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Abstract

:

Antibiotics and non-steroidal anti-inflammatory drugs (NSAIDs) are among the top pharmaceutical contaminants that have been often found in the aquatic environment. The presence of these contaminants in the aquatic environment is of great concern since it has a negative impact on both ecology and human health. In contrast to other tertiary treatments, adsorption stands out as a viable treatment approach since it provides benefits such as easier operating conditions with no byproduct formation. Commercial activated carbon is widely researched as a pharmaceutical adsorbent, but its large-scale applicability is constrained by its high cost. Agricultural waste also contains a large amount of various functional groups, which may be adapted to surface modification to increase its adsorption ability. In this regard, this study is designed to review the recent progress of efficient adsorbents derived from various agricultural wastes for the removal of antibiotics and NSAIDs contaminants from water bodies. Adsorbents made from agricultural waste have important benefits over commercial activated carbon for the reduction in waste while controlling water pollution.
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1. Introduction


Pharmaceuticals or medications are chemical substances that are used to treat human and animal ailments. In recent decades, pharmaceuticals, especially antibiotics and non-steroidal anti-inflammatory drugs (NSAIDs) have attracted significant interest because of their huge usage by humans and animals; consequently, they have been detected worldwide in many water bodies [1]. Antibiotics are often used to treat, diagnose, and prevent diseases in humans, veterinary animals, and the agricultural sector [2]. Additionally, NSAIDs are often used to treat a variety of conditions, including gout, arthritis, fever, headaches, and inflammation. Consequently, these pollutants may be noticed in large quantities in surface and groundwater, wastewater, and even drinking water [1,3]. Antibiotic and NSAID pollution in the aquatic environment creates major health problems, which may result in the development of drug resistance and decreased therapeutic effectiveness [4]. Many studies have shown that for the purpose of removing these contaminants from the aqueous medium, an advanced treatment technique, such as ozonation [5], advanced oxidation [6], electron–Fenton [7], photocatalytic [8], and adsorption [9,10], must be included in the wastewater treatment process.



Among them, adsorption is the most appealing technology due to its inexpensive cost, easy design and scaling-up, simplicity, and high efficiency. A variety of adsorbent materials have been used in wastewater treatment applications, such as natural polymers [11], synthetic polymers [12], biomass [13], and non-commercial materials, including the waste from agricultural sources [14,15]. In recent years, the capability of agricultural waste adsorbents to remove various types of contaminants is attracting attention in the water treatment process. Recycling waste to enhance the adsorption of pharmaceutical complex from water is a green technology that creates a sustainable and closed blue–green cycle. Crop stalks and animal dung are the major types of agricultural waste, which come from our daily lives. Agricultural wastes are lignocellulosic materials with lignin, cellulose, and hemicellulose as their principal structural constituents [16]. Figure 1 shows the chemical composition of some typical agriculture waste [17,18,19,20,21,22,23,24,25]. These wastes are suitable for use as raw materials to create activated carbon (AC) or adsorbents that undergo surface modification because they include significant amounts of cellulose, hemicelluloses, lignin, lipids, proteins, starch, and other functional groups. In addition, the porosity and voids in the structure of these materials enable tiny compounds, such as NSAIDs and antibiotics, to be trapped. Figure 2 illustrates the sources of antibiotics and NSAIDs pollution that are treated by using adsorbents made from agricultural waste.



Earlier investigations have focused on the general existence, distribution, and removal of these pharmaceuticals. Moreover, prior evaluations did not emphasize the use of inexpensive substances as pharmaceutical adsorbents, particularly those produced from waste sources. Despite the fact that several works have been publicly available reviewing the utilization of agricultural waste in wastewater treatment applications, there is still a lack of information containing a detailed discussion on the removal of pollutants from the antibiotics and NSAIDs classes. Therefore, this review aims to focus on the current development of adsorption technology synthesized from various agricultural wastes for the removal of antibiotics (e.g., tetracycline, amoxicillin, norfloxacin, chloramphenicol, and sulfanilamide) and NSAIDs (e.g., diclofenac, ibuprofen, aspirin, ketoprofen, and naproxen) from water bodies. This work also discusses the adsorption mechanism for antibiotics and NSAIDs by agricultural waste adsorbents. It is essential to present an updated and focused review that summarizes the adsorption performance of waste-produced adsorbents for pharmaceutical pollutants removal. This will advance the development of wastewater decontamination using green and imperishable adsorbents.




2. The Adsorption of Antibiotics


2.1. Tetracycline


Tetracyclines (TCs) come from different species of Streptomyces, and there are twenty compounds that are used as antibiotics [26,27]. TCs are the antibiotics used most in the livestock and aquaculture industries as vaccines or animal feed additives because they are inexpensive and work well [26,27,28,29]. Even though TCs have some benefits for human and animal health, too much can cause allergies in humans, bacterial resistance, and big changes in the microflora of the environment that appear to be bad for ecosystem quality [26,30]. It is difficult to decompose or eliminate them through degradation processes due to bacterial resistance, and their introduction to water bodies sets a major threat to human wellbeing [30]. Membrane filtration, photocatalytic degradation, treatment using electrochemically sophisticated oxidation, and adsorption are some of the non-biodegradable technologies that are investigated to remove TCs from polluted water [4,31]. Among these, adsorption by agricultural waste-based adsorbents has emerged as a prominent technique in practical engineering owing to its advantages such as combination of low-cost, straightforward, and high removal capacity for both organic and inorganic contaminants [32,33].



Zhang, He, Hu, Zhang, Chen, and Xue [30] investigated the production of crayfish shell biochar (BC) at 400, 600, and 800 °C pyrolysis temperature for TC removal. Findings showed that ball milling increased the adsorption performance (39.1 mg/g for CFS800 and 60.7 mg/g for BCFS800), mostly by enhancing the structural properties of the BC. The main mechanism that TCs adsorbed onto BC was through physisorption, which involved filling the pores. This went along with chemisorption, which included hydroxyl complexation, H-bonding, and electrostatic interaction. The BC also exhibited superior recyclability and environmental flexibility, demonstrating its huge application ability for the treatment of TC-laden wastewater.



Hao, Chen, Zhang, and You [29] produced zero-valent iron ZVI-BC from hazelnut shells with excellent adsorption capacity of 39.1 mg/g. pH-dependent adsorption was detected, and the quantities adsorbed were substantial and stable at pH 6–7. The Langmuir and PSO models reasonably matched adsorption data, whereas equilibrium was reached after 40 min. Additionally, Wang et al. [34] synthesized a BC from the modification of Chinese herbal medicine waste (Flueggea suffruticosa) with ZnCl2 (Zn-BC), which can remove TC from water by attraction. The pseudo-second-order kinetic equation can describe the adsorption process, and Langmuir’s model shows that TCs can adsorb up to 188.7 mg/g at 30 °C. Adsorption happened naturally and could be manipulated by hydrogen bonding and electrostatic contact. The authors reported that Zn-BC possesses a high adsorption capability for TCs over a broad pH and ionic intensity range.



Hoslett et al. [35] used food scraps and plant trimmings to generate BC using a heat pipe reactor. BC has an adsorption capacity for TCs of 9.45 mg/g observed in experimental circumstances. The kinetic models were fitted in the following order: Elovich > PSO > PFO, demonstrating that chemisorption, intraparticle diffusion, and liquid film diffusion all play a role in regulating tetracycline adsorption. Results indicated that the Freundlich isotherm best described the data, pointing to a heterogeneous adsorbent.



Liu, Shao, Wang, Liu, Wang, Gao, and Dai [28] produced pristine BC using an agricultural waste, shiitake mushroom bran, pyrolyzed at 300, 500, and 700 °C to eliminate TCs from water. The Langmuir isothermal adsorption model is followed by the PBC300 and PBC500, whereas the Freundlich model is much easily accommodated by the PBC700. The Langmuir isotherm model revealed that the highest saturated adsorption capacities of PBC300, PBC500, and PBC700 for TCs were 7.568, 14.9944, and 17.68 mg/g, respectively. Pseudo-second-order kinetic models might well explain the adsorption mechanism of TCs, revealing that chemical adsorption was predominant.



Lu et al. [36] examined the opportunity for using a renewable, non-sintered adsorbent by incorporating Fe (III) into bamboo CNFs and then using that material for removal of TCs (TC, CTC, and OTC) from water. Adsorbents modified with Fe (III) exhibited a distinct and rough pore shape and a shift in physicochemical characteristics. The highest adsorption capacities of Fe (III)@CNFs for TC (294.12 mg/g), CTC (232.56 mg/g), and OTC (500.00 mg/g) were demonstrated by fitting data from kinetics, isotherms, and thermodynamics. Possible adsorption processes for TCs onto Fe (III)@CNFs included inner spherical surface complexation, hydrogen bonding, electrostatic contact, and van der Waals forces between both the functional groups of TCs and Fe (III)@CNFs.



Tomczyk and Szewczuk-Karpisz [37] modified sunflower husk BC by adding vitamin C, hydrogen peroxide, or silver nanoparticles, and then studied the effect that this approach had on the BC’s porous structure, surface properties, and TC removal capacity. The results demonstrated that the BC modified with vitamin C (BCV) had the greatest potential to attract antibiotic molecules, resulting in the greatest amount of TC adsorption on its surface. It was found that 7.47 mg/g of TC was adsorbed by BCV, 8.41 mg/g by BCH, and 9.55 mg/g by BCV with added silver nanoparticles (BCA). Adsorption was found to be 34.17% (6.83 mg/g) for unmodified BC. The reported data suggest that the enhanced BCs may have been able to increase TC removal from water sources such as groundwater.



Qin et al. [38] made a porous BC from recycled agricultural waste rape straw by carbonizing it at high temperatures and then activating it with potassium hydroxide (KOH) to adsorb TC hydrochloride. The results indicated that KOH-activated BC possessed graphite-like structures, more oxygen-containing functional groups, and a greater specific surface area than inactivated BC, which were beneficial for the TC adsorption. The pseudo-second-order kinetic model and the Freundlich isothermal model were able to provide a good fit to the adsorption data. The mechanism of TC adsorption through KOH activation BC played a part in pore filling, π-π electron donor–acceptor interaction, hydrogen bonding, and electrostatic action. Table 1 summarizes agricultural waste adsorbents used for TC removal.




2.2. Amoxicillin


Amoxicillin (AMX) is routinely employed as a top pick medication in the treatment of common diseases in both human and animals, making it one of the antibiotics used today [39]. AMX may enter soils and other environment sectors as a contaminant, having the potential to affect environmental quality. To fix or lessen these problems, it would be interesting to devise effective and inexpensive ways to keep or remove this compound [39]. This includes the adsorption process by agricultural waste materials.



Cela-Dablanca, Barreiro, Rodríguez-López, Santás-Miguel, Arias-Estévez, Fernández-Sanjurjo, Álvarez-Rodríguez, and Núñez-Delgado [39] investigated the adsorption/desorption of AMX in various farming soils along with and without the addition of bioadsorbents, which were pine bark, wood ash, and mussel shell. The data demonstrated improved AMX adsorption for all adjustments, but pine bark performed the best. The Freundlich equation offered the top fit between empirical adsorption data and the evaluated adsorption models. Overall, the bioadsorbents investigated helped to maintain AMX in the applied soils, reducing the risk of pollution by AMX, thus become highly valuable and viable to secure sustainability of the environment and global health.



Chakhtouna, Benzeid, Zari, and Bouhfid [2] developed BC from banana pseudo-stem fibers at various temperatures using slow pyrolysis, which was then coated with CoFe2O4 nanoparticles in situ for AMX removal from wastewater. Experiments on adsorption demonstrated that the hybrid nanocomposite Co-BP350 exhibited the highest effective AMX adsorption over a broad range of pH and temperature, creating a potential medium for treating wastewater. Using 50 mg at neutral pH and ambient temperature, the adsorption finding achieved 99.99 mg/g maximum capacity. Adsorption rates and isotherms matched the pseudo-second-order and Langmuir models, demonstrating that single-layer adhesion of AMX to magnetic BC is dominated by electrostatic interactions, π-π stacking, and hydrogen bonding. The magnetic BC’s exhibit characteristics that remained practically unchanged after five adsorption–desorption cycles, making it a viable adsorbent for removing medicinal substances from wastewater.



Yazidi et al. [40] synthesized durian shell AC, which was examined in single and binary systems for AMX and TC removal. The results obtained showed the adsorption capacity in single system is greater than binary system for both pollutants. Adsorption isotherms demonstrated the maximum adsorption capacity of AMX was greater compared to TCN at all temperatures examined, indicating the capability of this adsorbent to eliminate AMX from the aqueous solution.



Daouda et al. [41] successfully synthesized and optimized an agricultural waste adsorbent made from coconut shell for AMX removal by using the response surface methodology (RSM) with two considerations: the impregnation ratio (IR) and the activation temperature. The AC made from coconut shells showed its best qualities with a significant microporous specific surface (SBET = 437 m2/g and Vmicro = 0.21 cm3/g), optimum iodine adsorption (930.28 mg/g), amorphousness, and a low heterogeneous composition. Excellence physical and chemical properties of the BC occurred at 740 °C in phosphoric acid (IR = 1.66), which resulted in ideal removal of over 98% of AMX. The adsorption procedure fitted the Langmuir isotherm and pseudo-first-order model. The adsorbate–adsorbent proportion was the key limiting factor in adsorption.



Hashemzadeh et al. [42] discovered that carbon nanoparticles derived from aloe vera leaf provided an inexpensive agricultural adsorbent for decontaminating water containing AMX and Cephalexin. The activity of carbon was evaluated using aqueous samples of H2SO4 (Av-Sc) and HNO3 (Av-N-Ac). The findings indicated that the pseudo-second-order kinetic model (R2 > 0.99) and the Langmuir isotherm model (R2 > 0.99) offered a satisfactory fit for the available experimental data. The maximal absorption capacities for AMX in (Av-S-Ac) and (Av-N-Ac) adsorbents were 28.86 and 29.11 mg/g, respectively. Table 2 summarizes the agricultural waste adsorbents used for AMX removal.




2.3. Norfloxacin


Norfloxacin (NFX, 1-ethyl-6-fluoro-1, 4-dihydro-4-oxygen-7-(1-piperazinyl)-3-quinoline carboxylic acid) fluoroquinolone compound is mostly used to treat diseases in livestock, animal products, and humans, including urinary tract infections, viral infections, and inflammations [43,44]. NFX is an antibiotic that has been found in recent years at degrees ranging from nanograms per liter (ng/L) to micrograms per liter (g/L) in various marine environments and drinking water [45]. The existence of these components has become a concern as they are resistant to change [46]. Adsorption by agricultural waste has been reported to be a potential technique for the removal of NFX.



For example, different agricultural wastes (peanut shell, maize straw, and soybean straw) and pyrolysis temperatures (300, 450, and 600 °C) were studied to determine their impacts on BC’s structural morphology and chemical compositions [43]. The results demonstrated that BC’s pH, surface area, and ash composition all improved after heating. The adsorption mechanisms of BC varieties on NFX were compatible with the Langmuir model and pseudo-second-order kinetic model. Adsorption occurred predominantly by chemisorption at the BC’s surface.



As shown in research conducted by Nguyen, Nguyen, Dat, Huu, Nguyen, Tran, Bui, Dong, and Bui [46], spent coffee grounds BC (SCGB) may be utilized to effectively remove NFX from water. The spent coffee grounds that were pyrolyzed at 500 °C indicated the maximum removal of NFX and significant specific surface area of the adsorbent (46.32 m2 g−1). NFX adsorption mechanism of SCGB best fits the Langmuir model (R2 = 0.974) with maximal uptake capacity (69.8 mg/g). Using the response surface method (RSM), the best adsorption conditions were determined to be 6.26 pH, 24.69 mg/L NFX, and 1.50 g/L SCGB.



A new shaddock peel-derived N-doped activated carbon (NAC) was examined for its capacity to eliminate NFX from aqueous solution [44]. The adsorption process was accurately characterized by the pseudo-second-order kinetic model, and the Langmuir and Koble–Corrigan isotherms provided a perfect fit to the equilibrium data. The adsorption of NFX on NAC was significantly governed by hydrophobic effect, π-π electron donor–acceptor (EDA) interaction, electrostatic interaction, hydrogen bonding, and the Lewis acid–base effect. The maximal single layer adsorption rate for NFX was 746.29 mg/g at 298 K, indicating a viable NAC as an adsorbent for removing NFX from water.



Zhang et al. [47] successfully developed amorphous porous BCs with a large specific surface area (935 m2 g−1) made from sesame straw. Roughly equivalent to other BCs precursors, sesame straw is less expensive and better for the environment because it has many uses and is easy to find. KOH and Ca(OH)2 acted as co-activators, with characterization findings showing that co-activators had greatly expanded the roughness of BC surface and enhanced porous structure. Pseudo-second-order kinetics and the Sips model accompanied adsorption experiment data, signifying heterogeneous and multi-layer adsorption.



Pyrolyzed waste pomelo peel was conducted at 400 °C to generate BC, which was then employed as an adsorbent to extract NFX from synthetics wastewater (Zhang et al. [48]). The optimized adsorption conditions were at 0.5 g/L, pH 3, and 45 °C; BC’s highest adsorption capacity was 3.0272 mg/g. Best-fitting pseudo-second-order kinetics to the adsorption process confirmed the chemical adsorption mechanism. Honeycomb lignin-based BC (HLB), made by hydrothermally activating industrial lignin of corn straw pulp, was used to eliminate NFX from water [49]. The findings of batch adsorption tests demonstrated that HLB has a great capacity to remove NFX over a broad pH range. Pore filling, electrostatic interaction, π-π interaction, and hydrogen bonding all played a role in NFX elimination. In particular, HLB’s extremely aromatized structure and the abundance of oxygen-containing functional groups (–OH, C–O, etc.) facilitated π-π interaction. Table 3 summarizes the agricultural waste adsorbents used for NFX removal.




2.4. Chloramphenicol


Chloramphenicol (CAP) is a wide-ranging antibiotic applied in both human and animal prescription owing to its inexpensive cost and inhibitory efficacy against bacterial diseases such as cholera and typhoid conjunctivitis, including those caused by Gram-negative and typhoid germs [50,51]. While CAP has many positive advantages, its use in both human and animal medicine has also been linked to a number of potentially fatal adverse effects. Plastic anemia, bone marrow failure, and blood disorders are only some of the serious illnesses that may result from prolonged exposure to CAP, which is thought to be a carcinogen. In spite of the carcinogenic and additional detrimental health implications of CAP, the regularity of this antibiotic was identified in various water sources as a consequence of the continued, unregulated, and excessive use of CAP in veterinary medicine [52].



The persistent presence of CAP in marine ecosystems leads to an antibiotic resistance problem. Therefore, an efficient technique to treat waste from CAP in wastewater treatment is needed to be discovered [53]. On the basis of cost, efficiency, and ecological considerations, adsorption has evolved into a cost-efficient and environmentally safe method. However, the formulation and development of recycling waste and effective adsorbents has remained a persistent obstacle [53]. For this reason, it is crucial to produce biosorbents from agricultural wastes that can aid in the elimination of antibiotics.



Chen, Pang, Wei, Chen, and Xie [50] investigated the utilization of porous carbon (PC) materials (i.e., raw material: waste lignin) for the elimination of CAP in water. Maximum capacity of this adsorbent was determined to be 534.0 mg/g at 303 K. The adsorption isotherm was most accurately depicted employing the Langmuir isotherm model and pseudo-second-order kinetics. The study found that the adsorption removal CAP relied on physisorption with chemisorption as a practice complement. Additionally, Wang et al. [54] produced a large surface area and porous structure BCs from several agricultural wastes, namely Lycium barbarum L. branches (LBL), corncob (CC), rice straw (RS), Zizania latifolia (Griseb.) Stapf (ZLS), and soybean (SB), using a simple pyrolysis and alkaline activation process and assessed their ability to remove CAP from aqueous systems. Physisorption via micropore filling, in contrast to π-π electron donor–acceptor, electrostatic, and hydrophobic interactions, seems to be the predominant adsorption mechanism.



Corn stalk biomass fiber (CF) and Fe3O4-embedded chitosan (CS) were used by Xing et al. [55] to create a new biomass-based adsorbent (CFS) to extract CAP from an aqueous phase. Adsorption isotherms from batch tests were perfectly matched by the Langmuir and adsorption kinetic data fit, and the pseudo-second-order kinetic model matched well. On CFS, CAP adsorption took place endothermically, spontaneously, and in an entropy-increasing manner. Furthermore, the CFS may be isolated by an external magnetic field, recycled, and regenerated with no a noticeable reduction in the CAP’s absorption capability. Considering these impressive results, CFS presents a good material for the treatment of CAP from the aqueous environment.



Wang, Yong, Luo, Yan, Wong, and Zhou [54] produced AC adsorbents (named CFAC-n) with greater adsorption capacity using coconut fiber carbon and a KOH activator. The adsorption capacity of CFAC-n was significantly correlated with its specific surface area. CFAC-3 (mass ratio of CFAC-1:KOH-3) had the maximum specific surface area (1755 m2/g) and adsorption capacity (523.0 mg/g). The CAP adsorption onto CFAC-n worked well with both the pseudo-second-order and Elovich kinetic models. These findings demonstrated that the adsorption mechanism was heterogeneous adsorption via primary chemisorption. Adsorption was primarily mediated via hydrogen bond and π–π conjugation interactions, and electrostatic interaction.



Pasta et al. [56] studied cattail leaves and their use for removing the antibiotic CAP from aqueous systems. Results from both the FTIR spectrum and the NMR analysis were consistent, demonstrating the presence of functional chemical groups that facilitate interaction between the biosorbent and the analyte. SEM images revealed that the material took the form of parallel plates with a high channel density (heterogeneous surface). Pseudo-second-order best matched the kinetics model of adsorption, whereas the Freundlich model provided the most accurate estimate of maximal capacity. Table 4 summarizes the agricultural waste adsorbents used for CAP removal.




2.5. Sulfanilamide


Geng et al. [58] investigated the adsorption of sulfonamide antibiotics using BC derived from walnut shells. The derived BC was functionalized with nitric acid under reflux at a different temperature to introduce BC with more functional groups. The FTIR results clearly showed more functional groups attached together with O–H, C=C, C=O, N=O, O=C–O, and C–O after functionalization. The functional groups help in facilitating the sulfonamide adsorption with the adsorption capacity for three different sulfonamide groups of 32 mg/g (SDZ), 46 mg/g (SDM), and 40 mg/g (SCF).



Xu et al. [59] derived AC from cottonseed husks and tested them for sulfanilamide adsorption. The study first treated the cottonseed husk (CSH) by growing Pleurotus ostreatus on the CSH to offer CSH a more porous structure. This enables the chemical activator to enter the CSH matrix during activation and serves to increase the specific surface area. Next, the carbonization step at 500 °C and the activation process using sodium hydroxide (NaOH) at 800 °C produced AC (CSH-AC-0, CSH-AC-40, and CSH-AC-80) with a specific surface area of 3406, 3129, and 2866 m2/g, respectively. The adsorption study measured the adsorption capacities for sulfanilamide, which were 139.43, 146.15, and 146.16 mg/g for CSH-AC-0, CSH-AC-40, CSH-AC-80, respectively.



Prasannamedha et al. [60] derived BC from sugarcane bagasse and tested it for sulfamethoxazole (SMX) removal. SMX is a group of sulfonamide bacteriostatic antibiotics. The author prepared BC via hydrothermal carbonization (HTC) and followed with an activation step using NaOH as the chemical activator. This synthesis process produced BC with a specific area of 1099 m2/g. It has a sphere-like structure augmented with hydrophobic groups inside and hydrophilic groups outside. Therein, the interaction with SMX possesses the derived BC with an adsorption capacity of 400 mg/g.



In addition, Qin et al. [61] had synthesized BC from sugarcane bagasse and tested for four different kinds of sulfanilamide antibiotics (sulfamethoxazole, thiazole, methylpyrimidine, and dimethylpyrimidine). Under the optimum adsorption condition of pH 4, the derived BC at a 500 °C carbonization temperature and activated with 30% hydrogen peroxide possess the antibiotic removal rate of ~89%. Additionally, Aslan and Şirazi [62] investigated the adsorption of sulfadiazine (SDZ), an antibiotic of the sulfonamide group, by using AC derived from olive pomace. At the preparation requirements of 840 °C for the activation temperature and 1:4 impregnation ratio of the KOH activator, AC was derived with the greatest surface area of 2451.770 m2/g. The maximum adsorption capacity achieved for SDZ is 66.2252 mg/g following the best-fit Langmuir isotherm model.



Weng and Yu [63] prepared BC from coconut shells and modified it with FeCl3 to add magnetic properties to the derived BC for easy adsorbent separation. Despite the magnetic modification showing a slight reduction in specific surface area from 1719 to 1267.3 m2/g, the magnetic-derived BC possesses a high adsorption capacity, 294.12, 400.00 and 454.55 mg g−1, for three different sulfanilamide groups: sulfadiazine (SDZ), sulfamethazine (SMT), and SMX of, respectively. Another type of BC was prepared by Hu et al. [64], derived from rice husk with attapulgite and studied for removal of SDZ and SMT adsorption. For the synthesis condition at a ratio of 1:10 attapulgite and rice husk, the doped BC (ATP/BC-0.1) produced had the highest specific surface area, 113.75 m2/g. The ATP/BC-0.1 achieved removal of SDZ and SMT at 98.63% and 98.24%, respectively. Table 5 summarizes the agricultural waste adsorbents used for sulfanilamide removal. Figure 3 represents the summary of agricultural waste from marine products and plants used as adsorbents for antibiotics wastewater treatment.





3. The Adsorption of Non-Steroidal Anti-Inflammatory Medications


3.1. Diclofenac


Diclofenac is a NSAID frequently prescribed to humans and animals to treat inflammation and pain [66]. According to bibliographic data, diclofenac and ibuprofen are Europe’s most extensively used NSAIDs [67]. The ecological toxicity of analgesics and anti-inflammatory medications like diclofenac and the elimination capability of traditional wastewater treatment facilities are both concerning. Because these drugs degrade poorly in chemical–biological processes, they are hardly eliminated by conventional wastewater treatment, and the metabolites are transmitted to the aquatic environment [68]. Diclofenac has been found in wastewater and surface water in amounts of up to 2 g/L, and its long-term implications must be investigated [69].



Amongst advanced remediation technologies for these pharmaceutical wastes, the adsorption process typically has high removal efficacy, easiness to operate at a lower cost, and does not produce toxic byproducts. Instead of utilizing the less cost-effective adsorbents such as graphene and AC to remediate water containing diclofenac, adsorbents derived from waste or byproducts in agribusiness and food processing have stood out recently. It includes argan nutshell [69], sunflower seed shell [70], Moringa Oleifera pods [71], orange peel [67], tea waste [72], fique bagasse [66], sycamore ball [73], soybean hull [68], Melia azedarach fruit waste [74] and Cuminum cyminum agri-waste (CCW) [75]. For example, diclofenac sodium removal in aqueous solution was demonstrated by using tetradecyltrimethylammonium bromide (TTAB) customized CCW [75]. According to the Langmuir isotherm, the maximum adsorption capacity of diclofenac is 93.65 mg/g and the greatest agreement with kinetic behavior of a pseudo-second-order model with R2 = 0.9981.



Different activating agents affected the adsorption efficiency of diclofenac onto the agricultural waste-derived adsorbents. Phosphoric acid, H3PO4, has been proven to be a better activation agent compared to NaOH and KOH, as demonstrated by the higher adsorption capacity of sunflower seed shell [70] and orange peel [67] treated by this acid. It is influenced by several surface functional groups on the surface, including -P2O7 and -COOH, and elevated porosity and acidity [70]. On the other hand, the activation of tea waste-derived adsorbent using zinc chloride, ZnCl2, exhibited higher adsorption capacity than other activating agents, including sulfuric acid (H2SO4), KOH, and potassium carbonate (K2CO3) [72]. However, adsorbent activated by ZnCl2 possess a lower adsorption capacity compared to commercial AC, 62 versus 91 mg/g.



Among other processing parameters, for example temperature, initial concentration of pollutant, and adsorbent dose, the pH of reaction is a pronounced element determining the adsorption efficacy of diclofenac. For example, de Souza, Quesada, Cusioli, Fagundes-Klen, and Bergamasco [68] reported that pH increment from 5 to 10 led to a slight decline in adsorption capacity owing to drug ionization state and functional group dissociation on the adsorbent surface as the pH changed. A similar observation was reported by Viotti, Moreira, dos Santos, Bergamasco, Vieira, and Vieira [71]. An acidic condition of pH 2 is considered optimum for adsorption capacity of diclofenac using orange peel [67]. On the other hand, ionic strength directly influenced system performance, where the suspended salt ions worked as co-adsorbents, promoting adsorption.



Based on isotherm studies, the Langmuir model is commonly favored by the adsorption process of diclofenac, implying the homogeneous monolayer adsorption with uniform free energy change [73]. On contrary, the Freundlich model was the most accurate to represent the adsorption of diclofenac by the adsorbent derived from Moringa oleifera pods [71]. Rapid adsorption of diclofenac was observed from the kinetic study. Adsorption capacity of 17.27 mg/g by soybean hull attained equilibrium after 180 min [68], whereas adsorbent derived from argan fruit shell required 60 min to achieve equilibrium [69]. Based on the thermodynamic parameters, adsorption of diclofenac was generally an exothermic process with chemosorption characteristics [71], which involved various interactions, such as electrostatic attractions, Van der Waals forces, π-π stacking and hydrogen-bond formation between the adsorbent and adsorbate [69].



Pyrolysis temperature achieved was 850 and 700 °C in BC (i.e., alternative adsorbent for diclofenac) derived from fique bagasse [66] and Melia azedarach fruit [74], respectively. The establishment of aromatic sheets/clusters (i.e., impact to π–π electron donor–acceptor interlinkage between BC and diclofenac) in fique bagasse BC was driven by increased pyrolysis temperature [66]. BC derived from fique bagasse has a lower amount of carbon and higher oxygen content than the other BC, due to its more porous structure it permitted optimal pore filling for diclofenac and thus contributed to the largest adsorption capacities. Table 6 summarizes the adsorption process of diclofenac by the agricultural waste-derived adsorbents and their performance.




3.2. Ibuprofen


Ibuprofen is another class of NSAID commonly prescribed for treating mild to moderate pain, infection, fever [67]. The low biodegradability and hydrophilic nature of ibuprofen limits its removal efficiency by conventional water treatment processes [76]. As a result, it has been identified as one of 16 compounds observed in surface, drinking, municipal, and groundwater from all United Nations five regional groups, with worldwide average values ranging from 0.032 to 0.922 g/L [77]. They tend to bioaccumulate due to their resistance to natural breakdown via mechanisms such as light and heat, causing toxicity to aquatic biota [78]. Thus, eliminating it from water bodies is crucial. According to Costa, do Nascimento, de Araújo, Vieira, da Silva, de Carvalho, and de Faria [78], carbon-based adsorbents are the best type of adsorbent for the remediation of ibuprofen. Studies have been conducted to study the ability of agricultural waste-derived adsorbents for the elimination of ibuprofen in water. It includes the utilization of sunflower seed shell [70], coconut shell [79], Moringa stenopetala seeds [80], orange peel [67], murumuru waste [78], spent coffee waste [76], and Erythrina speciosa pods [81].



The removal percentage of ibuprofen onto the Erythrina speciosa pods AC is directly proportional to the adsorbent dosage amount on the increment of the active binding sites on the adsorbent to retain the ibuprofen molecules [81]. The greater the pH of the reaction solution, the more negative charge accumulated on the adsorbent surface, reducing adsorption capacity due to ibuprofen repelling. In addition to pH, the adsorption capacity and affinity of adsorbents for ibuprofen elimination are both controlled by the occurrence of numerous contaminants and the ionic strength of the solution [76]. NaOH-activated spent coffee wastes showed viable adsorption of pharmaceuticals products on the BC occurred more freely over the entire ionic strength in the NaCl range 0–0.125 M [76]. According to Matějová, Bednárek, Tokarský, Koutník, Sokolová, and Cruz [77], the micropore volume and size together with the fast rate of graphitization governed the adsorption capacity of AC on ibuprofen [77]. They bond predominantly via electrostatic and hydrophobic interactions, weak hydrogen bonds, π-π stacking, and dipole-interactions [82]. Adsorption capacity of BC from sunflower seed shells treated using H3PO3 was higher compared to NaOH due to numerous surface functional groups (e.g., -P2O7, and -COOH) along with great porosity and acidity condition [70].



The adsorption of ibuprofen onto the coconut shell-derived AC [79] and Moringa stenopetala seeds [80] was proven to obey Langmuir, based on the R2 value, indicating a monolayer adsorption onto a surface having a limited quantity of same sites. The kinetic behavior of agriculturally derived AC throughout the ibuprofen adsorption was better suited to the pseudo-second-order model, implying that adsorption is caused by relations between the aromatic and oxygenated groups existing on the adsorbent’s surface and in the adsorbate’s molecular structure [78]. Adsorption of ibuprofen was reported to be influenced by both their initial concentration and the amount of pores on the adsorbent [82]. The positive value of ΔH⁰ designates that the ibuprofen adsorption process is endothermic and physical in nature [67], while positive ΔS⁰ value revealed that the system disruption at the interface decreased during adsorption [81]. Table 7 summarizes the adsorption process of ibuprofen utilizing agricultural waste-derived adsorbents.




3.3. Aspirin


Aspirin (acetyl salicylic acid) is one of the most common over-the-counter painkillers used to relieve pain and inflammation, and to prevent heart attacks, angina, and strokes [83]. The World Health Organization’s (WHO) List of Essential Medicines listed aspirin, with around 35,000 tons of aspirin consumed worldwide, each year. Aspirin has been identified as an emergent pollutant in aquatic habitats as a result of its widespread manufacture and use, with amounts varying from nanograms to micrograms per liter being observed [84]. The severity of the risk of aspirin-containing wastewater has raised concerns about resolving this issue since it is capable of causing fatality to microorganisms, particularly through its chronic effects, despite its low concentration in wastewater.



Recently, several studies have reported using agricultural waste-based adsorbents as a more cost-effective option for removing aspirin from water. Such approaches included utilization of Zizyphus mauritiana seeds and Balanites aegyptiaca seeds [85], laccase-immobilized date stone [86], spent tea leaves [9,87], orange peel [67], sugarcane bagasse [88], and rice husk [89]. Chemical or heat treatment of agricultural waste-derived adsorbent significantly improved their performance against pharmaceutical pollutants including aspirin. For example, chemical treatments of date stones using sulfuric acid, H2SO4, increased their surface area by 36-fold, making carbonyl groups become more pronounced [86]. The existence of functional groups (e.g., carboxyl and hydroxyl) on thermally treated (105 °C, 2 h) rice husk may be the primary sorption sites for aspirin elimination that further enhances the adsorption capacity of the rice husk [89]. Low surface energy (KL value less than 0.1) demonstrated by adsorbents made by Zizyphus mauritiana and Balanites aegyptiaca seeds is an sign of robust bonding between aspirin and the adsorbents [85]. Orange peel treated by H3PO4 at 650 °C gave a porous structure to a network that contributed to a rougher surface morphology, characterized by a large number of cages and holes [67].



For the thermodynamics study, Malesic-Eleftheriadou, Liakos, Evgenidou, Kyzas, Bikiaris, and Lambropoulou [67] revealed that adsorption is favored at elevated temperatures, as shown by the negative entropy, ΔGo values at the elevated temperature, and positive ΔHo values, which indicated that adsorption presents an endothermic nature. Moreover, the spent tea leaf activated via microwave irradiation was revealed to have two times higher Brunauer–Emmett–Teller (BET) surface area and total pore volume with 51% mesopore volume representing the high mesoporosity of the adsorbent [87]. Pyrolytic degradation of waste tea leaves manufactured using H3PO4 have higher textural qualities and presence of a cross-link network between the phosphate and fragments in biomass [87]. The Liu isotherm model represents the adsorption equilibrium for BC, implying that the carbonized surface is heterogeneous in character, with high adsorption effectiveness at low pH [88].



The Langmuir isothermal model shows a slightly good fit to the process. It indicates the formation of a uniform monolayer of aspirin onto the adsorbent used, including activated date stone [86], rick husk AC [89], Zizyphus mauritiana and Balanites aegyptiaca seeds [85]. Chemisorption was the rate-deciding step in the adsorption process of aspirin, as demonstrated by the correlation coefficient for the pseudo-second-order kinetic model [86]. Table 8 summarizes the adsorption of aspirin utilizing agricultural waste-derived adsorbents.




3.4. Ketoprofen


Ketoprofen is one NSAID that is extensively prescribed to the humans, especially elderly, to cure osteoarthritis, spondylitis, rheumatoid arthritis, and various kinds of pain [67]. Despite its efficacy in alleviating pain, the availability of a huge quantity of the drug and its widespread utilization has resulted in the occurrence of the drug in wastewater treatment facilities and rivers, with a concentration ranging from 3.15 ng/L to 209 μg/L [90]. Ketoprofen was detected in drinking water in Algeria at concentrations of up to 273 ng/L, while it is one of the most commonly found pharmaceuticals in Taiwanese rivers with concentrations extending from 110 to 620 ng/L [91]. Its residual concentration is greater in regions with elderly populations [92]. Due to the ecotoxicity risk that posed by this pollutant and the inefficiency of the current wastewater treatment facilities to mitigate this issue, suitable remediation technologies must be proposed. In response, studies have been conducted to discover the capability of inexpensive adsorbents derived from agricultural waste, including Fagopyrum esculentum wheat husks [93], coconut shell [79], Moringa stenopetala seeds [80], orange peel [67], Jacaranda mimosifolia seed pods [94], Physalis peruviana fruit residue [95], Campomanesia guazumifolia bark [96], Dillenia indica peel [97], and laccase-immobilized date stone [86].



The adsorption capacity of the pharmaceutical waste including ketoprofen was directly proportional to the pH, pKa, and pH point of zero charge [92]. Georgin, Yamil, Franco, Netto, Piccilli, Perondi, Silva, Foletto, and Dotto [94] demonstrated that the material (i.e., highly porous AC from Jacaranda mimosifolia) achieved pH at the point of zero charge of 4.1 with the best adsorption at pH 2. The isotherm study discovered that the adsorption capacity declined with temperature and followed the Langmuir model. Synergistic effects between date stones as adsorbent and immobilized laccase responsible for enzymatic degradation nearly reached complete removal of ketoprofen, best fit by using the Freundlich isotherm model compared to the Langmuir isotherm model [86]. An extreme reduction in ketoprofen removal efficiency by 42.7% was observed when the pH was increased from 7 to 9 [80]. This is due to a decrease in the intensity of the positive charge on the water-soluble protein molecules at pH > 6. This acidic condition was favorable in other adsorption studies as well, where the maximum adsorption capacity was achieved at pH (2) [96] and pH 6 [97]. Multi-layer adsorption was profoundly influenced by the solution temperature, wherein a multi-molecular process was predictable for a ketoprofen adsorption system, as demonstrated by Physalis peruviana biomass, by which each binding site of this biomass may adsorb multiple molecules simultaneously (nm > 1) [95].



However, an opposite trend was observed by Malesic-Eleftheriadou, Liakos, Evgenidou, Kyzas, Bikiaris, and Lambropoulou [67], where the increment of temperature from 25 to 35 °C was found to have a constructive effect on the adsorption capacity, which also depends on the assortment of functional groups within chemical structures of NSAIDs. This includes ketoprofen that has one carboxylic group and one keto group. Physical models are governed in a study on adsorption of ketoprofen using wheat husks Fagopyrum esculentum to identify several data including the number of adsorbate layers [93]. Heterogeneous formation of adsorbate layers (five to six layers) occurred, while a rise in temperature can cause a profound inactivation of some adsorption sites, thus reducing adsorption capacity and the total number of generated layers. Table 9 summarizes the process parameters and mechanism conditions for the adsorption of ketoprofen by agricultural waste-derived adsorbents.




3.5. Naproxen


Naproxen is a class of medicine with anti-inflammatory, pain-killer, and anti-pyretic action. It functions by lowering the body’s synthesis of chemicals that cause pain or fever [98]. These drugs do not adsorb completely in the body and hence eliminated via urination. They move to the water bodies and may not be effectively removed by conventional wastewater treatment [98]. These drugs are found in surface water, wastewater, groundwater, and drinking water worldwide, at up to 2.3 mg/L, and listed on the Global Water Research Coalition (GWRC) priority list [99]. Adsorption is a prominent approach for treating naproxen-containing wastewater owing to its simplicity and easy operation [100].



Various materials were studied as adsorbents for potentially eliminating this pollutant in aqueous solutions, for example, coconut shell [79], grape tree fruit peel [100], grape branches [101], Dillenia indica peels [102], wild plum kernels [99], and pitaya and jabuticaba peel [98]. An activation step for the biosorbent precursor improved their morphology, hence increasing their adsorptive performance towards naproxen. The diffusion of metallic potassium into the internal structure of the lignocellulosic material during the microwave-assisted activation of wild plum kernel by KOH produced micropores and a range of surface functionalities, mainly oxygen-containing groups, on the BC [99].



Spent coffee waste activated with NaOH has shown a better adsorption capacity towards naproxen than the pristine phase, substantially improved through its physicochemical properties (higher specific surface area, total pore volume, and aromaticity) [76]. Naproxen is an acidic pharmaceutical with a pKa of 4.2; thus, at pH levels greater than pKa, it is mostly in its anionic form in solution owing to deprotonation [99]. The electrostatic repulsion that arises between the charges in the adsorbate and the adsorbent caused a drop in the adsorption capacity of the adsorbent towards naproxen as the pH increased from 3 to 10 [78]. The acidic and hydrophilic activity may occur due to the hydrogen within the carboxylic group, which is ionizable at pH higher than its pKa value [99].



Furthermore, with increasing adsorbent mass, concomitant declines in adsorption capabilities were found because of rising diffusive resistance and decreased effective surface area produced by overlapping adsorption sites. The maximum adsorption capacity of the AC derived from grapetree fruit peels and grape branches showed high surface area, 1033 m2 g−1 [100] and 938 m2 g−1 [101], respectively; this is the most crucial element to adsorb naproxen from the effluents. The Langmuir and Temkin isotherm models and pseudo-second-order model in the kinetic analysis for Dillenia indica peel adsorption data were mentioned and the chemisorption mechanism regulated the adsorption that ensues as a monolayer [102]. Based on the thermodynamics study by Franco, Georgin, Netto, da Boit Martinello, and Silva [98], naproxen adsorption is via physical mechanisms, relying on hydrogen bonds, electrostatic differences, and possibly π-π interaction. The FTIR data presented by Paunovic, Pap, Maletic, Taggart, Boskovic, and Sekulic [99] also demonstrated that hydrogen bonding and π-π and n-π electron donor–acceptor interactions also contributed to naproxen removal. Table 10 summarizes the agricultural waste-derived adsorbents for removal of naproxen. Figure 4 shows the summary of agricultural waste used as adsorbents for NSAIDs wastewater treatment.





4. Adsorption Mechanism for Antibiotics and NSAIDs


Physical and chemical adsorption may be used to summarize the nature of adsorption and its mechanism, as demonstrated below (Figure 5). The key functions of the physisorption or physical adsorption process are the weak van der Waals interactions, pore filling/size-selective adsorption, and π-π interactions since the mechanism is entirely reliant on the nature of the adsorbate and adsorbent. Contrarily, the mechanism of chemical adsorption or chemisorption involves the development of inner-sphere coordination complexes or surface chemical bonds on the surfaces of the adsorbent and adsorbate through electron transfer via ion/ligand exchange, Lewis acid–base interaction, and oxidation or reduction [103].



Reliant on the pH of the solution, antibiotics and NSAIDs may remain in the environment as ionized compounds with positive or negative charges. Antibiotics and NSAIDs with adsorbents may exhibit electrostatic attraction and repulsion between their cationic and anionic forms under acidic and alkaline environments. By adjusting the ionic strength of the aqueous medium, electrostatic interactions may be made more or less attractive or repulsive. Moreover, conjugated benzene rings, pyrrole rings, and other groups with -electron density are present in antibiotics and NSAIDs and other compounds. The concept of -electron donor–acceptor interaction has been acknowledged as an efficient adsorption mechanism [104]. The benzene ring and the unshared pair of e act in strong e interaction, and both are able to form strong networks with positively charged sites on adsorbents for agricultural waste. Furthermore, NSAIDs and antibiotics that include functional groups such as -OH, -NO2, and -COOH may create H-bonds with the adsorbent surface. According to Patel et al. [105], hydrogen bond formation between antibiotic molecules and carbonyl groups of banana peel biochar played a significant part in the adsorption process. Additionally, a previous study reported the elimination of antibiotics through dipole interactions [106]. For example, in a recent study by Liu et al. [107], the authors highlighted that the oxygen-containing functional groups on the corn stover-based adsorbent surface, such as COOH, OH, and ether groups, could interact with carbonyl and hydroxyl groups of the naproxen via dipole–dipole interaction. Based on the abovementioned studies on the removal of antibiotics and NSAIDs using adsorbents from agricultural waste, the adsorption mechanism of antibiotics and NSAIDs is summarized in Figure 6 and Figure 7, respectively.




5. Limitation and Future Perspective


There has been substantial investigation on the effectiveness of agricultural waste as an adsorbent for the adsorption of antibiotics and NSAIDs. The viability of employing such materials is only assessed on a small-scale in laboratories, despite the enormous number of studies that have been reported. Moreover, waste products from agriculture are not known to be stable. It is impossible to use the removal efficiency as a stability indicator. The usage of these materials may be restricted by a decrease in removal effectiveness in practical wastewater applications. In this regard, the following is suggested for further research on the adsorption of pharmaceutical waste by agricultural waste: Low-cost adsorbents are essential to remove pollutants at pilot and industrial scales. The investigation will be broadened to include examinations of the competitive adsorption of medications with further kinds of contaminants, such as metals and new organics, to highlight the analysis at molecular level of the substance’s adsorption-retaining capabilities. Finally, investigation on the actual pharmaceutical wastewater is preferable than simulative prepared wastewater.




6. Conclusions


A variety of agricultural waste products have been discussed in this study for the removal of pharmaceutical pollutants from wastewater. Even though many articles have been published regarding the applications of agricultural waste in wastewater treatment, there is still a dearth of material offering a thorough discussion on the removal of pollutants from the antibiotic and NSAID classes. This review aids readers in comprehending the state of the art in pharmaceutical pollutants adsorption studies, particularly concerning antibiotics (e.g., tetracycline, amoxicillin, norfloxacin, chloramphenicol, and sulfanilamide) and NSAIDs (e.g., diclofenac, ibuprofen, aspirin, ketoprofen, and naproxen) by low-cost adsorbents from agricultural waste sources. Agricultural wastes were utilized as adsorbents because they are simple to gather and prepare, have chemical groups that encourage the adsorption of pollutants, and have a large surface area. The capability of agricultural waste adsorbents to bind antibiotics and NSAIDs is influenced by several parameters, such as the initial pharmaceutical concentration, pH, and dose of the adsorbents. Their adsorption mechanisms cannot be described by a single model. Overall, agricultural waste-based adsorbents have important benefits to presently costly commercial AC for the reduction in water pollution, and they may also help with a comprehensive waste management plan.
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Figure 1. Composition of common agriculture waste [17]. 
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Figure 2. Illustration showing the sources of antibiotics and NSAIDs pollution in wastewater that are derived from human usage, veterinary, and agricultural industries. Wastewater treatment can be performed by using adsorbents made from various agricultural wastes in the form of raw materials, carbonaceous material, or adsorbents that undergo surface modification. 
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Figure 3. Summary of agricultural waste used as adsorbents for antibiotics wastewater treatment. 
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Figure 4. Summary of agricultural waste used as adsorbents for NSAIDs wastewater treatment. 
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Figure 5. Classification of physical and chemical adsorption mechanisms. 
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Figure 6. Summary of antibiotic adsorption mechanisms by agricultural waste adsorbents [108]. 
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Figure 7. Summary of NSAIDs adsorption mechanisms by agricultural waste adsorbents. 
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Table 1. Agricultural waste adsorbent used for tetracycline removal.
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	Agricultural Waste Adsorbent
	Methods/Technique
	Adsorption Capacity (mg/g)
	Mechanism
	Remarks
	Ref.





	Crayfish shell
	Pyrolysis, ball milled
	CFS800 = 39.1

BCFS800 = 60.7
	
	
Physical absorption via pore filling



	
Chemical absorption via hydroxyl complexation, H-bonding, and electrostatic interaction





	Adsorption capacity of crayfish shell BC was enhanced, up to 1.5 times by modification via ball-milling method
	[30]



	Hazelnut shell
	Pyrolytic reduction: zero-valent iron@ BC
	39.1
	
	
Langmuir and pseudo-second-order models



	
Spontaneous and endothermic process





	The adsorbent possesses high adsorption capacity for other classes of TCs, including oxytetracycline (52.7 mg/g) and chlortetracycline (42.5 mg/g)
	[29]



	Chinese herbs medicine (Flueggea suffruticosa) residue
	Pyrolysis: Zn-BC
	188.7
	
	
Langmuir and pseudo-second-order models



	
Spontaneous: controlled by hydrogen bonding and electrostatic interaction





	Capable to adsorb other classes of TCs, including oxytetracycline (129.9 mg/g) and chlortetracycline (200 mg/g)
	[34]



	Mixed food scraps and plant trimmings
	Pyrolysis
	9.45
	
	
Kinetic models followed the order Elovich > PSO > PFO, chemisorption: intraparticle and liquid film diffusion



	
Freundlich isotherm: heterogeneous





	At the chosen experimental pH, there is little electrostatic interaction between the molecules of BC and tetracycline.
	[35]



	Shiitake mushroom bran
	Pyrolysis
	PBC300 = 7.5 PBC500 = 14.9 PBC700 = 17.6
	
	
PBC300 and PBC500: Langmuir isotherm model



	
PBC700: Freundlich model



	
Chemisorption dominant





	The pyrolysis temperature is the key to boosting adsorption efficiency
	[28]



	Bamboo cellulose
	Mechanical shearing method
	294.12
	
	
Spontaneous and endothermic adsorption: monolayer chemical adsorption





	Adsorption capacities of other classes of TCs, including oxytetracycline and chlortetracycline are 232.56 and 500 mg/g, respectively
	[36]



	Sunflower husks
	Pyrolysis
	BCV = 8.41 BCH = 7.47 BCA = 9.55

BC = 6.83
	
	
Pseudo-second order model



	
Equilibrium: Redlich–Peterson model.





	Insignificant increase in adsorption capacity between modified BCs and unmodified BC
	[37]



	Rape straw
	Pyrolysis, KOH activation
	325.07
	
	
Pseudo-second-order kinetic model and Freundlich isothermal model



	
Endothermic and spontaneous



	
Pore filling, π-π electron donor–acceptor interaction, hydrogen bonding, and electrostatic action





	Regeneration tests revealed that even after six cycle studies, the TC elimination effectiveness could still reach 97.0%.
	[38]
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Table 2. Agricultural waste adsorbents used for amoxicillin removal.
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Agricultural Waste Adsorbent

	
Methods/Technique

	
Adsorption Capacity (mg/g)

	
Mechanism

	
Remarks

	
Ref.






	
Pine bark

	
Soil amendment mixture

	
n/a

	

	
Freundlich model






	
After the bioadsorbent materials were integrated into the soil, AMX desorption declined and reached levels that did not exceed 6%

	
[39]




	
Wood ash




	
Mussel shell




	
Durian Shell

	
Pulverization, physical activation by CO2, pyrolysis

	
n/a

	

	
Parallel and non-parallel orientations



	
Single and binary systems involved physical interactions






	
All adsorption capacities declined after transitioning from single to binary systems

	
[40]




	
Banana pseudo-stem

	
Pyrolysis, co-precipitation, in situ hybrid nanocomposites

	
99.99

	

	
Adsorption kinetics and isotherms are compatible with pseudo-second-order and Langmuir models



	
Electrostatic interactions, stacking of π-π, and bonds of hydrogen






	
After five cycles of adsorption–desorption, the adsorption performance was essentially unchanged

	
[2]




	
Coconut shell

	
Chemical activation process: Pre-treatment, impregnation, carbonization and washing

	
930.28

	

	
Langmuir isotherm and the pseudo-second-order kinetic model






	
A high adsorption capacity of the adsorbent is associated with its huge microporous surface area

	
[41]




	
Aloe vera leaf waste

	
Carbonization

	
26.34

	

	
Pseudo-second-order kinetic model and Langmuir isotherm model






	
Adsorption interactions are categorized as electron donor–acceptor hydrogen bonding interaction, and hydrogen bonding

	
[42]








n/a: not applicable.
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Table 3. Agricultural waste adsorbents used for norfloxacin removal.






Table 3. Agricultural waste adsorbents used for norfloxacin removal.





	
Agricultural Waste Adsorbent

	
Methods/Technique

	
Adsorption Capacity (mg/g)

	
Mechanism

	
Remarks

	
Ref.






	
Peanut shell

	
Pyrolysis

	
40.15

	

	
Langmuir model and pseudo-second-order kinetic model



	
Surface layer dominated by chemisorption



	
Adsorption mechanism: pore filling, hydrogen bonding, and electrostatic interactions






	
The best pyrolysis temperature of the adsorbent was 600 °C, with highest adsorption performance at temperatures of 300 and 450 °C

	
[43]




	
Corn straw

	
36.28




	
Soybean straw

	
39.19




	
Spent coffee grounds

	
Pyrolysis

	
69.8

	

	
Langmuir and Freundlich models






	
The BC prepared by spent tea grounds had better adsorption of NOR than potato stem, willow branches, wheat straw, cauliflower roots, and corn and reed stalks

	
[46]




	
Shaddock peel

	
Hydrothermal carbonization (HTC) pre-treatment

	
746.29

	

	
Langmuir and Koble–Corrigan isotherms, pseudo-second-order kinetic model



	
π-π electron donor–acceptor (EDA) interaction, hydrophobic impact, hydrogen bonding, electrostatic interaction, and Lewis acid–base effect






	
Excellent adsorption performance was associated with high pore and surface area of adsorbent

	
[44]




	
Sesame straw

	
Pyrolysis

	
221.37

	

	
Pseudo-second-order kinetics and Sips model (Langmuir–Freundlich)



	
Heterogeneous and multi-layer



	
Electrostatic interaction, hydrogen bond, and π-π interaction






	
High specific surface area and large pore volume of adsorbent contributed to the high adsorption capacity

	
[47]




	
Pomelo peel waste

	
Pyrolysis

	
3.0272

	

	
Interaction between BC dosage and solution pH was extremely significant on removal efficiency and adsorption capacity



	
Pseudo-second-order kinetics



	
Chemical adsorption






	
The sequence of the most influenced parameters for adsorption were solution pH, BC dosage, and reaction temperature

	
[48]




	
Honeycomb lignin-based BC

	
Hydrothermal carbonization and then KOH activation

	
529.85

	

	
Langmuir–Freundlich model



	
Spontaneous and endothermic



	
Pore filling, π-π stacking, hydrogen bonding, and electrostatic interactions






	
HLB showed strong selectivity and recycling capabilities; in the presence of competing ions, the removal rate for NOR reached 99.5% and was sustained at least 98% of the time after 12 adsorption cycles

	
[49]
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Table 4. Agricultural waste adsorbents used for chloramphenicol removal.






Table 4. Agricultural waste adsorbents used for chloramphenicol removal.





	
Agricultural Waste Adsorbent

	
Methods/Technique

	
Adsorption Capacity (mg/g)

	
Mechanism

	
Remarks

	
Ref.






	
Lignin waste

	
Pyrolysis

	
534

	

	
Langmuir isotherm model and pseudo-second-order kinetic



	
Spontaneous and endothermic



	
Physical and chemical synergistic effects favored the adsorption






	
The best preparation parameters were: pyrolysis temperature of 800 °C and K2CO3/sodium lignosulfonate mass ratio of 4

	
[50]




	
Cattail leaves

	
Muffle pyrolysis

	
0.0103

	

	
Freundlich isotherm model and pseudo-second-order



	
Heterogeneous surface that promotes the adsorption of drugs by physisorption






	
The raw material had a small surface area and was either non-porous or mostly composed of meso- and macropores

	
[56]




	
Lycium barbarum L. branches (LBL)

	
Low-temperature carbonization (2 h at 400 °C), high-temperature KOH activation (4 h at 800 °C)

	
436.7

	

	
Langmuir model, a pseudo-first-order rate



	
A spontaneous adsorption method for CAP



	
More graphite and tougher hydrophilicity decreased the adsorption capacity



	
Micropore filling is the leading adsorption mechanism and chemical interactions are engaged during the adsorption process, and they synergistically contribute substantially to the high CAP adsorption capacity






	
The adsorption capability was reduced by increased hydrophilicity and graphite content

	
[54]




	
corncob (CC)

	
497.5




	
rice straw (RS)

	
469.5




	
Zizania latifolia (Griseb.) Stapf (ZLS)

	
606.1




	
Soybean (SB)

	
892.9




	
Corn stalks fiber

	
Embedded with chitosan and Fe3O4

	
58.75

	

	
Langmuir isotherm model



	
Pseudo-second-order kinetic model



	
Endothermic, spontaneous






	
The adsorbent has a large capacity for reuse and may be used up to five times

	
[55]




	
Coconut fiber

	
Pyrolysis (800 °C for 3 h), KOH activation

	
523.0

	

	
Pseudo-second-order kinetic and Elovich kinetics model



	
Freundlich and Temkin isotherm model



	
Heterogeneous adsorption by main chemisorption



	
Hydrogen bond and π-π conjugation interactions, and electrostatic interaction






	
The adsorbent is mostly made of basic functional groups and has a separate microporous and mesoporous network, which both contributed to the adsorption

	
[57]
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Table 5. Agricultural waste adsorbents used for sulfanilamide removal.






Table 5. Agricultural waste adsorbents used for sulfanilamide removal.













	Agricultural Waste Adsorbent
	Methods/Technique
	Adsorption Capacity (mg/g)
	Mechanism
	Remarks
	Ref.





	Carboxyl-functionalized BC derived from walnut shells
	Modified with HNO3
	SDZ = 32

SMD = 46

SCF = 40
	
	
Adsorption isotherm: Freundlich model



	
Kinetic isotherm: Elovich model





	The adsorbent has several functional groups that comprise carbon and oxygen, and these functional groups are crucial for sulfonamide adsorption
	[58]



	Magnetic BC derived from coconut shell
	Activation with KOH
	SDZ = 294.12

SMT = 400.00

SMX = 454.55
	
	
Adsorption isotherm: Langmuir model



	
Kinetic isotherm: pseudo-second-order kinetic model





	Three successive adsorption–desorption cycles resulted in the retention of more than 80% of the adsorption capacity
	[65]



	Attapulgite-doped BC derived from rice husk (ATP/BC)
	
	Removal degrees of sulfadiazine and sulfamethazine = 98.63% and 98.24%, respectively
	
	
Adsorption isotherm: Freundlich isothermal model



	
Kinetic isotherm: pseudo-second-order model (R2 = 0.99)



	
Electrostatic interactions, hydrogen bond, π–π interactions, and Lewis acid–base interactions





	Sulfonamide adsorption by ATP/BC is a stochastic, heat-absorbing process
	[64]



	Activated carbon derived from cottonseed husk (CSH-AC)
	Pre-treatment of CSH: Pleurotus ostreatus was grown on cottonseed husk for 0, 40, and 80 days at 120 °C;

followed by NaOH activation
	146.16
	
	
Adsorption isotherm: Freundlich model



	
Adsorption kinetic: pseudo-first-order





	The biomass was pre-treated with fungi, which created the desirable physiochemical characteristics for adsorption (well-characterized pore structure, enough surface oxygen-containing functional groups, and suitable hydrophilicity)
	[59]



	BC derived from sugarcane bagasse
	Prepared by hydrothermal carbonization (HTC) followed by NaOH activation
	400
	
	
Adsorption isotherm: Freundlich model



	
Kinetic isotherm: Elovich model



	
Pore filling followed by charge assisted hydrogen bonding and π-π interaction





	Graphitic structure that has been aromatized and aggregated with functional groups that are oxygenated is what causes SMX to be eliminated
	[60]



	Activated carbon derived from olive pomace (OPAC)
	
	66.22
	
	
Adsorption isotherm: Langmuir model



	
Adsorption kinetic: pseudo-second-order



	
π-π electron donor–acceptor





	The desorption analysis showed that utilizing ethanol as a solvent achieved the highest desorption ratio of 8.96%
	[62]
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Table 6. Agricultural waste-derived adsorbents for removal of diclofenac.






Table 6. Agricultural waste-derived adsorbents for removal of diclofenac.













	Agricultural Waste
	Process Parameters
	Kinetics/Isotherm/Thermodynamics
	Maximum Adsorption Capacity (mg/g)
	Remarks
	Ref.





	Cuminum cyminum waste
	Adsorbent dose (0.25–6 g/L), contact time (0–300 min), initial diclofenac concentration (10–500 mg/L), and pH
	Langmuir/pseudo-second-order
	93.65 
	Both physical and chemical classifications were conducted on the as-prepared adsorbents
	[75]



	Argan nutshells
	Initial concentration (100 mg/L), adsorbent dosage (1 g/L), reaction time (90 min)
	Langmuir/pseudo-second-order/spontaneous, exothermic
	126
	The material stabilized near 600 °C, which explains why this temperature was chosen for carbonization
	[69]



	Melia azedarach fruit
	Adsorbent dosage (50–100 mg), contact time (5–420 min), initial adsorbate concentration (25–200 mg/L), temperature (20–50 °C)
	Langmuir, pseudo-second-order, exothermic
	5.72
	Regeneration experiments for the adsorbates revealed that the biochar has good adsorption efficiency up to three cycles
	[74]



	Sunflower seed shells (H3PO4 activated)
	pH (6.5)
	Langmuir/pseudo-second-order
	690.2
	Surface functional groups of -P2O7, and -COOH developed through H3PO4 treatment
	



	Orange peel
	pH (2–6), contact time (5–360 min), initial concentration, temperature (25–35 °C)
	Langmuir/pseudo-second-order
	122.0
	The porous network structure of AC materials is responsible for their surface’s rough texture and significant number of cages and cavities
	[67]



	Sycamore ball
	Adsorbent dosage (2.5–30 mg/50 mL), initial concentration (10 to 50 mg/L), temperature (25–45 °C), and pH (2.84–10.20)
	Langmuir/pseudo-second-order/exothermic, spontaneous
	178.8
	Diclofenac’s ability to bind to surfaces decreases as adsorption temperature rises due to increased Brownian motion at higher temperatures
	[73]



	Fique bagasse BC
	pH, adsorption time, temperature, initial concentration
	Redlich–Peterson/pseudo-second-order
	5.40
	The volatiles are allowed to escape from the char during the three-hour residence period, which increases the char’s porosity and surface area
	[66]



	Moringa oleifera pods
	n/a
	Freundlich/pseudo-second-order/endothermic, spontaneous
	60.805
	Microporous structure and great specific surface area are crucial for the adsorption process
	[71]



	Tea waste
	Initial concentration (30 mg/L), adsorbent dose (300 mg/L), initial pH (6.47)
	Langmuir/pseudo-second-order/endothermic, spontaneous
	62
	The adsorption process’s low activation energy indicate the process is temperature independent
	[72]



	Soybean hulls
	n/a
	Sips model/exothermic, spontaneous
	96.88
	Weakening of the fiber was influenced by the effects of acid, thus explaining the difference in the degradation temperature
	[68]







n/a: not applicable.
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Table 7. Agricultural waste-derived adsorbents for removal of ibuprofen.
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	Agricultural Waste
	Process Parameters
	Kinetics/Isotherm/Thermodynamics
	Maximum Adsorption Capacity (mg/g)
	Remarks
	Ref.





	Sunflower seed shells (H3PO4 activated)
	pH (6.5)
	Langmuir isotherm, pseudo-second-order kinetics
	105.7
	Activated agents such as H3PO4 and NaOH used to synthesis the biochar
	[70]



	Coconut shell
	Initial concentration (200–1000 mg/L), contact time (10–200 min), temperature (30–60 °C)
	Langmuir isotherm, pseudo-first-order, endothermic and non-spontaneous thermodynamics
	63.78
	All of the functional groups found on the adsorbents surface had a significant impact on the way that ibuprofen solutions behaved.
	[79]



	Moringa stenopetala seed protein
	Adsorbent dosage (50–100 mg), contact time (5–420 min), initial adsorbate concentration (25–200 mg/L), temperature (20–50 °C)
	Langmuir
	n/a
	pH plays the most important role in maximizing the adsorption capacity compared to other parameters
	[80]



	Orange peel
	pH (2–6), contact time (5–360 min), initial concentration, temperature (25–35 °C)
	Langmuir isotherm, pseudo-second-order kinetics, endothermic and spontaneous thermodynamics
	66
	Low removal capacity of ibuprofen is due to the presence of only one carboxyl group
	[67]



	Waste murumuru (Astrocaryum murumuru Mart)
	Adsorbent dosage (0.15 g), pH (3.0), adsorption time (360 min)
	Freundlich isotherm, pseudo-second-order kinetics, endothermic, physical, and spontaneous thermodynamics
	>2.2
	Ibuprofen adsorption was through physisorption; ΔG° between 0 and −20 KJ/mol
	[78]



	Spent coffee waste
	pH (5.0–11.0), ionic strength (NaCl: 0–0.125 M)
	Spontaneous
	61.25–80.02 (µmol/g)
	Chemisorption plays an important role in this adsorbent
	[76]



	Erythrina speciosa pods
	pH (3–9), adsorbent dosage (0.4–1.2 g/L)
	Langmuir isotherm, linear driving force (LDF) kinetics, spontaneous, favorable, and endothermic thermodynamics
	98.11
	The same excellent adsorption capacity was observed for use up to 7 times
	[81]







n/a: not applicable.
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Table 8. Agricultural waste-derived adsorbent for removal of aspirin.






Table 8. Agricultural waste-derived adsorbent for removal of aspirin.





	Agricultural Waste
	Process Parameters
	Kinetics/Isotherm/Thermodynamics
	Maximum Adsorption Capacity (mg/g)
	Remarks
	Ref.





	Laccase-immobilized date stone
	pH (2–7), temperature (10–60 °C), ABTS (0.1–0.6), storage time (0–30 days)
	Langmuir isotherm, pseudo-second-order kinetic, endothermic
	458.71
	The removal process was both conducted by enzymatic activity and adsorption
	[86]



	Spent tea leaves
	Initial concentration (100 mg/L), adsorbent dosage (0.5 g), pH (3), temperature (30 °C), reaction time (60 min)
	Freundlich isotherm, pseudo-second-order kinetics, exothermic and spontaneous thermodynamics
	178.57
	H3PO4 is the best agent to utilize in the chemical activation of STL-AC, as indicated by 68.04% of adsorption performance
	[87]



	Orange peel
	pH (2–6), contact time (5–360 min), initial concentration, temperature (25–35 °C)
	Langmuir isotherm, pseudo-second-order kinetics, endothermic and spontaneous thermodynamics
	47
	The ideal pH for the adsorption was 2, and the pseudo-second-order kinetic rule suggests that the entire adsorption process can be completed in 3 h
	[67]



	Sugarcane bagasse BC
	pH, temperature, and time
	Liu isotherm model, pseudo-second-order
	32.73
	C- and O-containing functional groups of the adsorbents are responsible in the adsorption process
	[88]



	Rice husk
	pH (2)
	Langmuir
	47.03
	Acidic surface of adsorbents is validated by pHpzc 5.8 and pH 2 is the best pH
	[89]



	Zizyphus mauritiana seeds
	Reaction time (180 min), adsorbent dosage (0.5 g), initial concentrations (0 to 100 mg/L)
	Langmuir
	8.95
	Existence of monolayer adsorption of aspirin
	[85]



	Balanites aegyptiaca seeds
	Reaction time (180 min), adsorbent dosage (0.5 g), initial concentrations (0 to 100 mg/L)
	Langmuir
	7.40
	Existence of monolayer adsorption of aspirin
	[85]
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Table 9. Agricultural waste-derived adsorbents for removal of ketoprofen.






Table 9. Agricultural waste-derived adsorbents for removal of ketoprofen.





	Agricultural Waste
	Process Parameters
	Kinetics/Isotherm/Thermodynamics
	Maximum Adsorption Capacity (mg/g)
	Remarks
	Ref.





	Physalis peruviana fruit residue
	n/a
	Endothermic
	172
	The removal of adsorbate using physical adsorption forces (adsorption energies less than 40 kJ/mol)
	[95]



	Fagopyrum esculentum wheat husks
	Adsorbent dosage (0.5–1.5 g L−1),

pH (2–10)
	Exothermic
	n/a
	Greater irregularities and new spaces appeared after treatment with H2SO4, crucial in the adsorption process
	[93]



	Coconut shell
	Initial concentration (200–1000 mg/L), contact time (10–200 min), temperature (30–60 °C)
	Temkin/pseudo-first-order/endothermic, non-spontaneous
	73.78
	Adsorptive capacity increased with concentration up to 150 min
	[79]



	Moringa stenopetala seeds
	Adsorbent dosage (50–100 mg), contact time (5–420 min), initial adsorbate concentration (25–200 mg/L), temperature (20–50 °C)
	Langmuir
	n/a
	Sudden drop of removal efficiency when pH increased from 7 to 9
	[80]



	Orange peel
	pH (2–6), contact time (5–360 min), initial concentration, temperature (25–35 °C)
	Langmuir/pseudo-second-order/endothermic, spontaneous
	78
	Functional groups of ketoprofen (one keto group and one carboxylic group) crucial in high adsorption percentage
	[67]



	Jacaranda mimosifolia seed pods
	pH (2–10), adsorbent dosage (0.5–1.5 g/L), initial concentration (100, 150, and 200 mg/L), contact time (0–240 min)
	Langmuir/linear driving force/spontaneous, exothermic
	303.9
	The KET adsorption is favored by a rough surface with granular and heterogeneous particles, newly formed pores with irregularly sized, randomly distributed pores
	[94]



	Campomanesia guazumifolia bark
	Initial concentration (50, 75, and 100 mg/L), pH (2), temperature (298, 308, 318, 328 K), contact time (6 h)
	Langmuir/Elovich kinetics/exothermic
	158.3
	Extension of the carbonyl group present in hemicellulose and new textural shape formed with new pores and cavities after acid treatment
	[96]



	Dillenia Indica peel
	Adsorbent dosage (0.2–1.0 g), initial concentration (20–100 mg/L), pH (2–12)
	Langmuir/pseudo-second-order
	8.354
	Adsorption is favorable at lower pH
	[97]



	Laccase-immobilized date stone
	pH (2–7), temperature (10–60 °C), ABTS (0.1–0.6), storage time (0–30 days)
	Pseudo-second-order/Freundlich model/endothermic
	568.18
	Synergistic effect of both enzymatic degradation and adsorption take place in ketoprofen removal
	[86]







n/a: not applicable.
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Table 10. Agricultural waste-derived adsorbents for removal of naproxen.






Table 10. Agricultural waste-derived adsorbents for removal of naproxen.





	Agricultural Waste
	Process Parameters
	Kinetics/Isotherm/Thermodynamics
	Maximum Adsorption Capacity (mg/g)
	Remarks
	Ref.





	Grapetree fruit peel
	pH (2–10), temperature (298–328 K), initial concentration (0–125 mg/L)
	Langmuir isotherm, linear driving force model, spontaneous and endothermic thermodynamics
	167.03
	Increased carbon content (85.6%) and decreased oxygen content (below 10%) of adsorbent is evidence for a significant loss of volatile matter
	[100]



	Coconut shell
	Initial concentration (200–1000 mg/L), contact time (10–200 min), temperature (30–60 °C)
	Pseudo-first-order, Freundlich isotherm, endothermic, non-spontaneous
	73.78
	The adsorptive capacity of adsorbent was increased with concentration up to 150 min
	[79]



	Grape branches (Vitis vinifera)
	Temperature (298–328 K), initial concentration (0–50 mg/L)
	Linear driving force model, Langmuir, endothermic and spontaneous
	176
	With an HCl solution, the adsorbent can be regenerate up to seven times
	[101]



	Dillenia indica peels
	Adsorbent dosage (0.2–1), contact time (0–500 min), pH (2–12), and initial drug concentrations (20–100 mg/L)
	Langmuir and Temkin isotherm, pseudo-second-order kinetics
	10.76
	The best parameter of adsorption was pH 5.0, adsorbent dosage 0.4 g, contact time 480 min
	[102]



	NaOH-activated spent coffee waste
	Initial concentration (10–50 mM), agitation time (0–24 h), pH (5–11), temperature (15–35 °C), ionic strength (NaCl: 0–0.125 M)
	Langmuir, pseudo-second-order kinetics, endothermic
	263.34 (wastewater), 269.01 (lakewater)
	NaOH-activated SCW biochar adsorption capacity is closely associated with π-π interaction between the adsorbates and the carbonaceous adsorbents
	[76]



	Wild plum kernel
	pH (2–11), adsorbent dosage (2–200 mg), contact time (5–420 min), initial concentration (3.1–125.3 mg/L)
	Langmuir, pseudo-second-order kinetics
	73.14
	The diffusion rate constants, Ki, rose from 0.469 to 1.264 mg/g min1/2 with increased initial concentration whereas C values declined, indicating that diffusion was quicker at greater concentrations
	[99]



	Pitaya (Hylocereus undatus) peels
	Temperature (298, 308, 318, and 328 K), initial concentration (10, 20, 30, 40, 50 mg/L)
	Spontaneous, exothermic
	158.81
	Given that the evolution of temperature only affects one site’s density of naproxen adsorption, temperature has a small impact
	[98]



	Jabuticaba fruit peels
	Temperature (298, 308, 318, and 328 K), initial concentration (50, 85, 100, and 125 mg/L)
	Spontaneous, exothermic
	167.0
	Density of the first and second sites leads to naproxen adsorption increasing with the evolution in temperature
	[98]



	Grapefruit branches
	Temperature (298, 308, 318, and 328 K), initial concentration (10, 20, 30, 40, 50 mg/L)
	Spontaneous, exothermic
	176.0
	Quantity of naproxen molecules decreases with evolution in the system’s temperature
	[98]



	Waste of Astrocaryum murumuru Mart.
	Adsorbent dosage, contact time, and pH
	Pseudo-second-order/Freundlich/endothermic, physical, spontaneous
	2.5
	Adsorbent with low SBET and well-developed microporosity
	[78]
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