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Abstract

:

Environmental pollution by arsenic (As) and hexavalent chromium (Cr(VI)) has been one of the most serious environmental problems in recent years around the world. Their presence in water is a result of both natural and anthropogenic activities, and poses serious risks to human health due to their high toxicity. Adsorption is a leading method used to remove arsenic and chromium, with biochar, a carbonaceous pyrolytic product made from various types of biomass, under low oxygen conditions, being one of the most common adsorbents due to its high surface area. Although biochar’s ability to immobilize and remove As and Cr(VI) is high, in order to increase the adsorption capacity and nutrient release potential of rice husk biochar, it is essential to select an appropriate pyrolysis and biochar modification technique. Physical or biological activation, steam/gas activation, UV irradiation, magnetization, alkali/acid treatment, and nano-modification are the main modification methods that will be discussed in this review. These modifications have led to multi-fold enhancement in adsorption/reduction capacity of As and Cr(VI), compared with plain biochar. This review provides a recent literature overview of the different biochar modification methods, as well as the factors that influence their capacity to successfully remove As and Cr(VI), along with regeneration potentials.
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1. Introduction


Worldwide, millions of people have no access to safe drinking water and are exposed to water contaminated with arsenic and chromium, mostly in Southeast Asia and in Europe [1,2,3], while in many cases, arsenic and chromate have been found to occur simultaneously in water or wastewater sources [4,5].



Arsenic (As) is found in almost all environmental matrices, and is one of the most critical natural contaminants of global concern due to its highly toxic effects on different life forms, including humans. Arsenic ranks 20th in the earth’s crust, 14th in seawater, and 12th in the human body in terms of abundance [6]. Additionally, it ranks number one in the USA.’s Agency for Toxic Substances and Disease Registry’s Priority List of Hazardous Substances [7]. Arsenic usually originates in groundwater and is one of the foremost contaminants. Less than half the world has a likelihood of less than 20% of encountering groundwater with less than 10 µg/L of arsenic (Figure 1) [8], which is the limit in drinking water set by the Drinking Water Directive 98/83/EC [9].



Arsenic appears to be thermodynamically stable in the chemical form of arsenate ion in water. At medium or high redox potentials, arsenic can be stabilized as pentavalent (arsenate) oxyanion, H3AsO4, H2AsO4−, HAsO4−2 and AsO4−3, while under reducing conditions and lower redox potential, the trivalent arsenite species (H3AsO3) are more prominent. Figure 2 shows the different species of arsenic under different redox and pH conditions [10].



Another major contamination problem is the presence of Cr(VI) in groundwaters worldwide. Chromium (Cr) can originate from both natural and anthropogenic sources, such as volcanic eruptions, emissions from fossil fuel combustion and tannery wastewater discharge. Its toxicity varies according to its oxidation state, which is controlled by the physicochemical properties of the soil. It can be harmful or beneficial to living organisms depending on its oxidation state, which can vary from −2 to +6. The most common and stable forms of chromium in the environment are the trivalent (Cr(III)) (Cr(OH)3) and hexavalent (Cr(VI)) (i.e., CrO42− or Cr2O72−). Chromium(III) is commonly encountered as insoluble chelates or precipitates. Chromium (VI) is one of the most well-known carcinogenic elements, and can have catastrophic effects on the blood system, liver, kidney, and the gastrointestinal and immune systems [11]. The reduction of Cr(VI) to the less toxic Cr(III) is important for the remediation of soils and waters contaminated with Cr(VI) [12]. The United States Environmental Protection Agency (EPA) has a drinking water standard of 100 μg/L for total chromium [13], and the respective World Health Organization’s (WHO) permissible limit is 50 μg/L [14]. The European Commission decided to reduce their allowable value by 50% of WHO’s limit, i.e., to 25 μg/L, and the new limit will have to be complied with by 2036.



Worldwide, a large amount of research on arsenic removal technologies has been carried out to increase arsenic uptake from natural waters. Adsorption is one of the most popular methodologies to remove arsenic and associated heavy metals from water and wastewater. Adsorption is efficient and economically feasible in comparison with other arsenic removal technologies such as ion exchange, phytoremediation, chemical precipitation, electrocoagulation and membrane technology, and has >95% quantitative efficiencies reported for arsenite and arsenate remediation [15]. A large number of adsorbents have been successfully applied for arsenic remediation including natural and modified clays, minerals, and other geological materials such as zeolite [16], silica [17], goethite [18], calcite [19], activated carbons [20,21], biosorbents [22], biochars [23], and synthetic adsorbents such as hierarchically porous CeO2–ZrO2, nanospheres, molecularly imprinted polymers, and the Fe(III)-H2O2 system [24,25,26,27,28].



In addition, a wide range of technologies has emerged for the treatment of Cr-contaminated environments (Table 1). The approaches to remediate Cr may be on-site or off-site, in situ or ex situ, for example, soil encapsulation, immobilization, mobilization, soil washing, electrokinetic, biosorption, and biotransformation. Each method displays specific benefits and disadvantages. Physical remediation technologies are simple and rapid, but incur a high cost due to high energy consumption [29]. Chemical remediation technologies exhibit high removal efficiency, however, they can potentially cause nutrient loss in soil. Biological remediation methods are much greener, but they require time-consuming pre-treatment to be effective [30].



Of the above, using immobilizing agents is the most popular method to stabilize Cr in soil or remove it by adsorption from water [31,32]. Chemical immobilization is an inexpensive and environmentally friendly way to holistically remediate heavy metals, especially in large-scale application [33]. Biochar has emerged as a green and low-cost adsorbent for treating Cr pollution in soil and water [29]. Biochar is a product of thermal decomposition of various types of biomass (rice husk, wood, straw, bamboo, or fruit peel [34] under limited oxygen and a wide range of temperatures (<700 °C)) [35]. It is often used as a soil pollutant adsorbent due to its special physical and chemical properties.
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Table 1. Cr(VI) pollution treatment methods [36].






Table 1. Cr(VI) pollution treatment methods [36].





	
Method

	
Advantages

	
Disadvantages






	
Physico-chemical methods




	
Membrane filtration

	
High removal capacity.

	
Sludge generation.




	
Requires less physical space.

	
High cost.




	
Low generation of solid wastes.

	
Specific range of pH.




	
Good performance at lower pressure and high rejection rate.

	
Membrane fouling.




	

	
Bacteria easily damage the filter.




	

	
Performance depends on the material composition and pore size of the filters.




	

	
Multi-component pollutants lead to low flow rates and bad performance.




	
Coagulation/flocculation

	
Settling of solutions requires less time.

	
Sludge generation, high chemical consumption.




	
Higher capacity for dewatering.

	
High cost because of the need to clean the generated sludge.




	
Low cost.

	




	
Solvent extraction

	
Rapid recovery of metal.

	
Need for specific solvents.




	
Short duration.

	
High cost.




	
Ion exchange

	
Good removal efficiency, achieves high selection.

	
Chromium ions removal is problematic due to multi-components in soil.




	
Less production of sludge and relatively low emissions.

	
Chemical reagents used in regeneration process generate secondary pollutants.




	
Rapid procedures and regeneration options.

	
Solids foul the resin.




	

	
High-cost investment required to remove low concentration metal from wastewater.




	
Chemical precipitation

	
Simple and safe design and operation.

	
Generation of toxic sludge derived from the chemicals used for the precipitation.




	
Low energy consumption, low cost.

	
Massive generation of sludge that exceeds the disposal standards.




	
Adsorption

	
Simple design.

	
Regeneration of adsorbate from the adsorbent.




	
Good performance.

	
Activation and modification of the materials has a high cost.




	
Regeneration and recyclability options.

	
Disposal problems for loaded absorbents.




	
Low sensitivity to high concentration of chromium.

	




	
Effective removal of low concentrations.

	




	
Zero-cost and low-cost precursor.

	




	
Electro-chemical methods




	
Electrocoagulation

	
Simple method capable of treating chromium co-existing with other pollutants.

	
Electrode requirements, unorganized design.




	
Electrode corrosion problems, high cost.




	
Requirement of electricity for large scale application.




	
Electrochemical reduction

	
Low cost, no need for reagents, effective with high capacity.

	
High cost related to the type of electrode and its characteristics.




	
Need for further separation of Cr(III).




	
Electrosorption

	
High specific surface area with mesopores and micropores increasing the removal of chromium ions.

	
The structure of electrical double-layer superimposed within the electrode affects the adsorption performance for chromium.




	
Minimum energy consumption, low cost.




	
Regeneration options.




	
Operates at low pressure and within small space.




	
Electrodialysis

	
Low energy consumption, low cost.

	
Limitation associated with electrode costs and maintenance costs of membrane.




	
Biological methods




	
Biosorption and bioaccumulation

	

	
High chromium concentrations poison live microbes.




	
Green technology.

	
Media requirements.




	
Various types of biomass can be used.

	
Fluctuating performance.




	

	
Complex mechanisms.




	

	
Biosorbent regeneration requires chemical usage.




	

	
Biosorbent loaded with chromium.




	
Advanced methods




	
Nanotechnology

	
Various functional nanomaterials available with excellent removal rates.

	
Residual effects of nanoparticles after application in the environment.




	
Small generation of waste and specific chromium removal.









Biochar has proven to be an efficient material regarding the removal of heavy metals from water, and, therefore, biochar-based technologies are a promising tool for water remediation technologies [37]. Solid carbonaceous biochar is obtained from biomass pyrolysis in the absence of oxygen [38]. Among the properties of biochar are high surface area, resistance to degradation, porosity, and surface-oxygenated functional groups [39]. Oxygen-rich functional groups charge biochar surfaces negatively. Consequently, extensive removal of anions and oxyanions occurs at low pH (<4.0), where biochar’s surface functional groups undergo protonation [40].



Waste-based biochar is considered to be a low-cost and environmentally friendly material. The yield of biochar and its structures are dependent on the thermochemical processes, operating conditions, and feedstock. Rice husk (RH) is an affordable and sustainable feedstock to be transformed into biochar. Rice husk is a natural organic–inorganic composite containing lignin, cellulose, hemicelluloses and silicon dioxide (SiO2) [41]. It has been established that the low-temperature-derived biochars from slow pyrolysis lead to low hydrophobicity and aromaticity but high surface acidity and polarity. When high temperature is applied during the production of biochar, the pore size enlarges and the wall between adjacent pores is destroyed, which explains the diminishing pore structure of biochar. The presence of inorganic material from feedstock ash has also been observed on RH biochar surface, which could partially fill or block the porosity [42].



The aim of this review is to provide a recent literature overview of the different biochar modification methods, as well as of the factors that influence their capacity to successfully remove As and Cr(VI).




2. Biochar for Arsenic (As) Removal


The aim of this review is to analyze recent literature related to the application of biochar derived from rice by-products, especially from rice husk, for the removal of As(III) and As(V) from water. The main type of arsenic in water is in the form of oxyanions, and as the surface of unmodified biochars is generally negatively charged, these are less effective sorbents for As species. This is due to static repulsion between the As oxyanions and the negatively-charged biochar surface. Biochar composites are typically formed by impregnation of biochar with metal oxides in order to acquire a positive charge on the biochar’s surface. The modification procedure can be performed by pre-pyrolysis or post-pyrolysis treatments to enhance the physicochemical properties and surface morphologies of biochar. Table 2 includes As sorption studies for pristine and modified biochar adsorbents derived from rice by-products, mostly rice husk and rice straw feedstock.



2.1. Sorption Studies of Biochar Derived from Rice by-Products for As Remediation


2.1.1. Fe-Coated Rice Husk Biochar


Samsuri et al. [43] studied the adsorption capacity of a commercially produced rice husk biochar (RHB) for As(III) and As(V) [43]. The RHB’s surface modification was performed by coating Fe(III) on it. The Fe-coated RHB was capable of adsorbing As(III) and As(V) from aqueous solutions with the adsorption of As(III) higher than As(V), while the use of Fe-coated biochar increased the adsorption capacity for both As(III) and As(V). The amount of As(III) adsorbed increased with the increase of the solution pH for all the sorbents, and the maximum adsorption occurred at pH 8 and 9. By increasing the solution pH to 6, the amount of As(V) adsorbed also increased for all the sorbents, but after pH 7 it decreased. The isotherm adsorption data were fitted to the Langmuir adsorption model. The maximum adsorption capacity, qmax, for As(III) was 19.3 mg/g, while coating the biochar with Fe(III) increased the qmax for As(III) to 30.7 mg/g. The qmax for As(V) was only 7.1 mg/g, while the qmax of the Fe-coated RHB for As(V) increased to 16.4 mg/g. The formation of surface complexes between As(III) and As(V) and the functional groups of RHB could be the main mechanism for the adsorption of As(III) and As(V), while the relative possible mechanism of As(III) and As(V) onto the Fe-coated RHB is their interactions with FeOH and FeOH2+ groups [43].




2.1.2. Rice Husk Biochar (RH)


Norazlina et al. [44] produced and studied a biochar material derived from rice husk from the BERNAS (Malaysian National Rice Agency) rice mill in Tanjung Karang, Selangor [44]. The chemical and physical characteristics for RH biochar are presented in Table 3. The RH biochar pH value was 9, while the EC value was 2.90 dS/m, and the material contained a significant amount of nutrients with high levels of potassium. The RH biochar also contained minor levels of arsenic and cadmium (1.15–0.45 mg/kg). Morphologically, the pores on the RH biochar were not well shaped and small pores were detected on the rough surface of the RH biochar. The internal surface area of biochar was referred to as micropore area, and the average pore diameter was in the range of mesopores diameters.



The alkaline properties of the biochar increased the solution pH, which caused a decrease in arsenic solubility due to precipitation. The adsorption isotherm study was conducted for a dose of 2 g of biochar, the data were fitted to the Langmuir adsorption model and the maximum adsorption capacity (qmax) of RH biochar for As(V) was 0.352 mg/g [44].




2.1.3. Rice Husk Biochar (BC-RH)


Agrafioti et al. [45] synthesized biochar from rice husk that was collected from a rice mill located in northern Greece [45]. An adsorption kinetic study was performed for the initial concentration of 90 μg/L As(V) with 4 g/L of adsorbent. The kinetic data fitted well with the pseudo-second order kinetic model. According to the pseudo-second order kinetic model, the reaction rate is based on the assumption that the rate-limiting step is chemical sorption or chemisorption, and predicts the behavior over the whole range of adsorption. An adsorption equilibrium study took place for varying concentrations of metals (90–850 μg/L) and adsorbents (1–16 g/L). The adsorption isotherm data of As(V) fitted the Freundlich model while the Langmuir model failed to describe the obtained data due to the heterogeneous surface of the initial feedstocks and, thus, of the produced biochar. The maximum As(V) removal achieved was 25% for BC-RH. The low ash content of BC-RH (∼17%), as well as its high ash content in SiO2 (81.3% w/w of dry matter) and low content in Ca, Fe, and Al oxides (<1.3% w/w) could explain its inefficiency in removing As(V) from the aqueous solution [45].




2.1.4. Ca- and Fe-Modified Biochars


Agrafioti et al. [46] studied the arsenic adsorption capacity of calcium- and iron-modified biochars (RH–Ca2+ biochar, RH–Fe0 biochar, RH–Fe3+ biochar) derived from rice husk that was collected from a rice mill located in northern Greece, which they produced by pretreating prior to pyrolysis with Ca2+, Fe0 and Fe3+ [46]. Equilibrium experiments were conducted for the initial concentration of 800 μg/L As(V) with varying concentrations of adsorbents (1–16 g/L). They conducted two sets of experiments, using 11.4 g Ca or Fe/100 g biomass of rice husk for the first set, and 2.3 g Fe/100 g biomass of rice husk for the second set. For the first set of experiments, the data for As(V) adsorption on RH–Ca2+ fitted best to the Freundlich model. However, As(V) adsorption data for RH–Fe3+ biochar could not be fitted with an isotherm model as all the adsorbent doses that examined the removal rates were higher than 97%. For the second set of experiments, the Freundlich model also fitted the data better than the Langmuir model for the RH–Fe3+ biochar, while for both sets of experiments, the data obtained for the biochar RH–Fe0 did not fit any of the tested models. Biochar modified with 11.4% w/w Fe or Ca, derived from rice husk, was very effective in removing As(V) from aqueous solutions, at removal rates of >95%, except for the case of RH–Fe0 biochar, for which the removal rate was 58%. For the RH–Fe3+ biochar, the removal rate was 72% for total As(V), for the maximum adsorbate dose applied (16 g/L) [46]. A comparison of the removal rate for all Ca- and Fe-modified biochars, as well as the unmodified biochar, is presented in Table 4.




2.1.5. Fe (III)-Modified Rice Straw Biochar (RS)


Pan et al. produced biochar from rice straw that was collected from Nanjing, China [47]. A porous structure was formed prior to Fe(III) modification of the biochar. Subsequently, Fe(II) particles adhered to the surface of the biochar, forming iron oxides on it. The functional groups on the biochar were covered by Fe-hydroxide during the modification process, which reduced the negative charge on the biochar. Additionally, Fe(III)-modified biochar acquired a positive charge as a result of the protonation of the hydroxyl on Fe-hydroxide. The arsenate anion was more effectively adsorbed from the aqueous solution onto the biochar surface due to the changes in biochar surface charges caused by Fe(III) alteration.



As(V) adsorption was studied for initial As(V) concentrations of 0.0011–0.0127 mg/L and 1 g/L adsorbent at pH 5. The Langmuir isotherm model fitted the adsorption data better. As(V) adsorption by the unmodified and modified biochar increased as the As(V) concentration in the equilibrium solution increased. The unmodified biochar, however, only adsorbed a very little amount of As(V) (0.19–3.86 g/kg). The pH enhanced and lowered the As(V) adsorption capabilities of the Fe(III)-modified biochar, as well as its surface charge. As(V) adsorbed by the Fe(III)-modified biochar primarily interacted with Fe-hydroxides and created inner-sphere complexes with the Fe-hydroxides that had been produced on the biochar surfaces [47].




2.1.6. Red-Mud-Modified Biochar (RM-BC)


Wu et al. studied the arsenic, As(III) and As(V), adsorption capacity of red-mud-modified biochar (RM-BC) produced from rice straw [48]. RM-BC was prepared by mixing the rice straw biomass with red mud suspensions and the mixture was filtered and pyrolyzed to obtain the composite material. To investigate As adsorption mechanisms, adsorption kinetic studies were conducted for 10 mg/L As(III) and As(V) solutions with a dose of 4 g/L adsorbent at pH 6 and 2. The data were considerably more conformed to the pseudo-second order model for unmodified biochar and RM-BC adsorbed As(V), and for As(III) adsorption on RM-BC, the Elovich model agreed with the data more precisely. Compared with unmodified biochar (BC), RM-BC demonstrated a higher sorption capacity for As. At different As levels (1–50 mg/L As(V)/As(III)), adsorption equilibrium isotherms for As adsorption on RM-BC and BC were evaluated. The Langmuir adsorption mechanism was followed by both BC and RM-BC. The calculated Langmuir maximum adsorption capacity (qmax) of RM-BC for As(V) and As(III) was 5923.8 and 520.0 μg/g, respectively, while the qmax of BC for As(V) and As(III) was 552.0 and 447.6 μg/g, respectively [48].




2.1.7. Fe and Cu Biochar Composites


Biochar materials modified with iron and copper oxide nanoparticles were obtained by treating rice-husk-derived biochar, after pyrolysis, with FeCl3 and CuCl2 and their subsequent reaction with NaOH solution [49]. The adsorption capacity was studied for the mixture 3:1 of biochar–Fe and biochar–Cu for solution containing 1:1 mixture of arsenite and arsenate, 0.5–128 mg/L concentration, and 10 g of adsorption material. The composite adsorbent removal rate for both As(III) and As(V) was above 95%, depending on contact time, pH, and co-existing ions in the solution. The studies indicated that the CuO nanoparticles of the composite facilitated the oxidation of As(III) to As(V) before adsorption and exhibited an additional advantage compared with other reported techniques where the pre-oxidation step of trivalent arsenic to pentavalent is required in order to enhance the removal efficiency. The arsenic adsorption data fitted better to the pseudo-second order kinetic model and the Freundlich isotherm model. The maximum adsorption capacity (qmax) of the composite mixture was 20.32 mg/g. Arsenic maximum adsorption rate increased to >95% at pH 7.0, while it decreased to 80% and 72% at pH 6.0 and 8.0, respectively. The surface charge of the composite adsorbents and the ionization potential of the arsenic species were both influenced by the pH of the solution. The mechanism of arsenic removal, based on the kinetic and isotherm studies, involved two steps. Firstly, As(III) was oxidized to As(V) in the presence of O2 and CuO nanoparticles and then the adsorption of As(V) occurred onto the Fe2O3 and CuO nanoparticles attached on the biochar surface [49].




2.1.8. Al- and/or Mg-Oxide-Modified Magnetic Biochar Adsorbents


Magnetic biochar (mBCs) adsorbents were synthesized by pretreating rice husk with FeCl3, AlCl3 and MgCl2 solutions, and then pyrolyzed to obtain biochar materials [50]. The four magnetic biochar materials (mBCs) that were tested for their arsenic adsorption capacity were the pristine magnetic biochar, and three aluminum (Al) and/or magnesium (Mg) oxide-impregnated magnetic biochar adsorbents, Al-mBC, Mg-mBC, and MgAl-mBC. An adsorption isotherm study was performed for 1–100 mg/L As(V) initial concentrations and 2 g/L of adsorbent at pH 5.0. The obtained data fitted well to both Freundlich and Langmuir models, so the adsorption occurred on both homogeneous and heterogeneous surface sites. Among all mBCs, the MgAl-mBC adsorbent was found to be the most efficient for As(V) removal. The maximum As(V) adsorption capacity of MgAl-mBC was 34.45 mg/g.



The maximum As(V) adsorption occurred at pH 4 for all mBCs adsorbents. The As(V) removal rates were found to be 39.8, 27.1, and 19.8% for MgAl-mBC, Mg-mBC, and Al-mBC, respectively, compared with the pristine mBC. The adsorption of As(V) on mBC depends on ionic strength, which means that the As anions tend to form outer-sphere surface complexes. As(V) adsorption on Mg-mBC showed ionic strength dependency that was weak, which implied that strong surface complexes were formed. Τhe As(V) adsorption capacity of the MgAl-mBC at 10 mg/L initial concentration decreased as pH increased from 4 to 11. This behavior was suggestive of the inner-sphere adsorption mechanism [50].




2.1.9. MnO2/Rice Husk Biochar


Cuong et al. synthesized a MnO2/rice husk biochar composite, MBC, for arsenic water remediation [51]. Rice husk biochar was purchased from Mu-En Farm, Xinshi Dist., Tainan City, Taiwan, and it was treated with manganese(II) acetate tetrahydrate solution in order to obtain the MnO2 composite material. The study of the effect of the initial concentration on the arsenic adsorption capacity was conducted for pristine biochar and MBC-100 at pH 7, and the adsorption capacity increased on increasing the initial arsenic concentration. This finding might be explained by the concentration gradient driving force for ion transport that results in in greater contact between arsenic ions and the material surface. The As(III) and As(V) adsorption capacities of MBC-100 were 1.88 and 2.16 mg/g, respectively, while those of pristine biochar were 0.14 and 0.42 mg/g, respectively, for the 10 mg/L arsenic initial concentration. The higher values of adsorption capacities by MBC-100 were attributed to the higher porosity and the presence of MnO2. The As(III, V) removal efficiency was higher at pH 4 and lower at pH 10, for both materials.



The arsenic removal efficiency of MBC-100 was also tested for simulated groundwater containing an arsenic concentration of 100 µg/L (90% As(III) and 10% As(V)) and 90 mg/L NaCl. Arsenic concentration decreased considerably in the first five minutes (77.5% eliminated), and then progressively until 120 min. Only 5.9% of As(III) remained in solution under neutral conditions, proving that MBC-100 has a strong oxidizing potential for As(III). The generated As(V) formed surface complexions with Mn–OH on MnO2 and manganese arsenate precipitated with reduced Mn(II). MBC-100 showed great arsenic removal efficiency of 94.6% with simulated groundwater and the remaining concentration of arsenic was as low as the 10 µg/L WHO guideline [51].




2.1.10. Fe–Al Bimetallic Oxide/Biochar


A magnetic, eco-friendly Fe–Al bimetallic oxide/biochar composite was studied for As(III) adsorption by Liu et al. [37]. The composite biochar was synthesized by treating rice husk biochar with FeCl3 and AlCl3 solution. Batch adsorption experiments were carried out for different initial concentrations (2.5–20 mg/L) of arsenic solution. While the adsorption capacity declined as the pH range increased from approximately 5.4 to 11, the adsorption capacity increased as the pH range increased from approximately 3.1 to 5.5. Since the adsorbent did not achieve saturation at low concentrations, the adsorption capacity of the 10 mg/L initial arsenic concentration was larger than the 5 mg/L initial concentration at the same pH. The adsorption capacities for the initial concentrations of 2.5–20 mg/L were studied at 30, 45 and 60 °C. The greatest adsorption capacity at 60 °C was achieved with less than 2 mg/L as equilibrium concentration. Moreover, there was negligible difference between the adsorption capacity at 30 °C and 45 °C. It was possible that at lower concentrations and temperatures up to 60 °C, the reaction was stronger. However, when the equilibrium concentration reached about 15 mg/L, the adsorption capacity at 30 °C was greater than that at 60 °C. This suggested that even at higher initial concentrations, arsenic may still be absorbed by the produced material at high temperatures. The results fitted better with the Freundlich model, suggesting that the adsorption process may be occurring on the heterogeneous surface layer that the loaded bimetallic oxides have caused to form.





2.2. Discussion


Biochar is a material that can be utilized as an arsenic adsorbent, depending on the pyrolytic temperature, as sorption is better accomplished by low-temperature biochars than by high-temperature biochars. The pyrolytic temperature, residence duration, feedstock, and pyrolysis technology all have an impact on the characteristics of arsenic adsorption onto biochar. Additionally, adsorbate and adsorbent dosage, solution pH, and equilibration time all have an impact on the assimilation of As. Enhancing As sorption by changing the surface of the biochar has received much attention. Iron has been modified using a variety of coatings, including nano zero valent iron [46] and other materials such as Al and Mn [37,50,51]. Electrostatic attraction, ion-exchange, physical adsorption, and chemical bonding (complexation and/or precipitation) are the most common As adsorption mechanisms onto biochar. For the mentioned materials, the adsorption mechanism is best described by the pseudo-second order kinetic model and both the Freundlich [37,45,46,49,50] and Langmuir [43,44,47,48,49,50] isotherm models. It seems that the origin and special characteristics of the feedstock as well as the modification method of biochar have an impact on the surface heterogenicity of the material.



According to some research, modified biochars, i.e., Fe-coated rice husk biochar [43], Fe(III)-modified rice straw biochar (RS) [47], biochar–Fe/biochar–Cu (3:1) [49], and MgAl-magnetic biochar [50], are more efficient than pristine biochar at removing As from water. The most promising functional groups in the modified biochars, which are able to remove comparatively more As from solutions, may be the reason for their improved As retention ability. Synthesis of modified biochar, derived from rice by-products that have been presented above, have been reported as either pre- or post-treatment of biochar pyrolysis. Concerning the efficiency of all mentioned composite materials, as presented in Table 2, it seems that for both As(III) and As(V) adsorption, the post-pyrolysis treatment of biochar results in materials with higher capacity [43,47,49].



Biochar may be utilized in water treatment for oxyanions and metalloids with modifications that increase its surface area and mechanical qualities. An interesting area for future research is organic arsenic elimination using biochar, in which no studies have yet focused.




2.3. Improved As Adsorption Capacity of Biochar


Modified biochar is regarded as a novel way to provide surface characteristics that encourage As adsorption. As mentioned previously, enhanced As sorption capacity of biochar can be achieved by low temperature pyrolysis technique. More specifically, the adsorption capacity is related to high specific surface area, and the surface area of biochar depends on the pyrolysis temperature. Lower pyrolysis temperature results in higher biochar yield, while higher temperatures result in greater porosity and the removal of oxygenated functional groups [52]. Biochar synthesized at low temperatures is preferred for As removal because it contains more oxygenated functional groups, that could be used for further modification.



An alternative biochar modification technique could be microwave pyrolysis. Microwave pyrolysis is considered to be a cost-effective technique compared with conventional pyrolysis as it is a cleaner and more energy-saving procedure. The main feature of the use of microwaves is the reduction in pyrolysis time by eliminating the temperature gradient that is created in conventional pyrolysis, as no direct contact of the radiation source with the sample is taking place. The difference in the heating process of the biomass could result in a biochar material with better surface and porosity properties that could be beneficial for As sorption [52].



Methods that include strong acids, strong bases, metallic iron and iron ion, metal oxides, and metal/nanoparticle composites, can be used for the surface modification of biochar. Strong acids such H2SO4 can be used for surface activation enhancing acidic functional groups, while strong bases such as KOH can be used for reduced particle size, higher surface area and porosity and for electron donor–acceptor interactions with negatively charged As species. The impregnation of biochar with iron such as Fe(0) or Fe(III) introduces As–Fe co-precipitation and As diffusion within particles and anion exchange, as inner-sphere complexation with Fe and strong electrostatic attraction, respectively. Concerning the use of metal oxides, FeO introduces a redox reaction between Fe(II) and As, Fe2O3 particles on the surface function as the adsorption sites through electrostatic interaction with As species, MnO2 oxidizes As(III) to As(V) enhancing the As(III) adsorption, ZnO enhances specific surface area and surface porosity, and CuO offers reusability and stability. Metal/nanoparticle composites such as Ca or Mn combined with Fe nanoparticles also can introduce surface adsorption/oxidation properties, increased surface area, electrostatic interaction forces and surface complexation reactions [53].





3. Biochar for Chromium (Cr(VI)) Removal


3.1. Biochar for the Remediation of Soil Cr Pollution


There has been a wide investigation for the scavenging effect of biochar against Cr(VI) due to the fact that biochar is a proton donor for the reduction of Cr(VI) to Cr(III) [54]. Biomass used for the production of biochar, which can include sludge, agricultural residues, wood and manure, plays an insignificant role in affecting the Cr immobilization potential of each biochar. Nonetheless, the biochar application rate is positively correlated (r = 0.28, p < 0.05, Table 5) with the Cr immobilization ability, and raising the application rate up to 130 t/ha expanded the immobilization efficiency up to 84%.



The Cr content of pristine biochar is thought to be one of the reasons for the low immobilization capacity of Cr in soils, as is shown by their negative correlation (r = −0.42, p < 0.05, Table 5). Therefore, it is necessary to establish the ideal conditions for biochar production, in order to achieve the desirable properties.



Cr immobilization efficiency was increased to 73% when increasing pyrolysis temperature to 700–900 °C through the thermochemical conversion process, positively correlating the pyrolysis temperature used during production with the Cr immobilization efficiency of biochar (r = 0.14, p < 0.05, Table 5). When pyrolysis temperatures diverged from 300 to 500 °C and 501 to 700 °C, immobilization efficiency reached 46% and 63%, respectively. Biochar pH, which was affected by the temperature applied in production, also influenced the immobilization efficiency, which rose rapidly with higher pH (r = 0.39, p < 0.05) [55].



Soluble salts, contained in ash-rich biochars, increase the pH, enhancing its capacity for soil acidity and, therefore, decreasing the mobility of Cr in soil, while positively correlating the ash content (r = 0.74, p < 0.01) with the Cr immobilization efficiency for Cr [56].



There have been multiple studies linking the low effectiveness of unmodified biochar to scavenge Cr(VI), as a result of the low affinity of anionic pollutants to those adsorbents and the large Cr(VI) discharge into various types of ecosystems [57].




3.2. Biochar for Remediation of Cr Polluted Water


As indicated above, biochar’s Cr(VI) removal performance directly depends on the production and modification parameters, pyrolysis temperature and pH of the solution. The most important factor in improving biochar’s Cr(VI) sorption capacity is once again the pyrolysis temperature. Biochars produced under 300–400, 400–500, 500–600, 600–700 and 700–800 °C have average values of sorption capacities at 72.0, 69.1, 46.4, 43.7, and 99.2 mg/kg, respectively.



Pyrolysis temperature directly affects the amount of C(sp3)-, C(sp2)-, and O-containing functional groups (–C–O, CO and –COOH), which are the main factors controlling the electron-donating potential [58]. The mobility and the distribution of Cr(VI) is greatly influenced by the pH of the solution, as is the case for the mediation of the ionization of different-charged functional groups during sorption and reduction [59]. Typically, the Cr adsorption efficiency of biochars was exceptionally higher under low pH and reduced progressively by increasing pH to 8.




3.3. Modification of Biochar for Improved Cr Adsorption Efficiency


Functionalization of biochar rapidly increases the Cr(VI) sorption capacity of biochars [60].



3.3.1. Physical Activation of Biochars for Improving Cr Adsorption


Ball milling is a green, promising and low-cost technology which utilizes the dynamic energy of moving balls to practically grind biochar and provoke structural and chemical modifications. The technique can be performed either by physical means that modify the particle size and surface area, or by chemical means, which apart from the above, also modify the surface functional groups [61]. As a result, the surface of the material increases, its surface characteristics are boosted and its physiochemical properties are modulated [62]. Naturally, the particle size of the biochar is influenced by both the treatment time and the rotational speed [63]. It is safe to conclude that the reduced particle size, the increased functionality, and the enlargement of the surface area, lead to an increased Cr immobilization capacity [64].



In a study by Zhu et al., 2019, the ball-milled biochar–Fe oxide composite showed a higher surface area (241 m2/g), more abundant Fe oxides on the biochar surface, and mainly, a higher sorption capacity (48.1 mg/g) in comparison with the pristine biochar [65]. Likewise, ball-milling of a pyrite (FeS2)-biochar composite increased its Cr(VI) sorption capacity to 134.0 mg/g, while also improving the homogeneity of the composite and reducing the agglomeration of the mineral.



UV irradiation modification, a method proposed as suitable for increasing the adsorption capacity for toxic elements, also seems to improve biochar functionality and multiply the Cr removal capacity compared with the pristine biochar, by as much as five times [66]. This particular method enhances the pore size distribution by greatly increasing the micropores. The most promising results, deriving from ball milling and UV irradiation methods, have the additional benefit of avoiding the use of chemical reagents.



Iced redox reactions of rice-husk-derived biochar have been attempted as a physical activation method for increasing Cr(VI) removal efficiency [67]. Freezing increased the accumulation of protons in the grain boundary, thus, enhancing the reduction of Cr(VI) and dissolving any organic matter.



Microwave pyrolysis generates microplasma spots that enhance the chemical reaction which activates biochar by increasing the local temperature. The mesopores’ distribution on the surface increases, leading to enhanced Cr sorption. In comparison with conventional pyrolysis, microwave pyrolysis requires shorter time and lower temperature, to achieve the same yield, leading to lower energy consumption and a much lower cost. It is easily controlled with uniform temperature distributions, without needing pretreatments of the biomass used [68]. All of the above reasons elevate microwave pyrolysis to be among the most promising methods for biochar activation.



Steam/gas activation is another common method used in biochar modification, where the biochar is pyrolyzed with air, water vapor, and CO2 at a specific temperature that varies between 650 and 950 °C. Superheated steam increases the formation of crystalline structures, generates surface oxides and hydrogen, when the carbon present on the surface of the biochar is exchanged with the oxygen of the water molecules [33], while also facilitating the formation of mesopores and micropores by clearing volatile compounds. The percentage of exchangeable cations is increased by the exposition of the biochar metal content [69]. Among the gases used, CO2 increases the carbon content, when used in higher temperatures and longer reaction times. On the other hand, Ν2 decomposes the amorphous substances more slowly, creating a less porous, acidic and polar biochar. No specific study has been conducted, but all of the above characteristics are believed to enhance the sorption of Cr on the material surface.




3.3.2. Sonication of Biochars for Improving Cr Adsorption


Sonication, a process that can be carried out either before or after pyrolysis, leads to advanced leaching of the minerals contained in biochars (such as Na, K, Fe, Al), which causes swelling and improvement of the internal surface area. In this way, modification of the biochar properties is achieved externally and internally, rapidly increasing the adsorption capacity of the material [60]. Further characterization shows an increase in the material mesopores, which naturally increase the physicochemical and adsorption properties of the biochar. When it comes to Cr, the increased microporosity enhances the retention of the metal.




3.3.3. Chemical Modification of Biochars for Improving Cr Adsorption


Biochar Magnetization


Biochar magnetization by grafting ferromagnetic materials (e.g., Fe, Co, Ni and their alloys) into the carbonaceous matrix of biochar, leads to exceptional post sorption separation by using an external magnetic field. Qipao et al. synthesized a mixture of Enteromorpha prolifera biochar/Fe powder/hollow glass microspheres which were added to a sodium alginate solution, thus, creating a magnetized Cr(VI) adsorbent [70]. The material achieved Cr(VI) removal of 87.7% with potential for extra removal after three regeneration cycles.



Fe-modification, either pre- or post-pyrolysis, also gives exceptional results. The Fe premodification biochars, in particular, appear to be more magnetized and more acidic, resulting in higher Cr(VI) attraction.



There are strong indications that the existence of electron donors on the surfaces of different magnetic biochars leads to the reduction of Cr(VI) to Cr(III), which can be divided using an external magnetic field. Current studies have focused on the optimum modification conditions for achieving the highest adsorption capacity and reusability. Amongst all the Fe-based modifications, impregnation of biochar in ferric chloride solutions has exhibited the highest Cr(VI) removal percentages compared with modification with citric acid, and sodium hydroxide [71]. For example, an FeCl3 impregnated magnetic Lantana camara biochar exhibited high Cr(VI) sorption capacity (102.0 mg/g). Pre-pyrolysis modification with magnetic particles on biochar surfaces produced greater surface areas, while post-pyrolysis modification increased protonated O-rich groups such as CO and –OH located on the biochar surface. N-doped magnetic biochar also showed a high Cr(VI) sorption capacity (142.9 mg/g), while also being easy to separate from the medium [72].



To conclude, high Cr removal is achieved from aquatic solutions by magnetic biochars, with improved reusability. In addition, further research is needed to study the potential of reusing the magnetic biochars, with an aim to increase their efficiency and lifespan.




Biochar Supported Reductant Materials


One of the most common biochar modifications is the use of reductant materials such as iron and sulfur composites supported on the biochar surface. Although the principles of the methods differ, the Fe-biochars produced appear to have lesser or equal magnetic properties to that of the magnetic biochars. Through this method, materials with great Cr(VI) reduction capacity in both soil and wastewater are obtained, whereas biochar magnetization focuses on creating materials easily separated after their use. Antoniadis et al., (2017) synthesized a nZVI-biochar–chitosan composite exhibiting a much higher Cr(VI) sorption capacity than pristine biochars [73]. In addition, the nZVI-doped biochar showed high reducing potential, which resulted in near-complete removal of Cr(VI) from the contaminated area. Fe (II) donates electrons through the biochar–Fe–Cr electron transfer route and becomes oxidized to Fe (III) while doing so. It is clear that iron species play an important role in the reduction of Cr(VI). Multiple minerals have been used to modify biochar and reduce Cr(VI) to Cr(III) such as pyrite (FeS2) and mackinawite (FeS) [74]:


Cr6+(aq) + 3Fe2+(aq) → Cr3+ + 3Fe3+











Mackinawite, in particular, is a mineral with high Cr(VI) immobilization when supported on biochar, because in that way agglomeration of the FeS particles is avoided [74]. In addition to metal-based modification techniques, Cr(VI) reduction can be achieved by maintaining acidic conditions during treatment. Dong et al., (2011) used sugar beet tailing biochar, with Cr(III) being reduced through electrostatic interaction between negatively- charged Cr(VI) ions and cationic biochar [75].



In conclusion, reducing agents play a major role in Cr(VI) elimination, as they can enhance the reduction process and expedite adsorption of Cr onto the biochar surfaces. The method produces biochar with high Cr adsorption efficiency, making it ideal for Cr remediation.




Enrichment of Active Functional Groups on Biochar Surfaces


The functional groups on the surface of the biochar have a very important role in the decontamination of Cr. Several studies have achieved chemical activation of the biochar by increasing the abundance of functional groups on the biochar surface, that include CO, –OH and –NH2. Chakraborty and Das used polyethylenimine to enrich the biochar surface with amino groups, improving the adsorption capacity for Cr(VI) by up to 10-fold in comparison with pristine biochar [76]. In general, impregnation of minerals has been used to introduce amino groups onto biochar surfaces for improved functionality. Apart from that, biochar polymerization with various polymers, such as acrylamide, increased the percentage of multiple functional groups (e.g., –CO, –C–O and C–N). Chitosan–biochar composites, whose surfaces were loaded with amino and hydroxyl groups, showed a four-fold increased sorption capacity for Cr. O-containing surface functional groups (e.g., –OH, –COOH and –C–O) might significantly contribute to the reduction of Cr(VI) to Cr(III) in contaminated soils, since they serve as proton donors.




Nanocomposites of Biochar Matrix


Nanocomposites of biochar matrix have been used for immobilizing Cr(VI), combining the potential of both components to immobilize heavy metals. Nano-magnetite and siltstone composite supported on biochar showed a higher sorption capacity than the unmodified biochar (35.6 mg/g vs. 26.2 mg/g). In addition, siltstone greatly improved the stability of the composite during the thermochemical conversion process [77]. Intensive functional groups and higher surface area led to an increase in the Cr(VI) adsorption capacity of the biochar–nano-composites materials. Therefore, despite the need for further investigation of the potentially available mechanisms, this method is very promising.




Heteroatom Dopants Incorporation


Heteroatom dopant incorporation led to an electron-withdrawing effect, which raised the percentage of positive charges for effective binding of electronegative contaminants such as Cr(VI). Of all the different heteroatom dopants, transition metal nanoparticles displayed exceptionally good catalysis capacity for the reduction of Cr(VI) [78]. Utilizing nitrogen or/and oxygen as heteroatom dopants also increased the active functional groups leading to an improvement in the functionality of biochar [79]. A large surface area (1525 m2/g) and exceptionally high Cr(VI) sorption capacity (217.4–312.5 mg/g) were obtained when N and S were incorporated in biochar-like carbon sheets [80]. Shrimp shell magnetic biochar incorporated with N-doped graphene oxide 3-D hydrogel was used to eliminate Cr(VI) from aquatic environments. The decorated nanocomposite had a higher surface area than the magnetic shrimp shell biochar, and a higher sorption capacity, as a result of electrostatic attraction and reduction, with the total elimination of Cr(VI) fluctuating between 98.0 and 99.8% [81].




Acid and Alkali Treatment of Biochars


Undeniably, the most common modifications of biochars are acid and alkali treatments. These methods rapidly enhance the reduction of the metal and, consequently, the sorption of Cr(III). Acid and alkali treatments increase the availability of electrons that originate from compounds already existing in the matrix of biochar such as anhydrous sugars, catechol, and diols. Evaluation of the effect of acid (0.5 mol/L H2SO4) or alkali (0.5 mol/L NaOH) treatments on biochar removal capacity of heavy metals and functionality by Xiao et al., 2015, showed that alkali treatment increased the point zero charge and enriched the material with functional aromatic CO– and phenolic –OH groups [82]. On the other hand, acidic treatment reduced the biochar ash content and protonated the O-containing groups [83]. Acid-treated biochar had a significantly higher removal capacity than the alkali-treated biochar (89.9 vs. 53.5%). Dianat Maharlouei et al. studied the effect of acidic (H2SO4, and HNO3) and alkalic (KOH and NaOH) modification of rice husk and almond (Prunus dulcis L.) soft husk biochars on the removal of Cr from soil [84]. The modified biochars showed the highest reduction capacity for Cr(VI), while the NaOH-treated rice husk biochar had the lowest removal efficiency for Cr.



In another study, different types of mangosteen shells were used as biomass to synthesize biochar (Z2PT350-700) [85]. HCl, KOH and ZnCl2 were used to modify the biochar, while applying different pyrolysis conditions and processes. Z2PT350-700 exhibited great Cr(VI) removal efficiency in aquatic environments, as a result of its physical and chemical characteristics that allowed surface complexation, electrostatic interaction, and ion exchange.



To conclude, acidic modification increased biochar surface area, functional groups, and surface hydrophilicity, while alkali modification increased porous structure and surface phenolic and –OH groups. Both techniques succeeded in producing biochar with exceptional Cr removal efficiency, while it is also possible to use them synergistically with other techniques. Table 6 lists various ways of synthesizing and modifying biochars, as well as interesting results of each method.





3.3.4. Activation of Biochars by Microorganisms and Their Metabolites


Biological activation includes modification using organisms and their metabolites and is an eco-friendly method. This technique can achieve outstanding removal capacity because of the effect of biochar on Cr(VI) toxicity on microbial activities. Mishra et al. investigated the potential for the production of biochar by Zhihengliuella sp. ISTPL4 to effectively remove Cr(VI) from aqueous solutions [92]. The composite showed exceptional removal capacity of 100%, corresponding to 87.7% immobilization, and 12.3% to the residual non-toxic Cr(III) in the solution. Matern and Mansfeldt also studied the reduction of Cr(VI) by Fe(II)-biochar composite [93]. Through a reduction process, iron–Cr co-precipitates were synthesized. The biogenic Fe(II)-biochar composite had a higher removal efficiency by 30%, in comparison with Fe minerals. It is safe to conclude that a combination of microorganisms and organic microsorbents is especially effective in removing Cr(VI), and can provide practical and environmentally friendly techniques for decontamination.





3.4. Mechanisms of Cr Adsorption


Cr(VI) elimination can follow multiple different routes, such as reduction of hexavalent chromium to trivalent chromium and adsorption (physical and/or chemical) on the surface of biochars. Amongst the above, electrostatic attraction is one of the most common Cr immobilization mechanisms, a result of the negative charge of the biochar surface functional groups that attract the positively charged chromium ions. Variable negative charges on biochar surface build the high electronegativity of the material. Those charges derive from specific functional groups which increase with the pH. This is the reason why Cr sorption onto biochar surface is pH-dependent, along with the fact that Cr speciation changes with pH. For instance, the Cr (100 mg/L) at pH 3.0 in an aqueous solution is composed of Cr3+ (87%), CrOH2+ (11%) and Cr2(OH)24+ (2%); however, increasing pH to 4.0 changes speciation to Cr3+ (30%), CrOH2+ (40%), Cr2 (OH)24+ (26%) and Cr3(OH)45+ (4%) [94].



When it comes to biochar, when the solution pH is higher than the pHzpc, its surface becomes negatively charged, increasing the material affinity with positively charged ions. When the solution pH is lower than the pHzpc, the protonation of the biochar surface charges it, positively increasing the material affinity with negatively charged ions [81].



Choppala et al., 2018, reported that Cr(III) electrostatic attraction by rice, peanut, canola and soybean straws was marginal in acidic conditions, as a result of the abundance of H+ ions and the positively charged biochar surfaces [11].



Adsorption of Cr starts with the reduction of Cr(VI) to Cr(III). The pH regulates the reduction efficiency of biochar as it affects the surface functional groups including acidic (e.g., –COOH, C–O and CO) and basic (e.g., chromone, ketone and pyrone) groups [95], that can act as electron donors reducing Cr(VI) to Cr(III). This transfer of electrons via π-π electron donor–acceptor interaction is enhanced by the conductive carbon regions present on biochar surface and is followed by the adsorption of Cr [96]. The release of dissolved organic matter from the biochar also contributes to the reduction of the metal [11] along with the high porous polycyclic aromatic hydrocarbon sheets [75].



Surface functional groups participate more actively in the immobilization of Cr than interior functional groups [97]. The functional groups that greatly affect biochar efficiency depend on the biomass used as feedstock as well as the conditions of the biochar production.



In the reaction of Cr(VI) with peanut shell biochar, there is a large reduction in the abundance of –C–O groups and an increase in the proportion of –COO– and –CO groups, indicating that –C–O groups act as electron-donating areas, reducing Cr(VI) and being oxidized into –COO– and –CO groups [36]. Apart from that, protonated OH+ and –NH2+ groups also actively participate in Cr(VI) removal [98].



This electron donation can be described as [99]:


HCrO7- + 7H+ + 3e-↔ 4H2O (Eo = +1.35).











The FTIR analysis of the biochar after adsorption, confirmed the –OH and –COOH groups’ participation in Cr complexation, where beneficial changes in the peak intensities of oxygen containing functional groups were observed [100].



The possible mechanisms for Cr removal are cation and anion exchange with Cr(III) and Cr(VI). The X-ray absorption near-edge structure and extended X-ray absorption fine structure techniques indicated that the mechanisms followed by oak wood biochar for the removal of Cr(VI) were firstly electrostatic attraction, then reduction to Cr(III) and diffusion on the inner surfaces, and finally Cr(III) desorption by ion exchange [101]. Anion exchange with Cl− contribution in Cr(VI) sorption was about 36% in a magnetic corncob composite consisting of biochar and polypyrrole [102].



Another widely studied mechanism for chromium immobilization is (co)precipitation. In a study by He et al., oak wood biochar—ZVI nanocomposite—removed 100% of Cr(VI) via multiple mechanisms that included all of the above methods (electrostatic attraction, diffusion, etc.) [103]. The un-adsorbed Cr(III) ions co-precipitated as combined Cr(III)/Fe(III) hydroxides.



Last but not least, physical adsorption of Cr into the biochar pores is a necessary final step for the removal of Cr from the environment, however the specific mechanisms followed are unclear and in need of further investigation.




3.5. Biochar Regeneration


One of the most important abilities of any potential adsorbent for practical use is its ability to be regenerated and reused, an ability that rapidly reduces the overall technology cost. In any synthesis, it is crucial to evaluate the reusability and regeneration capacity of the material. The most common regeneration method is acid or alkali wash, although many techniques are being employed. Through the process, the adsorption sites become available for further elimination cycles. Several approaches have been utilized to this end, such as magnetic separation, centrifugation, filtration, etc. [104]. Naturally, there is loss in the adsorption efficiency over successive cycles as a result of the loss of surface-active sites or/and functional groups. The adsorbents that are unfit for reuse are usually carefully disposed through landfilling and incineration [105]. In that way, the financial and environmental cost of the process is kept as low as possible.





4. Conclusions


Environmental pollution by arsenic (As) and hexavalent chromium (Cr(VI)) has been one of the most serious environmental problems in recent years. Arsenic adsorption using sorbents based on biochar was summarized as an effective and financially viable method. The aim of this review was to provide a recent literature overview of the different biochar modification methods, as well as of the factors that influence their capacity to successfully remove As and Cr(VI).



The pyrolytic temperature, residence duration, feedstock, and pyrolysis technology all have an impact on the characteristics of arsenic adsorption. The ability to remove As(III) as well as As(V) is significantly improved by modified biochar adsorbents (with cationic character), due to their high porosity and reactivity, after surface modification. Arsenic remediation by rice husk biochar has produced highly promising results, and more importantly, demonstrated that condition adjustments and modification can optimize remediation.



Regarding the removal of chromium, there is a direct relationship between the environmental condition and the removal rate, as these conditions determine the oxidation state of the pollutant. In order to achieve maximum removal, it is necessary to properly modify plain biochar, using a variety of methods, each of which has its own advantages and disadvantages. Finally, the biomass used also affects the removal capacity, as it determines the biochars’ surface functional groups.
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Figure 1. Modeled probability of arsenic concentration in groundwater exceeding 10 μg/L for the entire globe [8]. 
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Figure 2. Eh–pH diagram of aqueous arsenic species in water at 25 °C and 1 bar total pressure [10]. 
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Table 2. Studies on As removal via adsorption on rice husk and rice straw derived biochar.
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	Material
	Adsorption Capacity, Qm (mg/g)
	pH
	Biochar Dose

(g/L)
	Initial

Concentration

(mg/L)
	Reference





	Commercial rice husk biochar
	19.3 As(III)

7.1 As(V)
	8

6
	5
	3–300
	[43]



	Fe-coated rice husk biochar
	31 As(III)

17 As(V)
	8

6
	5
	3–300
	[43]



	Rice husk biochar (RH)
	0.35 As(V)
	9.5
	2
	0–200
	[44]



	Rice husk biochar (BC-RH)
	0.00259 As(V)
	6.7–7
	8
	0.09
	[45]



	RH–Ca2+ biochar
	1 As(V)
	10.8
	8
	0.8
	[46]



	RH–Fe0 biochar
	-
	7.4

7
	16

16
	0.8
	[46]



	RH–Fe3+ biochar
	-
	2.4

6.8
	1

16
	0.8
	[46]



	Fe(III)-modified rice straw biochar (RS)
	27 As(V)
	5
	1
	0.0011–0.0127
	[47]



	Rice straw biochar
	0.552 As(V)

0.447 As(III)
	6

2
	4
	1–50
	[48]



	Red-mud-modified rice straw biochar (RM-BC)
	5.92 As(V)

0.52 As(III)
	6

2
	4
	1–50
	[48]



	Biochar–Fe/

Biochar–Cu (3:1)
	20.32 As(V)
	7
	10
	0.5–128
	[49]



	Magnetic biochar (mBC)
	4.59 As(V)
	5
	2
	1–100
	[50]



	Al-magnetic biochar
	15.75 As(V)
	5
	2
	1–100
	[50]



	Mg-magnetic biochar
	16.66 As(V)
	5
	2
	1–100
	[50]



	MgAl-magnetic biochar
	34.45 As(V)
	5
	2
	1–100
	[50]



	Rice husk biochar, BC
	0.14 As(III)

0.42 As(V)
	7
	2
	10
	[51]



	MnO2/rice husk biochar composite, MBC-100
	1.88 As(III)

2.16 As(V)
	7
	2
	10
	[51]



	Fe–Al bimetallic oxide/biochar
	8.69 As(III)
	5.5
	-
	2.5–20
	[37]
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Table 3. The chemical and physical properties of rice-husk-derived biochar [44].
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	pH (1:2.5 H2O)
	10.24



	EC (dS/m)
	2.90



	Total carbon %
	7.78



	Total nitrogen %
	0.23



	Phosphorus %
	0.36



	Potassium %
	0.72



	Calcium %
	0.02



	Magnesium %
	0.08



	Arsenic (mg/g)
	0.55



	Cadmium (mg/g)
	0.45



	Surface area (m2/g)
	23.22



	Micropore volume (cm3/g)
	0.009



	Internal surface area (m2/g)
	1.41



	Average pore diameter (nm)
	4.34
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Table 4. Arsenic removal efficiency for unmodified, Ca- and Fe-modified, rice husk biochar [46].
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Initial As(V) Concentration (μg/L)

	
Modification

	
pH

	
Biochar

	
Maximum Removal %

	
Optimum Adsorbent Dose (g/L)






	
800

	
11.4% Ca or Fe

	
10.8

	
RH–Ca2+

	
>95

	
8




	
7.4

	
RH–Fe0

	
58

	
16




	
2.4

	
RH–Fe3+

	
>95

	
1




	
2.3% Fe

	
7

	
RH–Fe0

	
50

	
16




	
6.8

	
RH–Fe3+

	
72

	
16




	
90

	
Unmodified biochar

	
6.7–7

	
RH

	
25

	
8
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Table 5. Exponential relationships between Cr immobilization efficiency (Y) and biochar production conditions, biochar properties, and soil properties (X), developed through exponential regression analysis.
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	Parameter (X)
	Equation
	r
	p





	Pyrolysis temperature (°C)
	Y = 44.50 + 0.02X
	0.14
	<0.05



	Pyrolysis residence time (min)
	Y = 32.96 − 0.11X
	−0.39
	NS



	Biochar pH
	Y = −50.45 + 11.53X
	0.39
	<0.05



	Biochar EC (dS/m)
	Y = 18.02 + 0.05X
	0.41
	NS



	Biochar ash (%)
	Y = 0.74 + 0.52X
	0.74
	<0.01



	Biochar C (%)
	Y = 21.42 + 0.85X
	0.46
	<0.05



	Biochar Cr (%)
	Y = 29.43 − 0.28X
	−0.42
	<0.05



	Biochar application rate (t/ha)
	Y = 44.73 + 0.25X
	0.28
	<0.05



	Soil pH
	Y = −116.74 + 23.09X
	0.65
	<0.05



	Soil organic C (%)
	Y = −283.63 + 149.40X
	0.56
	NS
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Table 6. Biochars by different types of biomasses and their characteristics (PT: pyrolysis temperature; PS: pore size; SA: surface area; TPV: total pore volume).






Table 6. Biochars by different types of biomasses and their characteristics (PT: pyrolysis temperature; PS: pore size; SA: surface area; TPV: total pore volume).





	Biomass
	Production Condition
	Modification Type
	Pollutant
	Maximum Removal
	Points Of Interest
	Author





	Waste mangosteen shells
	PT = 350, 700 °C; duration = 0.5 h, 1.5 h;

SA = 1.64–1836.46 m2/g; TPV = 0.004–1.058 cm3/g
	HCl, KOH and ZnCl2
	Cr(VI)
	212.6 mg/g at pH 2
	The physical/chemical characteristics of the tailored biochar was imitated by the electrostatic interaction, surface complexation, and ion exchange in the elimination of Cr(VI).
	[85]



	Apple wood
	PT = 700 °C; SA = 0.0921 m2/g; TPV = 0.00108 cm3/g; PS = 1.0487 nm
	–
	Cr(VI)
	0.10–7.71 mg/g at pH 2
	The electrostatic attraction, Cr(VI) reduction, Cr(III) complexation, and ion exchange were possible mechanisms involved in Cr(VI) removal.
	[86]



	Beet tailing
	PT = 300 °C;

duration = 2 h;

SA = 137 m2/g
	-
	Cr(VI)
	123 mg/g at pH 2
	Cr(VI) removal mechanisms included electrostatic attraction, reduction and complexation.
	[75]



	Shrimp shell
	SA = 398.1 m2/g
	Heteroatom decoration
	Cr(VI)
	350.42 mg/g
	N2 active contribution in electrostatic attraction, pore filling and reduction mechanisms.
	[81]



	Farmyard and poultry manure
	PT = 450 °C; duration = 3 h; SA = 9.01, 10.23 m2/g; ash = 31.51, 27.21%
	–
	Cr(III)
	37.75 and 33.94 mg/g
	Removal of Cr(III) was achieved through chemisorption.
	[87]



	Tobacco petiole
	PT = 300–700 °C; duration = 0.5 h SA = 0.42–7.51 m2/g; ash = 11.6%
	–
	Cr(VI) and Crtotal
	66.7% (Cr(VI)) and 21.1% (Crtotal) at pH 1.
	Increase in pyrolytic temperature reduced Cr(VI) adsorption efficiency.
	[88]



	Plum and apricot kernels
	PT = 500 °C; duration = 1 h; SA = 146.6, 85.6 m2/g; TPV = 0.09, 0.14 cm3/g; PS = 12.23, 32.85 Å ash = 0.81, 1.12%
	–
	Cr(III)
	>70% at pH 6 and 7
	High adsorption efficiency because of the surface complexation of surface functional groups (S-containing functional groups).
	[89]



	Corn cobs
	Hydrothermal treatment temperature = 300 °C; duration = 0.5 h
	Polyethylene imine (PEI)
	Cr(VI)
	33.663 mg/g
	Improvement of adsorption of Cr(VI) up to 365%, compared with unmodified hydrochar.
	[90]



	Corn straw
	PT = 300, 500, 700 °C; duration = 2 h; SA = 5.09, 241.83, 417.83 m2/g; TPV = 0.0036, 0.1472, 0.2391 cm3/g; PS = 35.16, 3.76, 4.63 nm; ash = 0.44, 1.70, 2.56%
	HNO3 activation
	Cr(VI)
	33.33 mg/g at pH∼7
	EPFRs on biochars played a key role in reduction of Cr(VI) at neutral pH.
	[91]



	Blooms of Enteromorpha prolifera
	PT = 500 °C
	Biochar magnetization
	Cr(III), Cr(VI)
	18.24 mg/g, 11.13 mg/g
	The beads could selectively adsorb chromium while their magnetic properties allowed them to be easily reclaimable.
	[70]



	Rice husk
	PT = 775 °C
	Polyethylenimine
	Cr(VI)
	435.7 mg/g at pH 2
	Modification significantly improved the adsorption performance for Cr(VI) removal.
	[66]



	Willow residue
	PT = 700 °C; duration = 2 h;

SA = 100.6095 m2/g
	Ball milling, nanoscale zero valent iron modification
	Cr(VI)
	500 mg k/g at pH 6.14
	The increase in Cr(VI) removal by amendments contributed to the increase in the migration of NO3– –N from roots to shoots.
	[65]



	Switch grass
	PT = 425, 700 °C; duration = 60 s

SA = 1.1 m2/g

ash = 13.92%
	KOH,

by Zhihengliuella sp. ISTPL4
	Cr(VI)
	100%
	Immobilized enzyme showed maximum adsorption efficiency.
	[92]
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  jcs-07-00059


  
    		
      jcs-07-00059
    


  




  





media/file5.png
| T 1 | 1 T
0.75 - H.AsO, Most surface —
- waters

=

\

H,AsO3

0.50 - Most ground

waters

0.25

Eh

(volts)
—0.25

—0.50

~-0.75

=
Pa
o
(3]
co
=

12 14





media/file3.png
0.6-0.8
04-06 .
0.2-04
<0.2
2000 km

- Probability As > 10 ug/L
- l>o.a
A






media/file0.png





media/file4.jpg
0.75

0.50

0.25

Eh
(volts)

-0.25

-0.50

-0.75

T T T
H3AsO,
| HaAsO4

HoAsOZ

Most ground
waters

T T
Most surface
waters

(As)

8 10

12

14





media/file2.jpg





