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Abstract

:

Industrial human activity has led to the release of substantial amounts of heavy metals into the environment. Contamination of water with heavy metals such as lead, cadmium, copper, zinc, chromium, or nickel represents a serious problem. As part of the circular economy, it is appropriate to use biowaste from agriculture, fisheries, and the timber industry as biosorbents. In this literature review, the potential of using these biowaste groups as biosorbents for metal removal is presented. This biowaste is characterized by the presence of carboxyl, hydroxyl, carbonyl, amide, amine, sulfydryl, and other groups on their surface, which form complexes and chelates with metals present in water. Biosorption seems to be a potential alternative to conventional technologies for removing or recovering heavy metals from water or wastewater, which are uneconomical and generate additional waste. The paper demonstrates that harnessing the potential of biowaste to remove metals is beneficial to the environment as they can solve the problem of incineration and realise recycling that meets the circular economy. Although the choice of a suitable biosorbent for the removal of a particular metal involves a lot of research, the high biosorption efficiency, low cost, and renewability justify their use.
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1. Introduction


In recent years, the circular economy model is a kind of solution to the problems of environmental degradation and economic development because it emphasizes the care for the environment by influencing what we produce, how we work, buy, or live. The circular economy (CE) offers a promising approach to solving environmental problems related to biowaste, with a CE strategy combining the hierarchy of waste management and bioeconomy. The bioeconomy focuses on the conversion of renewable carbon reserves from forest biomass, agricultural biomass, and organic waste into various products and biomaterials. The use of waste in bioprocesses for biosorbent production meets the assumptions of sustainable circular bioeconomy.



The circular economy (CE) concept aims to bring the best possible balance between rapid economic growth and scarcity of raw materials and energy [1]. There are three simple principles of CE: reduce, reuse, and recycle [2,3,4].



Circular economy (CE) offers the concept of cascade biomass use in systemic economic development. The CE model makes it possible to utilize the potential inherent in bioproducts that, after one life cycle as biowaste, can be reused in the same form or after processing in a new cycle [5]. It is known that waste is a potential resource and therefore it needs to be used effectively. This can be done by managing waste as a biosorbent for water treatment or recovering, for example, metals following the principles of circular economy (Figure 1) [2,5,6]. Today, industrial production focuses on the overall improvement of processes, rarely taking into account sustainability aspects. It is therefore important to show the possibilities of using biowaste and not only treating it in biological disposal processes. Efficient use and treatment of biowaste will be important for the development of the circular economy. Due to its sorption potential, biowaste can be a potential source of biosorbents. Therefore, biowaste can be used as a product to achieve zero waste production.



Bioprocesses using waste materials of different types, such as waste from agricultural production [7,8,9], food industry [10,11], paper, wood processing [12,13], or fisheries [14,15,16] are of increasing interest due to sustainability initiatives. Biosorbents are produced using biomaterials in their natural form or with improved pollutant removal properties. Their ability to remove various pollutants from water is due not only to the typical characteristics of adsorbents such as specific surface area or porosity but mainly to their high content of polysaccharides (cellulose, hemicellulose, lignin, pectin, chitin), which contain numerous functional groups capable of binding various compounds [17,18,19,20,21]. Biosorption can be an effective and inexpensive process for water and wastewater treatment, especially when cheap and locally available waste biomass from agriculture or other industrial sectors are used as sorbents.



Metal sorption involves several mechanisms that vary qualitatively and quantitatively depending on the type, origin, and biowaste treatment procedure. Among the main mechanisms, electrostatic interaction, ion exchange, physical adsorption, and complex formation between metal cations and ligands contained in the cell wall of the biopolymer structure can be highlighted [22]. The possible mechanisms of biosorption are shown in Figure 2 [23,24,25]. The capacity of biowaste to bind metals is largely due to the presence of functional groups such as hydroxyl, carboxyl, carbonyl, and ether groups, which can attract and sequester heavy metal ions in aqueous solutions [26]. They are related to surface charge, which affects electrostatic interactions [22]. The ion exchange characteristics of most biological materials, including agroindustrial, wood, and other types of waste have been studied extensively [27,28,29,30].



Biosorption of metal ions is strongly dependent on pH and is considered an important parameter because pH affects the capability of ionization of heavy metals and the adsorbent surface. It also affects the formation of metal hydroxide, which is poorly soluble in solution [31]. For example, the range of optimum pH for metal removal for lignocellulosic biosorbents such as sugarcane bagasse, corn cobs, sawdust, or fruit waste is between pH 4 and 7 [26]. Taking into account the surface area, pore accessibility, and intraparticle diffusion, the size of the biosorbent particle also plays an important role. It is often observed that biosorbents with smaller particle sizes exhibit greater sorption capacity due to their larger specific surface area, which increases the availability of binding sites for adsorbates [32,33].



Metals make up a significant portion of the pollutants contained in wastewater from various industries. Heavy metal ions pose an environmental threat due to their cumulative, toxic, and non-biodegradable characteristics. With a certain concentration threshold, heavy metals are harmful to humans, causing damage to the gastrointestinal, cardiovascular, and renal systems, as well as peripheral and central nervous systems [34]. The toxicity of heavy metals results from their ability to form compounds with cellular components containing sulfur, oxygen, or nitrogen, causing inhibition of enzymes or modification of protein structures and leading to cellular dysfunction in the body [34]. Among aquatic pollutants, mercury, cadmium, copper, zinc, nickel, lead, chromium, aluminum, and cobalt are considered a priority for removal due to their toxicity [35]. It is possible to effectively remove metals from wastewater and leachate by sorption to very low concentrations in water, using cheap and readily available biowaste [36,37].



The present review aims to highlight the use of biowaste as biosorbents for metal removal, which fits into the concept of circular economy and promoting an ecological approach to processes. Three groups of biowaste were presented: from agriculture and food production, from forestry and wood industry, and from fisheries. The main compounds present in the biowaste analyzed and responsible for the biosorption of metals on their surface were described. Biowaste was compared in terms of its sorption capacity to remove cadmium, lead, copper, zinc, nickel, chromium, iron and arsenic, among others. In addition, attention was paid to desorption processes in order to reuse the biosorbent. Prospects for biosorbent applications are presented.




2. Biowaste


2.1. Preparation of Biowaste


In recent years, there has been an increased interest in research into the production of alternative sorbents to replace expensive commercial activated carbon. Attention has focused on different biowaste that are able to remove harmful substances from polluted water at low cost. An adsorbent can be considered cheap if it requires little processing, is present in large quantities or is a by-product or waste from another industry.



Biosorption using biowaste can be an efficient and beneficial method of water treatment due to its sorption capacity, but biowaste needs to be properly prepared. Biowaste is first washed to remove adhering dust and soluble contaminants from its surface, then dried at different temperatures depending on the technology [38,39,40]. Then the biowaste is ground which improves the sorption on its surface. However, the efficiency of sorption on biosorbents often needs to be modified if the natural surface area was too small and inefficient for sorption [41]. Chemical modification methods are commonly used, where the biowaste is: acid (HCl, HNO3, H2SO4, CH3COOH) or base (NaOH, Na2CO3, Ca(OH)2), treatment, cross-linking with glutaraldehyde or epichlorohydrin [42,43,44,45]. Studies report that N-functional groups on the biosorbent surface promote the adsorption of heavy metal ions from aqueous solutions through a chelation mechanism [46,47].



Biowaste used for metal removal should be available locally and in large quantities and attention should be paid to its transport, collection, and storage.




2.2. Agricultural Biowaste


Part of the biowaste from agricultural production and food industry is one of the better and widely available sources for the production of sorption materials. This waste is often problematic during disposal or recycling and has little or no economic value. Due to its biochemical composition, biowaste is environmentally friendly, inexpensive, and renewable. The biochemical composition of agrifood waste includes, among others, cellulose, hemicellulose, lignin, lipids, simple sugars, proteins, hydrocarbons, and starch. These compounds contain various functional groups that are capable of binding and removing harmful substances from water and wastewater. Therefore, conversion of this waste into low-cost biosorbents is a good option in terms of the circular economy. This waste can be used directly after recycling, with the preparation of particles of the desired size or after modification using specific methods of pretreatment of the material before use. Many studies have been conducted to test agro-industrial waste as biosorbents for the removal of metals from aqueous solutions. The most commonly studied biosorbents include those made from fruit stones and peels, vegetable waste, nut, and almond shells, coconut pulp, sugar cane bagasse, cereal straw, rice hulls, or corn waste [7,48,49].



Studies have shown that adsorption of pollutants on biosorbents made from agricultural and food waste can be effective, although it depends on the process conditions and the dose and particle size of the biosorbent, the number of reactive sites on the biosorbent surface, or the concentration of the substance to be removed [50]. Table 1 shows examples of biosorbents and their ability to adsorb various metals. One of the types of agricultural waste is rice hulls produced during rice production. About 500 million tons of rice are produced worldwide, of which rice hulls account for 10 to 20%. Dry rice hulls contain 70 to 85% organic matter, where the main components are cellulose (32.24%), hemicellulose (21.34%), and lignin (21.44%). About 15% is mineral ash, sugars, and silica present in the cell membrane. Due to their chemical constancy, rice hulls have high mechanical strength and are insoluble in water, making them one of the best adsorbents for the removal of heavy metals (Cd, Pb, Zn, Cu, Co, Ni, and Au) [51]. The removal efficiency of up to 100% for metals such as iron, manganese, zinc, copper, cadmium, and lead has been reported in small wastewater treatment plants where rice hulls were used as biosorbents [52].



Wheat processing produces a lot of biowaste and by-products such as straw, wheat bran, wheat hulls, etc., which have been studied for sorption. Bulut and Baysal investigated the adsorption of Pb(II) ions from aqueous solutions on wheat bran as a function of initial metal concentration, adsorbent dose, adsorbent particle size, mixing rate, temperature, contact time, and solution pH. Adsorptions were described by the Langmuir isotherm model with maximum sorption capacities of 69.0, 80.7, and 87.0 mg/g at 20, 40, and 60 °C, respectively. Adsorption was studied at pH 1.85–7.01 and initial Pb(II) concentrations ranging from 0 to 1000 mg/L. The lowest Pb(II) removal was observed at pH 2.0, while an increase in Pb(II) adsorption on wheat bran was observed for pH ranging from 4 to 7 [60].



The sugar industry produces biowaste where cane pulp remains after sugar juice extraction. The compounds present in it are cellulose, pentosans, and lignin. Sugarcane bagasse was tested for the removal of Cd(II), Ni(II), Pb(II), and Cu(II) from aqueous solution, and yielded adsorption capacities of 23, 12, 28, and 16 mg/L, respectively. The biosorbent properties were characterized by scanning electron microscopy (SEM), zeta potential analyzer, Fourier transform infrared spectroscopy (FTIR), elemental analyzer, and cation exchange capacity (CEC) method. The results showed that the biosorbent has many carboxyl (-COOH) and hydroxyl (-OH) groups, which make it possible to form complexes with heavy metals. Furthermore, the negative surface charge of the biosorbent can adsorb metal ions through ion exchange. Adsorption isotherms indicated ion exchange and complexation reactions as mechanisms for adsorption of metal ions on sugarcane bagasse [54].



A large amount of fruit waste is generated during agricultural and food production, mainly fruit residues such as peels, seeds, stones, and hulls. Using watermelon (Citrullus lanatus) as an example, the fruit has the highest yield (117 million tons/year) of fruits in the world [73], with almost 50% of its weight remaining as waste in the form of rind. Mango (Mangifera indica) is one of the most valued tropical fruits sold in the world. With its global production of about 40 million tons/year [73], it generates biowaste in the form of seeds (30–45% of the fruit weight) and rind. The potential of waste mango rind as an adsorbent material for the removal of Cu(II), Ni(II), and Zn(II) from wastewater of the electroplating industry was investigated by Iqbal et al. [61]. The process was pH-dependent, with maximum adsorption occurring at pH 5–6. The adsorption of metal ions was investigated, and the adsorption equilibrium was established within 60 min with maximum metal ion adsorption of 46.09, 39.75, and 28.21 mg/g for Cu(II), Ni(II), and Zn(II), respectively. The experimental adsorption data of all three metals fitted well to the Langmuir isotherm model with a correlation coefficient of 0.99. The release of light metal cations (Na+, K+, Ca2+, Mg2+) and H+ protons from waste mango rinds during Cu2+, Ni2+ and Zn2+ capture and EDX (Energy Dispersive X-ray Spectrometry) analysis of the biowaste before and after the sorption process showed that ion exchange was the main mechanism in the process. Furthermore, FTIR analysis showed that carboxyl and hydroxyl functional groups were mainly involved in metal sorption. The study confirmed that mango rinds are effective in adsorbing metal ions from wastewater from the electroplating industry, as they removed all three metal ions to acceptable levels set by environmental agencies.



Several studies have been conducted on modified biowaste, including agave pom-ace, which is a byproduct of the alcohol industry [8]. Agave pomace was modified with sodium hydroxide and hydrochloric and nitric acids, among others. Carboxyl, hydroxyl, sulfur, and nitrogen groups were identified in the pomace. Sorption of Zn(II), Cd(II), and Pb(II) ions from water at pH 5 was carried out on the prepared biosorbents. Adsorption capacities of 7.84, 13.27, and 35.60 mg/g for zinc, cadmium, and lead, respectively, were obtained on raw agave pomace. The best results of metal ion adsorption were obtained for agave pomace modified with sodium hydroxide.




2.3. Wood Biowaste


Biowaste from the forestry and wood industries is a potential adsorbent that can be used to remove pollutants from water and wastewater. Table 2 summarizes the potential biowaste from this industry used for heavy metal removal. This waste is available in large quantities and has considerable potential due to its physical and chemical properties and low cost. One type of biowaste is sawdust which contains various organic compounds such as lignin, cellulose, and hemicellulose. With their functional groups, this biowaste can effectively bind harmful compounds. In the studies [12,74,75], sawdust proved to be a promising effective material for removing harmful compounds from aqueous solutions. Albadarin et al. conducted a study of Cd(II) sorption on sawdust. Based on the Langmuir model, they obtained a sorption capacity of 41.21 mg/g. At different initial cadmium concentrations, biosorption exhibited pseudo-second-order kinetics [75].



Another wood waste used in the metal sorption process is bark [76], showing high efficiency due to its high content of tannins, derivatives of polyphenols, which are active compounds in the sorption process. Afroze et al. studied zinc adsorption from aqueous solutions using eucalyptus (Eucalyptus sheathiana) bark in its natural and modified (NaOH) state [77]. A strong pH dependence of sorption was observed, the adsorption capacity of Zn2+ increased with increasing pH of the solution ranging from 2.5 to 5.1. It was also found that adsorption depended on contact time, initial metal ion concentration, and biosorbent dose. Metal adsorption was analyzed using an intramolecular diffusion kinetic model. The measurements showed that the process occurred at multiple stages and was diffusion-controlled, while the thermodynamic parameters confirmed that the adsorption was spontaneous and exothermic. The maximum monolayer adsorption capacity was obtained at 30 °C and at optimum pH 5.1, which was 128.21 mg/g and 250.0 mg/g for natural and modified bark, respectively. Therefore, both natural and chemically modified eucalyptus bark can be effective alternatives to many expensive adsorbents used in the removal of zinc ions from aqueous solutions.



Forest residues such as pine cones and needles have also been used as biosorbents [75,80,81]. The sorption potential of cones was represented by cell walls composed of hemicellulose (46.5%), cellulose (18.8%), lignin (37.4%), and other compounds (resin, tannins) that contain polar functional groups, e.g., hydroxyl, carbonyl, carboxyl, and phenyl as active sites for binding contaminants on the biomass surface [82]. The sorption capacity of pine cones as biosorbents for the removal of cationic metals Pb(II) and Cd(II) was examined. Better results were obtained for lead, and they were 3.5 times higher than cadmium [75].



Pine needles were investigated for the removal of heavy metal ions using cadmium and lead as examples. Sorption was described by pseudo-second-order equation and Langmuir model. The maximum sorption capacities for Cd(II) and Pb(II) were 6.65 and 25.86 mg/g, respectively [75]. FTIR studies showed that the carboxyl groups located on the biosorbent surface were the most involved in metal biosorption.



Richards et al. examined wood chips as adsorbents for removing copper (Cu2+) and zinc (Zn2+) from aqueous solutions. They obtained a removal rate of 49% for copper ions at an initial metal concentration of 0.157 mM/L and pH 4.9. A slightly higher removal rate was obtained for zinc ions (57%) at an initial metal concentration of 0.015 mM/L and pH 4.1. It was found that the main active sites on wood biomass were deprotonated functional groups such as hydroxyl, carboxyl, and amine groups, capable of capturing metal ions from water [13].



Research on eucalyptus bark can be presented as an example of improving the sorption capacity of a biosorbent [77]. The adsorption efficiency of raw eucalyptus bark was enhanced by activation with NaOH. The study showed that sorption depends on the metal ion concentration, contact time, biosorbent dose, and the initial solution pH and temperature. After NaOH modification of eucalyptus bark, the adsorption capacity was twice higher than on raw eucalyptus bark. The authors concluded that crude and modified eucalyptus bark can be an effective biosorbent for the removal of Zn2+ metal ions from wastewater, and therefore can be an alternative to many expensive adsorbents.




2.4. Biowaste from Fisheries


Seafood processing produces large amounts of by-products that can be used as biosorbents due to the chitin content in shells and exoskeletons of mollusks and crustaceans, and cellulose in algae (Table 3). As a cellulose-like polymer, chitin has many functional groups that increase the binding efficiency of many chemicals and maximize the chemical charge [83].



The main chitin derivative is chitosan, which has highly desirable properties such as biodegradability, biocompatibility, membrane-forming ability, bioadhesion, multifunctionality, hydrophilicity, and good adsorption properties. Most of these features may be due to its cationic nature, which is unique among numerous polysaccharides and natural polymers [77]. It has long been of great interest to researchers due to its relatively low cost compared to commercial activated carbon, easy availability, good pollutant binding capacity, selectivity, and biodegradability [96]. Since chitosan exhibits a high capacity of metal chelation of up to six times more compared to chitin due to the exposed numerous amino groups formed during the deacetylation process, it has great potential for commercial applications [86,87,88,97,98,99]. Furthermore, it is capable of forming hydrogen bonds and interactions such as ion exchange and electrostatic attraction due to the presence of many free hydroxyl groups in its molecular structure and protonating of NH2 groups. The high chemical reactivity may also be related to the flexible structure of the biopolymer chain [86].



In their study, Kaveeshwar et al. used porous chitosan as a biosorbent for iron(II) removal from synthetic fracking of wastewater [94]. The post-fracking water contained iron(II) up to 55 mg/L, which represented a major concern. The chitosan used in this study had a specific surface area of 1.05 m2/g with an average pore diameter of 319 Å. Kinetic studies showed that the adsorption process was controlled by intramolecular diffusion. Good fitting results for Langmuir isotherm were obtained, the adsorption capacity of iron on porous chitosan was 51.81 mg/g. Furthermore, thermodynamic studies showed the spontaneous and endothermic nature of the process where entropy was the driving force.



Crab shell is one of the most widely used natural products used as a biosorbent to treat water contaminated with metals [40,88,93,95]. It consists mainly of chitin (26.65%), calcium carbonate and protein (29.19%), ash (40.60%), and lipids (1.35%). In their study, Aris et al. used crab shells for biosorption of copper(II) and cobalt(II) [100]. Based on the results, they concluded that crab shells are very good materials with high heavy metal removal efficiency. A 94.7% removal of copper (for a starting concentration of Cu 5 mg/L) and 85.1% of cadmium (for a starting concentration of Cd 1 mg/L) were obtained, respectively. The experiments were carried out at constant pH 6 and temperature maintained at 25 °C.



One of the very good biosorbents is algae, due to their high sorption capacity and their abundance [87,101,102,103]. Algae can be divided into several subgroups according to evolutionary pathways into brown algae (Phaeophyta), red algae (Rhodophyta), and green algae (Chlorophyta) along with mosses, ferns, and several other plants. The main differences between them are in the composition of the cell wall. In the case of brown algae, the components usually include cellulose, alginic acid, polymers of mannuronic and guluronic acids, and sulfated polysaccharides [104]. Alginates and fucoidans (sulfated polysaccharides) are probably the most dominant active groups in brown algae [105]. The cell wall of green algae consists mainly of cellulose and a high content of polysaccharide-linked proteins, forming glycoproteins [106]. Cellulose is also present in the cell wall of red algae, and the adsorption capacity is attributed to the presence of sulfated polysaccharides composed of galactans.



Most studies have been conducted on brown algae mainly for the removal of heavy metals [107,108,109]. More and more research has been conducted on biosorption using green and red algae [15,85,110]. A study was conducted on four species of the red seaweeds Corallina mediterranea, Galaxaura oblongata, Jania rubens, and Pterocladia capillacea for the removal of Co(II), Cd(II), Cr(III), and Pb(II) ions from industrial wastewater under two successive adsorption/desorption cycles [85]. Maximum biosorption of metal ions was achieved at a biosorbent dose of 10 g/L, pH 5, and contact time of 1 h. Among the listed seaweeds, Galaxaura oblongata was found to be the most effective in metal removal with an average biosorption of 84%. Studies have shown that algae are potential materials for removing contaminants from aqueous solutions.



Among the studied biomaterials, chitin and its derivative, chitosan, have been used in water purification processes due to their high content of amine and hydroxyl functional groups, which can effectively bind various types of pollutants. Algae, characterized by high sorption capacity towards heavy metals, turned out to be an equally valuable sorption material.




2.5. Desorption of Biosorbent


Desorption and regeneration of used biosorbents is the basis for determining the economic viability of the process of sorption of pollutants from water. Biosorbents loaded with metal ions can be regenerated by desorption. The metal ions retained on the sorbent can be released in aqueous solution so that the sorbent can be reused in subsequent biosorption cycles [111].



There are several methods for desorption of metals from sorbent surfaces, one of which uses inorganic acids such as: HCl, HNO3, and H2SO4, which recover bound metals via proton exchange [9,112]. However, they can damage the surface of the biosorbent to some extent, causing a reduction in its biosorption capacity. In contrast, organic acids CH3COOH and C6H8O7 are usually compatible and environmentally friendly alternative desorbents as they do not damage their surface structure [113]. The second desorption method uses salts such as CaCl2, Ca(NO3)2, NaCl, and NaHCO3, which provide competing cations for ion exchange with adsorbates. In contrast, anions present in salt solutions: HCO3−, CO32−, Cl-, and SO42−, can destabilize the biosorbent-metal complex and capture bound metal ions to form complexes with them [114,115]. A complexing agent such as EDTA can also be used for the desorption process, which forms a stable complex with heavy metal ions, being a competitor to the sorbent [116,117]. It is important to use a suitable desorbent, which, on the one hand, will be efficient and on the other hand, will not damage the surface of the biosorbent which will allow its reuse.




2.6. Application of Biosorbents and Perspectives


In recent years, the concept of circular economy and its three principles are considered: reduce, reuse and recycle, taking into account economics, energy, and natural resource conservation, resulting in minimization of industrial waste and its impact on health and the environment. The use of biowaste as biosorbents for heavy metal removal and recovery fulfills the CE concepts. More research is needed for the use of non-conventional sorbents on an industrial scale, however, some examples of practical applications of biosorbents are presented below.



Research was carried out on wastewater from a galvanizing process, which contained metals such as Cu, Ni, Zn, and Fe. The choice of biosorbent was guided by availability; cones of coniferous trees were chosen which had good sorption capacity. The biosorbent was pre-treated mechanically and then chemically modified with sodium hydroxide. A significant reduction in pollutants was achieved. After one day of contact between wastewater and biosorbent, the concentrations of Cu, Ni, Zn, and Fe decreased from 2252, 4056, 4020, and 1853 mg/L to 13, 24, 18, and 28 mg/L, respectively. Based on the research, the cones of coniferous trees’ mixture were found to be suitable for treatment with a total of 10,000 L of galvanic process wastewater [116]. In the study of Aimal et al. peels of different fruits such as orange, watermelon, mango etc., were used as biosorbent for metal removal. For the removal of nickel from galvanic wastewater, suitably prepared orange peel was used as biosorbent. A column method was used for the sorption process, obtaining a nickel removal rate of 89%. The used biosorbent can be reused after regeneration [118]. Moreover, for the removal of chromium (VI) from tannery wastewater, column tests were carried out using neem sawdust. A maximum adsorption capacity of 58.82 mg/g was obtained during sorption. It was shown that for the treatment of 1.5 L of the studied wastewater, 20 g of biosorbent is enough to achieve 99% of treatment efficiency [119].



Different researchers [113,120] have indicated that it would be useful to determine the effect of varying process conditions in relation to the removal of heavy metals from water and to assess the suitability of the proposed biowaste as a biosorbent on a pilot scale.



Many researches carried out on biowaste from agriculture and food production, from forestry and wood industry, and from fisheries for production of biosorbents, show wide perspectives for their use in the sorption process. The use of such produced biosorbents should be part of the implementation of sustainability initiatives at both local and national levels. The following factors taken into account are local differences in climate, environment, agricultural economy and energy sources, and the biowaste produced is different and produced in different quantities, which is, in perspective, an important condition and a possibility of its use.





3. Conclusions


The use of biowaste from the wood processing industry, agricultural production, and fisheries to remove harmful substances from aqueous solutions has many advantages, such as the unique adsorption capacity for a wide range of pollutants, the possibility of managing a variety of biowaste whose landfilling is a major problem, and the fact that these materials are cheap, readily available, non-toxic, and biodegradable. The use of biowaste fits well with the concept of the circular economy through its positive impact on environmental issues related to industrial wastewater treatment and solid waste recycling.



Examinations of plant- and animal-based sorbents from various biowaste in both natural and pre-treated forms were presented. It can be concluded from the findings that agricultural waste shows high adsorption of lead and chromium ions. In the agricultural biowaste analyzed in the present study, differences in the sorption of the metals studied can be observed. On the other hand, biowaste from the wood processing industry showed higher removal efficiency for zinc and lead. However, it should be noted that the fisheries’ waste showed the highest efficiency of removal of various heavy metals. It was shown that the adsorption properties of a given biosorbent were significantly improved after appropriate surface pre-treatment.



The application of biosorbents for water treatment should take into account their efficiency, specific sorption properties, and their environmental impact. Analyses of their commercial applications should also take into account the availability of biowaste data close to the place of use. To this end, it seems helpful to assess the opportunities and constraints of using biowaste as a biosorbent using life cycle analysis (LCA) to assess its environmental impact at all stages of the production chain. It will also enable the comparison of these types of biosorbents with commercial sorbents at the stages of their production, use, and disposal.



Further research into the use of biowaste as biosorbents for metal removal will contribute to the further development of biosorption technologies in line with the principles of circular economy and the sustainability initiatives. However, important issues related to the sorption capacities of biosorbents, desorption and recovery of metals, and regeneration and recycling of biosorbents need to be resolved.
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Figure 1. Concept of managing biowaste towards a circular economy, based on materials. 
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Figure 2. Possible mechanisms of metal biosorption. 
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Table 1. Biowaste from agricultural production and the food industry used to remove heavy metals from water.
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Metals

	
Biowaste

	
Sorption Capacity (mg/g)

	
References






	
Cd(II)

	
Agave bagasse

	
13.27

	
[8]




	
Rice straw

	
13.90

	
[53]




	
Citrus maxima peel

	
135.2

	
[54]




	
Passion fruit shell

	
86.75

	
[54]




	
Sugarcane bagasse

	
23.23

	
[54]




	
Cabbage waste

	
22.12

	
[10]




	
Agave bagasse (HCl)

	
12.50

	
[8]




	
Agave bagasse (HNO3)

	
13.50

	
[8]




	
Agave bagasse (NaOH)

	
18.32

	
[8]




	
Pb(II)

	
Agave bagasse

	
35.60

	
[8]




	
Lentil husk

	
81.43

	
[55]




	
Barley straws

	
23.20

	
[56]




	
Citrus maxima peel

	
154.50

	
[54]




	
Passion fruit shell

	
109.92

	
[54]




	
Sugarcane bagasse

	
28.27

	
[4]




	
Mango seed Mangifera indica

	
183.00

	
[57]




	
Maize silk

	
70.80

	
[58]




	
Peach kernels

	
25.14

	
[58]




	
Sunflower husks

	
36.90

	
[59]




	
Cabbage waste

	
61.27

	
[10]




	
Wheat bran

	
87.00

	
[60]




	
Agave bagasse (HCl)

	
42.31

	
[8]




	
Agave bagasse (HNO3)

	
54.29

	
[8]




	
Agave bagasse (NaOH)

	
50.12

	
[8]




	
Cu(II)

	
Citrus maxima peel

	
83.7

	
[54]




	
Passion fruit shell

	
30.09

	
[54]




	
Sugarcane bagasse

	
16.09

	
[54]




	
Mango peel

	
46.09

	
[61]




	
Sunflower husks

	
34.89

	
[62]




	
Beet pulp

	
31.4

	
[63]




	
Gooseberry waste

	
24.0

	
[64]




	
Zn(II)

	
Agave bagasse

	
7.84

	
[8]




	
Mango peel

	
28.21

	
[61]




	
Cabbage waste

	
12.24

	
[10]




	
Agave bagasse (HCl)

	
12.40

	
[8]




	
Agave bagasse (HNO3)

	
14.43

	
[8]




	
Agave bagasse (NaOH)

	
20.54

	
[8]




	
Ni(II)

	
Citrus maxima peel

	
70.79

	
[54]




	
Passion fruit shell

	
20.64

	
[54]




	
Sugarcane bagasse

	
12.04

	
[54]




	
Mango peels

	
39.75

	
[61]




	
Calamansi peels

	
11.00

	
[65]




	
Cr(VI)

	
Walnut shells

	
138.89

	
[66]




	
Bean waste

	
21.20

	
[67]




	
Bean shells

	
96.05

	
[11]




	
Waste from tea manufacture

	
54.65

	
[68]




	
Rice husk

	
379.63

	
[69]




	
Passion fruit peel amino-riched

	
675.65

	
[70]




	
Cr(III)

	
Carrot residues

	
45.09

	
[71]




	
Watermelon rinds

	
172.6

	
[30]




	
Fe(III)

	
Bean shells

	
66.63

	
[11]




	
As(V)

	
Orange peels

	
36.81

	
[72]
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Table 2. Biowaste from the wood processing industry used to remove heavy metals from water.
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Metals

	
Biowaste

	
Sorption Capacity (mg/g)

	
References






	
Cd(II)

	
Sawdust

	
41.21

	
[12]




	
Chestnut shells

	
34.77

	
[75]




	
Pine cones

	
4.29

	
[75]




	
Pb(II)

	
Pine cones

	
15.17

	
[75]




	
Chestnut shells

	
74.35

	
[75]




	
Pine needles

	
25.86

	
[75]




	
Cu(II)

	
Willow bark

	
0.173

	
[76]




	
Wood chips

	
2.90

	
[13]




	
Zn(II)

	
Eucalyptus bark

	
128.21

	
[77]




	
Eucalyptus bark (NaOH)

	
250.0

	
[77]




	
Wood chips

	
3.0

	
[13]




	
Cr(VI)

	
Bark of Ziziphus mauritiana

	
18.8

	
[78]




	
Neem sawdust

	
58.82

	
[79]
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Table 3. Biowaste from fisheries used to remove heavy metals from water.
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Metals

	
Biowaste

	
Sorption Capacity (mg/g)

	
References






	
Cd(II)

	
Green algae Ulva onoi

	
61.90

	
[84]




	
Green algae Ulva lactuca

	
127.00

	
[15]




	
Red algae G. oblongata

	
85.50

	
[85]




	
Chitosan

	
85.47

	
[86]




	
Chitosan (NaOH)

	
357.14

	
[86]




	
Pb(II)

	
Chitosan

	
34.98

	
[14]




	
Myriophyllum spicatum

	
48.50

	
[58]




	
Green algae Ulva lactuca

	
230.00

	
[15]




	
Red algae P. capillacea

	
34.10

	
[85]




	
Red algae C. mediterranea

	
64.30

	
[85]




	
Cu(II)

	
Green algae Ulva lactuca

	
112.00

	
[15]




	
Green algae Ulothrix zonata

	
176.20

	
[87]




	
Brown algae Turbinaria ornate

	
147.06

	
[87]




	
Macroalgae Fucus vesiculosus

	
72.37

	
[13]




	
Zn(II)

	
Crab shells Portunus sanguinolentus

	
123.70

	
[88]




	
Green algae Ulva fasciata sp.

	
13.5

	
[89]




	
Brown algae Bifurcaria bifurcate

	
30.30

	
[9]




	
Brown algae Fucus spiralis

	
34.30

	
[90]




	
Macroalgae Fucus vesiculosus

	
52.40

	
[13]




	
Ni(II)

	
Green algae Ulva lactuca

	
67.00

	
[15]




	
Cr(III)

	
Red algae Polysiphonia nigrescens

	
16.11

	
[91]




	
Palmaria palmata

	
29.63

	
[92]




	
Red algae C. mediterranea

	
70.30

	
[85]




	
Red algae G. oblongata

	
105.20

	
[85]




	
Fe(II)

	
Chitosan

	
51.81

	
[93]




	
Mn(II)

	
Crab shells Portunus sanguinolentus

	
69.90

	
[88]




	
Seagrass Zostera marina

	
58.43

	
[94]




	
Ce(III)

	
Crab shells

	
144.90

	
[95]




	
Co(II)

	
Red algae P. capillacea

	
52.60

	
[85]
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