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Abstract

Chromium (Cr) is one of the most toxic pollutants that has accumulated in terrestrial and
aqueous systems, posing serious risks towards living beings on a worldwide scale. The
immobilization, removal, and detoxification of active Cr from natural environment can be
accomplished using multiple advanced materials. Biochar, a carbonaceous pyrolytic product
made from biomass waste, is considered as a promising material for the elimination of Cr
contamination. The preparation and properties of biochar as well as its remediation process
for Cr ions have been well investigated. However, the distinct correlation of the
manufacturing, characteristics, and mechanisms involved in the remediation of Cr
contamination by various designed biochars is not summarized. Herein, this review provides
information about the production, modification, and characteristics of biochars along with
their corresponding effects on Cr stabilization. Biochar could be modified via physical,
hybrid, chemical, and biological methods. The remediating mechanisms of Cr contamination
using biochars involve adsorption, reduction, electron shuttle, and photocatalysis. Moreover,

the coexisting ions and organic pollutants change the pattern of the remediating process of
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biochar in actual Cr contaminated water and soil. Finally, the present limitations and future

perspectives are proposed.

Keywords Chromium; Biochar; Redox-active moieties; Pyrolysis; Electron shuttle;

Photocatalyst

1 Introduction

Heavy metals released from anthropogenic activities, such as metal mining, smelting,
and processing, have been considered as fatal threats to humans [1-6]. Among heavy metals,
chromium (Cr) has aroused great public concerns because of its widespread distribution and
redox sensitivity [7, 8]. It is one of the most common heavy metal species in the wastewater
by-products of industries (e.g., pigment and electroplating), and it is listed as one of the top-
priority pollutants by the United States Environmental Protection Agency [9]. The World
Health Organization has stipulated 50 pg/L as the maximum contaminant levels for CrO,” in

drinking water [10].

Chromium occurs in different forms throughout the natural environment. It has been
widely accepted that Cr mainly presents in the oxidation states of trivalent chromium (Cr(lll))
and hexavalent chromium (Cr(VI)) in natural water and soil [11]. Cr(l11) tends to exhibit itself
as a cation, whereas Cr (V1) often exists as oxyanion species, such as chromate(CrO,?),
dichromate (Cr,0,%), and hydrogen chromate (HCrO,) [12]. The mobility, toxicity, and
bioavailability of Cr vary with its speciation. For example, Cr(l11) has much lower toxicity
and mobility than Cr(V1) [11]. Cr(l1l) often precipitates at natural pH values in the form of
Cr(OH); or Fe,CrOHj3 [13]. Organomineral complex is another stable occurrence for
Cr(l11) species [14]. Therefore, the reduction of toxic Cr(VI1) into stable Cr(l1l) is expected as
an efficient way to recover chromate pollution in the soil and water systems. Currently,
multiple technologies from the physical, chemical, and biological perspectives have been
established for the remediation of Cr contamination [15-17] (Table 1). However, most of

them involve energy consumption, high-cost instruments, low efficiency, complicated



implementation, or secondary pollution. Therefore, it is critical to develop more convenient,

economic, and environmental harmonious strategies for the decontamination of Cr.

Table 1 Technologies for Cr remediation and their advantages and disadvantages

Remediation technologies Advantages Disadvantages References
. electrokinetics/ion o . . high economical and
physical ) in-situ, rapid, and simple ) [18]
exchange/membrane separation energetical cost
. coagulation/adsorption/reduction/ . . nutrient loss and
chemical . . ) high-efficient i i [16]
solvent extraction/soil washing decaying soil structure
o (bio)sorption/reduction/accumula  environmentally friendly long remediation
biological . . o o ] . [19]
tion/mineralization/stabilization and non-destructive period

Biochar is an emerging material that is manufactured by the decomposition of carbon-
rich biomass under oxygen-limited pyrolysis [20, 21]. Generally, biochar is characterized by
high alkalinity, large surface area (SA), exceedingly porous structure, abundant functional
groups, and relative stability [6, 22, 23]. Remarkable progress has been made in the
understanding of biochar as an environmental friendly and low-cost material for carbon
sequestration, energy recovery, contamination relief, and nutrient supplementation [24, 25]. In
recent decades, biochar has gained significant attention in the remediation of heavy metal
contamination in terrestrial and aquatic environments. Hierarchical porosity and abundant
functional groups of biochar provide appreciable adsorption sites for heavy metals, e.g., Zn*,
Cd**, Pb?*, and Cr,0,* [26-28]. Moreover, it has been proved that biochars are capable of
transforming heavy metal ions into less toxic species, such as oxidizing As(III) into As(V)

[29], and reducing Cr(VI) into Cr(III) [30, 31].

Several reviews have summarized the application of biochar on the remediation of heavy
metals, especially with regard to cations, e.g., Cd**, Hg*, Pb*, and Cu®* [22, 32, 33]. Unlike
these cationic heavy metals, Cr is redox-active and usually manifests in the anionic form,
which implies its distinct environmental behavior and unique reaction with biochar. For
example, the supplementation of biochar was a viable way to decrease the bioavailability of
Cu, Pb, Ni, Zn, and Cd, but it had a negligible effect on Cr in sediments [34]. It has been
recognized that the increase of pH resulted in the promotion of the remediation rates of
biochar on As and Pb through oxidation and precipitation, respectively, however, the removal

of Cr was suppressed by electrostatic repulsion and inhibited reduction [31, 35]. The disparate
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mechanisms are proposed in the sorption of biochar on As (complexation and electrostatic
interaction), Cr (electrostatic interaction, reduction, and complexation), Cd and Pb
(complexation, cation exchange, and precipitation), and Hg (complexation and reduction)
[33]. Currently, biochar has been extensively utilized for Cr remediation [36-38] due to its
possible potential on both adsorption and valence transformation. However, the influence of
the production, characteristics, and remediation mechanism towards Cr ion of designed
biochar remain unclear, which inhibits the utilization of biochar in the removal of Cr.
Therefore, the overarching objective of this study is to provide a comprehensive review of
recent researches on biochar in relation to its various aspects, i.e., modification, property,
removal performance of Cr, and relevant mechanisms. The specific aims of this study are the
following: 1) comparing modification methods and resulted remediation efficiency of biochar
for Cr contamination; 2) summarizing the underlying mechanism involved in the remediation
of Cr contamination by biochar; 3) introducing the response of biochar to the interfering
species in contaminated water and soil; and 4) future research directions of biochar on the

remediation of Cr contamination.

2 Production and characteristics of biochar

2.1 Preparation of pristine biochar

The application of biochar on the remediation of Cr contamination relies on its
physicochemical characteristics, such as porosity, acidity, functionality, and stability [39-41].
Understanding how pyrolysis governs the characteristics of biochar is the key to predicting
the final product property and, consequently, the remediation capacity for Cr contamination.
Feedstock, thermal temperature, duration, heating rate, and atmosphere are the dominant
variables of biomass pyrolysis. Feedstock and thermal temperature are the most essential
factors in determining the properties of biochar [42, 43]. Therefore, we principally discuss the

effects of these two factors on the properties of biochar.



2.1.1 Temperature

Surface, bulk, and molecular structure properties of biochar, which are affected by the

heat treatment temperature (HTT), exhibit different impacts on Cr removal.

Surface functional groups of biochar influence Cr immobilization by offering adsorption
sites and changing pH [22]. With the increase of HTT, the hydroxyls were oxidized to
carboxyls, accompanied by the breakage of the H-bonding network [44, 45]. Aliphatic alcohol
and other acid surface functional groups were transformed to neutral or basic fused aromatic
groups [46]. Meanwhile, alkaline minerals contained in ash were accumulated in biochar
when HTT increased [47]. Thus, biochars obtained at high HTT displayed high alkalinity as
well as aromaticity [48]. Lower value of cation exchange capacity (CEC) was also achieved at

high HTT due to the loss of O containing functional groups [48].

Molecular structure determined the environmental behaviors of biochar [49]. The
structure phase transition of biochar involved three primary reactions of char formation (or
dehydrogenation), depolymerization, and fragmentation [50]. The phase transition commonly
occurred within the range of 400 to 500 °C [23] and was generally completed under 700 °C,
except that the aromatic condensation usually happened at 1000 °C [49]. High HTT (>400°C)
facilitated the formation of well-organized carbon layers (e.g., graphitized structures), which
dramatically increased the SA and pore volume [49], providing electrostatic adsorption sites
for Crions [51]. However, this positive correlation is unexpected in some studies. The
decreasing tendency of SA was found when HTT was higher than 700 °C [52], owing to the
coalescence and blocking of pores by carbon softening, melting, fusing, and carbonization
[53]. The generation of fused rings in the aromatic cluster was also improved under high HTT
[54], which was favorable for the stability of biochar in Cr immobilization. The heating
temperature not only had an impact on the structure of biochar but also changed the
composition within the biochar leachate. For example, low HTT contributed to the production
of humic-like and low molecular mass substance in dissolved biochar [55], leading to the

excellent Cr reducing performance of low-HTT biochars [56]. The oxidized organic S tended



to accumulate in dissolved biochar under high HTT (>500 °C) [57], which may provide

potential adsorption sites due to its optimal affinity to Cr [58].

2.1.2 Feedstock

Considering the accessibility and cost, agricultural and forestry residual (e.g., straw,
grass, wood chip, and sawdust), industrial waste (e.g., industrial by-product and sewage
sludge), and animal manure are common feedstocks used to prepare biochar for Cr
immobilization [59-63]. The variation of feedstocks leads to the difference in component,

structure, and chemical activity of biochar.

The general physicochemical characteristics of biochar, such as CEC, pH, and SA, are
essential indexes that contribute to ion exchange, electrostatic interaction, and physical
sorption with Cr ions, respectively [33, 49]. Biochar produced from plant biomass typically
had a high CEC value [64]. In particular, nonwoody plant-derived biochar exhibited higher
CEC values than the woody one, because of the higher percentage of O-containing functional
groups in nonwoody biochar [64]. Conventionally, the value of CEC was negatively
correlated with HTT; however, the CEC of sewage sludge-derived biochar was reported to
increase with HTT increasing from 600 to 900 °C [65]. Generally, wood-derived biochar had

lower pH and higher SA than biochar derived from straw, green waste, and algae [48].

The variation among the characteristics of biochars is mainly attributed to the different
pyrolysis mechanisms of feedstocks. The biomacromolecules in feedstocks are mainly
composed of hemicellulose, cellulose, and lignin. The cleavage temperatures for
hemicellulose, cellulose, and lignin were in the ranges of 220 to 315 °C, 315 to 400 °C, and
160 to 900 °C, respectively [54]. Lignin is the most stable biomass component. The
carbohydrates were totally lost at 350 °C, while the characterization of lignocellulosic
moieties was not found at 400 °C [25]. Due to the different percentage of biomacromolecules,

the mineralization rate of biochar decreased from the grass to the hardwood precursor [66].

Moreover, the role of metals in precursors has received increasing attention. The carbon

content increased in lignocellulose-based biochar, but decreased in sludge-based biochar with
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increasing HTT [67], owing to the fact that the rate of mineral enrichment was higher than
that of carbonization [68]. Accordingly, lignocellulose-derived biochars exhibited high carbon
retention and resistance to chemical and thermal oxidation [69]. With regard to the retention
of contaminants, the mineral maintained in municipal waste was responsible for a greater
degree of SA than that of plant-derived biochar [70], which resulted in more efficient Cr(VI)
adsorption [60]. Some pilot experiments have been done to convert metal pollutants into
mineral sources for biochar preparation. Red mud, a solid waste from steel industry, was
utilized as a resource of mineral in biochar pyrolysis [71], and the steel pickling waste liquor
was used as an iron pool [40]. The resultant metallic iron in biochar was clarified to enhance
the adsorption and reduction of Cr(V1) [72]. Zinc contaminated corn stover was converted
into nano ZnO and ZnS modified biochar by direct pyrolysis, which promoted the Cr(VI)
adsorption [38]. Similarly, nano Mg(OH), and MgO embedded biochar was formed via one-
step pyrolysis of magnesium polluted leaves [73], producing possible adsorption sites for Cr

species.

2.2 Modification

Generally, pristine biochars without pre- or post-modifications have lower sorption sites,
functionality, and removal performance than those with modifications [36, 63, 74]. The
removal efficiency may also be constrained by the oxyanion nature of Cr and the negative
surface of biochar [75]. In addition, pristine biochars are difficult to be separated from
environment matrix, reducing the feasibility of recycling [36, 76]. Currently, modification,
which is classified into four categories (i.e., physical, hybrid, chemical, and biological), has

been conventionally adopted to overcome these shortcomings (Fig. 1).
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Fig. 1. Schematic diagram of biochar modification and its enhanced performance.

2.2.1 Physical modification

Physical modification consists of ball milling, microwave, sonication, etc. Generally, the
precursor is pulverized into fine particles by mechanical force and activated by an energy

field, offering plenty of adsorption sites to Cr [77-80].

Ball milling was utilized to improve the Cr immobilization capacities of biochar by
reducing particle size, enlarging SA, and increasing functionality [81]. The resultant fine and
even biochar particles were beneficial for heat conduction and mass transmission [82].
Additionally, the grinding process increased external and internal SA, pore volumes, and
adsorption sites of biochar [83]. The physically modified biochar could turn into the nano-
sized material after milling, exhibiting superior Cr(VI) adsorption capacity [83]. And because
of the cleavage of aliphatic C—C and C—O bonds by mechanical force, the contents of
functional groups, especially oxygen-containing functional groups, were increased, which

facilitated the Cr removal by biochar [77].

Microwave was able to broaden the porous structure and drastically increase the SA of
biochar in a short time, which contributed to the high capacity for Cr adsorption [84]. The
activation using a microwave facilitated the conversion of acids, alcohols, phenols, ethers,
alkyl halides, and ester groups, favoring carbonization during the charring period [85]. In

order to obtain the same yield of biochar, microwave treatment needed less duration time and



temperature than conventional pyrolysis [78]. Therefore, microwave treatment was
considered as a potential strategy for activation and alternative approach for pyrolysis [86],

owing to its uniform heating process and high time-efficiency.

Gas activation (e.g., CO,, N,, and H,O activation) was a common method to promote the
fabrication of biochar. It increased the rate of devolatilization, washed the trapped matter,
broken the linkage of biomass, and converted lignocellulose into cellulose and lignin, thereby
forming crystalline structures of biochar [82, 87]. Different gas components had distinct
effects on the calcination process and properties of biochar. The pyrolytic decomposition of
amorphous substances in CO, was faster than that in N, [88]. Moreover, the biochar produced
under CO, was more porous, recalcitrant, hydrophilic, polar, and acidic than that produced
under N, [88]. Considering the preferential range of pH for Cr(VI) immobilization, applying
CO, medium could be an optimal approach to regulate the acidity of biochar. Similarly, H,O
activation, which is also called steam activation, promoted the degradation of hemicellulose in
the process of carbonization [89]. With the presence of high content of O-containing
functional groups and pore volume, steam activated biochar possessed higher SA than its
counterpart under CO, activation [90]. This ideal SA in biochar was observed to significantly

improve the adsorption for Cr(VI) [91, 92].

During the sonication, structure of biochar was optimized via nucleation, bubble growth,
and bubble collapse. The microjets ensuing from ultrasonic assistance broke the graphic layer
and leached them out, thereby cavitating the microspores within biochar [93]. After
ultrasound treatment, the increasing microporosity and permeability of biochar provided the

potential channels for subsequent Cr retention and chemical introduction [80].

2.2.2 Hybrid modification

Metal compound containing iron (Fe) [37, 81], zinc (Zn) [36, 94], magnesium (Mn) [75,
95], manganese (Mg) [96, 97], or aluminum (Al) [98] is one of the most well-studied hybrid
materials applied in biochar modification. These hybrid metal compounds generally promoted

Cr removal using biochar via the enhancement of chemisorption [75, 96, 99]. The level of SA,



porosity, and functionality determined the Cr adsorption capacity of hybrid-modified biochar.
For example, the loading with MgO improved the porosity of biochar, mainly resulted from
the volatile matters that were released from the reaction of MgCl; during pyrolysis [95].
Moreover, the incorporation of ZnO [36] and MnO resulted in the increasing SA and porosity
of biochar because of the ideal functionality of hybrid materials [100]. In contrast, the coating
of iron containing material enhanced the sorption ability of biochar but reduced the SA, due to
the blockage of biochar pores [101]. The loading of iron oxides increased the zeta potential of
biochar, thereby facilitating the electrostatic interaction between biochar and Cr anionic
species [37]. The hydrolysis of Fe?*/Fe®" in the preparation of iron-modified biochar decreased
the pH of solutions, enhancing the potential Cr adsorption of biochar [37]. Besides adsorption,
the hybrid of reductive metals such as nZVI [102], nano ZnO [36], and MnS [96] could
facilitate Cr removal by enhancing the reduction of Cr(VI). In addition, the stability of
modified biochar was an important parameter affecting the remediation of Cr contamination
in the long-term. The dosing of iron and manganese containing materials reduced the stability
of biochar through the formation of fragile Fe containing mineral [103] and unstable MnO
during pyrolysis [104], respectively. However, high stability was achieved in an iron-
modified biochar because of the generation of thermally inactive hematite [105]. Therefore,
the stability of biochar was determined by the final phase of hybrid metal materials. The
morphology pattern of hybrid containing metals versus HTT could be used to predict the
stability of modified biochar. The iron structure was transformed from iron oxide, magnetite,
iron protoxide, and iron carbide to elemental iron at temperature of below 400 °C, 400 to

500 °C, 650 °C, 800 °C, and 900 to 1000 °C, respectively [42]. Zero-valent iron was formed
when HTT exceeded 700 °C [71]. The balance between adsorption capacity and recalcitrance

should be considered when metal oxide is selected as the hybrid material.

Unlike metal oxide impregnation, the hybrid of clay mineral, such as montmorillonite,
kaolinite, and calcite, facilitated the stability of biochar by increasing the condensed aromatic
C proportion [106]. Concurrently, the addition of clay not only increased the concentration of
aromatic, acidic, and phenolic carbon species, but also improved the pore volume of biochar,

thereby providing potential adsorption sites for Cr ions [107]. Chitosan is an accessible
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natural polysaccharide used to stabilize mineral, providing sorptive sites for Cr ions by
numerous amine and hydroxyl functional groups [108]. The addition of chitosan was capable
of restricting nano-particle agglomeration and promoting gluing of nano mineral onto biochar
surface, which contributed to the optimal immobilization of Cr [109]. Other

functional nanoparticles (such as carbon nanotubes, graphene oxide, and layered double
hydroxides) have been reported to solder on biochar, resulting in desirable adsorption
capacity [110]. In addition, graphene impregnation was able to strengthen the thermal stability

of biochar, benefiting the resistance towards aging process [111].

2.2.3 Chemical modification

In the chemical modification, functional groups were endowed onto the surface of
biochar through chemical reactions such as oxidation, nitration, amination, and sulfuration,
providing active adsorption sites to Cr ions [58, 63, 75, 95]. Acid/alkali modification is a
typical method for the recombination of functional groups. For example, treatments with
sulfuric acid and nitric acid were efficient in improving carboxyl and nitro functional groups
of biochar, respectively [112]. After base activation, the content of O-containing functional
groups on the surface of the biochar were elevated [113]. The species of surface oxygen were
also reshaped. For example, the lactone groups were notably enriched with the treatment of
alkaline agents [100]. It was demonstrated that the transition of functionality was responsible
for the increase in thermal stability of the alkali-modified biochar [113]. Considering the
safety risk of using strong acid and alkali, weak acid and alkali were suggested as possible
substitutes. The use of phosphoric acid (HsPO,) increased the content of carboxylic and
hydroxylic groups and enlarged pore structure by producing water vapor (Formula 1) [114],
thereby inducing optimal Cr adsorption capacity [115]. Organic acid, such as acetic acid,
oxalic acid, and malic acid, was also observed to stimulate the formation of COOH group on
the biochar [116]. However, the interplay between different organic acids and biochars was
significantly different. For example, acetic acid efficiently oxidized woody biochars but made
no difference to manure-derived biochars [116]. The oxidation ability of manure-derived

biochar was significantly improved by oxalic acid [116]. Therefore, it could be concluded that
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feedstocks not only influence the characteristics of pristine biochars but also interfere with
their modification process. In addition, the introduction of heteroatom N into biochar
increased the percentage of carbon-centered persistent free radicals, thereby promoting the

reduction of Cr(VI) [117].
4H;PO,4 + 10C — P4 + 10CO + 6H,0 (1)

The surfactants applied in biochar modification involve cationic, anionic, nonionic, and
gemini surfactants. Aside from additional functional groups, surfactants were found to
decrease interfacial tension and then facilitate ion exchange. Cetyltrimethyl ammonium
bromide, a cation surfactant, enhanced the biochar biosorption of Cr(VI) by additional
hydrophilic and hydrophobic groups [63]. The nonionic surfactant Triton X-100, when
combined with biochar, improved the fixation of Cr(V1) by adjusting interfacial tension and
pH of solution [118]. Under the coexistence of anionic surfactants and biochar, the efficiency
of Cr(VI) adsorption was impeded, whereas the rate of Cr(l11) removal was accelerated due to

the change of surface charge [118].

2.2.4 Biological modification

Biological modification is potential but not widely applied in the preparation of biochar.
Contemporary biological modification principally makes use of microbe to reconstruct
feedstock structure as a pretreatment method. In recent decades, efforts have been underway
to explore possible applications of biological technology in biochar optimization. Although
the utilization of fungi in biomass degeneration has been extensively documented [119], there
have been few studies conducted to utilize these fungi in biological biochar modification.
Anaerobic digestion is a biomass pretreatment approach with anaerobic bacteria [120].
Biochar made from digested residue displayed higher alkalinity, SA, ion exchange abilities,
hydrophobicity, and more negative surface charge, as compared to those made from
undigested precursors [120]. Similarly, cellulose-degrading microbes have been found to
upgrade the adsorption capacity of biochar as a result of the development of pore structures

[121]. Higher capacitance and cycling stability were also introduced by the optimized porous
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structures and graphitization, which resulted from the depolymerization of lignin-degrading
bacterium [122]. This may provide excellent capacity for Cr(V1) adsorption and electron
shuttle to immobilize Cr. Apart from being modified prior to carbonization, biochars were
also defined as promising inoculum matrices for functional microbes and its metabolites, such
as biofilms [123], which significantly improved the efficiency of biological treatment of
pollutants. Therefore, the functional microorganisms could be used as modifiers for the
improvement of the remediation efficiency of the produced biochar. For example, biochar
may be utilized in combination with Cr reducing bacteria, thereby forming a long-acting

sustained release material for the remediation of Cr contamination.

2.3 Characteristics

Biochar has relatively high level of SA, CEC, porosity, and functional groups, which are
responsible for the sufficient adsorption sites. Mostly, biochar is alkaline, while the pH of
some biochars is neutral or even slightly acidic [124]. Despite the common properties
discussed above, there are some specific characteristics of biochar attracting growing
interests. Based on its redox characteristics, biochar is able to act as electron donor, electron
acceptor, and electron shuttle in the redox reaction with Cr and other redox-active substances
[125-127]. With the photo irradiation, biochar could reduce Cr(VI) by photogenerated
electrons due to its photosensitive characteristics [128, 129]. As the basic physicochemical
properties of biochar have been intensively illustrated in various dimensions [22, 33, 46, 49],

this section only covers the redox and photosensitive characteristics of biochar.

2.3.1 Redox mediator

Considering different adsorption affinity of biochar to Cr(VI) and Cr(l1l), the reduction
of Cr could trigger a considerable spike in Cr removal. The free radicals, electronical
conductive region, and other redox-active moieties in biochar are considered as the major

factors that contribute to the redox conversion of contaminants.
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The occurrence of reactive oxygen species, particularly persistent free radicals (PFRs) in
the transformation of redox-active elements, has drawn a great deal of interest. PFRs are
stable metal-radical complexes with long lifetime, ranging from hours to months [130]. PFRs
have dissimilar center atoms (e.g., carbon, oxygen, nitrogen, and metals), conferring different
capacities of electron donation and subsequent Cr(VI) immobilization [86]. The unpaired
electrons contained in these core atoms could be directly transited to Cr(VI) [131] by single-
electron transfer [132]. Moreover, PFRs had been observed to serve as electron shuttle
between ferric substances and Cr(VI) [125]. Regarding the generation of PFRs in biochar,
temperatures and metal loadings exhibited dual effects. The amount of free radicals increased
remarkably along with the increase of HTT (up to 500 °C); however, it began to decrease as
HTT continued increasing to 700 °C [29, 132]. The correlation between PFR formation and
metallic ions (e.g., Fe**, Cu*, Ni*", Co?*, and Zn*") was generally positive; however, it turned
into negative in biochar with high content of metal [133]. This could be ascribed to the
assumption of PFRs as electron shuttles in the reduction of transition metal [134]. The doping
of Fe* ions had higher efficiency than Cu?* in the formation of oxygen-centered PFRs [135]. ,
The quantity and type of PFRs in biochar were altered after pretreatment of phenolic
compounds (such as hydroquinone, catechol, and phenol) [133]. Moreover, it was studied that
reactive oxygen species, such as H,O, and -OH, could be produced from the electron transfer

between the oxygen and phenolic groups on biochar [136].

Electrical conductivity is another vital indicator to evaluate the redox mediating ability
of biochar. The algal- and poultry litter-derived biochar offered comparatively higher levels
of electrical conductivity than other lignocellulosic biomass-derived biochars [137].
Generally, the conductive ability of biochar increased with the increase of HTT, owing to the
formation of the graphic region [137]. Fewer exceptions were found in swine solids-derived
biochar whose electrical conductivity decreased with the increment of HTT [138]. This might
result from the low converting rate of feedstocks into conductive matrices. The conductivity
derived from the graphene domain of biochar was found to favor the direct interspecies
electron transfer [139]. However, Zhang, et al. [140] proposed that the conductivity was

negatively correlated with the efficiency of direct interspecies electron transfer process.
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Redox-active functional groups (such as phenolic —OH and quinonyl —C=0) in biochar
have been suggested as driving forces behind redox reaction involving electron acceptance,
donation, and shuttle [140]. The pattern of electron donating capacity versus HTT showed the
inconsistency among various feedstocks. In general, the moieties in biochar prepared by
lignocellulosic biomass preferred to be reducible (electron-accepting) rather than oxidizable
(electron-donating) with increasing HTT from 200 to 700 °C [141]. At the same calcination
temperature, the electron donating capacity of grassy biochar was shown to be higher than
that of woody biochar, due to the higher phenolic hydroxyl groups in the former samples
[141]. Similarly, bamboo-derived biochar exhibited superior electron donating capacity than
pinewood-derived biochar [142]. Therefore, it was determined that the feedstock played a
more essential role on electron donating capacity of biochar than temperature. The electron
donating capacity of bone-derived biochar was comparable to that of plant biochar, whereas
its electron accepting capacity was higher than that of plant biochar [141, 143]. For the total
electron transfer, the capacity of sawdust [144], straw [145], and wood-derived biochar [146]
increased to a maximum at 500°C and then dropped at higher temperatures. However, the
inflection point for bone char was 850 °C [143]. The electron transfer capacity of animal-
derived biochar [143] was higher than that of plant-derived biochar [141]. Lignin-derived
biochar showed lower electron transfer capacity than biochars derived from hemicellulose and
cellulose [142]. The presence of quinone species, quaternary N, and pyridine-N-oxide species
also increased the electron accepting capacity of biochar [143], which could bind with CrO*
via the covalent bond between the single O atom of CrO,* and electron-deficient C atoms
[117]. With respect to redox mechanism, phenolic groups (electron donors) were generated
under low HTT levels, whereas quinoid moieties (electron acceptors) emerged under
moderate and high levels of HTT [141]. Thus, the phenolic group was the major determinant
for electron donation and transfer, while the conjugated structure became more prevailing

with increasing HTT [147].
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2.3.2 Photosensitivity

The photosensitivity of biochar could influence the reduction of Cr(VI). As an economic
biomaterial with excellent porosity and stability, biochar has been viewed as the desired
carbon matrix to support photosensitive chemicals, such as BiOBr, TiO,, and C3N, [51, 128,
129]. Generally, PFRs and quinone-like moieties from solid biochar are the main contributors
in radical generation under ultraviolet light [148]. The oxygenated functional groups on the
biochar surface shifted the excited electrons to the electron acceptor under illumination,
thereby producing reactive oxygen species [149]. In modified biochar, the presence of sp*-
hybridized structures and graphic-N groups accelerated Cr(VI) reduction under the visible
light condition [150]. The processing of ball milling promoted the development of phenolic
moiety and carbon defect, which improved the photocatalytic capacity of biochar [77]. With
the excitation of light, more dissolved organic matters were released from biochar through
photo-transformation and photo-mineralization [151]. Meanwhile, dissolved biochar was
determined to act as photosensitizers [152], facilitating the photocatalytic reduction of Cr(VI)
[153]. Dissolved biochar with lower molecular weight showed better potential of
photoactivity, in which carbonyl-containing structures accounted for the leading part [152].
The carbonyl groups in dissolved biochar stimulated the generation of singlet oxygen,
whereas silica minerals and phenolic groups in solid biochar participated in the production of

superoxide [154].

3 Mechanisms involved in the remediation of Cr

contamination by biochar

Biochar could be a promisingly efficient agent in Cr decontamination through the
adsorption, reduction, electron shuttle, and photocatalysis processes (Fig. 2). Generally, free
Cr(VI) ions were reduced at first, and then attached to electronegative surface of biochar via
chemisorption [96]. The resultant Cr(l11) was retained on the surface by ion exchange,
complexation, and precipitation [155]. For some biochar with positively charged surface,

Cr(V1) ions were electrostatically attracted, and then reduced to Cr(I11) via direct or indirect
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pathway [156]. And the Cr(l11) may release into environment due to the electrostatic repulsion
[155]. These processes of Cr immobilization were summarized as "reduction-adsorption™ and
"adsorption-reduction-adsorption™ pathways. Furthermore, electron shuttle and photocatalysis
stimulated by biochar promoted the reduction of Cr(VI) with the presence of redox-active
substances, such as iron, lactate, and organic acid with low molecular weight [127, 128, 157].
Phenolic and quinonoid functional groups, free radicals, and graphite constituents in biochar
were dominant moieties for Cr(VI) reduction [30, 117]. It's worth noting that modification
(i.e., physical, hybrid, chemical, and biological modification) partly changed the pattern of Cr
removal by biochar. The newly formed functional groups (such as oxygenic functional
groups) on the biochar surface promoted the chemisorption of Cr(VI) [115]. Biochar modified
with redox-active metals (e.g., iron and zinc) or nonmetals (e.g., sulfur) reduced Cr(VI)
directly [158] or transferring electron from redox mediator to Cr(VI) [81]. The resultant

Cr(111) further adsorbed to biochar through forming stable precipitation or complex.
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Fig. 2. The mechanisms of Cr decontamination by biochar.
3.1 Adsorbent

Adsorption is the predominant mechanism involved in the remediation of Cr
contamination by biochar [156, 159-161]. The Cr adsorptive behavior of biochar involved
physical (physisorption and electrostatic interaction) and chemical (ion exchange, surface
complexation, and precipitation) reactions. Physisorption is a weak and secondary process

that depends on the SA and pore volume [22]. Electrostatic interaction is mainly driven by the
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surface charge of biochar and coexisting Cr species, and both of which are controlled by the
pH in the environment [36]. lon exchange is determined by surface functional groups, and
usually takes CEC as the major indicator. Complexation (inner- and outer-spheres) forms
multi-atom structures (i.e., complexes) via specific metal-ligand interactions, where oxygen

functional groups play a crucial role [115].

3.1.1 Pristine biochar as adsorbent

Given the financially efficacy of preparation and subsequent adsorption process, biochar
has been well-studied as a desirable and practical adsorbent for Cr removal [30, 33, 155].
These biochars without any modification are featured with high SA and well-distributed pore
network. For instance, the SA of woody biochar was reported in the range of 145 to 614 m?.g~
1 [67, 162], which was comparable with commercial active carbon. As illustrated in Fig. 3(a),
the maximum Cr sorption capacity is not positively related to SA. High HTT improved the
SA of biochar but decreased the final Cr(VI) sorption capacity [30], which indicated that SA
was not the sole impacting factor determining the Cr(V1) adsorption capacity of biochar. The
woody biochar tended to provide higher Cr(VI) adsorption than the grassy one, which might
be explained by its relatively high CEC [64] and low pH [48]. The novel precursor, such as
sugar beet tailing, showed desirable potential for Cr(V1) and Cr(I11) adsorption after pyrolysis,

owning to the formation of carboxylic, alcohol and hydroxyl groups[156].
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Fig. 3. SA and Cr adsorption of pristine (a) and modified (b) biochars produced from various
feedstocks at pyrolysis temperature ranging from 100 to 900 °C. Data are from Table S1 and
S2. The solid triangle denotes pristine biochar while interior pattern of dot center, vertical
line, and cross denotes biochar modified with metal, surfactant, and acid/alkali, respectively.
The color of green, brown, and red represents grass, wood, and sludge derived biochar,

respectively.

The value of pH is essential because of its influence on surface charge and functional
groups of biochar, as well as on Cr speciation. It has been widely acknowledged that the
Cr(VI) is easily removed by pristine biochar in an acid condition [156, 159, 160]. With pH
less than pH,,c, the electropositive surface functional groups derived from protonation
enhanced the electrostatic attraction to electronegative Cr species [163]. In addition, the
positively charged surface reduced the competitive adsorption of OH™ anions and supplied
protons for the reduction of Cr(VI) [164]. Thus, biochar fabricated from wood, algae, and

switchgrass, with acidic pH levels of 3 to 5.8, was more suitable for Cr(VI) adsorption [165].

The adsorption patterns of biochar on Cr(VI) and Cr(III) species were different. The
adsorption capacity of municipal sewage sludge-derived biochar on Cr(l11) was twice higher
than that on Cr(V1) [166]. This superior retention of Cr(l11) was also found in biochars
derived from rice husk and solid wastes [60]. The immobilization of Cr(III) by biochar was
improved with high pH via two main pathways [56, 167]. Firstly, the increase of negative
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charges on biochar promoted the electrostatic adsorption of Cr(l11) [56]. Secondly, the
hydrolysis of Cr(IIl) and the dissociation of surface functional groups facilitated the
complexation of them [167]. Thus, biochar with abundant acidic functional groups exhibited
high Cr(I11) adsorption capacity [168]. In addition, the formation of amorphous Cr(l11) solids
tended to occur under alkaline condition. Surface precipitation and ion exchange were
considered as key drivers for the adsorption of Cr(III) by sludge-made biochar [166].
However, Pan, et al. [168] proposed that complexation played an important role in the process
of Cr(l11) adsorption by straw-derived biochar. Cr(III) ions were primarily adsorbed through
electrostatic attraction by anionic groups (e.g., -C-OH, C-O, C-0O-R, and C=0). Therefore,
biochar produced at low temperatures with oxygenated surface functional groups was

beneficial for Cr(III) adsorption [155, 169].

3.1.2 Modified biochar as adsorbent

Physically modified biochar mainly improved Cr(V1) sorption through efficient contact
with dense biochar particles [170]. With the irradiation of ultrasonication, biochar made by
algae showed a two-fold higher Cr(VI) adsorption and a quarter of less equilibrium time than
the control [62]. Physical modification could also facilitate Cr(V1) uptake by refashioning
functional groups. The ball milling process stimulated the formation of the iron carbide phase,
exposition of functional groups, and shrinkage of composite hydrodynamic diameter, which
resulted in the improvement of Cr(VI) removal rate [81]. The activation of steam increased
the SA and converted the dominant functional groups from aldehydes acid into ethers, esters,

and carbonyls, thereby increasing the adsorption of Cr(VI) [171].

Mineral hybrid was one of the most common modification methods of optimizing the Cr
adsorption capacity of biochar. On the one hand, mineral loading increased the SA of biochar
and thus provided additional adsorption sites for free Cr ions [36, 84]. The formation of nano-
MgO on the produced biochar increased the SA by five times, resulting in more than a two-
fold increase in Cr adsorption [75]. Similarly, the impregnation of ZnO increased SA by eight
times, significantly increasing the Cr sorption capacity of biochar [36]. On the other hand, the

modification of metal particles was found to bring about low levels of SA. For example, the
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embedment of y-Fe,0; significantly reduced the SA, which attributed to the clogging of
porous structures by thick iron particles [99]. Generally, the Cr(\V1) maximum sorption
capacity did no increase and even decreased with increasing SA of modified biochars (Fig.
3(b)). It demonstrated that SA could only partly explain the mechanism involved in the
Cr(VI) adsorption by modified biochar. Biochar modified with different metallic materials
performed different patterns for Cr adsorption. For example, the high positive surface charge
on biochar was achieved by the formation of Fe,QO3, thereby enhancing the adsorption of
anionic Cr species [172]. The electrostatic interaction between Cr(VI) anions and
electropositive y-Fe,O3; was identified to be the major mechanism for y-Fe,0;-soldered
biochar [99]. The same predominant mechanism has been confirmed for nZVI-modified
biochar [161]. Complexation of Cr with carboxyl and hydroxyl controlled the adsorption of
Cr on the surface of MgO-anchored biochar [75]. Cr(VI) was adsorbed through electrostatic
interaction in the process of Cr immobilization by ZnO-hybrid biochar. The resultant Cr(I11)

was immobilized via ion exchange (with AI¥*, H*, or Zn*") and complexation [36].

The endowment of O/N/S/P containing functional groups was another popular way of
optimizing the surface chemical composition of biochar and subsequently promoting the
adsorption of Cr. Compared to other acids, HsPO,4 had higher ability to promote the physical
adsorption, complexation, and electrostatic attraction of Cr(VI) through broadening SA,
oxidizing hydroxyl groups, and reducing pH, respectively [74, 115]. In addition,
polyethylenimine was used to introduce numerous amino groups into biochar, achieving a
much stronger Cr(V1) adsorption capacity than that of the pristine one [173]. This could be
explained by the fact that amine groups performed strong chelation with Cr(VI) [124]. The
protonation of C—N conduced to abundant positive charges on the surface of N-doping
biochars, further promoting the adsorption of Cr(VI) anions [117]. In addition to the increase
of nitrogen functional groups, the N-doped biochar produced under NHs atmosphere

displayed favorable magnetic properties, which assisted further separation and recycling [76].

The adsorption of biochar for Cr(l11) species could also be enhanced by the modification
with anionic surfactants [118]. Minerals contained in biochar were crucial in Cr(l11)

adsorption because of their assistance in precipitation [174].
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3.1.3 Biological role of adsorbent

Considering its optimum adsorptive capacity, biochar showed a unique impact on
biological cycling. For instance, retention of signaling compounds by biochar restricted the
intercellular communication and gene expression [175]. Biochar was capable of adsorbing
metabolites including amino acids and D-glucose [176], which may interfere with metabolism
of Cr reducing microbes. The reductive metabolites were proved to regulate the Cr(VI)
reduction of bacteria [177]. Thus, the presence of biochar may disturb microbial Cr(\VI)
reduction through the adsorption of reductive metabolites. The selective adsorption of these
metabolites could regulate the inoculation of diverse microbes and their interaction with
biochars. Thus, more attention should be paid to the biological impact of biochar when used

as a contaminant adsorbent.

3.2 Reductant

Considering the relationship of valence, adsorption process, and toxicity, the reduction of

Cr(VI) to Cr(l11) is highlighted in the remediation of Cr contamination [72, 125, 156, 178].

Surface functional groups such as C-0O, C-0O-C, and O—-C-O bonds were important
redox-active moieties for Cr(VI) reduction. The carboxyl groups played a dominant role in the
reduction of Cr(VI) compared to other surface functional groups [30]. The O atoms in phenol,
alcohol, and phosphite served as the major electron donors in Cr(V1) reduction [74]. Biochar
extract was proven to reduce Cr(V1) into Cr(ll1) due to its abundant carboxyl groups and
aliphatic carbon [153, 179]. Generally, Cr(VI) reduction by dissolved biochar increased with
the decrease of pH [31, 56]. However, the electron donating capacity of dissolved biochar
derived from straw was observed to increase with the increase of pH [180]. This might
attribute to the high content of humic-like fraction contained in the biochar leachate [181].
Moreover, functional groups in N-doped biochar, such as —\NH, and —C—N-, significantly

promoted the reduction of Cr(V1) [182].
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Persistent free radical (PFR) in biochar was another redox-active moiety to stimulate the
reduction of Cr(VI) through electron donation. As revealed by electron spin resonance and
scavenger experiments, PFRs, such as oxygen-centered PFRs [126], carbon-centered PFRs,
and carbon-centered PFRs with an adjacent oxygen atom, could directly donate electron to
Cr(VI) [86]. Carbon-centered PFRs showed higher electron donating capacity than carbon-
centered PFRs with an adjacent oxygen atom [86]. Additionally, PFRs was found to transfer
electrons to molecular oxygen, resulting in superoxide radicals for the reduction of Cr(VI)
[183]. The intensity of PFRs increased via the oxidization of phenolic hydroxyl groups by
Cr(VI) on the surface of biochar [184]. The variation of HTT, feedstock, and modification
altered the generation of PFRs, thereby changing the pattern of Cr(VI) reduction [131, 133].
Biochar modified with iron mineral promoted the electron transfer to Cr(VI) via the formation
of PFRs [86]. PFRs reduced Fe(l11) into Fe(Il) and consequently facilitated the reduction of

Cr(V1) [125].

Apart from the improvement of PFRs, the metal-containing materials in biochar could
directly participate in the reduction of Cr(V1). Reductive metals such as Fe(0), Fe(ll), and Al
were common reductive moieties responsible for enhancing Cr(V1) reduction. In the nZV1-
modified biochar, Fe(0) species played a limited role on Cr(VI) reduction during the initial
period, however, the subsequently generated Fe(ll) greatly improved the Cr(V1) reduction
(Formula 2-3) [185]. However, Sun, et al. [37] manifested that Fe(0) was the main constituent
for Cr(V1) reduction (Formula 4-5). The conversion of Cr(VI) to Cr(l11) by Fe(0) species
formed FeCr,0, and Cr(OH); on the surface of biochar (Formula 6-7), which were then
completely displaced by FeCr,O,4 with the increasing loading of iron [37]. nZVI was
converted into y-Fe,O3 during the process of Cr(V1) reduction [158]. Similarly, Fe;O,4 loaded
on biochar could serve as electron donor for the conversion of Cr(VI) into Cr(l11) complexes
like CrOOH [186]. Moreover, FesO, showed potential attachment of Cr(V1) through

chemisorption, thereby enhancing the Cr(V1) reduction by biochar [86].

Fe(0)+0,+4H"—Fe(I1)+2H,0 )
3Fe(II) + Cr(VI) — 3Fe(III) + Cr(IIT) 3)
Fe(0) + HCrO,+ 7H"— Cr(III) + Fe(III) + 4H,0 4)
2Fe(0) + Cr,0,*+14H"—2Cr(III)+2Fe(1)+7H,0 5)
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Cr¥*+30H — Cr(OH); (6)
2Cr** + Fe*" + 8OH — FeCr,0, + 4H,0 (7

Furthermore, it was found that biochar extract could dissolve Fe(Mn) oxide, thereby
releasing Fe(l11) and Mn(Il) free ions into environment [187]. The presence of free Fe(ll)
ions was converted into Fe(ll) species by biochar, which consequently reduced Cr(VI) into
Cr(111) and formed Cr(111) hydroxides [158]. Therefore, the reduction and adsorption of
Cr(VI) species happened simultaneously, as a result of the reducing moieties in biochar [188].
The consequent Cr(111) resided on the surface of biochar by the formation of complexes and
precipitations [188]. The similar pathway of Cr(VI) reduction-immobilization was evidenced
with the Mn(l1) species. Free Mn(I1) was oxidized into Mn(111) during the reduction of

Cr(V1), forming the precipitation of Mn,O3 and Cr,05 (Formula 8-9) [96].

6MnHS" + 4HCrO, + 4H" — 3Mn,0; + 4Cr,S; + 7H,0 (8)
3MnS + 8HCrO, +16H" — 3Mn?*+ 4Cr,0; + 350,* + 8H,0 9)
HS™+ Cr(VI) — SO5/SO% + Cr(111) (10)

However, the predominant Cr species in MgO-bearing biochar was Cr(V1) rather than

Cr(111), which suggested that some metal oxides did not work as reductants as Fe;O4 [75].

In addition to metal, nonmetal (e.g., S and Si) containing material was another essential
reductive moiety of biochar. The adsorbed Cr(V1) species were reduced by S(l1) from
dissolved metal sulfide coated on the biochar, resulted in the precipitation of Cr,S; (Formula
8) [96, 101]. Free S(I1) ions were converted into S(VI) (Formula 9-10) [96]. The enrichment
of silicon in the straw-derived biochar was capable of promoting Cr(V1) reduction. Silicon
composition enhanced the attachment of ZVI and iron oxidation, leading to the reduction of

Cr(VI) and formation of ferrous chromite (FeCr,0,) [41].

3.3 Electron shuttle

It has been verified that the reduction of Cr(V1) can be stimulated by representative
electron shuttles in soil [189]. Biochar is a reservoir containing hundreds of micromoles of
electrons per gram of mass, which enables biochar to be electron shuttle [190] in the redox

reaction of Cr(VI).
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Geo-battery [191] and geo-conductor [192] are two main mechanisms for the electron
shuttle of biochar, which results from the redox cycle of functional groups and the direct
electron transfer of graphic regions, respectively. The contribution of responsible mechanisms
in the electron shuttle process depended on the varying degrees of functionality and
conjunction in biochars [127]. For example, abundant quinone functional groups on low-HTT
biochar were the predominant components supporting electron transfer [147]. With the loss of
functionality and the formation of graphic domain, conductivity of the conjugated w-electron
system turned into the main driver for the electron shuttle of high-HTT biochar [147]. In
general, geo-conductor mechanism was more important than geo-battery for the abiotic
electron shuttle by biochar [157]. Based on electrochemical measurements, electron transfer
rate of geo-conductor was three times faster than that of geo-battery in biochar [192].
Similarly, with the presence of low molecular weight organic acids (LMWOAS), the electron
transfer rate of geo-conductor is much faster than that of geo-battery [127, 193]. Therefore,
the electron transfer capacity of biochar for Cr(VI1) reduction was positively correlated with
HTT, due to the increasing conductivity in carbon matrices [157]. However, the higher
contribution of geo-battery than geo-conductor was found in the process of microbial redox
transformation when biochar served as the electron shuttle [194]. The value of 20 A was
defined as the maximal distance for the direct electron transfer [195], which implied that the
adsorption rather than the diffusion of biochar was of greater importance. For instance, the
high affinity of LMWOAs to biochar surface facilitated the geo-conductor electron transfer,
and consequently stimulating the reduction of Cr(VI) [127]. The different fractions of biochar
possessed distinct electron shuttle capacities. Unlike the key role of dissolved biochar in Cr
reduction, leachate from biochar showed a negligible impact on electron shuttle [190]. This
discrepancy suggested that the capacities of electron donation and electron transfer may

derive from different components of biochar and, thus, should be discussed separately.

Besides aforementioned functional groups and graphic structure, PFR was another major
redox mediator for the electron shuttle of biochar. The carbon-centered PFRs produced from
FesS,-hybrid biochar stimulated the cycling of Fe(ll1)/Fe(1l) as electron shuttles, and

consequently increased the reduction of Cr(V1) [125]. PFRs in N-doping biochars facilitated
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the reduction of Cr(VI) via direct electron transfer instead of transiting electron to anion O,
[117]. Semiquinone-type PFRs in a pristine biochar was observed to promote the reduction of
Cr(VI) by electron shuttle [164]. Nevertheless, some biochars without modification exhibited
inhibitory effect on Cr(VI) reduction. Pristine biochar was determined to activate H,O»,
forming ¢« OH through single-electron transit from PFRs to H,0, [196], thereby decreasing the
reduction of Cr(VI) [197]. Similarly, persulfate was found to be activated by pristine biochar,
thereby generating SO, by transferring one electron from the PFRs to S,0¢” [133], which

oxidized Cr(VI) to Cr(1II) [198].

LMWOAs are common redox-active components in soil [199]. Biochar shuttles
electrons between the LMWOAs and Cr(V1) in soil through two pathways [127]. High-HTT
pristine biochar mainly served as a geo-conductor after LMWOAs adsorbed on its surface.
While geo-battery mechanism dominated the redox reaction of Cr due to high content of
oxygenic functional groups on the low-HTT biochar [127]. Moreover, the nanoscale Ag-
coated biochar exhibited preferential electron transfer between Cr(V1) and formic acid, which
was mainly attributed to the catalytic sites on nano Ag particles [200]. Lactate was a weak
electron donor. The co-presence of biochar and lactate showed 1.30 to 17.3 times higher
Cr(VI) reduction rate than that of the biochar alone [157]. This indicated that the effect of
biochar as an electron shuttle, was much more prominent than being an electron donor in the
remediation of Cr contamination. Additionally, the property of biochar as electron shuttle
could indirectly influence Cr immobilization by engaging in biogeochemical cycling of iron.
The iron oxidation was suppressed by biochar through its negative effect on the growth of the
photosynthetic microorganisms [201]. In addition, biochar was able to accept electrons from
the biotical source (e.g., iron reducing microorganism) and then donate them to the iron
mineral, thereby stimulating the bioreduction rate of the insoluble iron [190, 202]. The
mineralogy of microbially reductive product was converted from magnetite (Fe;0,4) into
siderite (FeCO3) by the mediation of biochar [190], which may change the fate of Cr ions.
However, Wu, et al. [203] proposed that the transition of mineral product was inhibited by
biochar, which might be caused by the adsorption of Fe(ll). Also, iron species released from

clay minerals were able to serve as electron shuttles in the reduction of Cr(V1) [8]. Therefore,
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the biochar modified by iron-containing minerals might be taken as the superior electron
shuttle for the improvement of the Cr(VI) reduction. Several researches have demonstrated
that electron shuttle improved the efficiency of Cr reduction using bacteria through
facilitating the extracellular electron transfer [17, 204]. Moreover, biochar was utilized as
electron shuttle to facilitate the reduction of oxygen in microbial fuel cells for Cr(VI)

reduction because of its high conductivity [205].

3.4 Photocatalyst

Biochar as carbon skeleton facilitated electron transfer, adherence of photocatalysts, and
adsorption of contaminants [206]. The supplementation of biochar favored the adsorption of
Cr(\V1) to photocatalyst due to its high SA, which facilitated Cr(V1) reduction through its
enhanced connection with photogenerated electrons [128]. The well-distributed graphitic
structures of biochar matrix accelerated the electron transfer, leading to the ideal
photocatalytic reduction of Cr(V1) [51]. The coating of Bi,WOg improved the electrical
conductivity of modified biochar, thereby accelerating the migration of photogenerated
electron to Cr(V1) [207]. In addition, the Fe in the magnetic biochar was investigated to lower
the binding energy of noble metal nanoparticles, increasing the catalytic activity in the
reduction process [206, 208]. ZnO [94], ZnFe,04 [209], and B-FeOOH [210] nanoparticles
embedded on biochar were identified to serve as photocatalyst, thereby facilitating the
reduction of Cr(VI) by photogenerated electrons. The B—H functional groups contained in
ZnFe,0O,-modified biochar also contributed to the reduction of Cr(V1) [39]. In N-doping
biochar, the carbon sp?-hybridized structures in oxygen functional groups were excited to
produce photogenerated electrons, which accelerated Cr(V1) reduction under visible light
condition [150]. Considering the photosensitivity of biochar, it could be deduced that pristine
biochar may have the potential to participate in Cr(V1) reduction as a photocatalyst. The
dissolved biochars were capable of complexing with Fe(l11) and then being photo-excited,
thereby indirectly assisting Cr(VI) reduction [153]. Further studies are still required for the

illustration of underlying mechanism and application of photocatalysis.
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4 Biochar-assisted Cr immobilization with interfering

species in actual contaminated environment

4.1 Interaction between biochar and interfering species in

Cr-contaminated wastewater

In an actual aquatic Cr-contaminated environment, reaction parameters (adsorbent
dosage, pH range, contact time, illumination, etc.) and interfering species (ions, organic

contaminants, etc.) played essential roles in biochar application.

Table S1 and S2 summarized that the acidic environment is preferable for biochar to
extract Cr from wastewater. The positively charged surface displayed high adsorption to
CrO,” through the protonation of functional groups under low pH [163]. Biochar derived
from tree leaves, algae, and switchgrass was more constructive to lower-pH environment than
sludge-derived biochar [124, 165]. With higher adsorbent dosage, biochar showed superior
adsorption efficiency and lower Cr adsorption capacity [36, 211]. At a high initial Cr(VI)
concentration, the Cr(VI) adsorption rate of biochar decreased while the adsorption capacity
increased [28]. The equilibrium time of Cr sorption differed in biochar produced with
different feedstocks [59]. The fine biochar (particle size ranging from 0.15 to 0.5 mm)
showed higher rate and quantity of Cr adsorption than the coarse one (0.50 to 1.00 mm) [169].
Moreover, the increasing temperature of adsorption slightly fortified the Cr(VI) adsorption by
biochar whereas high temperature (> 25 °C) reduced the adsorption capacity [63]. However,
some researchers demonstrated a constantly promoting effect of rising temperature on Cr(V1)
removal efficiency (10 to 45 °C) [38, 188, 211]. Interestingly, the Cr(VI) reduction by biochar
was improved in ice due to the freeze concentration effect in the grain boundary [178]. In
addition, some other reacting parameters which influenced the redox-active and
photosensitive properties of biochar has been evaluated recently. The presence of electron
donors, such as lactate, increased the remediation efficiency through mediating Cr(V1)
reduction by the biochar [157]. Moreover, the Cr(VI) removal rate was facilitated by

illumination, based on the photocatalysis of biochar [39].
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Cr species commonly coexist with anionic/cationic background ions and organic
contaminants in contaminated water. Generally, the addition of cation, such as K*, Na*, and
Ca”", was able to neutralize the charged surface of biochar, thereby promoting its electrostatic
interaction with Cr(VI) [75, 211]. The co-presence of biochar and anions, such as NO3,
HPO,”, HCO3, and F’, competed for the adsorptive sites with anionic Cr species [75, 126].
The competitiveness of the multivalent anions, such as COs>, PO,*, SO, and Se0,*, was
stronger than that of the monovalent anions, such as Cl and NO3™ [76, 125, 212]. In addition,
the inhibitive impact of anions towards Cr(V1) adsorption became apparent with the
ascending ionic strength, which was caused by the decreasing activity coefficient of Cr(VI)
[99]. However, not all the Cr(V1) adsorption performance of biochar was suppressed by the
anionic ions. The existence of nitrate showed minimal impact on the Cr(V1) adsorption of
Fe;04 and Mg/Al hydroxide-modified biochar [86, 98]. The presence of NO3 and SO,* made
a negligible difference on the Cr(VI) removal rate of the pristine straw-derived biochar [126].
Moreover, the positive effect of SO,* had been found in the adsorption of Cr by a nZVI-
modified biochar, which was attributed to the reactive sites on the nZVI surface caused by
promoting corrosion [102]. The competitive adsorption of CO4* on the biochar was reduced
after the modification with HNO; [126]. Therefore, the distinct capacity of selective
adsorption of Cr(VI) was closely related to the functional groups on the biochar surface. For
cationic background ions, Cu?* and Pb?* stimulated the Cr(VI) adsorption on biochar surface
as a cation bridge [211, 212]. In contrast, Cu*" and Pb?* substantially inhibited Cr(111)
adsorption through the competition for ion-exchange sites on biochar [211, 213]. Moreover,
other redox sensitive elements such as Fe, Mn, and As should be taken into consideration due
to the redox sensitivity. Surprisingly, Mn(l1) inhibited the removal of Cr(VI) [92] while iron
ions showed a negligible impact on Cr(VI) removal by pristine biochar [178]. As(l11)
oxidation was found to facilitate the Cr(V1) reduction of dissolved biochar via electron
donation[31]. In contrast, As(V) inhibited the Cr(VI) removal [92]. In the binary system of
the Cr species and interfering organic compounds, different patterns of Cr removal have been
observed. The concurrence of benzoic acid facilitated the Cr(VI) removal by reducing Cr(VI)
into Cr(111) [214]. The hydroxyl groups of biochar bonded with Cr(\V1)/Cr(l111) and atrazine

through inner complex and H-bond, respectively. Thus, the coexistence of atrazine had a
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negligible influence on Cr adsorption of the biochar [215]. The removal of Cr(I1l) was
facilitated through the generation of the metal-organic complex in the presence of bisphenol
A [216]. However, the introduction of nonpolar hydrophobic organic contaminants limited the
adsorption of hydrophilic Cr(\VI) ions due to the increasing hydrophobicity of the biochar
[115]. Moreover, the anionic orange-type dyes (i.e., methyl orange, orange Il, and orange G)
lowered the adsorption of CrO,* on the Mg—Al-layered double hydroxide [217]. Hence, it
could be speculated that anionic organic contaminants may compete with Cr(V1) in the
adsorption process of biochar. With the irradiation of UV, orange G could serve as electron
donor, promoting the reduction of Cr(VI) by biochar [129]. Similarly, synergistic impact has
been observed under the co-presence of Cr(VI1) and 4-fluorophenol, which resulted from the

photocatalytic effect of biochar [128].

In summary, recent studies mainly analyzed the effect of interfering environmental
factors on Cr removal by biochar in a single simulating system. Although some studies have
utilized NaNO; and Na,SQO, as background electrolytes [185], only the few have discussed the
application of biochar in actual Cr contaminated wastewater [74, 178, 218]. In addition to Cr
species, heavy metal (e.g., Mn*, Zn**, Cu?*, and Pb*") and organic contaminants were found

to contain in real wastewater, thereby influencing the practical use of biochar.

4.2 Interaction between biochar and interfering species in

Cr-contaminated soil

4.2.1 Biochar-assisted Cr immobilization changes the

properties of soil, microbe, and plant

Biochar has been reported to ameliorate soil properties via different ways. The structure
of soil was refined through increasing aeration and reducing soil tensile strength by biochar
[219]. Soil pH and CEC were elevated due to the alkaline matrix and H* adsorption of biochar
[43, 220, 221]. The adsorption of organic substance and metal to biochar could improve the

texture of soil [222]. A variety of biochar has been applied in the remediation of Cr
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contaminated soil. Compared to straw and wood-derived biochar, sugarcane bagasse-derived
biochar possessed higher Cr(VI) immobilization capacity in soil, mainly due to its low pH (<
6.5) [223-225]. Moreover, biochar prepared under low HTT had relatively high functionality,
which was beneficial for the adsorption of Cr [223]. Hybrid modification with reductive metal
material, such as nZVI, promoted the immobilization of Cr(VI) by biochar via enhanced
reduction and electron shuttle [109, 226, 227]. The introduction of clay nanoparticle enhanced
the Cr(VI) immobilization capacity of biochar by providing active adsorption sites in alkaline
soil [228]. In addition to direct impact on soil properties, the supplementation of biochar
influenced the activity of microbe and plant, thereby assisting the immabilization of Cr in soil

indirectly [220].

The microbial abundance and community structure in soil were reshaped after
inoculation of biochar [24]. For instance, biochar derived from feedstocks with higher
lignocellulosic content (e.g., wood) showed more positive influence on microbial population
density than those derived from manure or crop residue [222]. The possible roles of biochar in
microbial activity are presented herein. First, biochar could act as microbial shelter. Bacteria
could adhere to biochar instead of being leached out while this promoting effect was not
obvious for fungi [220]. The application of biochar facilitated the genetic abundance of soil
bacteria; however, it restricted that of fungi [229]. It should be noted that biochar-dwelling
microbes maybe unable to significantly grow in a relatively short term (<3 years), owing to
the low carbon availability and small pores of biochar [230]. Second, biochar could act as
nutrient pool. The labile composition leached from biochar might be utilized by microbes as a
nutrient source. However, whether or not the nutrients supplied by biochar facilitated
microbial biomass was still unclear [220]. Third, biochar could act as a redox mediator. The
guinone moiety of biochar was responsible for the electron acceptance, donation, and shuttle
in the microbial processes of iron reduction, acetate oxidation, and nitrate reduction,
respectively [190, 194]. Lastly, biochar could act as Cr adsorbent. The Cr adsorption of
biochar could offset the detrimental impact on soil microbe caused by Cr contamination [13].
It has been observed that the microbial activity in soil was positively correlated with the Cr

adsorption capacity of biochar [231]. In a pragmatic application, the copresence of Cr-
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reducing bacteria and biochar efficiently reduced Cr phytotoxicity and brought about

physiological benefits [232].

Due to the change of physicochemical and biological properties of soil, the response of
plants to Cr contamination also varied with the addition of biochar. The nutrition and biomass
of fruits were upgraded by biochar [233]. The plant tolerance towards Cr was improved due to
the positive role of biochar on antioxidative enzymes [234]. The uptake and bioaccumulation
of Cr in plants were reduced by the supplementation of biochar [14, 221, 235]. Biochar also
facilitated the activities of soil dehydrogenase, f-glucosidase, and urease, thereby increasing
metabolism and activate microbial community [236]. Accordingly, biochar could potentially
ameliorate the toxic stress of Cr on plants by optimizing soil enzymes activities, facilitating
plant physiological functions, and changing metal transport patterns in the soil-plant system

[224].

4.2.2 Different soil conditions influence biochar-assisted Cr

immobilization

After applied into the soil, the properties of biochar were changed by soil compositions
including clay, iron mineral, and organic matter [237]. This process was summarized as
biochar aging [238]. Aging introduced oxygenated groups, especially hydrophilic functional
groups (such as carboxylic and phenolic groups) onto the surface of biochar [238, 239]. This
oxidation phenomenon was more evident in acid soil than the soil with high pH [238]. The
additional O-containing functional groups provided potential adsorption sites for Cr species
[223]. Moreover, the adsorption of Cr(\VI1) might be promoted in acidic environment caused

by the reduced alkalinity of aged biochar [239].

The increasing O-containing functional groups of the aged biochar may directly attach to
soil minerals [240]. For example, organometallic complexes were formed on the biochar
surface after incubation with representative clay minerals, such as montmorillonite and
kaolinite. These complexes increased the SA as well as the resistance of biochar towards

oxidation [241, 242]. Therefore, biochar would be stable and, thus, have a long interacting
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period, when applied to soil with high mineral content. In contrast, the iron minerals, such as
hematite and goethite, oxidized the reductive functional groups and blocked the surface,

thereby significantly reducing the Cr(VI) reduction rate of biochar [243].

Likewise, organic matters showed dual interfering impacts on Cr(VI)-contaminated soil
amended with biochar. For one thing, humic substances reduced the SA of biochar by surface
coverage and pore-filling effect [162], which may hamper the sorption of Cr(V1) by biochar.
For another thing, the humic acid promoted the reduction of Cr(VI1) by transferring electron

between biochar and Cr(VI) ions [211].

In the soils of different land-use types, biochar exhibited different rates of
mineralization, contributing to the diverse indigenous microbial communities [219]. Biochar
possessed a more desirable Cr(V1) reduction in acidic soil than in neutral soil [109]. In the
long term, the aged biochar that was synthesized with different temperatures and feedstocks
showed contradictory impacts on contaminant adsorption [242] and metal(loid)s speciation
[237]. To conclude, biochar-assisted Cr immobilization in soil varied depending on different

types of plants, microbes, soils, and biochars.

5 Further perspectives

The remediation of Cr contamination by biochar are confronted with special challenges.
The general properties of biochar have been well-studied, however, the redox-active and
photocatalytic properties of biochars are not widely investigated. The studies of quantifying
their potential role as electron shuttle or photocatalyst are limited. The electron transfer
pathways of biochar in Cr immobilization are also unclear. Future studies need to be

conducted to provide an insight into electron transfer mechanism for Cr immobilization.

In acidic and neutral environment, biochars exhibited a more stable adsorption to Cr(VI)
than other adsorbents such as nanoparticles [169]. However, Cr ions adsorbed on biochars
may desorb under alkaline condition, thereby posing a potential environmental threat [169].
Biochar exhibited higher desorption rate for Cr(\1) than Cr(I11) due to its limited electrostatic

interaction with Cr(\VI) [60]. In addition, the secondary pollution caused by biochar
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(especially modified biochar) should be taken into consideration. Heavy metals contained in
precursor (e.g., sludge) may be accumulated during pyrolysis and released into environment
in following application [43]. The volatile organic compounds and free radicals contained in
biochar may be inhibitory for microbial growth and plant germination [130]. Moreover, PFRs
may interact with coexisted contaminants, resulting in unpredictable secondary
contamination. The change of biochar properties caused by aging process further complexed
the generation of secondary contamination. Therefore, the stability of biochar should be

evaluated before its application.

Thus far, studies about the biochar remediation of Cr contamination are still limited in a
laboratory scale. The capacity of biochar on Cr stabilization is investigated under simulated
system, which is unable to provide support for further practical application. Hence, field and
commercial-scale applications are necessary. Considering the complexity of various
environmental variables (e.g., organic matter and soil mineral), the fate of biochar and its
subsequent effects on contaminants in the long term presents a critical research gap and

requires further studies.

6 Conclusions

In conclusion, we have presented an overview of the preparation and characterization of
biochar, summarizing its mechanism and application in the remediation of Cr contamination.
Besides feedstock and HTT, the characteristics of biochar vary with different modifications
including hybrid, chemical, physical, and biological methods. The optimization of pyrolysis
conditions and manipulation of designated biochar are critical for the improvement of Cr
removal efficiency. In the remediation process, "reduction-adsorption” and "adsorption-
reduction-adsorption™ are the two main Cr immobilization pathways. Cr(l11) was stabilized as
complexes or precipitations. In addition, electron shuttle participates in the transformation of
Cr via geo-battery and geo-conductor mechanisms. Functional groups, graphic structures, and
PFRs are the predominant redox-active moieties in the process of electron transfer.
Furthermore, the reduction of Cr(V1) is facilitated by photocatalysis based on photosensitivity

of biochar. Biochar plays an important role in the soil-plant-microbe system. When applied
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into soil, biochar may age via abiotic and biotic ways, altering the biochar properties and
subsequent influence on Cr immobilization. Interfering species in Cr wastewater change the
properties of biochar and its Cr removal capacity. Application of biochar for Cr

immobilization in real environment needs further investigation.
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Highlights

® Hybrid and biological methods for biochar modification were first summarized.

® Redox-active and photocatalytic properties of biochar were emphasized.

® Adsorption, reduction, electron shuttle, and photocatalysis were main
mechanisms for Cr removal by biochar.

® Interfering species influencing Cr immobilization capacity of biochar were

discussed.
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