line with a slope equal to—∆H°/R and an origin ordinate equal to ∆S°/R, as illustrated in Figure 10. The negative value of ΔG° indicates that the adsorption of paracetamol on APC-300-800/GAC was spontaneous. Additionally, the positive ΔH° values suggest that the sorption of paracetamol on APC-300-800/GAC was endothermic, and the adsorption capacity increased with temperature. The positive ΔS° reflects the increased randomness of the system due to the strong binding of the paracetamol molecule to APC-300-800/GAC during the adsorption process. Moreover, the adsorption process was attributed to physical adsorption when 2.1 < ΔH° < 20.9 Kj.mol−1, and the acting force may be Van der Waals force or electrostatic interaction. On the other hand, when 20.9 < ΔH° < 418.4 Kj.mol−1, the adsorption process was attributed to chemical adsorption [49]. The value for the GAC adsorbent was 96.126 kJ/mol. Therefore, the primary adsorption mechanism of paracetamol on APC-300-800 was physisorption, while for GAC, it was chemisorption.




3.6. Regeneration Studies


The ability of the adsorbents to be reused is a major property that determines whether the process is economically applicable. The regeneration cycles, in regards to economic evaluation, were performed to further evaluate the application of APC-300-800 as an adsorbent for the removal of pharmaceutical compounds. The regeneration process was performed with an initial paracetamol concentration of 20 mg·L−1 and under optimized conditions (pH = 2, contact time of 60 min, and an adsorbent amount of 10 mg). The result is presented in Figure 11, in which it is clearly noted that the percentage of paracetamol removed decreases from 96.81% to 95.93%. By performing five adsorption–desorption cycles, the fact that paracetamol loaded on APC-300-800 adsorbent is reusable was confirmed. In all five cycles, paracetamol was adsorbed. These results revealed that APC-300-800 has the potential to be reused several times and could be an efficient, economical, and eco-friendly adsorbent.





4. Conclusions


In conclusion, this study successfully prepared and characterized activated carbon derived from Argan paste cake through carbonization and activation processes. The obtained sample, APC-300-800, exhibited a high surface area of 1937 m2/g, as determined using BET analysis. The comparison between APC-300-800 and a commercially available granular activated carbon (GAC) highlighted the superior adsorption capacity of APC-300-800.



The adsorption tests demonstrated that the adsorption kinetics of paracetamol on APC-300-800 followed the second pseudo-order model, indicating a favorable adsorption rate. The Dubinin–Radushkevich isotherm model accurately described the adsorption behavior, with an R2 value of 0.89665, further confirming the efficacy of APC-300-800 as an adsorbent for paracetamol.



Moreover, the Langmuir model revealed that APC-300-800 achieved a maximum adsorption capacity of 344.827 mg/g for paracetamol, showcasing its high adsorption performance. In contrast, GAC exhibited chemisorption behavior.



Thermodynamic studies indicated that the adsorption process on APC-300-800 was primarily governed by physisorption. This finding implies that APC-300-800 has the potential to be an efficient adsorbent for water treatment applications, where physisorption is often preferred due to its reversible and energy-efficient nature.



Overall, the results of this study demonstrate that APC-300-800, derived from Argan paste cake, possesses exceptional adsorption properties, outperforming the commercially available GAC. The high surface area, favorable adsorption kinetics, and significant adsorption capacity make APC-300-800 a promising candidate for various water treatment applications, contributing to the development of sustainable and effective adsorbents in environmental remediation efforts.
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Figure 1. N2 adsorption and desorption isotherm for APC-300-800 sample. 
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Figure 2. XRD pattern of the activated carbon sample APC-300-800. 
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Figure 3. SEM images of the raw material (a) and APC-300-800 (b). 
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Figure 4. The impact of adsorbent dose on the adsorption of paracetamol using activated carbon APC-300-800/GAC. 
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Figure 5. Influence of contact time on paracetamol removal by activated carbon APC-300-800/GAC. 
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Figure 6. Influence of pH on paracetamol removal by activated carbon APC-300-800/GAC. 
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Figure 7. Influence of initial concentration on paracetamol removal by activated carbon APC-300-800/GAC. 
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Figure 8. Linear plots of pseudo-first-order (a), pseudo-second-order (b), intraparticle (c), Elovich, and (d) kinetic models, respectively. 
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Figure 9. Isotherm plots of Langmuir (a), Freundlich (b), Temkin (c), and Dubinin–Radushkevich (d). 
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Figure 10. Temperature impact on the adsorption of paracetamol by APC-300-800/GAC. 
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Figure 11. Number of cycles to test reusability of APC-300-800. 
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Table 1. Textural properties of APC-300-800 and GAC.
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	Samples
	SBET (m2/g)
	VN2 (cm3/g)
	VCO2 (cm3/g)
	Vmeso (cm3/g)
	VT (cm3/g)
	Yield





	APC-300-800
	1937
	0.97
	0.89
	0.12
	1.09
	24.53%



	GAC
	1068
	0.49
	0.41
	0.03
	0.51
	-
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Table 2. Kinetic parameters for the adsorption of paracetamol on APC-300-800/GAC.
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Biomass




	
Models

	
Parameters

	
APC-300-800

	
GAC






	
Pseudo-first-order

	
qe (mg/g)

	
38.2139

	
48.6620




	
K1 (1/min)

	
0.0467

	
0.0189




	
R2

	
0.955

	
0.7277




	
Pseudo-second-order

	
qe (mg/g)

	
52.631

	
66.666




	
K2 (g/mg·min)

	
3.567 × 10−3

	
6.741 × 10−5




	
R2

	
0.9992

	
0.237




	
Elovich

	
α (mg/g·min)

	
8.1545

	
0.677




	
β (g/mg)

	
0.3308

	
0.5100




	
R2

	
0.8907

	
0.6511




	
Intraparticle diffusion

	
Kint (g/mg·min(1/2))

	
1.04

	
0.8633




	
C

	
6.02

	
1.3801




	
R2

	
0.7022

	
0.8407
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Table 3. Langmuir isotherm parameters.
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	Precursor
	Qmax (mg·g−1)
	KL (L·mg−1)
	R𝑳
	R2
	Note





	APC-300-800
	344.827
	0.0275
	0.78
	0.8497
	0 < 𝑅𝐿 < 1 adsorption is favorable, R2 > 0.70 monolayer adsorption



	GAC
	13.1061
	0.0291
	0.77
	0.868
	0 < 𝑅𝐿 < 1 adsorption is favorable, R2 > 0.70 monolayer adsorption
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Table 4. Freundlich isotherm parameters.
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	Precursors
	1/n
	R2
	Note





	APC-300-800
	0.5065
	0.6122
	0 < 1/𝑛 < 1 means favorable adsorption process

𝑛 < 1, adsorption process with physical interaction

R2 > 0.70, multilayer adsorption



	GAC
	1.2508
	0.5491
	1/𝑛 > 1, cooperative adsorption

𝑛 < 1, chemical interaction between adsorbate molecules

R2 < 0.70, monolayer adsorption
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Table 5. Temkin isotherm parameters.
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	Precursor
	KT (L·mg−1)
	BT (J·mol−1)
	R2
	Note





	APC-300-800
	40.449
	60.116
	0.7342
	𝐵𝑇 < 8 kJ/mol

Physical interaction between adsorbate molecules

R2 > 0.70, adsorbate/adsorbent surface uniform distribution



	GAC
	0.0985
	157.439
	0.5804
	𝐵𝑇 < 8 kJ/mol

Physical interaction between adsorbate molecules

R2 < 0.70, no adsorbate/adsorbent surface uniform distribution
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Table 6. Dubinin–Radushkevich isotherm parameters.
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	Precursor
	qm (mg·g−1)
	E (kJ·mol−1)
	Kad
	R2
	Note





	APC-300-800
	166.967
	385,761
	3.10–6
	0.89665
	R2 > 0.70, micropore size exists in adsorbent surface



	GAC
	54.266
	114,992
	3.10–5
	0.58757
	R2 < 0.70, no micropore size exists in adsorbent surface
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Table 7. Thermodynamics parameters for the adsorption of paracetamol on APC-300-800/CC.
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Adsorbents

	
ΔG° (kJ·mol−1)

	
ΔH° (kJ·mol−1)

	
ΔS° (J·mol−1·K−1)






	

	
298 (K)

	
318 (K)

	
338 (K)

	

	




	
APC-300-800

	
−151.74

	
−556.78

	
−575.19

	
10.152

	
54.3270




	
GAC

	
−5.454

	
−12.271

	
−19.089

	
96.126

	
340.874
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