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There has been an increase in the production of food waste materials worldwide due to rapid population growth. The ineffective and sometimes unscientific and ad hoc disposal of these food waste materials has led to environmental pollution. Studies have reported the occurrence of heavy metals in water resources poses serious health threats to the environment and human health. Heavy metals are documented to be recalcitrant to conventional water treatment facilities since they are non-biodegradable. The use of food waste-based adsorbents provides an alternative solution for the adsorption of heavy metals in water resources, with concomitant benefit of valorization of otherwise waste materials. Therefore, this study examined the applications of food waste-based adsorbents for the removal of heavy metal ions. The study adopted a literature-based approach which involved reviewing published papers from selected science databases. The results indicate that these bioadsorbents have great removal efficiencies for different heavy metals with, rice husks and sugarcane bagasse demonstrating special sorption properties, especially for chromium and lead metal ions, respectively. The adsorption data were mostly best described by the Langmuir and Freundlich isotherm models, suggesting a monolayer coverage with similar sites and a heterogeneous surface, respectively. Further, the kinetic studies indicated that the adsorption processes largely followed a pseudo second-order model, showing chemisorption-mediated rate-limiting steps. However, regardless of these encouraging results attained, the use of food waste-based adsorbents has limitations such as variation in the composition and the structure. This leads to inconsistencies in adsorption efficiencies, regenerations and reuse, and reduced removal capacities. There is also the possibility of leaching of heavy metals from the adsorbents which may in-turn cause secondary pollution. Sustainability investigations such as life cycle assessment, cost-benefit analysis, pilot-scale studies and optimization studies present areas for future research.
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1 INTRODUCTION
Climate change and environmental degradation that has become a threat to the existence of life has sparked increased research in technologies, processes and the birth of academic disciplines that may be described with words such as “sustainable development”, “green chemistry”, “bioenergy”, “zero emissions” and “eco-friendly products”. There has been also development of policies and legislations related with environmental protection (Shen et al., 2023). The technologies, products and processes must be seen not only to be environmentally friendly but must also be demonstrated to be cost effective. Only then can they be described as ‘sustainable’ especially when the waste generated possess economic value (Tonini et al., 2018). These concerns inevitably affect the agricultural and food sectors where huge amounts of waste, in the range of billions of kilograms are generated annually.
The food industry generates billions of kilograms of food wastes annually (Amicarelli et al., 2021; Amicarelli and Bux, 2021). Unfortunately, food is highly susceptible to microbial spoilage, a critical limitation for their reuse besides legal restrictions and logistical issues related to the costs of collection and storage (Kohli et al., 2024). As a result, food wastes are mostly used as animal feed, incineration materials or disposed to sometimes already mountainous landfill (Girotto et al., 2015). However, while in landfills the wastes produce secondary wastes that require further treatment, such as fugitive air emissions (unpleasant odors) and especially leachate containing toxic organic compounds and heavy metals which contaminate ground water (Lu et al., 2015; Tang, 2020).
In terms of value, it is noteworthy that food wastes generally contain high amounts of cellulose, lignin and proteins that can be harnessed as renewable natural resources for a plethora of low-cost, environmentally friendly and sustainable materials (Figure 1). Examples of such inexpensive materials are low cost adsorbents.
[image: Figure 1]FIGURE 1 | Schematic showing the routes used for the preparation of food waste-based adsorbents.
Adsorption is universally recognized as an efficient and cost effective method for organic and inorganic water contaminants sequestration in wastewater treatment regimes. Adsorption as a technique possesses the inherent advantages of flexibility in design besides high removal efficiency of various pollutants and possibility of adsorbent recovery, regeneration by desorption process and reuse for numerous cycles (Nyairo et al., 2017). Activated carbon (AC) is the most widely used adsorbent in the removal of heavy metals from wastewater. The large micropore and mesopore volumes and high surface area of activated carbons imbue them with high adsorption capabilities (Sánchez-Ponce et al., 2022). However, due to the recent depletion of source materials for commercial coal-based AC, the capital costs for AC has been on an exponential rise. Consequently, there has been increased research in search of alternative, abundant and inexpensive carbonaceous materials as precursors for development of activated carbons.
Food wastes possess the dual advantage of availability (since they are generated in large scales), being inexpensive and thus can be potential precursor materials for development of low-cost sorbents. In the recent years, there has been an increase in scientific publications reporting the potentiality of food wastes as adsorbents or precursors for the development of as low-cost adsorbents for removal of various pollutants from wastewater (Neolaka et al., 2023). This paper discusses the recent developments and application of food wastes derived adsorbents, namely,; bone chars, biosorbents, and chitin and chitosan derivatives, for removal of heavy metals from wastewater. The reuse of otherwise low value food wastes in water treatment is particularly important for the food industry.
2 BONE CHARS
Activated carbon has traditionally been the most widely used adsorbent in wastewater treatment. However, activated carbon is relatively expensive compared to other adsorbents. In recent years, many low-cost sorbents including agricultural waste and byproducts have also been tested in batch and fixed bed sorption systems by a number of authors. The ability of bone char to adsorb various water pollutants has been demonstrated in the recent past (Medellín-Castillo et al., 2020; Piccirillo, 2023; Rahman, 2024).
The application of bone char in large scale can be dated back to the 19th century in the sugar industry. It was used for decolorization and ash removal (Barrett et al., 1951). In later years, its application was extended to defluoridation of drinking water, but due to problems associated with cost and effect of the adsorbent on the taste of the so-treated water, its application was discontinued. However, in the recent past carbonization of bones to obtain char through thermal treatment of bones via pyrolysis has been adopted. In order to reduce the cost of production, the pyrolysis process focuses on energy recovery and at the same time the high temperatures (above 400°C) helps to completely eliminate organic matter from the char (C. K. Rojas-Mayorga et al., 2015). Although production and use of bone char in large scale is practiced in many countries, primarily for decolorization of sugar, there exists a paucity of data in the scientific literature on usage of bone char as an adsorbent relative to the other types of adsorbents. However, this trend seems to be taking a different trajectory in the recent past championed by McKay and co-workers (Cheung et al., 2001; Cheung et al. 2002; Choy and McKay, 2005; Ko et al., 2004; Piccirillo et al., 2017).
2.1 Preparation of bone chars
The production of bone chars follows several important steps that considerably determines the physicochemical characteristics of the resulting char and its subsequent applications in adsorption processes. The preparation process starts with pretreatment, which involves cleaning of the bones with distilled water followed by the drying process that eliminates both moisture and organic matter in order to promote the efficiency of carbonization process. Thereafter, pyrolysis is conducted at controlled temperatures and finally, possible post-treatment modifications are conducted (Nigri et al., 2017). The uniqueness of the resulting char is determined by the characteristics of the each bone since the bone char is mostly derived through the carbonization of animal bones of different sources such as cattle, goat, chickens, fish, rabbit and pigs among others (Thompson and Kearns, 2021).
The pyrolysis process involves thermal decomposition of organic matter in a deficient supply of oxygen gas, and is regarded as the most significant during bone char production. Further, the operating temperature and pyrolysis duration can greatly affect the structure, composition and adsorption efficiencies of the derived bone chars. Hence, researchers have indicated the pyrolysis optimal temperature to range between 400°C and 600°C. Studies have demonstrated that temperatures above the optimal range cause degradation of the hydroxyapatite structure on the bone char which is suitable for ions removal (C. K. Rojas-Mayorga et al., 2013). Post treatment of the derived bone chars such as washing with acid has indicated to promote the adsorption characteristics by increasing the surface area and functional groups (C. K. Rojas-Mayorga et al., 2015). The bone chars and their derivatives are made up of carbon and calcium phosphate which poses great surface porosity leading to high surface area for removal of chemical pollutants. A composite of bone char-zinc oxide investigated for the removal of hexavalent chromium showed that the composite mainly comprised of calcium hydroxyapatite, (Ca5(PO4)3OH) and had a specific surface area 28.09 m2g-1 suggesting its suitability for use in water treatment (Ranjbar et al., 2018). The Scanning electron microscope (SEM) and Fourier-transform spectroscopy (FTIR) analytical instruments are among the tools used for characterization of bone chars to determine physicochemical properties such as morphology and functional groups (Nigri et al., 2017; Ranjbar et al., 2018). These analyses are significant as they provide insight on understanding on the removal of Cr(VI), Cd(II), Ni(II), and Pb(II) ions from water using the bone char and the associated adsorption mechanisms between bone chars and various chemical contaminants in water.
2.2 Application of bone chars in water treatment
As aforementioned, the earliest uses of bone char was in sugar decolorization (Barrett et al., 1951). However, there exists a substantial amount of scientific literature describing the use of bone chars in sequestration of various water contaminants. For example, bone chars have been used for removal of heavy metal ions, fluoride and dyes from aqueous solutions and removal of phosphorous and chemical oxygen demand (COD) from a real secondary effluent (W. Xie et al., 2004).
The next section discusses the use of bone chars for removal of heavy metals from aqueous solutions.
2.3 Adsorption of heavy metals onto bone chars
Bone chars obtained by calcination of cattle bones at 450°C were examined for the removal of Cr(VI) from contaminated water and the char demonstrated a capability of reducing the levels of the metal ions from aqueous solutions to acceptable limits. Results showed 100% uptake of Cr(VI) ions at pH 1, initial Cr(VI) concentration of 10 mgL-1, and adsorbent dosage of 2 g for 2 h contact time. The char attained a maximum adsorption capacity of 4.8 mgg-1 at an initial Cr(VI) concentration of 800 mgL-1 after 8 h. The adsorption data conformed to the Langmuir isotherm model and the kinetic studies followed pseudo-second order kinetic model (Hyder et al., 2015). A similar study, investigating the removal of Cd(II), Ni(II), and Pb(II) ions from water using the bone chars also reported an uptake of the metal ion in the range 60%–92%, indicating the effectiveness of the prepared chars to decontaminate polluted water. Variability in the uptake of these metals was attributed to the difference in their physical properties of which ionic radius was dominant. Ion exchange between the Ca2+ ions from the hydroxyapatite of the bone char and the divalent ions played an important role in the removal of the heavy metal ions from aqueous media (Mendoza-Castillo et al., 2015). Again, another separate study reported that Cd(II), Zn(II) and Ni(II) ions were successfully eliminated from aqueous solution through the use of bone chars. Optimized conditions of the pyrolysis process enhanced the adsorption capability of the char by 143%. In the unary system, the study reported adsorption capacity ranging from 68.3 to 119.4 mg/g with the removal of the metals following the order Cd(II) > Zn(II) > Ni(II). However, antagonistic adsorption was observed in both the binary and tertiary aquatic systems. Uptake of the metal ions by the char was through ions exchange of Ca2+ ions from the hydroxyapatite with the cations (C. Rojas-Mayorga et al., 2016). Another investigation was carried out on bone char obtained from invasive fish species for the adsorption for Cd(II) and fluoride ions in single and binary aqueous systems. The study revealed that the uptake of both ions was pH dependent, with the uptake of Cd(II) increasing with increase in solution pH but the contrary applied for the adsorption of fluoride ions. In the binary system it was established that the presence of fluoride ions did not interfere with Cd(II) sorption but Cd(II) had an antagonistic effect on the adsorption of fluoride ions. Physisorption and ion exchange were the proposed mechanisms for the uptake of the metals (Medellín-Castillo et al., 2020).
Wilson and co-workers (2003) investigated the adsorption efficiency and mechanisms of Cu(II) and Zn(II) onto bone charcoal. The detection of calcium ions in the bulk solution with concomitant decrease in the concentration of Cu(II) ions indicated that ion-exchange was the most significant mechanism for the removal of Cu(II) from the solution. This hypothesis was further strengthened by the approximately 1:1 mol ratio of Ca:Cu reported, corresponding to the suggested adsorption mechanism by ion exchange. The study also revealed that Zn(II) adsorption mechanism was predominantly controlled by chemisorption rather than ion exchange as depicted by the relatively low Ca:Zn mol ratios (∼0.2:1). The authors did not report the precise mechanisms for Zn(II) adsorption. Bone char had a higher adsorption capacity for Cu(II) than Zn(II) but it is noteworthy that the adsorption capacities for both metal ions were relatively higher compared to other adsorbents (Wilson et al., 2003).
Cheung et al. (2001) investigated the sorption kinetics for the removal of Cd(II) from effluents using bone char in a batch reactor. The time-dependent sorption data was fitted to four sorption kinetic models, namely,; the pseudo-first order, the Ritchie second order, the modified second order and the Elovich equations in order to determine the best-fit equation for the adsorption of Cd(II) ions onto bone char. Based on the sum of the errors squared (SSE), the Elovich equation best described the sorption of Cd(II) onto bone char among the four kinetic models. Conformity to the Elovich model is consistent with heterogeneous nature of bone char surface since it contains various types of binding sites. The sorption capacity of bone char for Cd(II) ions was found to be 0.57 mmol g-1 at an equilibrium solution concentration of 3.0 mmol dm-3. In a separate study, (Cheung, Chan, et al., 2001), reported the sorption of Cu(II) and Zn(II) onto bone char under batch equilibration studies. The work demonstrated that the metal ions were removed from the aqueous media by calcium hydroxyapatite, which is the main component in bone char, by means of adsorption and ion exchange mechanisms. X-ray desorption patterns depicted a reduction in the degrees of the crystalline of hydroxyapatite lattice in the bone char below pH 4, an indicator that at pH five and above, the bone char is suitable for the sorption of the metal ions from effluent to minimize the loss of the sorbent. Additionally, the experimental data from the adsorption isotherms and batch kinetics studies were fitted using the Langmuir equation and a film-pore diffusion mass transport model, respectively. The work demonstrated the possibility of applying bone char as an alternative adsorbent for water treatment. Later on, Choy and McKay (2005) reported the adsorption rates of Cd(II), Cu(II) and Zn(II) ions in single component systems onto bone char using the Crank diffusion model. The effects of initial metal ion concentration and bone char dosage were also reported. Noteworthy, these values are comparable to other adsorbents reported in literature. The solution of the Crank diffusion model indicated that the surface diffusion coefficient was a variable function of initial metal ion concentration. The bone char had considerably high adsorption capacities of 0.477, 0.709 and 0.505 mmol g-1 for Cd(II), Cu(II) and Zn(II), respectively. These capacities are notably higher than most other literature values for other materials. Finally, (Ko et al. (2004) investigated the ability of bone char to adsorb copper (II), zinc (II) and cadmium (II) ions from synthetic wastewater in single-component and binary equilibrium systems. The single-component equilibrium data were analyzed using the Langmuir and the Sips equilibrium isotherm equations. Here, the Sips isotherm gave a better fit of the experimental data than the Langmuir isotherm based on the sum of squares errors (SSE) analysis. The Cu–Zn, Cu–Cd and Cd–Zn binary equilibrium experimental data were examined by incorporating the Langmuir and the Sips isotherm equations into the ideal adsorbed solution theory (IAST) in an attempt to correlate the experimental sorption equilibrium capacity data in multicomponent systems. The calculations showed that the sorption of metal ions for multicomponent systems could be predicted reasonably well from the IAS theory with the Langmuir equation or the Sips equation for metal ions. The modeling assumed no interaction between the adsorbing ions and this may affect the accuracy of the calculations. These studies unequivocally indicate the potential of bone chars as low cost adsorbents for metal ions’ removal from wastewaters.
Bone char exhibits high adsorption capacity for Cd(II), Zn(II), Cu(II) ions without modification. Studies also show that the uptake of metal ions by bone char in through ion exchange between Ca2+ ions from the hydroxyapatite of the bone char. The adsorption data for the heavy metal ions on bone char fit better with Sips adsorption isotherm model than Langmuir model.
3 BIOSORBENTS
Biosorption is a process involving the physicochemical uptake of a sorbate from a solution by living or non-living biomass cells of plants (S. Xie, 2024). The search for low-cost and readily available adsorbents to remove heavy metals ions from wastewater has been a main research focus. The solid residue from agricultural practice and food waste has been found to provide an abundant and cheap precursor material for biosorption (Neolaka et al., 2023). As a result, numerous food and agricultural waste materials have been studied as biosorbents for the removal of heavy metal ions from wastewater because they are produced in large quantities. They include: rice husks (Okoro et al., 2022), wheat bran (Ogata et al., 2013), sugarcane bagasse (Yogeshwaran and Priya, 2021), potato peels (Osman et al., 2019), egg shells (Kim et al., 2019), citrus peels (Husoon et al., 2013) among others.
The biosorbents may be used either in their natural form or chemically modified form. The chemical modification of biosorbents makes them acquire reasonable surface areas and hence enhance their adsorption efficiencies (Hegazi, 2013). The pretreatment methods that have been applied include the use of activating agents such as basic solutions (sodium carbonate, sodium hydroxide, calcium hydroxide), acidic solutions (hydrochloric acid, sulphuric acid, nitric acid, tartaric acid, citric acid), organic compounds (methanol, ethylenediamine, epichlorohydrin) and oxidizing agents such as hydrogen peroxide (Neolaka et al., 2023).
3.1 Rice husks
Rice husks, a product of rice milling process comprises of lignocellulosic components (shown in Figure 2) such as, cellulose, hemicellulose and lignin which contains several functional groups such as hydroxyl, amine and carbonyl. These functional groups are recognized for the effective and efficient removal of heavy metals from aqueous solution (Fan et al., 2016). However, effectiveness in adsorption is influenced by several factors such as, pH, contact time, adsorbent dosage, initial heavy metal concentration among others (Okoro et al., 2022). The adsorption characteristics of biochar derived from rice husks were investigated for the uptake of Pb(II) and Cu(II) ions from contaminated water under optimal conditions. The sorption of Pb(II) and Cu(II) ions by the biochar obtained at a pyrolysis temperature of 500°C equilibrated at 60 min using the optimum dosage of 0.250 g and optimum initial concentration of 2 mg/L. The FTIR spectra indicated the presence of O-H, -C-H, C=C, C=O, N-O, and -COO which participated in heavy metal ions adsorption (Ndekei et al., 2021). Similarly, ZiCl2 activated carbon prepared using rice husk (RH-AC) was synthesized through an innovative route of microwave and electric dual-mode heating method and tested for the adsorption of Cr(VI) ions. The RH-AC, with a high specific surface area of 1719.32 m2/g and a total pore volume of 1.05 cm3/g showed a maximum adsorption capacity for Cr(VI) of 56.82 mgg-1 at pH 3 with an equilibrium time of 90 min. The adsorption data correlated well with Langmuir adsorption and second order pseudo kinetic model. The authors suggested that the adsorption process was mostly physical and governed by surface functional groups. However, the thermodynamic studies reported low values of Gibb’s free energy of (−5.92to −8.46 kJ mol-1) indicate weak interactions raising questions on the stability of the adsorbed Cr(VI) and the regenerability potential of the adsorbent changing environmental conditions (Zhang et al., 2023).
[image: Figure 2]FIGURE 2 | Chemical structures of lignocellulose components: Cellulose (A), Hemicellulose (B) and Lignin (C).
In a separate study investigators examined the efficacy of rice husks both carbonized rice husks (CRH) and activated rice husks (ARH) for the uptake of Pb(II), Cd(II), Cu(II), Zn(II) ions from industrial wastewater. The registered adsorption efficiencies for the divalent ions of Pb, Cd, Cu, Zn for CRH were 54.3%, 8.24%, 51.4% and 56.7%, respectively while those for a similar dosage of ARH were 74.04%, 43.4%, 70.08% and 77.2%, respectively (Nhapi, 2011). The study was conducted at pH 7, which is a neutral pH but industrial wastewater is often at varying pH levels thus the performance of CRH and ARH under acidic and alkaline conditions were not explored. This limits the applicability of the adsorbents in real situations involving treatment industrial wastewater where pH fluctuations commonly occur. However, according to the findings the adsorbent is can be applied in the treatment of natural water systems which are usually at neutral pH.
The reduction efficiency of rice husks is reported to be varied due to the alterations and modifications done on the rice husks (Rahman et al., 2020). For instance, results of rice husks treated with sodium carbonate solution and subsequently tested for the uptake of Cu(II) ions indicated that the activation with the carbonate significantly increased sorption of Cu(II) ions from 90% to 97% (Kumar et al., 2014). Another related study examining the capacity of rice husks for the removal of copper (II) ions through the fixed bed column indicated that the removal efficiency of expanded rice husks was better than that of raw rice husks (Luo et al., 2011). Similarly, the adsorption and recovery study of Zn(II), Cu(II) and Cd(II) metal ions onto and from rice husks suggested that the removal affinities of rice husks can be improved if the surface chemistry is modified or treated (Yanaka, 2021). Generally, studies indicate that the modification of rice husks enhances its adsorption performance.
3.2 Sugarcane bagasse and fly ash
Sugarcane bagasse and fly ash (BFA) is byproduct of sugar industry produced during the burning of sugarcane bagasse in boilers. Studies on BFA has revealed that it contains high content of silica which enhances its adsorption properties. A recent study synthesized varying zeolites from sugarcane bagasse fly ash modified with iron (III) oxide hydroxide. The resulting derived mesoporous adsorbents (powder and beads) were subsequently used for the removal of Pb(II) ions from aqueous solution. The results obtained from all the adsorbents indicated excellent removal efficiencies of Pb(II) ions from wastewater of higher than 82%. The high removal efficiency was attributed to the addition of iron (III) oxide hydroxide which helped to increase the specific surface area and reduce the pore size of the BFA. Electrostatic attraction between the negatively charged surface of the adsorbents and the Pb(II) ions played a central role in the uptake of Pb(II) ions. The adsorption patterns and mechanisms of the adsorbent were best explained by Langmuir isotherm and pseudo-second-order kinetic models. The study also indicated that the prepared adsorbent could be used for the remediation of wastewater polluted with heavy metals, however it does not provide an understanding of the regeneration potential of the adsorbent which could be important for applicability in the industrial setting (Praipipat et al., 2023). A related study examined the use of fly ash treated with alkali for the removal of Cu(II) ions from aqueous solution. The findings obtained from the study demonstrated that the NaOH treated fly ash reduced Cu(II) ions attaining maximum of 90% removal, with Langmuir calculated maximum adsorption capacities for Cu (II) ions of 30.21 mgg-1 and 16.89 mgg-1 for the fly ash that was activated by NaOH and KOH, respectively. The kinetic data agreed well with pseudo second order and the suggested adsorption mechanism of electrostatic attraction between the adsorbent and Cu (II) ions (Darmayanti et al., 2018). The study provides insight into the strategy of optimization with regards to alkali-activation of fly ash and sustainable water treatment technology. Competitive, desorption and pH variability studies were not reported, however, this could offer a better understanding in the applicability of this material in real world situations. Another fly ash prepared through microwave-incinerated sugarcane bagasse was tested for the adsorption of Zn(II) ions from aqueous solutions. The results indicated that at the optimum conditions of pH 6, and equilibrium time of 180 min the removal efficiency was 96.3%. The equilibrium data was well described by Freundlich as well as the Langmuir model with a correlation coefficient of 0.997 and 0.984, respectively (Salihi et al., 2014). The study indicated that the prepared ash could be utilized to reduce the levels of Zn(II) ions in wastewater however, for broader applicability the incorporation of real environmental situations, detailed material characterization and kinetic modelling could make the study more feasible. Pilot projects which aimed at determining the adsorption of heavy metals from wastewater using zeolitic materials obtained from sugarcane bagasse fly ash were conducted. The hydrothermally and electrically synthesized zeolites were tested for both batch and column adsorption of Pb(II) and Cd(II) ions from aqueous media with the column method showing higher adsorption efficiency compared to batch method. The results from the study indicated that the levels of Pb(II) and Cd(II) ions were reduced up to 90%. Langmuir adsorption model best described the adsorption data while the kinetic modelling followed pseudo-second-order and intra-particle diffusion model indicating that film diffusion was the rate determining reaction in the adsorption process (Shah et al., 2013). Incorporating column studies provided insight in the practical approach for these adsorbent materials. Again, carbonized fly ash followed by chemical activation was tested for the removal of Cr(VI) and Cu (II) ions from textile industry wastewater. At pH 6, contact time of 60 min using an adsorbent dose of 1 g and a concentration of 50 mg/L of metal ions, the reported maximum adsorption of Cu(II) and Cr(VI) ions of 0.9994 mg/g and 0.9325 mgg-1, respectively. The study indicated that the presence of silica and alumina in the BFA and activation with KOH greatly improved the performance of the BFA (Mulyatun, 2018). The kinetic studies and adsorption patterns were however not provided in this study. In addition the competitive studies which could have provided insight on the performance of the adsorbent in the binary system was lacking.
3.3 Wheat bran
Researchers have reportedly used wheat bran as a low cost adsorbent for the remediation of water containing heavy metals. Several studies have indicated that wheat bran, pristine or treated, can be used to reduce the levels of heavy metals such as, chromium, lead, copper, zinc, cadmium among others, in wastewater. For instance, a study was conducted by Ogata et al. (2014) to examine the effectiveness of untreated wheat bran for the removal Pb(II) and Cd(II) ions from aqueous solution. The Langmuir calculated maximum adsorption capacities were reported to be 0.667 and 1.667 mgg-1 for Cd(II) and lead (II) ions, respectively. The authors linked the adsorption process to the existence of several functional groups within the bran which significantly provided binding sites of metal ions. The adsorption data of the metal ions on the bran was described by both Langmuir and Freundlich adsorption isotherm models. The thermodynamic studies indicated that the reaction was spontaneous and that there was increased disorder in the solid-liquid interphase Furthermore, the adsorbent’s regenerability tests indicated that it could reused up to four cycles (Ogata et al., 2014). However the study reported a recovery rate of approximately 100% for Cd(II) and 56% for lead (II), the lower rate for lead (II) indicates that the optimization of desorption of lead (II) should be investigated. A similar study compared the sorption properties of untreated wheat bran (WB) and modified wheat bran (M-WB) treated with tartaric acid for the removal of Cr (VI) metal ions. The results indicated maximum removal of 51.0% and 90.0% for WB and M-WB, respectively. The adsorption data fitted best onto Freundlich isotherm model with the adsorption capacity of 4.53 mgg-1 for WB and 5.28 mgg-1 for M-WB obtained at pH two and 2.2, respectively (Kaya et al., 2014).
3.4 Fruit and vegetable waste
Osman et al. (2019) synthesized a high-surface -area activated carbon (AC) and hydrophilic carbon nanotubes (MWCNTs) derived from potato peels waste for the adsorption of Pb(II) ions. The acid and alkali co-activated AC showed a better adsorption capacity for the divalent metal ion compared to MWCNTs. The AC adsorbent attained a removal efficiency of 84% for Pb(II) ions within 1 h indicating fast adsorption kinetics. The adsorption capacities for Pb(II) ions by these adsorbents AC and MWCNTs based on the initial concentration of Pb(II) ions were 9.3 and 5.7 mgg-1, respectively (Osman et al., 2019). The adsorption process however was not analyzed using the Langmuir, Freundlich or kinetic studies which could have provided an understanding on the adsorption mechanism of these adsorbents. Fruit peels have also shown remarkable adsorption capacities for the heavy metal ions, as demonstrated by Husoon et al. (2013). Three different forms of peels (fresh, dried and powdered) were tested along with the effect of pH and adsorption efficiency for the removal Pb(II) and Cu(II) ions from industrial wastewater. The study concluded that the lemon peels were more effective than the orange peels with the powdered form of lemon and orange peels outperforming the fresh and dried pieces of these peels. The study reported biosorption removal by the lemon peel powder as 72.5% and 71.3% for Pb(II) and Cu(II) ions, respectively and the orange peel powder as 56.7% and 34.5% for Pb(II) and Cu(II) ions, respectively. These results were obtained at optimum sorption solution pH five and at a temperature of 40°C (Husoon et al., 2013). The authors did not apply the adsorption isotherm models or kinetics hence there is limited understanding of adsorption mechanism of these adsorbents.
Soybeans hulls modified with different concentrations of citric acid were compared to unmodified hulls in the adsorption of Cu(II) ions. The study showed that the citric acid introduced more carboxyl groups onto the adsorbent’s surface resulting to increased uptake of Cu(II) ions which was reported to be between 0.68 and 2.44 mmolg-1 better than that of untreated soybeans which was 0.39 mmolg-1. In addition, it was observed that the hulls’ negative charge increased as the concentrations of citric acid increased. Furthermore, the study demonstrated that pretreatment of the hulls with NaOH before citric acid treatment resulted to hulls with faster adsorption kinetics albeit with lower adsorption capacity than those not treated with NaOH (Marshall et al., 1999).
3.5 Coffee husks
Several studies have examined the efficiency of coffee husks for the removal of heavy metals from water and registered excellent results. Some of the reported investigations are presented and discussed herein. A study assessed the biosorption of Cr(VI) ions from aqueous solution using coffee husks and the result obtained indicated positive reduction of Cr(VI) ions from the simulated solution. The generated adsorption data were found to conform to both Langmuir and Freundlich isotherm models with Langmuir adsorption capacity of 44.95 mgg-1. Desorption studies indicated that the coffee husks had 60% removal efficiency. Also, the FTIR spectra revealed that the adsorption of Cr(VI) ions was enabled by the hydroxyl and carboxyl functional groups present on the husks’ surface (Ahalya et al., 2010). On the other hand, a maximum adsorption of 87% for Cr(VI) ions from aqueous solution by natural coffee husks was observed at optimum conditions. A maximum adsorption capacity of Cr (VI) onto the mesoporous biosorbent of 0.660 mgg-1 was recorded at pH 2 after 60 min using 40 mg L-1 of Cr (VI) solution with no addition of KNO3. The kinetic data followed the pseudo-second-order model (Alhogbi, 2023). The adsorbent also revealed recyclability potential of up to three adsorption-desorption cycles, although this dropped drastically thereafter raising concerns on the stability of material. In addition, the reported adsorption capacity of 0.660 mgg-1 is relatively low compared to other bio-sorbents such as activated carbon. Surface modification through activation could improve the pore structure of material hence its adsorption capability. Similarly, the adsorption capability for Ni (II) ions by nitric acid activated coffee husks carbonized at 400°C for 30 min was seen to be better than those that were not acid activated. The study indicated that acid activation increased the adsorbent’s capacity for Ni (II) ions by tenfold. The reported maximum adsorption capacities were 21.14 mg g-1 and 1.97 mgg-1 for the acid treated and untreated activated carbon, respectively. The data obtained from the adsorption processes fitted well onto Langmuir isotherm model indicating that the adsorption process was homogeneous surface (Tien, 2018).
In another independent study, coffee husks were used for the removal of Zn(II) and Ni(II) metal ions from the wastewater. The results obtained from this study revealed that the husks are capable of reducing the concentrations of the studied metal ions from wastewater. The batch adsorption studies recorded Langmuir adsorption capacity of the husks for Zn2+ and Ni2+ ions as 12.97 and 11.11 mgg-1, respectively. The experimental data followed pseudo-second-order kinetic model suggesting that chemisorption was the rate determining step in the adsorption process (Alhogbi and Al-Enazi, 2018). A similar study tested the ability of activated carbon derived from coffee husk for the adsorption of the Cr (VI) from electroplating wastewater. The adsorption process optimization revealed 99.65% maximum Cr(VI) adsorption efficiency at 120 min contact time, 40 mgL-1 initial concentration, 150 rpm agitation speed, pH 7.0, and 20 gL-1 adsorbent dosages. The adsorption data fitted well onto Freundlich isotherm model and pseudo-second-order kinetic model. Hydroxyl groups, carboxyl groups and other functional groups on the structure of the adsorbent as confirmed by FTIR facilitated the uptake of Cr(VI) ions from the wastewater (Aragaw et al., 2022).
The extensive list of biosorbents including rice husks, wheat bran, fruit waste, coffee husks, sugarcane bagasse, among others show good sorption capacities for Cd(II), Cu(II), Pb(II), Zn(II), Ni(II) and Cr(VI). The biosorption of heavy metal ions from aqueous solutions is therefore a promising method for sequestering heavy metal ions from wastewater. Generally, these studies indicate that these biosorbents, especially in modified form, can be effectively applied for the removal of heavy metal ions from wastewater thus achieving waste valorization strategy. Surface modification enhances adsorption of rice husks. Rice husks activated by sodium carbonate increases sorption of Cu(II) from 90% to 97%, similarly ARH exhibited an adsorption efficiency of 74% for Pb (II) ions compared to CRH (54%). The high silica content, lignin and functional groups (carboxyl and hydroxyl groups) facilitated the uptake of metal ions by rice husks. The adsorption data of the metal ions on the rice husks-based adsorbents was described by Langmuir adsorption isotherm models. The rate determining reaction for the rice husks based sorbents was pseudo-second-order reaction indicating chemisorption adsorption process.
The presence of high silica and alumina content in sugarcane bagasse and fly ash (BFA) greatly contributes to its adsorption capability. In addition, modification of the sugarcane bagasse with the iron (III) hydroxide exhibited excellent adsorption efficiency (>82%) for Pb(II). Similarly alkali activation of BFA enhances the adsorption efficiency of BFA. However, while the adsorption efficiency was >90% in some studies the adsorption capacity for the heavy metal ions was relatively low. This implies that the adsorbent may not be applicable for treatment of industrial wastewater or mine effluents. The adsorption patterns for BFA mostly followed Langmuir adsorption isotherm indicating that the adsorption was mainly monolayer. Pseudo-second-order reaction rate was the rate determining describing the adsorption of heavy metal ions onto BFA indicating that the adsorption process was chemical in nature. While studies on the variation on adsorption conditions such as pH, adsorbent dosage and initial metal ion concentration were provided, most studies did not report on competitive studies and reusability of the biosobents which could provide an understanding on the scalability of the materials for wastewater treatment.
The hydroxyl and carboxyl groups on the lignocellulosic structure of the wheat bran play a central role for the uptake of metal ions from aqueous media. However, wheat bran exhibited moderate adsorption capacity and the studies indicate that without modification the adsorption capability of bran is limited. The adsorption data for the uptake of the metal ions on wheat bran could be described by both Langmuir and Freundlich adsorption isotherm models indicating that the adsorption process is either on homogenous or homogenous surfaces. The studies also indicate that reusability of wheat bran is possible despite there being a lower rate of uptake for Pb(II) ions after desorption. Similarly, coffee husks are rich with hydroxyl and carboxyl groups which provide binding sites for heavy metal ions. Studies also indicate a reasonable adsorption capacity for Cr(VI) ions by the coffee husks. However, coffee husks exhibited low stability towards multiple adsorption-desorption cycles. The experimental data for adsorption of heavy metal ions by coffee husks followed pseudo-second-order kinetic model suggesting that chemisorption was the rate determining step in the adsorption process. The adsorption data fitted well with both Langmuir and Freundlich adsorption isotherm models suggestion that the adsorption can either be monolayer or multilayer.
Studies indicated that chemical treatment enhanced adsorption efficiency of fruits and vegetables for heavy metal ions. Cellulose, pectin and lignin components in fruits and vegetables provide diverse binding sites for the heavy metals. Lemon peels, particularly, the powdered form exhibited a good adsorption capability for Pb (II) and Cu(II) indicating that they are suitable for wastewater treatment.
3.6 Biosorption mechanisms
The removal dynamics of metal ions from aqueous media onto agricultural and food waste-based adsorbents is governed by metal biosorption (S. Xie, 2024). Metal biosorption is a relatively complex process influenced by multiple factors. Mechanisms involved in the biosorption process include chemisorption, complexation, adsorption–complexation on the surface and pores, ion exchange, microprecipitation, chelation, heavy metal hydroxide condensation onto the biosurface. In addition, the adsorbate and adsorbent interaction can be via surface adsorption through physical forces, entrapment in inter- and intrafibrillar capillaries, and spaces of the structural polysaccharides network as a result of the concentration gradient and diffusion through cell wall and membrane (Basso et al., 2002; Sud et al., 2008). Among the functional groups present in food waste molecules are acetamido groups, carbonyl, phenolic, structural polysaccharides, amido, amino, sulphydryl, carboxyl groups, alcohols and esters. These groups have the affinity for metal complexation. The interactions between various functional groups and their complexation with heavy metals during biosorption process can be diagnosed using spectroscopic techniques. The adsorption mechanisms and affinities of the biosorbents for metal ions can be metal-specific or non-selective (Aziz et al., 2023; Vardhan et al., 2019).
4 CHITIN AND CHITOSAN
Chitin is the world’s second most abundant naturally occurring polysaccharide. Much of it is disposed of as waste from sea food crustacean, mainly in shrimps, prawns, crabs, and lobsters. It occurs as a significant structural component of the shells/exoskeletons of crustaceans, the cuticles of insects, and the cell walls of fungi and yeast. It consists of N-acetyl glucosamine units linked by β (1→4) bonds. Chitin carries one linear amino group per glucose ring, thus making electron pairs available for coordination (Sofiane and Sofia, 2015).
Chitosan is a partially N-deacetylated product of chitin, deacetylation process produces a chain of amino groups along the chitosan structure and is an important natural biopolymer due to its biocompatibility and biodegradability, with broad applications in wastewater treatment, chemical, biomedical and pharmaceutical applications, agriculture and biotechnology. Its high nitrogen atom contents and hydroxyl groups allows uptake of several metal ions through various mechanisms such as chelation, electrostatic attraction or ion-exchange (Sofiane and Sofia, 2015). Its chelating properties are attributed to the amino and hydroxyl groups that can act as chelation sites for different targets such as metals. The high adsorption potential of chitosan for heavy metals can be attributed to; (i) high hydrophilicity associated with the large number of hydroxyl groups of glucose units, (ii) large number of functional groups, (iii) high chemical reactivity of these groups, and, (iv) flexible structure of the polymer chain (Bai et al., 2022).
However, chitosan has some demerits such as poor mechanical strength, limited surface area, low water resistance, high solubility in acidic media, high tendency towards agglomeration and incomplete regeneration after adsorption (Eltaweil et al., 2021). To overcome these setbacks, several modifications including amination, carboxymethylation, and the formation of hybrid adsorbents through crosslinking other materials have been conducted in order to enhance the adsorptive capabilities and selectivity of chitosan towards the removal of from wastewater (Marrakchi et al., 2020).
The difference between chitin and chitosan lies in the degree of deacetylation, usually defined as the number of glucosamine groups to the total number of N-acetylglucosamine and glucosamine groups (Figure 3). This parameter is the most important description of chitosan and chitin properties. The quality and characteristics of chitosan products, such as purity, viscosity, molecular weight, polymorphic structure and the degree of deacetylation may differ due to many factors in the production process, thereby affecting the nature of the final product (Radomski et al., 2014).
[image: Figure 3]FIGURE 3 | Chemical Structures of chitosan (A) and Chitin (B).
Due to its widespread abundance, its chemical and physical versatility, and the problems of its disposal as a waste material, a wide range of value-added applications of chitin and chitosan is being initiated, investigated and developed. One of the significant developments in the new range of applications is the study of the ability of chitosan, as a potentially major environmental treatment material, to remove metal ions from industrial wastewaters and leachates (Gerente et al., 2007). Due to its large abundance, literature is replete with studies of chitin and chitosan as adsorbents for metal ions removal from water.
4.1 Removal of heavy metals onto chitin and chitosan
Sofia and Sofiane (2015) investigated the usefulness of chitin and chitosan produced from shrimp carapaces for the removal of Zn2+, Cd2+ and Cu2+. The kinetic data and equilibrium sorption isotherms were measured in batch conditions. The influences of different experimental parameters such as contact time, initial concentration of the metal, chitin mass, initial pH of solution and temperature on the kinetics of the metal removal were studied. The process was found to follow pseudo second-order kinetics. Results also indicated that the Langmuir model gave a better fit to the experimental data than the Freundlich equation. The biosorption of the metals studied by chitin and the chitosan varied in the order: Cu (ІІ) > Cd (ІІ) > Zn (ІІ) and the quantities biosorbed in equilibrium by the chitosan were higher than that of chitin (Sofiane and Sofia, 2015).
Abdel-Mohdy et al. (2005) carried out a study on radiation grafting of diethylaminoethyl methacrylate (DEAEMA) on chitosan to impart its ion exchange properties for the sorption of metal ions from wastewater. The effect of experimental conditions such as monomer concentration and the radiation dose on grafting were studied. On using chitosan, grafted chitosan and chitosan composites of silica and titania in removing some metal cations, a high up-take capacity for Cu2+ and lower uptake capacities for Zn2+ and Co2+ metal ions in both unary and multicomponent systems was observed. The high selectivity for Cu2+ions was attributed to the fact that Cu2+ cations form more stable complexes that the Zn2+ and Co2+ cations. The study also indicated that the adsorptive capability of chitosan increased with increase in the monomer concentration. Similarly adsorptive capacity of the composite increased as the oxide content increased but only up to 50% (Abdel-Mohdy et al., 2005). Ráheľ et al. (2008) investigated the removal of copper metal ions from aqueous solutions by plasma made chitosan filter. When used for the water decontamination in its natural flake form, chitosan suffers from gelling and associated hydrodynamic flow problems. Moreover the specific binding sites are not readily available for sorption in the natural form. The use of filter fabric was favored by its large surface area, excellent control on flow transfer characteristics and the low-cost. Chitosan coated samples were immersed into 100 mL Cu2+ solutions with the concentration ranging from 0.01 M to 2–10−4 M. The adsorption capacity of chitosan coated on fabric was found to be at least 40% higher than its natural flake form. The adsorption behavior of chitosan filter was also well described by the Langmuir adsorption isotherm. The theoretical adsorption capacity of chitosan Cu2+ determined at pH 5.5 from the Langmuir isotherm and it was found to be 313 ± 5 mgg−1 (Ráheľ et al., 2008).
Equilibrium isotherms and the adsorption kinetics of the heavy metals copper, zinc, mercury, and arsenic on chitosan produced from shrimp shells at a laboratory level onto chitosan were studied experimentally by Benavente (2008). The results showed that the adsorption capacity depended strongly on pH and on the species of metallic ions in the solution. The optimum pH value for the metallic cation adsorption was between 4 and 6, whereas for arsenic adsorption it was about 3. It was also found that the Langmuir equation described very well the experimental adsorption data for each metallic ion. The adsorption capacity for the metals on chitosan was found to follow the sequence Hg > Cu > Zn > As. The analysis of kinetic models showed that the pseudo-second-order adsorption mechanism was predominant, and the overall rate of the metallic ion adsorption process was therefore controlled by adsorption reactions and not by mass transfer for the range of particle sizes examined in the study. The ability of chitosan to remove arsenic from natural water, and copper and zinc from mining waste water was verified (Benavente, 2008). Muhaemin and coworkers was carried a study to determine the chelating ability of crab shell particles and extracted acetamido groups (chitin and chitosan) from portunus sp to lead (Pb2+). The crab shell was powdered, sieved, and added with lead (II) in various pH values. The result showed that the removal efficiency of lead with crab shell depended on pH value, but it was less sensitive than that of the control without crab shell. Biosorption of chitin and chitosan showed that both materials adsorb with the best capacity at pH 4.0. Chitosan had a higher sorption than chitin for all treatments. The removal efficiency in the solution of 0.5 g crab shell was about 22%. It indicated that the acetamido group (chitin and chitosan) acts as a non-specific chelating agent and establishes weak hydrogen bonds with lead (II) ions in the solution (Muhaemin, 2005).
(Edokpayi et al., 2015) studied the synthesis and characterization of biopolymeric chitosan derived from land snail shells and its potential for Pb2+ removal from aqueous solution. The experiments were conducted in the range of 1–50 mg/L initial Pb2+ concentrations at 298 K. The effects of pH, adsorbent dosage and contact time on the adsorptive property of the adsorbent were investigated and optimized. The Langmuir model and pseudo second order kinetic model suitably described the adsorption and kinetics of the process, respectively. From the results obtained, it was concluded that synthesized biopolymers from land snail shells had the potential for an average of 99% removal of Pb2+ from aqueous solutions (Edokpayi et al., 2015).
Radomski et al. (2014) carried out a study on the application of chitosan and its modified derivatives for removal of heavy metal ions from industrial wastes. Application of chitosan/aspartic acid copolymer cross-linked with ethylene glycol moderated the sorption processes in comparison with pure chitosan. The rate of removal of lead and mercury was found to be above 80%, while the elimination of zinc and iron ions from the solution was negligible as compared with unmodified chitosan (Radomski et al., 2014). A composite of chitosan-g-poly (acrylic acid-co-acrylamide) was investigated for the adsorption of heavy metal cations: Cu(II), Cd(II), Ni(II), and Pb(II) from aqueous solution. The effect of experimental parameters, such as pH, treatment time, temperature, adsorbent dose and initial metal ion concentration on the removal of metal ions were also studied. The optimum pH corresponding to the maximum adsorption of Cu(II), Cd(II), Ni(II), and Pb(II) removal was pH 5-6 and the metal ions were adsorbed onto the adsorbents very rapidly within the first 120 min. This low-cost adsorbent was seen to be effective for the removal of metal ions from aqueous solutions and showed the following order of % extraction: Cu2+>Cd2+>Ni2+>Pb2+ (Khairkar and Raut, 2014).
Hadi (2013) carried out a research on the synthesis of chitosan from fish shells and its use in Cu(II) ions removal. Synthesis of chitosan involved four main stages: preconditioning, demineralization, deprotenisation and deacetylation. Adsorption of copper ions by chitosan was investigated under different conditions. The amount of copper adsorbed after adding 50 mg of chitosan at an operating temperature of 30°C and pH of 5.7 was above 85% (Hadi, 2013).
A modified form of chitosan beads, namely, protonated chitosan beads (PCB), carboxylated chitosan beads (CCB) and grafted chitosan beads (GCB) were investigated for the removal of Cr(VI) ions from aqueous solution. Batch adsorption studies were conducted to optimize various equilibrating conditions such as the contact time and pH. The beads were observed to possess enhanced Cr(VI) sorption capacities of 3,239, 3,647 and 4,057 mg/kg, respectively than the raw chitosan beads (CB) which possess the sorption capacity of 1,298 mg/kg with a minimum contact time of 10 min. The adsorption characteristics of the adsorbents was described by the Freundlich and Langmuir isotherm models and the interaction between the Cr(VI) metal ions and the modified beads were governed by electrostatic attraction and complexation (Kousalya et al., 2010). Modified chitosan obtained by demineralization, deproteinization, decolorization and deacetylation of waste shrimp shell was studied for the removal of chromium, arsenic, nickel, and cobalt heavy metal ions from wastewater. The results indicated that the highest adsorption of obtained of arsenic, nickel, and cobalt, was 98.50, 74.50, and 47.82%, respectively, at neutral pH, whereas the highest attained adsorption of chromium was 97.40% at pH 3. The calculated maximum adsorption capacities of the chitosan for chromium, arsenic, nickel, and cobalt ions were reported as 15.92, 20.37, 7.00, and 6.27 mgg-1, respectively (Rahman et al., 2023).
Unagolla and Adikary (2015) investigated the adsorption characteristics of Cd(II) and Pb(II) heavy metals ions onto locally synthesized chitosan biopolymer. Kinetic studies were conducted for batch systems using different pH values of initial metal ion solution and two different degrees of deacetylation (DD) values of chitosan. Simplified models such as pseudo-first-order, pseudo-second-order, and intra-particle diffusion equations were used to determine the rate controlling step. A strong dependence of the adsorption capacity on pH and DD was observed and the sorption capacity was reported to increase as pH and DD values increased. Significantly high rate of adsorption was observed in the chitosan which has a higher DD value. According to the study, chitosan is a good adsorbent in the removal of heavy metals from wastewater (Unagolla and Adikary, 2015).
The adsorption of Cr6+ and Pb2+ from simulated wastewater onto chitosan grafted cocoa husk char was determined by Aderonke et al. (2014). The study optimized metal ion adsorbent dosage, agitation time and adsorbent particle size for the removal of the metals from simulated wastewater and the removal efficiencies were calculated. The equilibrium experimental data results of Pb2+ fitted well to Langmuir and Freundlich adsorption isotherm models. The study concluded that cocoa husks, an agricultural waste material, has potential as an adsorbent to remove toxic heavy metal like chromium and lead from industrial wastewater. Modification of this waste with chitosan also enhances its performance in the removal of the metal ions (Aderonke et al., 2014).
Sobhanardakani et al. (2014) studied the efficiency of chitosan for the removal of Pb(II), Fe (II) and Cu(II) ions from aqueous solutions. The results showed that the adsorption of Pb (II), Fe (II) and Cu(II) ions on chitosan strongly depended on pH. The removal process followed the Langmuir isotherm and maximum adsorption capacity for the adsorption of Pb(II), Fe(II) and Cu(II) ions by the chitosan were 55.5, 71.4 and 59 mgg−1, respectively, under equilibrium conditions of 25ºC ± 1°C. The adsorption process was found to be well described by the pseudo second-order rate model (Sobhanardakani et al., 2014).
Mohanty (2015) studied the removal of hexavalent chromium using chitosan prepared from shrimp and crab shells. The study concluded that as the dose of the adsorbent was increased keeping the time and speed of the shaker (rpm) constant, more percentage of Cr6+was removed. For the case of crab chitosan, 80.91% maximum removal of Cr6+ was obtained whereas 73.89% maximum removal was observed for the case of shrimp chitosan. The study also concluded that keeping the amount of adsorbent and speed of the shaker (rpm) constant, with increased time of contact, the concentration of Cr6+ solution decreased. But after a lapse of about 5–6 h, no further change in concentration was observed. The percentage of removal of Cr6+ for the case of crab chitosan and shrimp chitosan were 64.29% and 80.11%, respectively when studying the effect of contact time on the adsorption process. The obtained results showed that the readily available chitosan, was an economical adsorbent and was found suitable for removing Pb(II), Fe(II) and Cu(II) ions from aqueous solutions (Mohanty, 2015).
Three chitosan derivatives cross-linked and grafted with amido- or carboxyl groups using acrylamide and acrylic acid were prepared and investigated for the adsorption of Cu(II) and Cr(IV) ions. The acrylamide grafted chitosan adsorbent attained a maximum adsorption of 318 mgg-1 for Cu(II) at pH 6 while the acrylic acid chitosan derivative presented a highest adsorption 935 mgg-1 for Cr(IV) ions at pH 3. The kinetic studies followed the diffusion-reaction model (DIFRE) which indicates that there were several interactions between the metals ions and the adsorbent, namely,; diffusion of the ions through the polymer, mass transfer of the ions from the bulk solution, and chelation or electrostatic attraction on the amino groups of the polymer. Regeneration studies indicated that the adsorbent retains its adsorption efficiency after four adsorption-desorption cycles (Kyzas et al., 2009). Chitin was studied for the removal of Cd(II) ions from aqueous solutions through batch experiments. Among the adsorption parameters examined, initial concentration of cadmium ions, particle size and adsorbent dosage were found to play a central role in the removal of the Cd(II)ions. The maximum adsorption capacity for the chitin for Cd(II) ions was 114 mgg-1. The adsorption data followed Langmuir adsorption isotherm model and kinetic data was fitted well with pseudo-second-order kinetic model (Benguella and Benaissa, 2002).
Dried fungi biomass (Rhizopus oryzae) was compared to commercially available chitosan and chitosan cross-linked with benzoquinone for the adsorption of copper, zinc, arsenic and chromium ions from simulated water. The uptake of the heavy metals by chitosan was found to be dependent on the initial concentration. At pH 4, adsorbent/solution ratio (1 g/L), and initial metal ion concentration of 400 mg/L the highest uptake values were reported to be 137, 108, 58, and 124 mgg-1, for copper, zinc, arsenic and chromium ions, respectively. However, the adsorptive capacity of the chitosan for the metal ions decreased in copper/zinc and gold mine simulated effluents. At the same time, both the R. aryzae and benzoquinone cross-linked chitosan were reported to be stable at low pH compared to chitosan albeit with lower adsorption capacity (Mcafee et al., 2001).
An investigation on the adsorptive characteristics of chitosan coated with polyvinyl chloride (PVC) for the uptake of Cu(II) and Ni(II) ions from aqueous solution revealed Langmuir maximum adsorption capacity of the adsorbent was 87.9 and 120.5 mgg-1 for Cu(II) and Ni(II) ions, respectively (Popuri et al., 2009). Optimization of Cr(VI) adsorption using Response Surface Methodology by chitosan flakes against adsorption conditions (pH, adsorbent dose, initial metal ion concentration) were conducted by (Aydın and Aksoy, 2009). The maximum adsorption capacity achieved by the flakes for the Cr(VI) was 22.09 mgg-1 at pH 3, initial concentration of 30 mg/L and adsorbent dosage of 13 g/L. The adsorption data followed Langmuir adsorption isotherm. The kinetic studies fitted well with pseudo-second-order and intra-particle diffusion models. Alumina coated chitosan composite was studied for both batch and column adsorption of Cr(VI) from synthetic water and wastewater sourced from a chrome plating plant. The highest adsorption capacity attained by the composite as calculated from the Langmuir model 153.85 mgg-1, which was according the authors the remarkably great compared to those reported in literature. Furthermore, the study indicated that the adsorbent was reusable and could be regenerated using sodium hydroxide solution (Boddu et al., 2003).
In order to prevent the solubility of chitosan in acidic medium Rojas and coworkers synthesized a cross-linked chitosan. The chitosan attained a maximum uptake for Cr(VI) ions at pH 4 of 215 mgg-1. This was attributed to the Cr(VI) ions interaction with the highly protonated active sites of chitosan at low pH. The adsorption followed both Langmuir and Freundlich adsorption isotherm models (Rojas et al., 2005). In another study, amination of chitosan was reported to remarkably enhance its adsorptive capability for Ni(II) and Cr(VI) ions. The adsorbent attained an adsorption capacity of 30.2 and 28.7 mgg-1 for Ni(II) and Cr(VI) ions, respectively at an initial concentration of 1,000 mg/L. The authors indicated that aminated chitosan was suitable for the removal of both cations and anions from aqueous solutions (Yan et al., 2007). Table 1 is a list of chitin and chitosan based adsorbents and their adsorption capacities for various metal ions.
TABLE 1 | Adsorption capacities of chitin and chitosan derivatives for various metal ions.
[image: Table 1]The modified chitosan showed many advantages over flaked or powdered chitosan, this is because modification results to enhanced higher internal surface area, and reduced solubility in low-pH solutions, thus proving their suitability over a broad pH range. Chitosan exhibited exceptional adsorption capacities for the heavy metals (Cu(II) ions 313 mgg-1) and was effective in the adsorption of multiple heavy metal ions (anion and cations). However, pristine chitosan is soluble in acidic media it therefore requires crosslinking to attain chemical stability. Metal ions uptake by chitosan and chitosan composites was mainly aided by the high amino and hydroxyl groups of the chitosan skeleton and functionalized or grafted carboxyl groups. The adsorption data mainly followed Langmuir and Freundlich adsorption isotherm models. The adsorption process was found to be well described by the pseudo second-order rate model an indication that the reaction involves the chemical interaction of the adsorbent and the metal ions.
5 LIMITATIONS AND FUTURE PROSPECTS ASSOCIATED WITH FOOD WASTE-BASED ADSORBENTS
The utilization of the food waste-based adsorbents present a new chapter towards remediation of wastewater polluted with heavy metals since they are available at low cost and their usage provides a prospect to resolve environmental issues associated with their disposal. There are several limitations that hinder the application of food waste-based adsorbents in the removal of heavy metals ions from water and wastewater despite their numerous benefits. Various researchers have reported limitations associated with usage of food waste-based adsorbents for remediation of wastewater polluted with heavy metal ions and some of these limitations are presented and discussed.
Food waste-based adsorbents are reported to possess different sorption capacities at different operating conditions for different metal ions. Research has indicated that the sorption capacity of banana peels, watermelon peels and grape waste revealed varying sorption for multi-element solutions on dependence of operating parameters such as, solution pH and the adsorbent dosage (Massimi et al., 2018). This can adversely compromise the wastewater treatment process, the fact that the effectiveness of the specific food waste-based adsorbent may not be dependable across the various environmental conditions or the kinds of metal ions present. Again, the existence of competing of metal ions in the wastewater can greatly decrease the adsorption efficiencies of the food waste materials are reported by other investigators (Shafiq et al., 2018).
Furthermore, in the physical and chemical properties of the food waste materials is another limitation which can also affect their adsorption performance. The adsorption efficacies of the adsorbent is greatly influenced by the structure and surface area. Several studies have indicated that surface modification of the food waste-based adsorbent materials with various chemical reagents such as, acids and bases through activation can significantly increase the performance of the adsorbent materials. This suggests that the characteristic properties of raw food waste materials generally inhibit their adsorption capacities (Belete, 2017). Further, the occurrence of organic matter and contaminants in the food waste materials can affect adsorption process, resulting in the lower removal efficiencies of the heavy metals from wastewater (Sulyman et al., 2017).
Regeneration and reusability of food waste-based materials adsorbent is also indicated to be another limitation. Multiple studies have reported that the adsorption abilities of food waste materials loses affinities after numerous usage, which raises worries on sustainability of food waste-based adsorbents (Samra et al., 2014; Coltre et al., 2020). Moreover, during the regeneration studies adsorbed metal ion are capable of undergoing leaching resulting to secondary pollution thereby counteracting the privileges of using food waste-based adsorbents as eco-friendly option (Chai et al., 2021; Jean Claude et al., 2022). Again the disposal of used food waste-based adsorbents can result into environmental issues especially if not appropriately handled (Singh et al., 2019).
Economic factors further affect the adsorption process of food waste-based adsorbents. Despite the fact that food waste adsorbent materials are considered low cost compared with conventional adsorbents materials, the cost connected with their collection, processing and treatment of food waste materials are excessive (Sen, 2023). Again, food waste materials require pre-treatment to increase their adsorption capacities, this may result into higher operational costs thus limiting their large scale application (Ooishi et al., 2011). This implies that the application of the food waste-base adsorbents require appropriate balancing of the costs involved against the privileges of reduced environmental impact.
Finally, there’s also need to observe regulatory and safety concerns when considering the food waste-based adsorbents for the heavy metal removal. The presence of pathogens and hazardous chemicals present in food waste materials raises their safety concerns in water treatment applications (Zheng et al., 2010; Shafiq et al., 2018). Additionally, regulatory bodies may not accommodate the use of food waste-based adsorbents for the removal of heavy metals, suggesting further research and authentication to ensure compliance with health and safety standards (Belete, 2017; Singh et al., 2019). The existence of regulatory uncertainty can prevent the implementation of food waste-based adsorbents in commercial applications, regardless of their potential advantages.
Despite the afore mentioned limitations, the food waste based-adsorbents are considered to be cost effective and they poses low negative impact on the environment and humans compared to other adsorbents such as metal oxides. Thermal treatments of food waste materials through processes such as pyrolysis and hydrothermal carbonization have been employed in the preparation of these adsorbents to ensure complete elimination of pathogens. In addition, the integration of energy recovery systems during thermal treatment mitigates against high energy consumption thus cutting down on the production costs. Some countries have instituted regulations governing the use of biomass based adsorbents for wastewater treatment. For instance, the European Biochar Certificate provides a framework that addresses aspects of sustainable biochar production such as the selection of feedstock, pyrolysis procedures, environmental impacts and certification standards.
6 CONCLUSION
The present study aimed at examining the application of food waste-based adsorbents for the remediation of water resources polluted with heavy metal ions. Food waste materials are discarded without further use leading to environmental and ecosystem concerns. These adsorbent materials are indicated to possess great surface area, excellent chemical composition and functional groups that have proved to be suitable for the removal of heavy metal ions. Food waste derived adsorbents exhibit several advantages including, abundance and availability, cost-effectiveness, environmental sustainability and efficiency in heavy metal removal. Adsorbents such as chitosan, rice husks and sugarcane bagasse have exceptionally high sorption capacities for heavy metal ions. The most improved by chemical modification are rice husks, wheat bran and coffee husks. However, the best overall in efficiency and selectivity is chitosan and chitosan composites. Bone char offer natural adsorption without modification but the cost of production limits its availability.
The drawbacks of food waste-based adsorbents include low selectivity relative to activated carbons, high cost of chemical treatment or modification requirements to enhance their porosity structures, surface areas and affinities for heavy metal ions, regeneration and reusability and low relative efficiency in multicomponent systems. Further, the disposal of the used adsorbents can lead to serious environmental pollution if not inappropriately managed that might over surpass the use of food waste adsorbents as ecofriendly. Finally, there is also other possibility that if food adsorbent materials contain pathogens and hazardous chemical substance can raise safety concerns when used in water treatment but thermal treatment of food waste materials is a promising pathway for eliminating pathogens in the preparation of food waste-based adsorbents. Life-cycle assessment (LCA) studies are required for a comprehensive understanding on the potential of food wastes as adsorbents for heavy metal removal from water.
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