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Abstract

:

This study aims to comprehensively investigate the current advances in water treatment technologies for the elimination of heavy metals using biomass-based adsorbents. The enhancement of adsorption capacity in biomass materials is achieved through surface modification, which increases their porosity and surface area. The study therefore focuses on the impact of different surface modification techniques on the adsorption capacity, as well as the evaluation of adsorptive removal techniques and the analysis of various isotherm and kinetics models applied to heavy metal contaminants. The utilization of kinetic and isotherm models in heavy metal sorption is crucial as it provides a theoretical background to understand and predict the removal efficiency of different adsorbent materials. In contrast to previous studies, this research examines a wide range of adsorbent materials, providing a comprehensive understanding of their efficacy in removing heavy metals from wastewater. The study also delves into the theoretical foundations of the isotherm and kinetics models, highlighting their strengths, limitations, and effectiveness in describing the performance of the adsorbents. Moreover, the study sheds light on the regenerability of adsorbents and the potential for their engineering applications. Valuable insights into the state-of-the-art methods for heavy metal wastewater cleanup and the resources required for future developments were discussed.
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1. Introduction


Environmental pollution has become a major threat to the ecological community due to the existence of lethal substances such as heavy metals and organic pollutants in the air, water, and soil. Rapid economic development and population growth, as well as advancement in different industries, including agriculture, is the key cause of environmental pollution [1,2]. Environmental pollutants, such as waste burning, synthetic industries, and coal conversion, pose a major danger to the abiotic environment (air, water, and soil) and biotic populations (plants, animals, and humans). Heavy metals, such as copper, cadmium, nickel, mercury, chromium, lead, and zinc, are particularly of concern owing to their persistence in the environment. These toxic metals can get into water bodies and soil through sludge dumping and melting processes, causing serious harm to live organisms through biomagnification in food chains. Researchers have identified the elimination of dangerous metal ions from the environment as a critical issue [3,4,5].



Environmental toxicants often comprise dyes, pesticides, and heavy metals which cause danger to the whole ecological community, gravely compromising its function and structure [6]. The dumping of sludge and melting processes also contribute to heavy metal pollution in the environment [7]. The high levels of heavy metals in sewage sludge can cause soil pollution, which is harmful to live organisms. The health of the soil is crucial for the growth of food crops. When toxic metals are released into the soil, it severely affects the quality and output of plants, posing a serious threat to humans and animals through biomagnification in the food chain [8]. Heavy metals easily migrate from the soil to crops thereby increasing their toxicity. With large cities generating vast amounts of wastewater, it is essential to find effective ways to dispose of and handle it.



As a result, researchers have identified the full remediation of dangerous metal ions from the environment as a key issue. Over the years, various techniques have evolved to extract these ions from wastewater. These techniques include adsorption, solvent extraction, ion exchange, chemical precipitation, coagulation and flocculation, membrane processes, and oxidation [9,10]. However, these technologies have several disadvantages, including high costs and poor adsorption capability at low concentrations (1–100 mg/L) [11]. The method chosen for the restoration system is based on the properties of the wastewater, as each method has its restrictions, including efficiency, environmental impact, feasibility, cost, practicality, reliability, sludge generation, operational difficulties, preliminary treatment requirements, and the development of chemical deposits [12,13].



Adsorption is considered to be among the best strategies for eradicating pollutants, as it is simple to use, can be designed in various ways, and significantly affects biological availability, toxicity, and the transport of heavy metals in wastewater [11,14,15]. The buildup of metal ions on the surface of the sorbent occurs through a transfer process, where they are bonded chemically or physically [16,17]. All adsorption processes require a balance between solids and liquids and mass transfer rates. There are three main processes of adsorption onto solid sorbents: contaminants are transported from an unsolidified solution to the surface of the sorbent; adsorption onto a solid surface; and transit inside the sorbent particle. Heavy metals are attracted to the surface with electrostatic forces or to hydroxyl or other functional groups. The ability to desorb and regenerate adsorbents for multiple applications makes this technique highly efficient and results in well-treated effluents at a low cost. Adsorption of inorganic effluents can be used to increase water quality, preventing long-term effects on human health. Products would be pure, and valuable substances would be recovered if this were carried out.



Numerous studies have documented the adsorption of heavy metals using various biomass-based adsorbents and magnetic oxides. For example, Mostafapour et al. [18] found that immobilized Gracilaria corticata algae-based bioadsorbent could remove lead (II) from wastewater. Thermodynamics analyses indicated that the Pb (II) sorption on immobilized-GC was feasible, spontaneous, and endothermic, with enthalpy and entropy values of 52.01 kJ/mol and 0.185 kJ/mol K, respectively. Kinetic studies showed that the adsorption process followed the pseudo-second-order kinetic model due to the higher regression coefficient and lower error coefficient. In another study, Mahvi et al. [19] used magnetic Fe3O4-graphene oxide to remove chromium oxides. The removal efficiencies showed a moderate decrease in maximum values (less than 6%) after six regeneration cycles. The developed Fe3O4-GO composite is a promising material for removing Cr (VI) from wastewater. Sobhanikia et al. [20] demonstrated that the mucilaginous seeds of Cydonia oblonga can be used as an effective biosorbent for the removal of Cr particles from wastewater.



Activated carbon is a commonly used non-polar adsorbent for metal ion elimination from effluents due to its great capacity for adsorption and specific surface area. However, its high cost is a hindrance, leading researchers to explore alternatives such as agricultural waste, natural materials, and industrial byproducts for use as adsorbents. These materials are more cost effective, selective, efficient, and eco-friendly than commercial adsorbents, and are being used in wastewater treatment to remove heavy metals [21,22]. Numerous biomasses with modification, including sawdust, waste tea, coconut shell, peat moss, and rice husk are used as adsorbents [23,24,25,26,27,28]. However, studies and understanding are limited in the area of isotherm and isotherm models in heavy metal sorption.



The application of kinetic and isotherm models in heavy metal sorption is crucial as it provides a theoretical framework to understand and predict the removal efficiency of different adsorbent materials. Numerous researchers have studied the kinetics and isotherm models for biosorption of heavy metals. Agarwal et al. [29] conducted kinetic and adsorption isotherm studies on the removal of harmful nickel (II) using γ-alumina nanoparticles and multiwalled carbon nanotubes. They found that the adsorption equilibrium and kinetic data were well fitted and in good agreement with Langmuir and pseudo-second-order kinetic models, respectively. The maximum percentage removal of Ni (II) was found to be 87.65% and 99.41% using MWCNTs and γ-alumina nanoparticles, respectively, under optimum conditions. In another study, the isotherms and thermodynamic studies of Cd (II) ion removal in effluents using Azolla filiculoides biosorbents was documented [30]. Despite the abundance of information and studies on kinetics and isotherms, much of the data is scattered throughout the literature. Additionally, there are limited review articles available on this topic. To address the knowledge gaps, the study aims to provide information on the condition of water treatment advances today and the use of adsorptive measures with a focus on adsorption capacity and adsorption kinetics and isotherm models. The study also delves into the theoretical foundations of the isotherm and kinetics models, highlighting their strengths, limitations, and effectiveness in describing the work of the adsorbents. The research findings will be valuable for researchers, engineers, and practitioners in the areas of water treatment and environmental science as it provides an in-depth analysis of the latest advances in the use of biomass-based adsorbents for the removal of heavy metals. Moreover, the investigation also clarifies the regenerability of adsorbents and the potential for their engineering applications. The report provides valuable insights into the state-of-the-art methods for heavy metal wastewater cleanup and the resources required for future developments. In contrast to other published papers, the presented review outlines novel experimental data or new research findings relating to heavy metal removal, often focusing on specific aspects of the problem such as the development of new adsorbent materials, kinetics, and adsorption isotherms. It should be mentioned that biomass-based adsorbents are the focus of this study due to their numerous advantages. Firstly, they are cost effective and easily available, as they can be obtained from agricultural and forestry waste, algae, or other biological sources. Secondly, they are eco-friendly and renewable, making them a sustainable alternative to traditional chemical methods. Biomass-based adsorbents also have high selectivity and affinity for heavy metals, which enables them to efficiently remove these contaminants from wastewater.




2. Heavy Metals Remediation Techniques


Various approaches have been implemented to remediate heavy metals, as depicted in Figure 1. Generally, conventional technologies could be classified into physical, chemical, and biological methods. These approaches will be meticulously discussed in subsequent sections. It should be mentioned that other techniques such as sedimentation, screening, filtration, and most biological methods are outside the purview of this review. Interested readers are referred to excellent reviews by Al-Qodah et al. [31] Our previous study has also discussed the advances in nanomaterials applications for heavy metals remediation [32].



2.1. Chemical Precipitation


This is deployed for the removal of ionic components from wastewater by inducing a chemical process that transforms soluble material into an insoluble one. Precipitates are then removed through subsequent separation processes, such as coagulation or filtering. Hydroxide precipitation is the most frequently used approach for precipitating metals; however, sulfide and carbonate precipitation are also common [33].



Precipitation may be understood on a fundamental level by considering the following mechanism shown in reaction 1. The addition of hydroxides led to the separation of heavy metals from the waste stream, and hydroxide ion is produced.


M(OH)2 = M2+ + 2(OH)−



(1)







The insoluble metal hydroxide is written as M(OH)2, where M2+ is the metal ion, and OH− is the precipitating agent. According to a study by Brooti et al., the efficacy of removing Fe3+, Cr3+, Cu2+, Pb2+, Ni2+, and Cd2+ was found to be greater than 97% at an optimal MgOH dose [34]. A study by Meunier et al. showed that chemical precipitation with Ca(OH)2 was efficient in decreasing Cu2+, Cr6+, Ni2+, and Zn2+ in acidic soil saline leachate but not Cd2+ and Pb2+ [35]. However, chemical precipitation is ineffective for wastewater treatment with a high acid content, as it can generate a significant volume of excess sludge that requires chemical stabilization and proper disposal, which can be costly. Additionally, some metal salts are insoluble in water and require the addition of a suitable anion for precipitation. The method may not be effective for removing metal ions of low concentration and may result in high disposal costs if the sludge produced has high water content.




2.2. Coagulation and Flocculation


These are important steps in the treatment processes involved in wastewater disposal and the subsequent production of potable water. When a coagulant or chemical is added to wastewater, a chemical reaction takes place, leading to coagulation. The colloidal components in aqueous solutions tend to cluster into larger structures called flocs. These tiny aggregates in suspension, also known as flocs, tend to attract heavier objects such as metals. When water is stirred slowly, the tiny flocs can grow and eventually descend to the solution’s base. This process is called flocculation. Figure 2 illustrates these two occurrences. Coagulation and flocculation are mostly used to remove organic contaminants. A study by Alalwan et al. investigated the efficiency of ferrous sulfate heptahydrate (FeSO4.7H2O) in reducing chemical oxygen demand (COD), total suspended solids (TSS), and biochemical oxygen demand (BOD) in palm oil mill effluent [36]. Wang et al. also conducted similar research [37]. While this process offers ease of implementation and is non-selective when it comes to separating heavy metals, it also creates a significant amount of waste and exacerbates the issue by transporting dangerous compounds into the solid phase. Despite these drawbacks, coagulation and flocculation can effectively remove unwanted substances such as dissolved metals, dyes, and suspended particles.




2.3. Ion Flotation


This is commonly used to treat metals in wastewater from industrial processes. There are many different ways, both experimental and industrial, for purifying wastewater of metals. At a minimum airflow velocity of 1098 mL min−1, 90% of Fe3+ and Mn2+ was removed from the flotation column using a biodegradable surfactant collector [38]. A synthetic surfactant, sodium oleate, was also used as a collector and was effective at removing the metals. The combination of a bio-surfactant and dissolved air flotation shows more promise than column flotation [38]. For the elimination of cadmium from water, the use of foam flotation with rhamnolipid bio-surfactant was investigated [39]. The study looked at the effects of changing the rhamnolipid and cadmium content, as well as the solution pH, aeration rate, and inertial concentration on the efficiency of separating cadmium from zinc and copper. Pseudo-first-order kinetics at a rate of 0.0071 min−1 showed that adipose tissue was more selective than copper and zinc, with maximum separation from zinc- and copper-contaminated solutions measured at 57% and 48%, respectively.




2.4. Electrochemical Process


This process involves a reaction of electron transfer, which can be either electro-reduction or oxidation as shown in Figure 3 [40]. Over the years, electrolytic metal recovery has garnered considerable attention. The process involves passing a direct current through a metal ion-containing solution to transport the ions from cathode plates to insoluble anodes. First, metal ions that are positively charged must make contact with the negatively charged cathode.



The use of electrochemical reactors for processes such as metal recovery, electrocoagulation, electro-floatation, and electro-oxidation has a long history [41]. The efficacy of metal removal has been demonstrated to depend on the electrodes used and the cell type being utilized. Hexavalent chromium can be converted to trivalent chromium through electrochemical precipitation in an alkaline medium. Eight hours of electrolysis at pH 5.5 with 0.25 A current removes 98% of the chromium, while five hours of electrolysis at pH 1 with the same current removes 95% of the chromium. Electrochemical processes provide many benefits, such as rapid and well-controlled operation, metal selectivity, reduced sludge production, and no additional chemical demands. Because of the high cost of the electrodes and the amount of electricity needed to power the operation, this approach is limited in several ways [42].




2.5. Membrane Filtration


A study by Lee and Kwak found that membrane filtration treatment techniques performed exceptionally well in removing heavy metals from wastewater [43]. Membranes are dynamic, nanometer-scale structures that are put together to form a complex whole. Modern reverse osmosis systems typically consist of thin polymer sheets supported by a permeable support system. The membrane’s ability to allow water through while rejecting heavy metal ions is largely determined by its physical and chemical characteristics [44]. The main benefits of this technology are its efficiency, small footprint, and user-friendliness. The membrane processes of nanofiltration, ultrafiltration, electrodialysis, and reverse osmosis have all been employed successfully to filter wastewater of potentially dangerous metal ions. Heavy metals are rejected by allowing water to pass through a semi-permeable membrane. This is one of the best technologies for treating water and wastewater by eliminating dissolved metals. Negative aspects of this strategy include rejection, membrane fouling, and expensive power consumption. Dissolved and colloidal solids can also be recovered using the ultrafiltration technique at low transmembrane pressure. When using an ultrafiltration membrane, the dissolved solids are generally easier to flow through because of larger pore sizes than the solids. Polymer-enhanced ultrafiltration and enhanced ultrafiltration were both successful at removing heavy metal ions [45]. Between ultrafiltration and reverse osmosis, nanofiltration serves as a transitional step. Toxic heavy metals are removed from wastewater using this treatment process [46]. Among the benefits of this treatment approach are its high efficiency, low energy consumption, dependability, and simplicity of operation [47].




2.6. Adsorption


Adsorption is a process where particles or molecules adhere to a surface, forming a thin film or layer. In the context of heavy metal removal, adsorption is a widely used method for removing heavy metal ions from wastewater. The process involves the use of adsorbents, which are materials that have a high affinity for heavy metal ions [32]. When the wastewater is passed through a bed of adsorbent material, the heavy metal ions are adsorbed onto the surface of the adsorbent material, effectively removing them from the wastewater [48]. The extent of adsorption depends on various factors, such as the surface area of the adsorbent, the concentration of the heavy metal ions, and the pH of the solution. Adsorption is an effective method for heavy metal removal, as it can remove a wide range of heavy metals and is relatively simple to implement. However, the effectiveness of the process depends on the specific adsorbent used and the conditions under which it is used.



It is well-accepted that adsorption is the most economical, efficient, and selective approach for removing heavy metals from wastewater [49]. This method is both functionally and structurally sound, facilitating complete heavy metal remediation from wastewater. Heavy metals can be removed from wastewater by transferring them to a solid surface, or adsorbent, where they can be bound chemically or physically through adsorption across the adsorbent’s surface. Adsorption can be either physical, where weak Van der Waals forces are responsible, or chemical, where a covalent bond forms between the adsorbent and adsorbate. Activated carbon (AC) is an excellent adsorbent owing to its enormous surface area and affinity for heavy metals [50]. Commercially available activated carbons can be classified as either “H” or “L” [51]. High-temperature activated carbon (H-type AC) is carbon from which the H+ ions have been chemically removed, while the removal of OH− ions during low-temperature oxidation of carbon forms L-type AC. Incorporating specific desorption methods for heavy metals facilitates the regeneration of adsorbents that have previously absorbed these contaminants.




2.7. Innovative Technologies for the Removal of Heavy Metals from Industrial Effluent


Many innovative methods and technologies have been created to address the drawbacks of conventional methods. Some of these technologies include the use of hydrogels, multifunctional nanomaterials, and biosorption. Each of these techniques is discussed in the next section.



2.7.1. Hydrogels


Three-dimensional networks of hydrophilic polymers called hydrogels may absorb and hold a lot of water. They have a soft and gel-like texture and can swell and retain their shape when exposed to water. This property makes them useful for heavy metal remediation in wastewater. In heavy metal remediation, hydrogels act as a “sponge” in the wastewater, absorbing and retaining the metals within their structure. This helps to lower the amount of heavy metals present in the water, making it safer for discharge or reuse. The mechanism of hydrogels is mainly through ion exchange and physical entrapment.



Hydrogels are effective in the removal of a variety of heavy metals, including lead, cadmium, and zinc, from wastewater [43]. They are environmentally friendly and low-cost an alternative to traditional methods. Additionally, recovery and reuse are easy since hydrogels are simply separated from the treated water. The hydrogel’s most valuable attribute is its ability to retain its structural integrity despite swelling and holding enormous amounts of water. However, 10% (weight or volume) of the substance must be water-based for it to qualify as a hydrogel. Upon withdrawal of the stimulation, hydrogel often recovers to its initial state [52]. Hydrogels that are sensitive to pH, temperature, electromagnetism, and light are all examples of common hydrogel kinds. Water-soluble hydrogels can effectively remove heavy metals from various materials and have also been found useful in drug administration, tissue engineering, contact-lens technology, pH sensors, biological sensors, and biosensors [53]. Cd2+, Cu2+, and Fe3+ have been separated from aqueous solutions by free radical solution polymerization of Cross-linked homopolymers and copolymers of acrylamide (AM) and 2-acrylamido-2-methylpropanesulfonic acid (AMPS) [54]. When the pH of the solution is low, the hydrogel has a hard time binding metal ions. Additionally, increasing the pH of AM/AMPS hydrogels enhanced their absorption capacity. In terms of electronic configuration, ionic radius, polarity, etc., and the type of interaction with hydrogel’s functional groups, the order of metal ions adsorbable by hydrogel is Cd2+ > Cu2+ > Fe3+ [55].




2.7.2. Multifunctional Nanomaterials


Multifunctional nanomaterials are materials that have multiple functions and are engineered at the nanoscale, usually with dimensions less than 100 nm. They have unique physical and chemical properties that makes them highly attractive for a wide range of applications, including heavy metal remediation in wastewater. In heavy metal remediation, multifunctional nanomaterials work by adsorbing and retaining the heavy metals in their structure, reducing the metal concentration in the wastewater. The mechanism of heavy metal adsorption by nanomaterials is mainly through ion exchange and physical entrapment, as well as through chemical interactions between the nanomaterials and heavy metals [31,32]. The mechanism can be quite complex and depend on a variety of factors, such as the type of nanomaterials, the nature of the heavy metal ion, and the conditions of the solution. Multifunctional nanomaterials demonstrate a high surface-area-to-volume ratio, allowing improved exposure to heavy metal ions in wastewater [32]. The physical and chemical interactions, including Van der Waals forces, electrostatic attraction, and hydrogen bonding, facilitate the adsorption of heavy metals onto the surface of the nanomaterials. During the ion exchange mechanism, the multifunctional nanomaterials often exchange ions with heavy metal ions in wastewater. The functional groups present on the surface of the nanomaterials can attract and bind heavy metal ions, releasing other ions in the process [31,32]. The nanomaterials can also undergo redox reactions with heavy metal ions, in which the nanomaterials donate or accept electrons from the metal ions, resulting in their removal from the wastewater.



Multifunctional nanomaterials, such as nanocomposites, nanotubes, and nanoparticles, are highly effective in removing a variety of heavy metals from wastewater, including cadmium, lead, and zinc [32]. They are environmentally friendly and low-cost alternatives to traditional methods. Additionally, these nanomaterials can be easily recovered from the treated water, facilitating regeneration of heavy metals.



The utilization of multifunctional nanomaterials, which can handle various problems more efficiently, is one of the most rapidly explored segments of wastewater treatment technology. Adsorption of magnetic nanoparticles is easier and more efficient than adsorption of other types of adsorbents in general [56]. Several metal oxide nanoadsorbents make use of their high surface areas and the functionalized groups that can be added to enhance their affinity. Zinc oxide, titanium dioxide, and cerium oxide are the three most frequent forms. Heavy metals like zinc, nickel, chrome, copper, and cadmium can be removed from water using zeolites. In Ref. [57], the study discovered a synthetic oxide based on hydrated and agglomerated nanocrystallite (11–13 nm) titanium oxide is effective at removing Ni2+ from water. Detailed information on different multifunctional nanomaterials for heavy metal remediation can be found elsewhere [31].




2.7.3. Biosorption


Biosorption has developed as a viable and environmentally benign alternative for the removal of heavy metals from wastewater effluent generated by some enterprises. Biosorption is a physiochemical process in which metal ions are bonded to the surface of a biosorbent. Biopolymers and precursors from both agricultural and industrial waste streams are among the many potential metal sorbents. For the removal of trace amounts of heavy metals and their subsequent recovery, biosorption is regarded as an important technology. Chlorella vulgaris, enriched activated sludge, and nitrifier-enriched activated sludge were used in varied ratios to test nutrient removal, carbon capture, and metabolite synthesis (NAS) [58]. In biosorption, the biological materials act as a “sponge” for the heavy metals in the wastewater, absorbing and retaining the metals within their structure [59,60]. This helps to reduce the concentration of heavy metals in the water, making it safer for discharge or reuse. The mechanism of heavy metal adsorption by biosorbents is mainly through ion exchange, physical entrapment, and chemical interactions between the biosorbent and heavy metal ions.



Biosorbents produced from biomass have low mechanical strength as they are unstable, susceptible to degradation, and very prone to a change in the arrangement of the molecules of the biosorbents. Easily degradable also means that they may not be reusable as adsorption capacity is likely to reduce after initial use [61]. It is also usually hard to regain all the metals accumulated on the surface of the biosorbents by adsorption since biosorbents are scattered in the mixture. Finally, the biosorbents cannot be used again because they wear down under harsh circumstances, and their ability to adsorb greatly reduces.



Because of the challenges listed above, it is necessary to fix biosorbents to the right surface before using them in traditional unit systems like packed/fluidized bed reactors and continuously stirred tank reactors, that way ensuring optimum uptake capacity and reuse over several cycles. This is known as the immobilization of biomass. There are different techniques used for the immobilization of biomass. They include the following:




	
Entrapment: This technique is relatively cheap and uses reagents such as polyurethane, polysulfone, and so on. However, there is mass transfer resistance [62].



	
Crosslinking: This technique provides increased strength. The disadvantages are that there is a loss of activity, and it is not universal. Examples of reagents are formaldehyde and nitro [62].



	
Encapsulation: This technique prevents biosorbents leakage and had higher catalyst densities. However, it produces fragile capsules and mass transfer resistance. It makes use of reagents such as cellulose, gelatine, and polyvinyl acetate [63].



	
Adsorption: This technique is cheap and simple and encourages higher biomass loading. However, there are risks of unstable binding and possible leakage of biosorbents. Examples of biosorbents include active charcoal, carbon nanotubes, and ceramics [64,65,66,67,68]. Table 1 shows the advantages and limitation of several heavy metal remediation techniques.











3. Heavy Metal Removal Using Biomass-Based Adsorbent


Heavy metal removal using biomass-based adsorbent is an environmentally friendly approach to remediate contaminated water. Biomass materials like agricultural waste, food waste, and algae are utilized to create adsorbent materials that can effectively remove toxic heavy metals like lead, mercury, and cadmium. This method is cost effective, renewable, and sustainable compared to traditional chemical methods. Agricultural residues have a free and pore structure, which contains carboxyl and hydroxyl that contribute to adsorption processes such as a diversity of agricultural solid wastes, like coconut, tealeaf, wheat barn, rice shell, sawdust obtained from a walnut shell, cotton stalks, coffee beans, banana peels, groundnut shells, sugar beet pulp, sugarcane bagasse, cassia fistula leaves, and others [69]. It makes use of waste and the utilization of garbage, which contributes to the solution of unusable material and environmental problems.



Common biomass adsorbent materials include soy protein, nutshells, potato peels, algae, and waste from tea [70]. Due to the great metal selectivity of biomass, it can be made available again without causing much waste to recover more metal, which creates less sludge and is more efficient [71]. Because these biomass materials do not require extensive and costly preparation, they are a viable alternative to conventional adsorbents which are characterized as unrenewable adsorbents.



Adsorbents made from biomass are effective and promising at removing pollutants like heavy metals and dyes and other contaminants from wastewater. Biomass, being a collection of constituents, possesses a varied range of characteristics. The components of biomass adsorbent materials that are non-toxic and environmentally benign include cellulose, lignin, and chitin [69,72]. Sugarcane pulp is mostly constituted of carbohydrates such as lignin (20–25%), cellulose (40–50%), and polyose (25–30%). In [73], the authors reported that the majority of the rice husk is composed of moisture (10–15%), cellulose (50%), silica (15–20%), and lignin (25–30%). The hull of rice contributes to around 20% of the grain’s weight. Rice husk has a bulk density of between 90 and 150 kg per cubic meter.



3.1. Overview of Agricultural Waste Adsorbent (AWB)


AWBs have been used in various studies to completely replace traditional techniques of heavy metal cleaning due to their significant advantages. For this reason, AWBs have a far higher affinity for heavy metals than other adsorbents, due to their surface’s plethora of binding groups [74]. Due to the numerous components of agricultural origin used in AWBs, their cost is often low [75]. It is also environmentally friendly because AWBs may be processed, applied, and retrieved without causing any damage [47]. These AWB characteristics were crucial in industrial applications, making AWBs a better adsorbent choice [76]. However, adsorption capacity is not the only thing to consider when selecting an AWB. There are just a few biosorbents that can be used in the process of large-scale biosorption and that have an irrevocable space and selectivity for heavy metals. Researchers believe that for an air–water barrier to be effective, it must meet several requirements, including the ability to be widely available and inexpensive while also having high regeneration and low release rates of unexpected components in an aqueous solution [76].



An excellent adsorbent material is rice husk because of the low cost and long-term sustainability of this resource. The chemical compositions of rice husks are as follows: cellulose content of 32%, a hemicellulose content of 20%, a lignin content of 21%, and the remaining organic components, such as protein and fat, account for the remaining 20%. To further pollute the environment, rice husks are commonly thrown into the soil or burned. However, rice husks can be transformed into value-added products via thermochemical processes, e.g., combustion pyrolysis and gasification. It has been found that the removal of inorganic components through the surface of rice husk (such as silica and carbonate) enhance adsorption capacities. In addition, the ash produced by rice husk might be as high as 20%. Because of the large surface area and its high porosity, ash production contains over 95% of silica and skeleton maintenance of the cellular structure. Contact time and temperature affect the ash’s porosity and functional groups, hence resulting in a diversity of ash varieties. During combustion, the cellulose–lignin core burns away, revealing a porous silica skeleton that is ground into extremely small particles with a large surface area.



There are various advantages to using sawdust as an adsorbent for heavy metal adsorption, making it a fascinating material to investigate. Waste from sawmills and its low price make sawdust a common commodity [77]. Because sawdust is biodegradable, it should harm neither the environment nor any of its constituents if it is disposed of in this manner. Research into the adsorption mechanism of sawdust is possible because of its structure and contents. The sawdust’s structure and components make it a research topic in the field of adsorption at 30 °C and 60 °C [78].



Adsorbent–Adsorbate Interaction


During the process of adsorption, the surfaces of the adsorbent and adsorbate interact before reaching equilibrium. Adsorption of an adsorbate onto an adsorbent primarily involves three key mechanisms: physical adsorption, precipitation and complexation, and pore-filling [79]. The adsorption can be broken down into three distinct stages: the clear zone (initial phase), the mass transfer zone (intermediate phase), and the exhausted or saturated zone (final phase) where equilibrium is achieved. The clear and saturated zones demonstrate an inverse relationship. Except for a rise in the concentration of the adsorbate, the mass transfer zone remains relatively unchanged until the breakthrough point when the adsorbent becomes fully saturated [80]. Organic molecules tend to bind to the adsorbent through van der Waals forces, hydrophobic interactions, and hydrogen bonds. Conversely, adsorption of metals (inorganic compounds) primarily occurs through processes such as ion exchange, surface electrostatic attraction, and precipitation.



Different types of biochars exhibit unique mechanisms for heavy metal adsorption, greatly influenced by their surface properties. The existence of surface functional groups on biochars, especially oxygen-containing groups like carboxylates and hydroxyls, enhances the interaction strength between the biochar surface and heavy metals. This interaction alters the surface functional groups of the biochars both before and after inorganic contaminant adsorption [81]. Other factors like surface area, pore structure, and mineral constituents of biochar also significantly contribute to the adsorption of inorganic contaminants [82].



The present study acknowledges a research gap in understanding the effects of nanoconfinement on the process of heavy metal adsorptive removal. Nanoconfinement can shift the interactions between heavy metals and adsorbent from a general electrostatic attraction to a specific innersphere coordination. This shift indicates a significant increase in adsorption selectivity towards these contaminants, with promising adsorption distribution coefficients.






4. Adsorption Kinetics Models


In the past, several models and mathematical equations have been employed to explain the mechanisms [83] and adsorption kinetics [79,84] of adsorption processes. Specifically, the capacity of different solutes for equilibrium adsorption. The chemical and physical characteristics of adsorbents influence the adsorption mechanism as well. These models are reviewed in the next section. Also, the following assumptions are inherent in these models:




	
Equilibrium conditions: Many isotherm models assume that the biosorption process reaches equilibrium, meaning that the amount of heavy metal adsorbed onto the adsorbent no longer changes with time.



	
Homogeneous adsorption surface: Many isotherm models assume that the adsorption surface of the biosorbent is homogeneous, meaning that all active sites on the adsorbent have the same properties.



	
First-order reaction kinetics: Some kinetic models assume that the adsorption process follows first-order reaction kinetics, meaning that the rate of adsorption is directly proportional to the concentration of the heavy metal.



	
Pseudo-second-order kinetics: Other kinetic models assume that the adsorption process follows pseudo-second-order kinetics, meaning that the rate of adsorption is proportional to the square of the concentration of the heavy metal.



	
Langmuir isotherm: The Langmuir isotherm model assumes that the adsorption occurs on a homogeneous surface with a fixed number of active sites that have the same adsorption energy.



	
Freundlich isotherm: The Freundlich isotherm model assumes that the adsorption occurs on a heterogeneous surface, meaning that the active sites have different adsorption energies.



	
BET isotherm: The BET isotherm model assumes that the adsorbent surface consists of multiple layers of adsorption sites, and that the adsorption energy decreases with increasing coverage of the surface.








It should be mentioned that these assumptions are implemented to help in the simplification and mathematical computations of the models. While they do not always present an accurate representation of the model complexities, their influence in ease of computing the model is significant. Extreme caution should be taken during the implementation of these assumptions.



4.1. Pseudo-First Order Lagergren Model


It is usual to utilize the pseudo-first order (PFO) kinetic model to describe how boundary diffusion affects adsorption. It is the adsorption model that is most usually employed. To explain the kinetics of liquid–solid phase adsorption, Lagergren provided a first-order rate equation. For solute adsorption from liquid, the pseudo-first order kinetic model is frequently utilized [85,86,87,88,89]. It is claimed to be the original adsorption capacity model [90]. It is used to illustrate how different species’ adsorption kinetics work. The PFO model developed by Lagergren is remarkably suited for lower solute concentrations [86]. Over the years, it has been widely utilized to explain the adsorption of toxins and pollutants from wastewater in a variety of fields. In some areas, it has recently gained popularity as a way to explain the sorption of pollutants from wastewater. It can be presented as shown in Equations (1) and (2) in Table 2.




4.2. Lagergren Pseudo Second-Order-Model


The adsorption mechanism, equilibrium adsorption capacity, and rate constants of adsorption processes can be calculated using the Lagergren pseudo second-order (PSO) model technique [87]. It can be presented as shown in Equation (3) in Table 2.




4.3. Intraparticle Diffusion Model


The intraparticle diffusion model is a popular approach used to examine the adsorption of heavy metals in wastewater. This model is based on the assumption that the adsorption process proceeds in three phases: external mass transfer, intraparticle diffusion, and equilibrium. During the intraparticle diffusion phase, heavy metal ions permeate into the adsorbent particles and attach to the active sites on their surface. Several factors can influence this diffusion process, including the concentration gradient, the adsorbent material’s pore size, and the boundary layer’s thickness.



Typically, the speed of intraparticle diffusion is slower than that of external mass transfer, making it a potential rate-limiting step in the adsorption process. The intraparticle diffusion model provides valuable insights into the mechanics of heavy metal adsorption and can help optimize the design of adsorption systems for wastewater treatment. Understanding the dynamics of the adsorption process allows researchers and engineers to devise more efficient and cost-effective methods for heavy metal removal from wastewater.



This model was developed to determine if the rate-limiting step in an adsorption process is intraparticle diffusion [88]. It posits that membrane diffusion can be overlooked, with intraparticle diffusion (IPD) being the sole phase that influences the rate [84]. Additionally, Doan et al. affirmed that the IPD stage often serves as the rate-limiting step in adsorption processes [96]. This is expressed as Equation (4) in Table 2.




4.4. The Avrami Kinetic Model


Adsorption kinetics in this model is an exponential function of adsorption time. It was developed to analyze crystal growth and phase transition in materials. When applying the Avrami model, it is important to take the mole fraction of the gas phase and the temperature of sorption into account [89,90]. The Avrami model can be applied when there are several adsorption mechanisms and depends on the overall rate of adsorption. It is presented as shown in Equation (5) in Table 2.




4.5. The Bangham Kinetic Model


The rate-controlling stage of an adsorption process has also been identified using the Bangham kinetic model. The equation can also be expressed as shown in Equations (6) and (7).




4.6. The Boyd Kinetic Model


This model distinguishes between intraparticle diffusion and extra-particle diffusion and can be mathematically expressed as shown in Equation (8).




4.7. Elovich Kinetic Model


Lately, the kinetics of gas adsorption on solids as well as the adsorption of pollutants from aqueous solutions have both been described by the Elovich equation on several occasions. The underlying premise of Elovich’s model is that solid surfaces are actively diverse. It is described mathematically in Table 2 as Equation (9).





5. Adsorption Isotherm Models


Different isotherm models have been utilized to evaluate the response performance amongst pollutants and the adsorbent of interest for heavy metal remediation [102,103,104,105]. Table 3 compiles the mathematical formulas for frequently employed isotherms. The special attributes and features that these isotherms may be further applied to were also supplied.



Langmuir’s isotherm model adopts the fact that a single layer is formed when there is biosorption without some form of relationship amongst the molecules adsorbed on the adsorbent. According to Zhou et al. [125], the Langmuir isotherm in its non-linear form is written as seen in Equation (1), while its linear models are expressed in Equations (12))–(15)). Scientists used this model often to study environmental adsorption because of its ease of usage [126,127] based on the structure and surface of solids. Another commonly used model is the Freundlich isotherm, which assumes the biosorption process happens on different pores of the adsorbent and that the concentration of adsorbates is related to sorption capacity [128]. The non-linear is expressed in Equation (16)), while the linear model is represented in Equation (17)). Temkin’s isotherm assumes the heat of sorption globules is comparative to adsorbent dosage. It has a factor that shows in a clear way how the adsorbed particles are linked to the adsorbent. It is written as a non-linear equation (Equation (36)) and a linear equation (Equation (37)).



Most of the time, the Dubinin–Radushkevich (DR) model accounts for the porous structure effect of adsorbent and it assumes adsorption depends on micropore volume fillings; it can be expressed in non-linear (Equation (22)) and linear (Equation (23)) form. When adsorption is performed via column or fixed bed, the Bohart–Adams isotherm is used. When Bohart and Adams developed their model in 1920, its reliance on surface reaction theory and the assumption that equilibrium is not instantaneous are what give it its distinctiveness. The Bohart–Adams model’s performance can be assessed using the non-linear (Equation (18)) and linear (Equation (19)) equations [129,130,131]. The BET isotherm was developed to bridge the gap in the Langmuir model by extending between successive layers, according to the Langmuir theory of multilayer adsorption and dynamic equilibrium [132,133]. This model is expressed in non-linear (Equation (20)) and linear (Equation (21)) form. The Flory–Huggins solution theory, which is used to describe the coverage properties of an adsorbate, holds that the chain elements organize themselves arbitrarily on a three-dimensional structure [134]. This isotherm is expressed in non-linear (Equation (24) and linear (Equation (25) form [135,136,137,138,139].



The Frenkel–Halsey–Hill isotherm principle believes that a metal atom only uses pair potentials to interact with other types (adsorbate and substrate) and assumes the interface between the adsorbent and metal ions does not connect adsorbate molecules through three-body interaction terms [140]. The expression of this isotherm is in non-linear form (Equation (26)) [141,142]. The Khan theory was developed for multi-component and single adsorption frameworks and synthesized Langmuir and Freundlich’s limitations [142], and Equation (27) [121] provides a non-linear expression for this isotherm. The Koble–Corrigan isotherm employs the Langmuir and Freundlich isotherms principle as a three-parameter equation to determine the equilibrium of diverse systems. Ref. [143] used the model to simulate a surface with different types of adsorption sites [144,145]. This model can be expressed mathematically as a non-linear (Equation (28)) and linear (Equation (29)) equation. Ref. [146] say that the Hill and Koble–Corrigan models have the same mean relative percent error. This shows that these models are similar and are set up in the same way [147,148]. In the Brunauer–Emmett–Teller isotherm, surface tension effects have been added to the MacMillan–Teller isothermal model [149]. A non-linear model can be used to express this isotherm (Equation (30)).



Radke–Prausnitz isotherm, which is written as a non-linear equation, recognizes that an adsorbent should be thermodynamically inactive [144]. For instance, its features, such as internal energy, have no bearing on the adsorption process (Equation (31)). Because it is so adaptable and works in both homogeneous and heterogeneous systems, the Redlich–Peterson model is used [150]. Both a non-linear equation (Equation (32)) and a linear equation can be used to represent this isotherm (Equation (33)) [142,151]. The sips scientific model works well if the adsorption is limited and the adsorbates do not interact with each other [152,153]. It is expressed as a non-linear equation (Equation (34)) and linear equation (Equation (35)). Langmuir’s model is the basis for Toth’s model, which was developed to describe heterogenous adsorption systems in both low and high concentrations. It is expressed as a non-linear equation (Equation (38)) and a linear equation (Equation (39)) [154,155]. The Wolborska model looks at adsorption kinetics utilizing the mass exchange conditions relating to the diffusion means at low levels [156]. It is expressed as a non-linear equation (Equation (40)) [130,157].



The Yoon–Nelson model assumes that the adsorbate particle’s chance of adsorption is decreasing at a faster rate than the adsorbent is moving forward [153]. A non-linear equation is used to represent it (Equation (41)) [130,158]. The Harkins–Jura isotherm considers the possibility of multilayer adsorption on the surface of the adsorbent having a heterogeneous pore distribution [159]. Mathematically, this model can be expressed as a linear equation (Equation (42)) [147]. Ref. [160] assumed Halsey’s isothermal model is mostly about the multilayer adsorption mechanism [147]. It is expressed as a linear equation (Equation (43)). The non-electrolyte adsorption of a solution onto a solid surface is depicted by the Elovich–Larionov isotherm. The formula is a linear equation (Equation (44)). An overview of different research studies showing the selected biomass adsorbent’s adsorption kinetics and isotherm models for removing heavy metals is presented in Table 4.




6. Reusability of Biomass-Based Adsorbent


Biomass-based adsorbents have demonstrated promising results for the removal of heavy metals from wastewater, but their real-time application on a large scale is still challenging. One of the major limitations is the low adsorption capacity of biomass materials, which can be addressed by surface modification techniques such as physical or chemical activation, impregnation, or coating. However, these modifications are time-consuming and require substantial resources, making it difficult to apply them on a large scale. Additionally, the regeneration of spent adsorbents is another critical factor that affects the real-time application of biomass-based adsorbents. Nonetheless, recent advances in the design and synthesis of novel adsorbents have shown potential for large-scale applications, such as the development of magnetic nanocomposites or functionalized nanomaterials. Further research is needed to optimize these adsorbent materials and to develop efficient and cost-effective regeneration methods, which will enable their practical implementation on a large scale.



Researchers are interested in the regeneration of adsorbents through desorption. Adsorbents are stabilized by the use of this procedure, which also lowers the need for virgin materials, makes it easier to recover adsorbate, and provides insight into whether an adsorption process is reversible [83,84,88]. Used biosorbents are stirred with particular chemicals under particular pH, temperature, and time conditions to achieve desorption.



In order to regenerate modified biochar, acids, primarily HNO3 or HCl, are typically used. As a result of their struggle for active sites, the hydronium ions from these acids are released into an aqueous solution and displace metals. Thus, metal ions are removed from the adsorbents’ surface [48]. As an alternative, alkalis like NaOH or NH4OH have been utilized in an aqueous solution to lessen the protonation of modified biochar’s surface, leading to the desorption of metal ions [161]. Wu et al. [161] recently showed how MnO2‒ modified biochar may be regenerated from deionized water using 0.3 M HNO3 and 0.5 M NaOH. Their findings showed that even after five cycles of reuse, the initial adsorption capacity when the virgin-modified biosorbents were utilized was 92% for Cd ions and 80% for Pb ions, respectively. This removal capacity was greater than 15 mg/g and 34 mg/g for both Cd and Pb ions, respectively. Moreover, the Wu et al. study completed five cycles of Cd and Pb desorption from Mg-coated biochar using 1.0 M NaOH, and their findings showed qmax values of 92 mg/g and 272 mg/g for Cd and Pb following regeneration. Furthermore, complexing agents with electron-rich donating groups, including ethylene diamine tetraacetic acid (EDTA), have found use in the regeneration of biosorbents [162].



Hence, a regeneration study can help us better understand how biosorbents are recycled. When the raw ingredients for biosorbents are in short supply, or the synthesis is expensive and time-consuming, this helps to lower the demand for raw materials.




7. Conclusions, Challenges and Perspectives


In order to remove heavy metals, the use of modified adsorbents with biomass-based origins has increased during the last few decades based on the ability of modifying agents to improve the surface qualities of biomass materials for efficient adsorption. To evaluate the effectiveness of their adsorption, several operational parameters, isotherms, kinetics, and computational methods have been employed. The use is now restricted to laboratory-scale operations, making their expansion to commercial/large-scale production necessary. New methods and technologies should also be thoroughly investigated in order to balance the effectiveness of adsorbents with associated manufacturing costs.



However, the global production of large amounts of agricultural waste without conversion to sustainable goods has been blamed for rural pollution and, to some extent, increased difficulty in producing rural agriculture. As a result, the development of sustainable goods made from agricultural wastes effectively lowers the level of air pollution caused by agricultural waste incineration. Concerning climate change, water treatment, and general environmental protection, the development of adsorbents made from biomass has been suggested to play an important role. In addition, according to reports from all over the world, the improvement in biomass-based adsorbents’ adsorption capabilities has attracted a lot of attention and support. This has sparked a search for agents that can be added to biomass-based adsorbents to increase their adsorption capacity even more.



On the other hand, the intricacy of the modification process, its cost ramifications, and the environmental problems connected to diverse chemical modifying agents have all received significant attention. The most widely competitive green and sustainable technological strategy is said to be the exploitation of agricultural wastes to produce bio-carbon. Currently, this is concentrating on emission reduction, climate change mitigation, resource cycle, energy saving, and environmental waste management. As a result, the following perspective should be used to assess the future of biomass-based adsorbents:




	(1)

	
It is important to develop and improve a technique for carbonizing agricultural waste to encourage the commercialization of biomass-based adsorbents.




	(2)

	
The advancement of extremely effective green modifying substances and processes for use in the biological sorption process is also necessary.




	(3)

	
Possible future investigations should be expanded to incorporate the use of biomass-based adsorbents to address engineering problems on a pollution scale.









Conclusively, agricultural wastes have advantages over biomass-based adsorbents and can be utilized to replace expensive commercial activated carbon in environmental protection applications.
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Figure 1. Common procedures for remediating metal ions from wastewater. 
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Figure 2. Schematic diagram of coagulation and flocculation methods for metal ion remediation. 
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Figure 3. A schematic of the electrolytic method for heavy metals recovery. 
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Table 1. The advantages and limitations of the presented heavy metal remediation methods. Adapted from Refs. [31,64,65,66,67,68].
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	Heavy Metal Remediation Methods
	Advantages
	Limitations





	Activated carbon promoted adsorption
	High efficiency
	Expensive, regeneration challenges



	Modified biopolymer promoted biosorption
	Improved adsorption capacity and selectivity
	Difficulties in the optimization of operating conditions and the selection of the most promising bio-sorbent



	Coagulation and precipitation
	Ease of operating
	High chemical consumption

Costly process, sludge disposal issues in the case of precipitation



	Electrochemical methods
	High removal capacity and selectivity Does not require a chemical
	High capital and operating cost



	Ion exchange
	High selectivity for metal ions and ease of regeneration
	Expensive process



	Membrane filtration
	High metal separation selectivity, requires low space
	High operating cost in most cases



	Nanofiltration
	Could simultaneously remove metals and organic pollutants
	Long-duration and restricted applications
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Table 2. Critical evaluation of different adsorption kinetic models together with their underlying equations.
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	Type
	Expression
	Equation
	Ref.





	Lagergren pseudo-first order
	   log    Q e  −  Q t    = log  Q e  −    k 1  t   2.303     
	(2)
	[91,92,93]



	
	   ln    Q e  −      Q   t    = ln  Q e  −      k   1  t   
	(3)
	[94]



	Pseudo-second order
	    t   Q t    =  1   Q e    t +  1   k 2    .      Q   e    2      
	(4)
	[90,95]



	Intraparticle diffusion model
	    Q t  =      k   i   t   1 2    + I   
	(5)
	[96,97,98,99]



	Avrami
	    Q t  =      Q    av     1 −      e      (  k  av   t )    n  av           

   ln   − ln   1 −      Q   t      = ln    K  av     −      n    av   ln  t    
	(6)
	[89,90]



	Bangham
	    Q t  =      Q   e  −    Q e  −      Q   0       exp    −  k b   t μ      
	(7)
	[100]



	
	   log   log    C t     C i    −  Q t  m   = log  K 0  −      Q   t  log  t    
	(8)
	[15]



	Boyd
	    B t  = − 0.4977 − ln   1 −    Q t     Q e        
	(9)
	[15]



	Elovich
	    Q t  =  1 β  ln    α β    −  1 β  ln  t    
	(10)
	[101]







Qe refers to the adsorption capacity at equilibrium, measured in mg/g. Qt represents the adsorption capacity at a specific time point t, also expressed in mg/g. The constant k1 denotes the pseudo-first-order adsorption equilibrium rate constant, measured in 1/min, while t stands for the time of contact in minutes. The constant k2 represents the equilibrium rate constant of pseudo-second-order adsorption, measured in g.mg−1.min−1. The intra-particle diffusion rate constant is represented by ki, measured in mg g−1 min−0.5, while I is a constant that provides information about the thickness of the boundary layer, expressed in mg g−1. The term t1/2 stands for half-life time. Qav signifies the Avrami theoretical value of the quantity of adsorption, measured in mg g−1, while Kav is the Avrami constant rate, and nav is the Avrami order model. Qt also signifies the quantity of adsorbate in the adsorbent at a certain time point t, expressed in mg g−1. Ct refers to the solution concentration at time t, whereas Ci stands for the initial concentration of the adsorbate, measured in mg L−1. Again, Qt refers to the quantity of adsorbate in the adsorbent at time t, quantified in mg g−1. m refers to the mass of the adsorbent in a liter of adsorbate, measured in g L−1. kb is the rate constant for Bangham’s model. Bt stands for the Boyd constant. β represents the number of available sites for adsorption, while α stands for the initial adsorption rate, measured in mg g−1 min.
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Table 3. Mathematical expression in both non-linear and linear forms for frequently used isotherms.
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Isotherm

	
Non-Linear Form

	
Eq.

	
Linear Form

	
Eq.

	
Plot

	
Ref.






	
Langmuir

	
    Q e  =    K L   Q L   C e    1 +  K L   C e      

	
(11)

	
      C e     Q e    =  1   K L   Q L    +    C e     Q L      

	
(12)

	
      C e     Q e      vs .    C e    

	
[106]




	
    1   Q e    =  1   K L   Q L   C e    +  1   Q L      

	
(13)

	
    1   Q e      vs .    1   C e      




	
    Q e  =  Q L  −    Q e     C e   K L      

	
(14)

	
    Q e    vs .      Q e     C e   K L      




	
      Q e     C e    =  K L     Q L  −  Q e      

	
(15)

	
      Q e     C e      vs .    Q e    




	
Freundlich

	
    Q e  =  K F   C e  1 / n     

	
(16)

	
   L n    Q e    = L n    K F    +  1 n  L n    C e      

	
(17)

	
   L n    Q e      vs .   L n    C e      

	
[107]




	
Bohart–Adams

	
      C t     C i    =    e   K  B A    C  i t        e   K  B A    N 0   Z U    − 1 +  e  −  K  B A    C i     t        

	
(18)

	
   L n (     C t     C i    − 1  ) =    K  B A   N Z  U  −  K  B A    C i   t      

	
(19)

	
–

	
[108]




	
Brunauer–Emmett–Teller (BET)

	
    Q e  =    Q s   C  B E T    C e       C s  −  C e      1 +    C  B E T   − 1        C e     C s            

	
(20)

	
      C e     Q e     C s  −  C e      =  1   Q s   C  B E T     +      C  B E T   − 1        C e     C s         Q s   C  B E T       

	
(21)

	
      C e     Q e     C s  −  C e         vs .       C e     C s          

	
[109]




	
Dubinin–Radushkevich

	
    Q e  =  Q  D  R   e  − β  ε 2          

	
(22)

	
   L n   (  Q e  ) = L n   (  K  D  R   ε 2      )   

	
(23)

	
   L n   (  Q e  )   vs .    ε 2    

	
[110]




	
Flory–Huggins

	
    θ   C i    =  K  F H     ( 1 − θ )    n  F H       

	
(24)

	
   log (  θ   C i    ) = log (  K  F H   ) +  n  F H   log   1 − θ     

	
(25)

	
   log (  θ   C i    )   vs .   log   1 − θ     

	
[111]




	
Frenkel–Halsey–Hill

	
   ln      C e     Q e      =   − α   R T        Q s     Q e  d        r    

	
(26)

	
–

	

	
–

	
[112]




	
Khan

	
    Q e  =    Q s   b k   C e      1 +  b k   C e     a k      

	
(27)

	
–

	

	
–

	
[113]




	
Koble–Corrigan

	
    Q e  =   A (  C e  )    n    1 + B (  C e  )    n      

	
(28)

	
    1   Q e    =  1  A (  C e  )    n    +  B A    

	
(29)

	
–

	
[114]




	
MacMillan–Teller

	
    Q e  =  Q s    (   k  l n    C s     C e       )      1 3      

	
(30)

	
–

	

	
–

	
[115]




	
Radke–Prausnitz

	
    Q e  =    a  R P      r R       C e         β R         a  R p   +      r R       C e         β  R − 1         

	
(31)

	
–

	

	
–

	
[116]




	
Redlich–Peterson

	
    Q e  =    K R   C e    1 +  a R   C e g      

	
(32)

	
   ln (  K R     C e     C s    − 1 ) = g   ln  C e  − ln    a R    

	
(33)

	
–

	
[117]




	
Sips

	
    Q e  =    K s   C e   β s      1 +  a s   C e  β s       

	
(34)

	
    β s  ln  C e  = − ln    K s     Q e    + ln  a s    

	
(35)

	
   ln    K s     Q e      vs .    ln     C e    

	
[118]




	
Temkin

	
    Q e  =   R T    b T    ln  A T   C e    

	
(36)

	
    Q e  =   R T    b T    ln  A T  +   R T    b T    ln  C e    

	
(37)

	
    Q e    vs .   ln  C e    

	
[119]




	
Toth

	
    Q e  =    K T   C e       a T  +  C e         1 t        

	
(38)

	
   ln      Q e     K T      = ln  C e  −  1 t  ln    a T  +  C e      

	
(39)

	
   ln      Q e     K T        vs .   ln  C e      

	
[120]




	
Wolborska

	
      C t     C i    =  e      β  C i     N 0    t −   β Z  U        

	
(40)

	
–

	

	
–

	
[121]




	
Yoon–Nelson

	
      C t     C i    =  1  1 +  e  −  K  Y N     t − τ         

	
(41)

	
–

	

	
–

	
[122]




	
Harkins–Jura

	
–

	

	
    1   Q e 2    =    B  H J      A  H J     −  1   A  H J     l o g  C e    

	
(42)

	
    1   Q e 2      vs .   l o g  C e    

	
[123]




	
Halsey

	
–

	

	
   L n    Q e    =  1   n H    L n    K H    −  1   n H    L n    C e      

	
(43)

	
   L n    Q e      vs .   L n    C e      

	
[123]




	
Elovich–Larionov

	
–

	

	
   L n    Q e     C e    = L n    K E   Q E    −  1   Q E     Q e    

	
(44)

	
   n    Q e     C e      vs .    Q e      

	
[124]








   Q L    (Langmuir isotherm monolayer adsorption)—this is the maximum adsorption capacity, reflecting the maximum amount of adsorbate that can be adsorbed in forming a monolayer on the surface;    K L    (Langmuir constant)— this relates to the affinity of the binding sites and the energy of adsorption;    C e    is the equilibrium concentration of the adsorbate;    Q e    is the amount of adsorbate per unit weight of adsorbent at equilibrium.;    K F    is the Freundlich isotherm constant (mg/g) (L/g)n —this relates to adsorption capacity; n: adsorption intensity;    K  B A     (Bohart–Adams constant)— this is a rate constant used in the Bohart–Adams model to describe adsorption kinetics in a column system; Z is the total depth of the bed containing the adsorbent;    C  B E T     (Brunauer–Emmett–Teller) isotherm model—this relates to the energy of the surface interaction;    C s    is the saturation concentration for a monolayer of adsorbate;    Q s    is theoretical isotherm saturation capacity (mg/g);    K  D R     is the Dubinin–Radushkevich isotherm constant (mol2/kJ2);    Q  D R     is the theoretical isotherm saturation capacity (mg/g);    C i    is the adsorbate initial concentration (mg/L);    K  F H     is the Flory–Huggins isotherm equilibrium constant (L/g);    n  F H     is the Flory–Huggins isotherm model exponent;  θ  is the degree of surface coverage; d is the interlayer spacing (m); R is the universal gas constant (8.314 J/mol/K); r is the inverse power of distance from the surface; T is temperature (K);  α  is the Frenkel–Halsey–Hill isotherm constant (J mr/mole);    a k    is the Khan isotherm model exponent;    b k    is the Khan isotherm model constant; A is the Koble–Corrigan isotherm constant (Ln · mg1−n · g−1); B is the Koble–Corrigan isotherm constant (L/mg)n; n: adsorption intensity;    a  R p     is the Radke–Prausnitz isotherm model constant;       r R      is the Radke–Prausnitz isotherm model constant;    β R    is the Radke–Prausnitz isotherm model exponent.    a R    is the Redlich–Peterson isotherm constant (L/mg); g is the Redlich–Peterson isotherm exponent;    K R    is the Redlich–Peterson isotherm constant (L/g);    a s    is the Sips isotherm model constant (L/mg);    K s    is the Sips isotherm model constant (L/g);    β s    is the Sips isotherm model exponent;    A T    is the Temkin isotherm equilibrium binding constant (L/g);    b T    is the Temkin isotherm constant;    a T    is the Toth isotherm constant (L/mg);    K T    is the Toth isotherm constant (mg/g);  t  is the Toth isotherm constant;    C t    is the solution concentration at the fixed bed outlet at time t;    N 0    is the maximum volumetric sorption capacity; U is the linear flow rate; Z is the total bed depth;  β  is the kinetic coefficient of the external mass transfer;    K  Y N     is the Yoon–Nelson rate constant;  τ  is the time required for reaching 50% adsorbate breakthrough (min);    A  H J     is the Harkins–Jura isotherm constants (slope);    B  H J     is the Harkins–Jura isotherm constants (intercept);    K H    is the Halsey Constant (slope);    n H    is the Halsey Constant (intercept);    K E    is the Elovich–Larionov isotherm constant;    Q E    is the Elovich–Larionov maximum adsorption capacity (mg/g).
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Table 4. Adsorption kinetics and isotherm models of selected biomass adsorbent for heavy metal removal.
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	S/N
	Materials
	Heavy Metal
	Initial Conc.
	Adsorbent Dose
	pH
	Temperature
	Adsorption Capacity/Removal Efficiency
	Kinetics
	Isotherms
	Mechanisms





	1
	Red seaweed Kappaphycus sp.
	Pb2+

Cu2+

Fe2+

Zn2+
	10 mg/L.
	4 g
	2–7
	25
	22.27

19.46

17.09

16.78 mg/g
	IPD
	Temkin model
	xxx



	2
	Sunflower-based adsorbent
	Cd2+

Cu2+

Cr6+

Ni2+
	50 mg/L
	4 g
	2
	
	3.2 mg/g–252.5 mg/g
	PSO
	Langmuir
	xxx



	3
	L-cysteine (Cys) intercalated MgAl-layered double hydroxide (MgAl-Cys-LDH)
	Cu2+

Pb2+

Cd2+
	100 mg/L

300 mg/L

100 mg/L
	0.05 g
	5.0

5.73

5.85
	25
	58.07

186.2

93.11 mg/g
	PSO
	Langmuir
	xxx



	4
	Recycling spent lithium-ion battery:

spent lithium iron phosphate (SLFP)

spent lithium manganate (SLMO) cathodes
	Cu2+

Pb2+

Cd2+

Zn2+
	100 mg/L
	0.5 g
	6

5

6

6
	25
	44.28, 39.54, 25.63, and 27.34 mg/g and 32.51, 31.83, 26.24 and 25.25 mg/g
	PSO
	Langmuir
	xxx



	5
	Bamboo stem biomass
	Pb2+

Cd2+
	50 mg/L
	0.25–2 g
	5
	25
	95.92

80.98%
	PSO
	Freundlich
	xxx



	6
	EDTA-modified agricultural by-product-based adsorbent: ethylenediaminetetraacetic acid-modified lotus seedpod (EDTA-LSP)
	Pb2+

malachite green (MG).
	100 mg/L
	5 mg
	5

6
	25
	225.88 mg/g

347.87 mg/g
	PSO
	Langmuir
	xxx



	7
	Biochar of date palm waste
	Pb2+

Cu2+
	50–250 mg/L
	1.0 g

1.8 g
	4.5

5.5
	30
	98.9 mg/g

41 mg/g
	PSO
	Freundlich-Langmuir and H–J isotherms
	xxx



	8
	Graphene
	NO3-
	500 mg/L
	0.05 g
	7
	30
	89.97 mg/g
	PSO
	Langmuir
	xxx



	9
	Fe3O4/montmorillonitenanocomposite(Fe3O4/MMTNC)
	Pb2+

Cu2+

Ni2+
	510.16

182.94

111.90 mg/L
	0.06 g

0.08 g

0.08 g
	Same as the solution pH
	25
	89.72%, 94.89%, and 76.15%
	PSO
	Langmuir
	electrostaticattractionandcoordination



	10
	Activated carbons (ACs) from chickpea (Cicer arietinum) husks
	Pb2+

Cr2+

Cu2+
	100–400 mg/L
	2–6 g
	2–10
	20–40
	135.8

59.6

56.2 mg/g
	PSO
	Freundlich
	xxx



	11
	Microwave-functionalized cellulose derived from rice husk
	Pb2+

Cd2+

Ni2+
	10–300 mg/L.
	1–4 g
	2–8

2–7

2–5.5
	20, 35, 50
	295.20 mg/g

151.51 mg/g

72.80 mg/g
	PSO
	Langmuir
	ion exchange and chelation, physical adsorption



	12
	Self-activation of kenaf fiber and then the kenaf-based activated carbon (KAC)
	lead Pb2+

copper Cu2+

Congo red (CR) dye
	5 mg/L
	1.5 g/L
	4–7
	27
	92%

80%

95%
	PSO
	Langmuir (for Cu2+) and Freundlich models (for Pb2+ and CR)
	physical adsorption and chemical adsorption



	13
	Mixed biomass [Aspergillus campestris and two forms of Delonix regia seed (raw and acid-treated Delonix regia seed)]
	Cu2+
	10 to 100 mg/L
	1.0 g
	6
	30
	62.02 mg/g and 66.9 mg/g
	PSO
	Freundlich isotherm model
	physical adsorption (physisorption) mechanism



	14
	Thiol-functionalized mesoporous silica-coated magnetite nanoparticles
	Ni2+

Cu2+

Cr3+
	2 mg/L

2 mg/L

8 mg/L
	0.008 to 0.04 g
	7

10

10
	25
	4.476, 4.038, and 1.119 mg/g
	PSO,

PSO, and PFO
	Langmuir

Langmuir

Freundlich
	



	15
	Cross-linked chitosan-g-acrylonitrile copolymer
	Cr6+

Cu2+

Ni2+
	200 mg/L
	6 g

6 g

5 g
	5

5

5.5
	30
	84%

86%

81%
	PSO
	Freundlich isotherm model
	xxx



	16
	Iminodiacetic acid functionalized D301 resin
	Cu2+

Pb2+

Cd2+
	10 mg/L
	0.01 g
	5
	20
	4.48

2.99

2.26 mg/g
	PFO
	Langmuir
	chemisorption



	17
	Beech sawdust
	Cu2+

Ni2+

Zn2+
	0.2 mg/L
	1 g
	4.8–5.3
	25
	4.5 mg/g

4 mg/g

2 mg/g
	PSO
	Langmuir
	ion exchange mechanism



	18
	Treated old newspaper
	Cd2+
	30 mg/L
	0.33–1 g
	6.4
	22
	8.41 mg/g

2.87 mg/g
	PSO
	Langmuir
	xxx



	19
	Sugarcane Bagasse (SCB)
	Hg2+
	76 mg/L
	1–7 g
	4
	30
	35.71 mg/g
	PSO
	Freundlich and Langmuir models
	xxx



	20
	Grapefruit peel
	Cd2+

Ni2+
	50 mg/L
	4 g
	5
	20–50
	42.09

46.13 mg/g
	PSO
	Freundlich isotherm model
	ion exchange mechanism



	21
	Peanut shell biomass
	Cu2+

Cr3+
	100 mg/L
	10 g
	5
	20
	25.39 mg/g

27.86 mg/g
	PSO
	Langmuir
	physical sorption



	22
	Zeolite Based on Oil Shale Ash
	Cu2+

Ni2+

Pb2+

Cd2+
	500 mg/L
	0.05 g
	6

6

5

5
	20–50
	224.72

156.74

118.34

53.02 mg/g
	PSO
	Langmuir
	ion exchange mechanism



	23
	Untreated coffee grounds
	Cd2+
	100 mg/L
	9 g
	7
	20
	15.65 mg/g
	PSO
	Langmuir
	electrostatic interaction



	24
	Cellulosic waste orange peel (CWOP)
	Cu2+
	100 mg/L
	1 g
	5
	20–50
	63 mg/g
	external mass transfer kinetic model
	Freundlich adsorption isotherm model
	xxx



	25
	Thiacalix [4]arene-loaded resin
	Cu2+

Pb2+

Cd2+
	25 to 125 mg/L
	0.1 g
	2–7
	10–40
	21.4

47.9

44.9 mg/g
	PSO
	Langmuir model
	xxx



	26
	Hierarchical CaCO3–maltose meso/macroporous hybrid materials
	Pb2+

Cd2+

Cu2+

Co2+

Mn2+

Ni2+
	300–900 mg/L
	0.43 g
	7
	25
	3242.48

487.80

628.93

393.70

558.66

769.23 mg/g
	PSO and IPD
	Langmuir model
	precipitation



	27
	Ethyl acrylate grafted chitosan
	Pb2+

Cd2+

Zn2+
	100 mg/L
	0.15 g
	6
	25
	92%

86%

98%
	PSO
	Langmuir model
	physical



	28
	Novel Fe3O4 magnetic nanoparticles (MNPs) modified with 3 aminopropyltriethoxysilane (APS) and copolymers of acrylic acid (AA) and crotonic acid (CA)
	Cd2+

Zn2+

Pb2+

Cu2+
	20–450 mg/L
	0.05 g
	5.5
	25
	29.6

43.4

166.1

126.9 mg/g
	PSO
	Langmuir model
	chemisorption



	29
	Eriobotrya japonica seed biocomposite
	Cu2+
	75 mg/L
	0.1 g
	5
	45
	46.94 mg/g
	PSO
	Langmuir model
	chemisorption



	30
	Native Groundnut husk
	Cu2+
	10 to 200 mg/L
	0.8 g
	6
	25
	15.36 mg/g
	PSO
	Langmuir model
	ion exchange



	31
	Bencylhexadecyldimethyl ammonium chloride, BCDMACl
	Cu2+

Zn2+
	50–200 mg/L
	0.5 g
	5–6
	25
	50.76 mg/g

35.21 mg/g
	PSO
	Langmuir model
	cation exchange and replacement



	32
	Nitrogen-doped magnetic carbon nanoparticles
	Cr3+
	12.82 mg/L
	0.01 g
	8
	25
	12.28 mg/g
	PSO
	Langmuir model
	ion exchange



	33
	Novel eco-friendly synthesized Alginate-Au nanoparticles-Mica bionanocomposite
	Pb2+

Cu2+
	50 mg/L
	0.01 g
	4

6

6
	35
	224.97

169.817

177.745 mg/g
	PSO
	Freundlich

Langmuir

Freundlich
	dissociative adsorption mechanism



	34
	Natural Moroccan Clay
	Cd2+
	10–200 mg/L
	0.8 g
	5
	25–55
	5.25 mg/g
	PSO
	Langmuir model
	chemisorption



	35
	Shanghai silty clay
	Cd2+

Pb2+

As5+

Cr6+
	100 mg/L

100 mg/L

50 mg/L

50 mg/L
	4 to 40 g

4 to 40 g

10 to 60 g

10 to 60 g
	7
	25
	26.46

8.90

2.80

1.85 mg/g
	PSO
	Langmuir

Langmuir

Freundlich

Freundlich
	Chemical precipitation

ion exchange

complexation



	36
	Xanthate watermelon rind
	As5+

As3+
	4 mg/L
	1 g
	8.2
	20
	96%

98%
	PSO
	Langmuir isotherm
	



	37
	Watermelon rind

in a well-stirred

batch system
	Cu2+

Zn2+

Pb2+
	10 mg/L
	0.5 g
	5.0

6.8

6.8
	20
	6.281 mg/g

6.845 mg/g

98.063 mg/g
	PSO
	Langmuir

adsorption isotherm
	ion exchange and

micro-precipitation



	38
	Dried potato peel (DPP)
	Cu2+
	25–300 mg/L
	0.25–1.5 g
	2–5
	25
	84.74 mg/g
	PSO
	Langmuir and

Freundlich models
	



	39
	Husk powder (PHP),
	Pb2+

Mn2+

Cd2+

Ni2+

Co2+
	20 mg/L
	5 g
	6
	25 ± 2 °C
	100%

41%

45%

24%

30%
	
	Langmuir
	



	40
	Green algae specie

(Spirogyra and Cladophora spp)
	Cu2+

Pb2+
	100 mg/L
	1.0 g
	5
	25
	92.5–85.1%,

88.0%, and 82.6%
	
	Langmuir

Freundlich model
	physical adsorption and chemical adsorption







xxx means not detected.
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