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Chemical and biological immobilization mechanisms of potentially toxic elements in

biochar-amended soils
The application of biochars for the remediation of water and soils contaminated
with potentially toxic elements (PTEs) has seen a recent growing interest. The
mechanisms of chemical immobilization of PTEs with biochars in aqueous media
have been well defined. However, immobilization mechanisms by which biochars
interact with PTEs in soil matrix are more complex. The biological immobilization
mechanisms and their interactions with PTEs in biochar-amended soils are not as
well defined. This review presents an overview of factors governing interactions
of biochars with PTEs as well as the synergistic effect of biochars and
microorganisms in biological immobilization processes. The effectiveness of
biochars in improvement of microbial immobilization of PTEs mainly depends on
biochar properties, application rates and soil environments such as organic matter
content, clay type and content, pH and redox potential. Although some modified
biochars appear to be better than the pristine biochars for immobilization of PTEs,
their potential adverse impacts on soil microbial activity should be considered.
This review highlights the most common analytical methods to discover molecular
interaction mechanisms between biochar and PTEs and future research areas
required for the understanding of biochar-PTE interactions in polluted soil
systems.
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1. Introduction

Contamination of potentially toxic elements (PTEs) in soil is a major environmental, agricultural
and public health concern worldwide (Bolan et al., 2014; Jin et al., 2019; Ok et al., 2010; Shaheen,
El-Naggar, et al., 2019; Yousaf et al., 2018). Many anthropogenic activities, e.g., use of
agrochemicals, mining, explosive and industrial sources, municipal waste, and power generation,
discharge and accumulated PTEs into the soil environment (Ali et al., 2017; ElI-Naggar, Shaheen,
et al., 2019; Igalavithana, Kim, et al., 2019; Liu, Xu, et al., 2018; Oh & Yoon, 2016; Wood, Tang,
Franks, & Liu, 2016). Potentially toxic elements can be transported through water or the
atmosphere before being deposited and concentrated into soils and sediments. Unlike other
pollutants, PTEs are persistent in the ecosystems and concentrate in the biosphere through trophic
levels of the food web (Bandara, Herath, Kumarathilaka, Seneviratne, et al., 2017; Rinklebe,
Antoniadis, Shaheen, Rosche, & Altermann, 2019). The accumulation of PTEs in water bodies
and agricultural soils threaten the food quality and security. Prevention and reduction of PTEs in
a soil are essential for the secure of the future environment.

The mobility and bioavailability of PTEs are governed by soil characteristics, such as
organic matter content, pH, cation exchange capacity, and redox potential (Awad et al., 2018;
Bolan et al., 2014; Chen, Yang et al., 2019; El-Naggar, Shaheen, et al., 2019; Lu et al., 2014;
Salam et al., 2019; Yuan et al., 2017). Conventional techniques for soil remediation including soil
washing, chemical precipitation and soil flushing have been employed worldwide, but themselves
contribute to soil degradation and are not economically feasible at a large scale (Houben, Evrard,
& Sonnet, 2013; Liu, Xu, et al., 2018; Meng et al., 2017; Yuan, Wang, Pan, Shen, & Wu, 2018).
To be broadly feasible it is important that techniques are efficient, low-cost and environmentally-
friendly allowing environmental or agricultural application.

More recently, biochars have been gaining recognition as a potential in-sifu immobilization
amendment for the remediation of PTEs (Qi, Kuppusamy, et al., 2017; Shaheen, Niazi, et al.,
2019; Tack, Rinklebe, & Ok, 2019; Yuan et al., 2017; Wei et al., 2018; Zhang, Zhang, et al.,
2019). Biochars are comprised of solid carbonaceous materials originated from pyrolysis of
biomass under low-oxygen environment and used for soil amendment or other environmental
applications (Dong et al., 2015; He et al., 2015; He et al., 2018; Hyvédluoma et al., 2018; Lehmann
et al., 2011; Li, Khan, et al., 2018; Li, Song, Singh, & Wang, 2018; Weng et al., 2017). The
addition of biochars increases water and nutrient retention in soils and carbon sequestration,
facilitates growth and habitat for soil biota, increases microbial abundance, changes microbial
community composition, promotes waste recycling, and reduces bioavailability of soil
contaminants (Abiven, Schmidt, & Lehmann, 2014; Ahmad et al., 2014; Dai, Zhang, et al., 2017;
Igalavithana, Mandal, et al., 2017; Igalavithana, Kim, et al., 2019; Wu et al., 2019; Yang et al.,
2016; Yuan et al., 2019; Zhang, Guo, et al., 2018).

The immobilization capacity of biochar in soil is dependent on the interaction between soil
properties, PTEs and the biochar (Igalavithana, Kim, et al., 2019; Lu et al., 2014; Qi, Dong, et al.,
2017; Zhang et al., 2013). Therefore, mechanisms of PTE and biochar interactions in soil matrix
are expected to be more complex than those in aqueous media. It is imperative to identify and
understand the biochar-PTE interactions in soil systems to allow the efficient use of biochars to
amend contaminated soils. Biochars undergo an irreversible process in soil and change soil
physical and chemical properties which affect biological processes and overall soil health.
Compounds present in biochars, such as free radicals, volatile organics, minerals, labile substrates
and nutrients, reshape the microbial community and influence the soil enzyme activities (Ahmad,
Ok, Kim, et al., 2016; Igalavithana, Kim, et al., 2019; Nie et al., 2018; Sanchez-Hernandez, Rios,
Attademo, Malcevschi, & Cares, 2019; Yang, Lu, et al., 2017; Zhu, Chen, Zhu, & Xing, 2017).
Recently, many advanced techniques such as fourier transform infrared spectroscopy (FTIR), X-
ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), and X-ray absorption
spectroscopy (XAS) have been engaged to identify molecular-binding mechanisms of PTEs and
biochar (e.g., Wei et al., 2018; Wu et al., 2016; Wu, Li, et al., 2017). Particularly, synchrotron-



based techniques are being more commonly used for in-sifu measurements of distribution and
speciation of PTEs with the needs for less sample preparation (Kopittke, Wang, Lombi, &
Donner, 2017; Liu, Ptacek, Blowes, & Finfrock, 2019).

To the best of our knowledge, there is no comprehensive review dealing with both chemical
and biological immobilization mechanisms of PTEs in the biochar-amended soil environment.
Therefore, this paper aims to address the following aspects: 1) the major factors affecting the
effectiveness of biochars in the immobilization of PTEs; 2) the effects of biochars on plant growth
and uptake of PTEs; 3) the key mechanisms of biochar interactions with PTEs in the soils; 4) the
possible interactions of biochars, PTEs and microbes in the soils environment; 5) the technologies
are employed to the identification of these mechanisms; and 6) the potential use of modified
biochars for the immobilization of PTEs in soil. These aspects are brought together to highlight
important future areas of research.

2. Biochar production and characterization

Biochars have more specific properties such as high surface area and pore volume, high number
of surface functional groups, and low O/C ratio (El-Naggar, Lee, et al., 2019; El-Naggar, Shaheen,
et al., 2019). These unique properties primarily depend on feedstock type and production
conditions (Table S1) and govern the ability to remediate PTEs (Rangabhashiyam &
Balasubramanian, 2019; Wuet al., 2016; Wu, Li, et al., 2017). Pyrolysis, gasification, torrefaction
and hydrothermal carbonization are the major technologies used for the conversion of biomass
into biochar (Shaheen, Niazi, et al., 2019; Song et al., 2018; Zhang, Zhu, Shen, & Liu, 2019).
This section mainly focuses on biochars produced from pyrolysis and hydrothermal carbonization
because these biochars have high surface area and surface functional groups (Shaheen, Niazi, et
al., 2019), which are important surface characteristics controlling the interactions with PTEs.

Pyrolysis is the most widely employed technique in biochar production. Three pyrolysis
methods are reported; slow pyrolysis at low temperature (350-550°C), slow pyrolysis at high
temperature (600-900°C) and fast pyrolysis (Vithanage, Herath, Joseph, et al., 2017). Recently,
microwave irradiation of biomass is also commonly used to produce biochars, and compared to
the conventional pyrolysis, microwaves supply energy directly into biomass that prevents partial
carbonization of biomass (Haeldermans et al., 2019). Microwave irradiation produces high-
quality products and utilize less energy compared to heat pyrolysis (Li, Dai, et al., 2016; Mao et
al., 2019; Wahi et al., 2017). However, microwave irradiation is still limited to laboratory studies
due to economic feasibility, large-scale production and technological limitations.

Hydrothermal carbonization is a process of thermochemical conversion of high-moisture
biomass into hydrochar. This process has less emission and produces higher amount of C
compared to the pyrolysis process (Fang, Zhan, Ok, & Gao, 2018; Melo et al., 2019; Shaheen,
Niazi, et al., 2019; Song et al., 2018). However, Han et al. (2017) demonstrated that hydrochar
produced from animal manure had low sorption capacities of Cd(II) and Sb(III) due to lack of
negative charges and surface polar functional groups compared to the pyrochar. Fang et al. (2018)
and Kambo and Dutta (2015) reviewed more details about production, properties and applications
of hydrochar.

The yield of produced biochars depends on the size of the biomass particle, density of the
feedstock materials, and the content of lignin, cellulose, hemicellulose and minerals (Antal and
Gronli, 2003). Biomass with higher lignin and less moisture is considered as most suitable
feedstock for high biochar yield (Tripathi, Sahu, & Ganesan, 2016). Biochars produced at low
temperatures (<300°C) show a relatively low pH, small surface area, low ash content and low
aromaticity, but contain more acidic functional groups and higher CEC. High temperatures (>
600°C) lead to more aromatic graphite structure, high surface area, high pore volume and high
ash content which are important in PTE sorption.

Pyrolysis temperature, as well as residence time, significantly affect biochar characteristics
with an increase in pH and percentage of ash (Figure 1). Generally, with increasing pyrolysis
temperature, biochars mostly exhibit alkali pH due to the removal or loss of acidic functional
groups, separation of alkali salts from the organic compounds and the ash component with alkali
metals (Al-Wabel, Al-Omran, El-Naggar, Nadeem, & Usman, 2013; Bandara, Herath,
Kumarathilaka, Hseu, et al., 2017).



Biochars from legume plants have a higher pH compared to the biochars from non-legumes
at the same temperature, which is related to ash, or ash alkalinity or excess cations (Tang,
Weligama, & Sale, 2013; Yuan & Xu, 2011). Heating procedure also contributes to biochar pH.
Biochars derived from wheat straw from slow and fast pyrolysis at 625°C resulted in pH 10.1 and
6.8, respectively (Bruun, Ambus, Egsgaard, & Hauggaard-Nielsen, 2012).

As aresult of degradation of organic components in biomass during pyrolysis, a substantial
amount of ash provides sources of metals, silicates, and some essential plant nutrients (Bachmann
et al., 2016). Biochars derived from grass, animal manure and sludge contain more ash compared
to the biochars derived from woody biomass (Table S1). The feedstocks which contain a higher
inorganic fraction and low C such as straw, shells and husks of grains, animal manure and
herbaceous biomass, result in biochars with higher ash content compared to feedstocks that are
low in inorganic fraction (woody biomass) (Aran, Antelo, Fiol, & Macias, 2016).

The majority of biochars show a reduction of oxygen to carbon (O/C) ratio with increasing
pyrolysis temperature (Figure 2). A possible reason for this reduction is a progressive dehydration
and decarboxylation with higher temperature is the formation of highly-condensed aromatic
carbons (Bandara, Herath, Kumarathilaka, Hseu, et al., 2017). Low O/C ratios indicate a lower
degree of polarity or more hydrophobicity. Generally, increasing pyrolysis temperature decreased
H and N contents of biochars. However, increasing the temperature from 200 to 800°C increased
the N concentration in biochars of conocarpus waste, which could be due to the incorporation of
N into the biochar structure (Al-Wabel et al., 2013). Therefore, the behaviour of N in biochars
shows inconsistency with pyrolysis temperature while C content increases and other elements (O
and H) decreases with increasing temperature.

The surface area and pore volume of biochar are considered as major physical properties
governing the immobilization of PTEs. During pyrolysis of biomass, microspores are formed due
to dehydration process that is a major structural change. Biochars produced at low temperature
showed a low surface area compared to those produced at high temperature (Figure 2). Biochars
produced from switchgrass and alfalfa showed a small surface area compared to the woody
biochars formed at a higher temperature (600°C), highlighting the effect of feedstock type on the
surface area (Wang, et al., 2015a). Other than temperature, residence time plays an important role
in surface area and pore volume and when residence time exceeded 2 h at 500-900°C the surface
area and pore volume rapidly decreased (Cha et al., 2016).

Overall, the immobilization of PTEs by biochar depends on the biochar type, production
condition and technology, which is used for biochar production. Biochars derived at low
temperature contain more nutrients, surface functional groups and labile C that are important for
surface complexation of PTEs and microbial growth. On the other hand, biochars derived at
higher temperatures have more surface area and fixed C, which favour PTE immobilization by
physical sorption and are resistant to microbial mineralization. More detailed information can be
found in the supplementary materials.

3. Effects of biochar on plant uptake of PTEs

The application of biochars is considered as an effective method for decreasing bioaccumulation
of PTEs in plants. Its effectiveness depends on biochar characteristics, PTE type, soil type and
plant species. However, some biochars may have negative effects on plant growth due to the
presence of toxic compounds.

Recent meta-analyses conducted by Chen et al. (2018) and Peng, Deng, Peng, and Yue
(2018) critically discussed the effects of biochars on plant uptake of PTEs in contaminated soils.
Chen et al. (2018) evaluated 74 publications which were published before on March 2016, while
Peng et al. (2018) evaluated 97 publications published before December 2016. Overall, they
observed that biochar addition decreased the bioaccumulation of PTEs in the plants. However,
the extent of decrease depends on biochar type and addition rate, soil type, PTE type and
concentration, and plant species. For instance, Chen et al. (2018) observed biochars decreased the
plant accumulation of Cd, Pb, Cu and Zn concentration by 38, 39, 25 and 17%, respectively. The
bioaccumulation of PTEs in the plant decreased to a greater extent in soils with coarse-texture
and high organic carbon than those with fine- and medium-texture and low organic carbon.
Biochar addition rate of > 3% decreased plant uptake of PTEs more than the rate of 1.1-3% and



< 1%. In general, biochar addition decreased the bioaccumulation of Cd and Cu more in cereals
and vegetables than legumes. Biochars decreased the bioaccumulation of Pb to the greatest extent
in maize and the smallest in wheat. In comparison, biochars decreased the bioaccumulation of Zn
only in vegetables, legumes and hyperaccumulators and had no significant effects on it in rice,
wheat, maize and grasses. Moreover, the authors observed that biochars derived at 400-500°C
decreased bioaccumulation PTEs in plants more effectively and economically than those derived
at higher temperatures (>600°C).

Similarly, Peng et al. (2018) showed that biochars produced from animal manure,
decreased the Cd and Pb bioaccumulation in plants more significantly (decreased by 65% and
85%, respectively) than those derived from wood, herbaceous, biosolids and lignocellulosic waste
(by 21-14%, 27-45%, 10-45%, and 42-61%, respectively). Overall, the addition of biochars
negatively correlated with bioaccumulation of PTEs and hence, biochars can be a potential soil
amendment to decrease food-chain contamination.

The potential negative effects of biochar on plant growth have also been reported
(Kookana, Sarmah, Van Zwieten, Krull, & Singh, 2011). Intani, Latif, Islam, and Muller (2019)
showed that the application of fresh corn-cob biochar produced via slow pyrolysis (450°C)
decreased seed germination, plant height, and fresh and dry weights of Lepidium sativum plants.
However, heat-treated (105°C for 24 h) and washed (shaken with de-ionized water for 24 h)
biochars decreased the potential toxicity for plant growth. Furthermore, the authors revealed that
with increasing application rates from 10 to 30 t/ha, shoot fresh weight decreased by 41%, 72%
and 75% in the washed, heat-treated and fresh biochars, respectively. Similarly, Li et al. (2015)
reported that high dosage (16.0 g biochar/beaker) of corn-stover biochar decreased the seed
germination, growth, and antioxidant enzyme activities in the roots and leaves of tomato.
Furthermore, the enhanced malondialdehyde content and altered root-tip morphology at higher
biochar dosages were observed due to serious lipid peroxidation in the tomato seedlings. The
application of biochars at 5% (w/w) decreased rice plant growth due to the higher electrical
conductivity in salt-affected soils (Hafeez et al., 2019). The negative effects of biochar application
on seed germination and plant growth are often attributed to toxic compounds such as heavy
metals, polycyclic aromatic hydrocarbons and free radicals present in biochars (Kookana et al.,
2011; Quilliam, Rangecroft, Emmett, Deluca, & Jones, 2013; Wang, Xia, et al., 2018). Recently,
Ruan et al. (2019) critically reviewed the formation, characterization and effects of
environmentally-persistent free radicals (EPFRs) in biochars. Biochars with high amounts of
EPFRs inhibited seed germination, and the growth of root and shoot, and damaged the plasma
membrane due to OH free radicals. Therefore, future research needs to focus more on biochar-
induced plant toxicity before biochar is applied to the large scale.

4. Mechanistic understanding of biochar interaction with PTEs in soils

Two aspects appear necessary to describe the interactions between biochars and PTEs in the soil
system; 1) direct influence of biochars on PTEs, 2) indirect immobilization of PTEs (Figure 3).
The structural specificity of biochars governs the direct mechanisms on PTE interactions such as
chemical and physical interactions, and precipitation. Biochars also change the soil environment
by changing the chemical, physical and biological properties that favour immobilization of PTEs
(Table 1). These mechanisms are discussed together in relation to various PTEs in the
environment.

4.1. Cadmium

The possible immobilization mechanisms that are involved in the Cd and biochar interactions
include: cation exchange; precipitation; surface complexation with functional groups; and
electrostatic interaction (Figure 4). However, immobilization mechanisms highly depend on the
biochar type and application rate, soil type, Cd concentration and the aging process. Cation
exchange, precipitation as CdCO; and co-precipitation with CaCQOs, are the main mechanisms
contributing to Cd sorption by olive pomace-derived biochars (Pellera & Gidarakos, 2015). Alkali
nature of biochars can promote the formation of Cd3(PQs),, CdCOs, K4CdClg, CdsP, and Cd(OH),
in pore water which are highly insoluble (Zhang, Wang, et al., 2015). Cd(II) ions are easily bound



to form strong surface complexes on the surface of biochars rich in O-containing functional
groups such as —OH and —COOH (Sun, Lian, Liu, Zhu, & Song, 2014). EDX semi-quantitative
analysis, FTIR analysis, and XPS morphological analysis showed that surface complexation was
the main mechanism of Cd interaction with rice-husk biochar produced at 400°C due to the large
amount of O-containing functional groups, while the generation of stable compounds with
inorganic salts (Si, S, ClI etc.) might also contribute to the interaction (Tan, Wang, Zhang, &
Huang, 2017). Furthermore, the aromatic graphite structure of biochars rich in delocalized lone-
pair & electrons favours Cd-nt bonding (Zhang, Wang, et al., 2015). The addition of biochars at 40
t/ha into the Cd-contaminated paddy soil effectively deceased the bioavailable fraction of Cd by
70, 85, 54 and 43% in consecutive four rice growth seasons compared to the non-amended
treatment (Chen, Guo, et al., 2016). The sustainable effect of Cd immobilization decreases with
time, which may be accounted for by the aging process of biochars. By contrast, a laboratory
incubation study revealed that the Cd adsorption capacity of 12 month-aged biochars in Oxisol
and Inceptisol was higher than fresh biochars (Nagodavithane, Singh & Fang, 2014). Specific
adsorption was the major mechanism in aged biochars rather than cation exchange. Initially, Cd
precipitates within biochar particles as CdCOs, and with aging, Cd is immobilized via organic
functional groups (Rechberger et al., 2019). Similarly, Xu, Xu, Tsang, & Cao (2018) observed
that aged biochars had little impact on biochar alkalinity and Cd immobilization via surface
completion with O-containing functional groups. Aging of biochars increases organic functional
groups and decreases surface area by dissolution and re-precipitation of minerals (Padhye 2017).

The solubility and bioavailability of Cd are strongly related to types of biochars and soils.
The application of wheat-straw-derived biochar promoted the formation of carbonate,
(oxy)hydroxide and organically-bound Cd phases (Cui, Noerpel, Scheckel, & Ippolito, 2019).
Based on the XAS analysis, the authors concluded that organic functional groups on wheat-straw-
biochar surface played a major role in Cd immobilization. Pal and Maiti (2019) reported that
biochar derived from tea waste effectively decreased the exchangeable and carbonate-bound
fractions of Cd and increased the Cd in the residual fraction. On the other hand, biochars rich in
alkali metals are easily exchanged with Cd (II) (Yin et al., 2016).

Other than major surface interaction mechanisms, pH value of biochars plays a crucial role
in determining PTE availability in contaminated soils (Egene, Van Poucke, Ok, Meers, & Tack,
2018). Alkaline biochars increased negative charges on soil and biochar surfaces, which enables
the entrapment of heavy metal cations on their surfaces and promotes the adsorption mechanism
(Bashir et al., 2017). Van Poucke et al. (2018) reported that the combined effect of pH and Cd
complexation capacity of biochar play an important role in decrease Cd solubility in contaminated
soil. For strongly acidic soils, it would be suitable to use biochar with more acidic functional
groups, while it is more appropriate to use alkaline biochars produced at higher temperatures for
soils with moderate acidity (Qian et al., 2019). Li, Khan, et al. (2018) observed the application of
biochar significantly modified the soil dissolved organic matter and subsequently decreased the
mobility and bioaccumulation of Cd in a paddy soil.

4.2. Lead

Sorption mechanisms of lead (Pb) into biochars are fundamentally influenced by production
temperature and feedstock composition of biochars, and soil solution pH (Ahmad, Lee, et al.,
2014; Ahmad, Ok, Kim, et al., 2016; Li, Wang, et al., 2019). As with other divalent metals, Pb
showed the similar mechanisms of interaction with biochars, e.g., electrostatic interaction, cation
exchange, precipitation, and complexation (Figure 4). Precipitation is the major mechanism when
biochars added to Pb-contaminated soil (Kumarathilaka et al., 2018). Biochars could increase soil
pH, thus enhancing Pb precipitation. The formation of pozzolanic reaction products induced by
increased solubility of Al and Si under high pH are considered responsible for Pb precipitation
(Moon et al., 2013). Animal manure-based biochars predominantly form precipitates due to
richness with PO4* and COs> minerals. Especially, biochars derived at low pyrolysis temperature
(400-500°C) favour stabilizing Pb (Chen et al., 2018; Uchimiya, Bannon, Wartelle, Lima, &
Klasson, 2012). The overall process of Pb precipitation with PO’ and COs* minerals is outlined
in (1) and (2) (Cao, Ma, Gao, & Harris, 2009);
6HPO,* + 9Pb** + 60H—> Pby(PO4)s + 6H.O (D



2HCOs + 3Pb*" + 4OH— Pb;3(CO;)2(OH), + 2H,0 2)

The majority of Pb(Il) precipitated as hydroxypyromorphite (Pbs(PO.);(OH)) with a lesser
amounts sorbed to biochars (Cao, Ma, Liang, Gao, & Harris, 2011). Lower biochars pH lead to
precipitation of Pb as Pby(COs), while higher biochars pH favour the formation of
Pb3(COs)2(OH), (Shen, Zhang, Jin, McMillan, & Al-Tabbaa, 2017). Biochar surfaces rich in
alkali metals such as Ca and Mg easily exchange with positively charged Pb(Il) ions. The
exchangeable Pb negatively correlated with soil pH and CEC in soils amended with soybean- and
pine needle-derived biochars, resulting in decreased mobility via cation exchange with Ca(Il) and
Mg(II) on the biochar surfaces (Ahmad, Ok, Kim, et al., 2016). On the other hand, the surface of
biochars rich in m-electrons interact with Pb(Il) deficient in m-electrons, resulting in Pb-n
electrostatic interaction. O-containing functional groups such as OH and —COOH play a vital
role in Pb immobilization through surface complexation. For instance, legume-straw biochars
showed more non-electrostatic adsorption mainly due to higher abundance of acidic functional
groups (Jiang, Xu, Gu, & Jiang, 2014). Incorporation of legumes-straw biochars decreased the
solubility and bioavailability of Pb(II) compared to the non-legume-straw biochars. In a recent
study, Igalavithana, Kwon, et al. (2019) observed that biochars produced under CO, atmosphere
had an enhanced ability of Pb immobilization due to the formation of —Si-O-Si- (siloxanes) on
the biochar surface compared to the biochar produced under N> environment. Therefore, the
atmosphere of pyrolysis conditions during biochar production also plays a significant role in
biochar properties and Pb immobilization.

The application of biochar increased the dissolved organic carbon (DOC) and thereby
increased the adsorption of soluble DOC-metal complexes on the biochar surface (Vithanage,
Herath, Almaroi, et al., 2017). Biochars could effectively decrease the water-soluble,
exchangeable and carbonate-bound Pb, but enhance the amorphous iron-oxide fraction (Boostani,
Najafi-Ghiri, Hardie, & Khalili, 2019). Similarly, Salam et al. (2019) observed that the biochar
derived from rice-straw and rapeseed residues at high temperature (500°C) decreased the
bioavailability of Pb and redistributed Pb to most stable geochemical fractions under high soil
moisture (80% of field capacity).

4.3. Chromium

Chromium (Cr) is a highly redox-sensitive metal consisting of several oxidation statuses (-2 to
+6), with Cr(III) and Cr(VI) being the most dominant species in soil environment (Arshad et al.,
2017). Among them, Cr(VI) is considered as more toxic form compared to the Cr(III), due to high
solubility, mobility, and strong oxidation ability (Xia et al., 2019). According to the available
literature, reduction, electrostatic interaction, porous diffusion and complexation with surface
functional groups or precipitation are the responsible mechanisms in Cr(VI) remediation in
polluted soils (Figure 4).

Biochars are effective in Cr(VI) reduction in the polluted environment. The presence of n-
electrons on the aromatic graphite structure of biochars donate elections for the Cr(VI) reduction
to Cr(Ill) and resulting Cr(III) form surface complexation with surface functional groups of
biochars (Choppala, Bolan, Megharaj, Chen, & Naidu, 2012; Xia et al., 2019). Likewise, oxygen-
containing acidic functional groups are also effective in Cr(VI) reduction via donating protons
(Choppala et al., 2012; Li, Dong, et al., 2017). Modified biochars have been shown to increase
percentage reduction of Cr(VI) compared to the non-modified biochars. For example, animal
manure-derived biochars, modified with chitosan and zerovalent iron, reduced Cr(VI) effectively
due to the enhancement of oxygen-containing surface functional groups, which could act as the
proton donor for reduction process (Mandal, Sarkar, Bolan, Ok, & Naidu, 2017). More detailed
mechanisms related to the modified biochar and Cr immobilization will be discussed in Section
7.

4.4. Mercury

Mercury (Hg) is a highly toxic heavy metal because of its persistence nature and ability of
accumulation in the food chain (Gao, Han, Hao, & Zhou, 2016). The organic form of Hg, [e.g.,
methylmercury (MeHg)] is more toxic and bioaccumulative than inorganic forms (Liu, Ptacek,
Blowes, & Gould, 2018). The ionic Hg(Il) can be converted into MeHg by sulfate-reducing



bacteria, iron-reducing bacteria and methanogens under anoxic conditions (e.g., sediments and
wetlands) (Bussan, Sessums, & Cizdziel, 2016; Liu, Ptacek, et al., 2018). Methylmercury
primarily damages the central nervous system and damage is irreversible due to destruction of
neuronal cells (Liu et al., 2019). The process of formation of MeHg and dimethyl mercury under
reducing conditions is out lined in (3), (4) and (5).

Hg® < Hg* +2¢ 3)
Hg?>" + CHy — CH;Hg" 4)
CHz.Hg+ + CH; — (CH3)2Hg (5)

The accumulation of MeHg in rice grains is a major health concern, especially in Asian countries
(Qiu, Feng, Wang, & Shang, 2006). The return of straw is a common practice in many rice farms
and can potentially accelerate the transformation of inorganic Hg to MeHg species (Zhang, Liu,
Lei, Wang, & Zhong, 2018). The application of rice-straw biochar decreased the accumulation of
MeHg in rice plants (Zhang, Liu, et al., 2018). Biochar could decrease the phytoavailability of
MeHg in soils and enhance plant biomass resulting in biodilution of MeHg. Similarly, Shu, Wang,
and Zhong (2016) observed that the addition of rice-straw biochar (600°C) immobilized MeHg in
soils due to the large surface area and high organosulfur content of the biochar and biodilution of
MeHg in rice grains due to increased grain biomass. Liu, Ptacek, et al. (2018) evaluated four
biochars and their abilities and mechanisms to remove Hg and MeHg from contaminated
sediments. The study revealed that the biochar derived from switchgrass at 300°C was the most
efficient material for Hg stabilization compared to those derived from poultry manure and oak.
Furthermore, the formation of Hg-sulfide and precipitation on or within biochar particles are the
responsible mechanisms of Hg stabilization. Xing et al. (2019) recently showed that rice-husk
biochar (480-660°C) effectively decreased Hg(II) concentration in soil pore water, thereby
decreased Hg(II) concentrations in rice grains compared to the wheat-straw biochar (350-450°C).
They also observed that Hg(Il) concentration in pore water was correlated negatively with sulfate
concentration, but positively with soil DOC concentration. Biochars produced at a low
temperature generally consist of a higher amount of DOC and may therefore enhance the mobility
of Hg(Il) in paddy soils (Figure 4). Biochar-derived DOM is a key factor which regulates the
mobility of Hg(Il) in the environment by forming soluble Hg-DOM complexes. Liu, Ptacek,
Blowes, and Gould (2018) reported that a biochar produced at 300°C formed more Hg-DOM
complexes compared to the biochar produced at 600°C. The concentration of Hg-DOM
complexes was higher in manure-based biochar compared to the wood- and agricultural residue-
based biochar. Liu, Ptacek, Blowes, and Gould (2018) concluded biochars derived from wood
and agricultural residues at high temperature (600°C) would be suitable for minimizing Hg(II)
mobilization. A biochar derived from pinewood (~830°C) decreased the formation of MeHg in
Hg-contaminated sediments by 88% compared to the control (Bussan et al., 2016). There was no
significant effect of biochar on the formation of dimethyl mercury compared to the control. In
contrast, Beckers et al. (2019) reported biochar decreased the release of Hg from the floodplain
soil, but did not affect methylation and ethylation of Hg. O'Connor et al. (2018) observed
modification of rice husk biochar with sulfur has good potential to stabilize Hg in contaminated
soils. Modification increased the biochar S content from 0.2 to 13.0% and Hg(Il) adsorptive
capacity by 73%. Recently, a synchrotron-based study conducted by Liu et al. (2019) observed
co-existence of Hg with S, Cu, Fe, Mn and Zn on the surface and inside of the biochar particles.
The study also showed that Hg initially remained as soluble, colloidal, Hg-O like unstable forms
in the sediment, and it was then immobilized to form HgS on the surface or within the biochar
particle. The Hg adsorption capacity of biochars was increased with aging due to hydroxylation
and carboxylation on the biochar surfaces (Zhang, Yang, Ju, Liu, & Zheng, 2019).

4.5. Arsenic

The dynamics of arsenic (As) in biochar-treated soils is different from the previously mentioned
PTEs. While the addition of biochars changes soil chemical properties that are favourable for
immobilization of cationic heavy metals such as Cd, Pb and Hg, these changes in soil properties
are more favourable for mobilization of anionic metalloids such as As. For example, the addition
of alkaline biochars enhanced soil pH and thus increased the negative sites in soil particles, which
favoured As mobilization (Hartley, Dickinson, Riby, & Lepp, 2009). Moreover, mobilization is



caused due to the electrostatic repulsion and the competition between As and the PO4* for the
sorption sites of biochars (Ahmad et al., 2017). Biochars could reduce Fe and Mn species by
donating electrons (Yuan et al., 2017), and under reduced conditions, As is more mobile and
bioavailable (Beesley et al., 2013). The addition of biochars increased soil pH, dissolved organic
carbon, P in pore water and soil microbial activity, which in turn increased the mobility of As in
soil (Figure 5) (Beesley et al., 2014; Choppala, Bolan, Kunhikrishnan, & Bush, 2016; Gregory,
Anderson, Camps Arbestain, & McManus, 2014).

Bioaccumulation of As is most common when the soils are amended by biochars. Rice
husk-derived biochars significantly increased the bioaccumulation of As and its species in various
tissues of alfalfa plant by increasing mobilization of As through increasing the available
concentration of Si and P in soil (Ibrahim, Khan, Hao, & Li, 2016). If the concentration of soluble
P is low (Olsen P < 14 pg/g) in the soil, As could be sorbed to the biochar surfaces without
competition (Beesley & Marmiroli, 2011). The addition of peanut-shell and sewage-sludge
biochars significantly decreased the accumulation of As in bean plants, which might be due to the
competitive interaction of As with P and S present in the biochars (Ibrahim, Li, Khan, Chi, & Xu,
2017). Biochars derived from orchard prune residue increased the solubility and mobility of As
in a mine soil, while uptake of As into tomato plants decreased, indicating a possible water
contamination rather than food chain contamination (Beesley et al., 2013). Compared to the
biochar derived from pine sawdust, the raw sawdust showed the ability to decrease the mobility
and phytoavailability of As under various redox conditions, likely due to the abundance of O-
containing surface functional groups and acidic properties (Beiyuan et al., 2017). The dynamics
of As in biochar-amended soils is quite complicated and more detailed studies are necessary for
the identification of mechanisms involving in As mobilization or immobilization. More detailed
information about As and biochar interactions in soil and water was critically reviewed by
Vithanage, Herath, Joseph, et al. (2017) and Alkurdi et al. (2019). Furthermore, engineered
biochars have good potential to immobilize As in soil and the mechanisms related to the modified
biochar and As immobilization will be discussed in Section 7.

4.6. Antimony

The effect of biochars on Sb remediation in soils is still not well understood. There are very few
experiments illustrating the mechanism of biochars-Sb interactions. The biochar derived from oak
wood at 400°C decreased phytoavailable Sb by 53% which might be due to sorption of Sb onto
iron (hydr)oxides of biochars forming inner-sphere complexation (Ahmad, Lee, et al., 2014).
Pine-needle biochars generated at 300°C decreased Sb mobility by 15.1% in a shooting-range
soil, which was attributed to the sorption onto amine functional groups present in the biochar
surfaces (Ahmad et al., 2017). Biochars produced at a higher temperature (700°C) mobilize the
Sb mainly due to anionic electrostatic repulsion to negatively-charged surfaces. Biochars derived
from buffalo weed at 300 and 700°C enhanced the desorption of Sb from the soil, due to repulsive
electrostatic interaction and competition between negatively charged PO’ ions (Rajapaksha et
al., 2015). Cotton hull-derived biochars (oxidized with H>SO4 and HNOs) enhanced more
negatively charged carboxylic functional groups which promote the desorption of Sb oxyanions
(Uchimiya, Bannon, & Wartelle, 2012). While negatively-charged surface functional groups (-
COOH, -OH) are more efficient in the interaction with cations such as Cd and Pb, functional
groups (R-NHy) at a positively charged surface are efficient in the interaction with oxyanions such
as As(V) and Sb(V) (Figure 5).

Immobilization of oxyanions with biochars in the soil system is not fully understood.
According to the available literature, positively-charged surface functional groups of biochars
contribute to surface complexation of anions (Banik, Lawrinenko, Bakshi, & Laird, 2018). Most
of the biochars generated at low temperatures are rich in negatively-charged surface functional
groups, while only nitrogen-rich biochars have positively-charged amine groups (Xiao, Chen,
Chen, Zhu, & Schnoor, 2018). Selection of feedstock and production conditions, and modification
through nitrogenous compounds such as NH3 (Mian et al., 2018; Xiong et al., 2013), have a good
potential for improving anion immobilization by biochars.

4.7. Multi metal- contaminated soil



Soil is usually contaminated with multiple PTEs rather than one single element (Wijayawardena,
Megharaj, & Naidu, 2016). Therefore, the behaviour of PTEs to biochar addition may have
different immobilization mechanisms. Meng et al. (2018) observed that the addition of biochar
produced from co-pyrolysis of rice straw and swine manure significantly decreased bioavailable
PTEs in the order of Pb > Cu > Zn > Cd. They showed biochar addition was not equally effective
for individual PTEs depending on PTE concentration, speciation and binding mechanisms.
Similarly, Wang, Alidoust, Yang, and Isoda (2018) observed that the addition of 10% bamboo
biochar decreased PTE concentration in soybean shoots in the order of Pb > Mn > Cd > Zn > Cu
> Ni. The affinity of Pb, a hard Lewis acid, with surface functional groups of the biochar was
higher than those of Cd and Zn, soft Lewis acids. The addition of 5% rice-straw biochar decreased
the concentrations of DTPA-extractable metals in the order of Zn > Pb > Cu > Cd (Lu et al.,
2017). While Pb was immobilized by forming insoluble Pbs(PO4);OH, Cu mobility was reduced
due to the decrease of DOC in soil. Moreover, the mechanisms of Cd and Zn immobilization in
soil are difficult to predict due to contrasting results. As explained earlier, the addition of biochar
immobilized Pb, Zn and Cu via surface complexation and precipitation but mobilised As and Sb
due to electrostatic repulsion and phosphate competition (Ahmad et al., 2017). Zhang, Zhang, et
al. (2019) reported that the tobacco-stem-derived biochar was effective in decreasing the
phytoavailability of Cr, Cu, and Pb in the soil, due to increased soil pH and P supply. In the case
of anions, the effect of biochar on the immobilization depends on the anionic species. For example
Choppala et al. (2016) demonstrated that while biochar addition was effective in alleviating Cr
toxicity by reducing Cr(VI) to Cr(IlI), the biochar-induced reduction of As(V) to As(IIl) increased
the mobility and toxicity of As in soils. The results indicate that biochars have different impacts
on cationic and anionic PTEs in contaminated soils. Overall, future research is needed to focus
on soils contaminated with multi-elements.

5. Biochar-microorganism interactions on immobilization of PTEs

Changes in soil chemical and physical properties upon biochar application can influence
microbial properties. Part of the PTE immobilization process of biochars is achieved by
facilitating, stimulating and enhancing detoxification ability of native soil microorganisms (Zhu
et al., 2017). Microbial responses to biochars are highly diverse due to the variations in biochar
properties, contaminant type and severity, native soil microorganisms and the environment (Zhu
et al., 2017). The changes of microbial abundance and diversity due to biochar addition have been
well studied (Huang et al., 2018; Lehmann et al., 2011; Palansooriya et al., 2019). However, it is
still unclear how microorganisms regulate the immobilization of PTEs in biochar-amended soil.

As discussed above, biochars immobilize PTEs through chemical or physical sorption and
precipitation processes. On the other hand, some PTEs are oxyanions such as As and Sb which
can be desorbed or mobilized upon the addition of biochars. Moreover, biochars release toxic
compounds (VOCs, PTEs etc.) and nutrients which in turn affect the microbial activities.
Therefore, the following sections focus on the interaction mechanisms of biochars and microbes
that are involved in immobilization of PTEs in soil. Only limited references are available to
discuss the biochar-microbe interactions in soil ecosystems contaminated with PTEs.

5.1. Importance of soil microbes in remediation of polluted environments

Soil microorganisms comprise a large portion of the genetic diversity on Earth and play a vital
role in the soil ecosystem functioning (Zhang, Chen, & Ruan, 2018). Soil microorganisms include
bacteria, fungi, archaea, actinomycetes, algae and protozoa. The soil microbes that are present in
the contaminated soil are adapted to PTE toxicity, with some evolving efficient biological
utilization (ingest, solubilize or assimilate ) or detoxification mechanisms (Abdu, Abdullahi, &
Abdulkadir, 2017). The PTEs together with lack of nutrients, water or appropriate electron
acceptors limit the growth of microorganisms (Harms, Schlosser, & Wick, 2011). Some microbes
are capable of utilization or transformation to different PTE species that are less toxic, more or
less water-soluble, easily volatilized and less bioavailable through the bioremediation process
(Chibuike & Obiora, 2014; Harms et al., 2011). Especially, native microorganisms in PTE-rich
environments are capable of adopting detoxifying mechanisms such as biosorption,



biotransformation, bioaccumulation or biomineralization of PTEs (Bolan, Choppala,
Kunhikrishnan, Park, & Naidu, 2013; Dixit et al., 2015). Some microbes have specific genes that
are capable of accumulating PTEs to a certain level and transforming them into less toxic forms
(Abduetal., 2017). For instance, Bacillus subtilis, Pseudomonas putida and Enterobacter cloacae
are successful in the reduction of highly toxic and mobile Cr(VI) to immobile and less toxic
Cr(IIT) (Chibuike & Obiora, 2014).

The biochemical role of microbes in bioremediation process is to mobilize or immobilize
PTEs in the soil. The bioavailability of PTEs in soils can be enhanced by microbial processes
such as bio-weathering of rock and minerals, biocorrosion, methylation, and bioleaching (Gadd,
Rhee, Stephenson, & Wei, 2012). The soil microbes that are associated with plants play an
important role in phytoextraction process by mobilizing PTEs in plant rhizosphere (Wood, Tang,
& Franks, 2016). The microbial biosorption is a two-step process and initially heavy metals are
binding to cell walls and then gradually transported through the cell membrane (Jing & Kjellerup,
2016). On the other hand, microbes can produce biofilms that are complex communities of
microbes with a variety of extracellular polymeric substances (Jing & Kjellerup, 2016). The
extracellular polymeric substances are rich with cationic and anionic functional groups, aromatic
amino acids and polysaccharides which form physical and chemical interactions between biofilms
and heavy metals (Bandara, Herath, Kumarathilaka, Seneviratne, et al., 2017). Microorganisms
play a vital role in the speciation, mobility and toxicity of PTEs by regulating redox reactions of
PTEs (Bolan et al., 2014). For example, Minamata disease in Japan is caused by the ingestion of
sea-foods containing methylmercury compounds that are formed by microbial biomethylation of
mercury salts (Bolan et al., 2013). Hence, microorganisms play an important role on
biogeochemistry of PTEs in the soil environment.

5.2. Effects of biochars on the microbes

Biochar addition could positively or negatively affect soil microorganisms. On the negative side,
biochars could release some toxic compounds (PTEs, VOCs, or EPFRs) to the soils or mobilized
anionic PTEs (As, Sb) from the soil. Positively, biochars provide nutrients and habitats for soil
microorganisms and immobilize PTEs from the polluted soils. The overall effects depend on the
nature of biochar, soil environment, PTEs and microorganisms. In this section, we discussed the
pros and cons of biochars on microbial activities.

5.2.1. Microbial response to biochar addition

The immobilization of PTEs facilitates the growth of soil microbes. For instance, the application
of wine lees-derived biochars into a paddy soil contaminated with multi-metals changed native
microbial community and enhanced the bacterial diversity but decreased the bacterial richness
(Xu, Xia, et al., 2017). The relative abundance of Actinobacteria, Proteobacteria, Firmicutes,
Cyanobacteria and Plancomycetes increased with biochars application rates (0.5, 1 and 2% w/w),
while Gemmatimonadetes decreased at a higher application rate (2% w/w). Reduction of heavy-
metal toxicity and the enhancement of available N and P through biochar application are the major
responsible mechanisms for enhancing bacterial abundance (Xu, Xia, et al., 2017). The addition
of wheat-straw biochars at 10, 20 and 40 t/ha to a Cd- and Pb-polluted paddy soil, increased
populations of fungi by 370, 460, 930%, and of actinomycetes by 20, 19, 39%, respectively, and
such increases inversely correlated to concentrations of acid-soluble Cd and Pb in the soil (Cui et
al., 2013). Table 2 presents more details about the major microbial responses to biochar addition
in PTE-contaminated soils.

Synergistic effects of microorganisms together with biochars on immobilization of PTEs
in contaminated soils have been studied. The addition of biochars and fungal-bacterial co-
inoculation significantly reduced the bioavailability of Ni, Mn, and Cr in a serpentine soil
(Bandara, Herath, Kumarathilaka, Seneviratne, et al., 2017). Compared to the biochar-alone
treatments, biochars and fungal-bacterial co-inoculation slightly increased the bioavailability of
heavy metals, probably due to reduction reaction of Fe or Mn oxides/hydroxide induced by
microbial activity. Similarly, the application of plant-growth-promoting Neorhizobium
huautlense T1-17 and rice-stem biochars in a Cd and Pb co-polluted soil significantly decreased
the bioaccumulation of heavy metals in edible tissues by increasing the proportion of indole acetic



acid (IAA)-producing bacteria and reducing bioavailability of heavy metals in rhizosphere soils
(Wang, Chen, He, & Sheng, 2016). However, Pseudomonas aeruginosa (2% v/v) was more
effective than biochars (1%) in the decrease of Cd accumulation in rice grains (Suksabye,
Pimthong, Dhurakit, Mekvichitsaeng, & Thiravetyan, 2016). Moreover, both treatments lowered
Cd concentration in rice grains compared to the non-amended treatment, indicating the potential
use of bioremediation techniques. The combined effectiveness of pig-manure biochars with
inoculation of Bacillus subtilis in remediation of multi-metals was greater than application of
individuals (Wang, Sun, Ren, Li, & Mao, 2017). In contrast, the combined application of corn-
stalk biochars with arbuscular mycorrhizae fungi had no significant interaction on remediation of
heavy metals in long-term biosolids-amended soils (Qiao, Crowley, Wang, Zhang, & Li, 2015).
The addition of biochars with arbuscular mycorrhizas to the mine-residue soils significantly
desorbed Pb probably through mineral dissolution by activities of arbuscular mycorrhizas and
root exudates (Gonzalez-Chavez, Carrillo-Gonzalez, Hernandez Godinez, & Evangelista Lozano,
2017). Combined application of a fungal strain isolated from multi-metal-polluted mine soil
(Lecythophora sp. DC-F1) with sawdust biochar effectively decreased Hg(II) content of lettuce
plant by 67% compared to the non-amended soil (Chang et al., 2019). However, the total fungal
number decreased by fungal strain DC-F1 may be due to an antimicrobial property.

5.2.2. Contrasting effects of biochar on microbes and enzymes

All the biochemical reactions in the soil environment are catalyzed by soil enzymes. The soil
enzymes are considered as a highly sensitive bio-indicator of any anthropogenic or natural
disturbance in the soil, and thus can be used as a sensitivity measurement of soil microbial activity
(Vithanage et al., 2018). Contrasting observations on soil enzymatic activities have been reported
with the addition of biochars into contaminated soils (Table 3). Application of biochars derived
from willow wood at 350 and 6000C significantly increased soil dehydrogenase activity (DHA),
with no significant difference between application rates of 30 and 60 t/ha (Gregory et al., 2014).
Igalavithana, Lee, et al. (2017) observed that biochars derived from vegetable waste and pine
cone at 2000C enhanced DHA compared to the biochars derived at 5000C. The labile C
component in biochars derived from low temperatures acted as a bioavailable C source to
microbes resulting in higher DHA.

Biochar stimulated enzyme activities are associated with decreased concentrations of
bioavailable PTEs. An increasing addition rate of wheat-straw biochars decreased Cd and Pd
bioavailability and increased the activities of cellulase, neutral phosphatase, urease and sucrase
in Cd- and Pb-polluted soils (Cui et al., 2013). Similarly, rice-straw biochar significantly
increased soil urease activity by decreasing bioavailable concentrations of heavy metals (Huang
etal., 2017).

The addition of biochar increases the enzyme activity via increasing soil pH. The addition
of rice-straw and dairy-manure-derived biochars significantly increased the activity of
denitrifying reductase and functional gene abundance in a Cd-polluted soil (Chen, Zhang, Zhang,
& Zhang, 2017). However, the activities of alkaline phosphatase and invertase decreased with
increasing application rate (up to 5% w/w). Similarly, the addition of biochars derived from
Gliricidia sepium at 7000C to the serpentine soils at a rate of 5% (w/w) significantly decreased
the activities of DHA, polyphenol oxidase and catalase (Bandara, Herath, Kumarathilaka,
Seneviratne, et al., 2017). The decrease of enzymatic activities at higher application rates could
be attributed to the toxicity of biochars or sorption behaviour of enzymes or substrates onto the
porous structure. According to the above studies, the behaviour of soil enzymes upon biochar
addition showed the highly variable responses, depending on biochar type and application rate,
soil type, PTE type and concentration, enzyme type as well as analytical method.

5.2.3.  Biochar as a nutrient source and habitat for microorganisms

The degree of changes in soil chemical or physical properties upon biochar incorporation depends
on the characteristics of biochars. The porous structure and higher surface area of biochars
provide the habitat for microorganisms by reducing environmental stresses (Lehmann et al., 2011;
Moore et al., 2018). On the other hand, biochars contained sufficient amounts of labile substrates
and nutrients to support microbial growth and reproduction (Ahmad, Ok, Rajapaksha, et al.,



2016). For instance, the increases of dissolved organic carbon, electrical conductivity and NH4+
concentration of soils after addition of biochars enhanced the growth of Fe(Ill)-reducing bacteria
and increased Fe(IIl) reduction and As release (Wang, Xue, et al., 2017). The manure-based
biochars produced at 7000C had higher aromatic C, surface area, porous structure, and higher
content of minerals than those produced at 3000C. Therefore, they can act as electron transporters
which contribute to microbial colonization and absorption of soluble organic matter and gases,
and provide essential nutrients for growth and reproduction (Dai, Barberan, Li, Brookes, & Xu,
2017). Soil pH and organic matter play a significant role in maintaining microbial abundance and
diversity in soil. Enhancement of soil organic carbon and soil pH with biochar treatment affects
microbial growth and metabolism in contaminated soils (Cui et al., 2013; Moore et al., 2018). As
discussed above, the degree of pH enhancement by biochar depends on feedstock type, pyrolysis
conditions and application rate. For instance, the addition of biochar derived from rice husk into
the PTEs-contaminated sediment at 1 and 5% increased pH up to 7.3 and 8.5, respectively (Huang
et al., 2017). The study revealed that higher microbial abundance at 1% amendment compared to
the 5% amendment. The growth inhibition of some species of bacteria and fungi with higher
application rate (5%) of biochars could be attributed to the increase in soil pH.

5.2.4. Impact of toxic compounds of biochar on microbes

Some biochars inherently contain toxic compounds, depending on feedstock materials and
production conditions. Potentially toxic elements, polycyclic aromatic hydrocarbons,
polychlorinated dibenzodioxins, polychlorinated dibenzofurans and some volatile compounds
such as xylenols, cresols, acrolein and formaldehyde are toxic to the microorganisms (Hussain et
al., 2017). Biochars produced by fast pyrolysis contain more volatile organic compounds (VOCs)
compared to biochars produced by slow pyrolysis (Gurtler, Boateng, Han, & Douds, 2014). The
VOC:s of biochars could be toxic to the microorganisms in short-term and subsequently, the VOCs
can be metabolized (Sun et al., 2015). However, Thangarajan et al. (2018) recently demonstrated
that these toxic compounds in biochars can serve as nitrification inhibitors, thereby decreasing
the nitrous oxide emission in biochar-amended soils. Therefore, future research should focus on
how biochar-induced toxic compounds regulate soil microorganisms in PTE-contaminated soils.

5.2.5. Effects of biochar on the microbes through desorption of PTEs

Desorption of PTEs can increase their concentrations in soil solution and hence bioavailability.
Arsenic and Sb are the most common metalloids that tend to be mobilized due to addition of
biochars. Generally, As is associated with Fe or Mn oxides/hydroxides in soil. Adding biochar to
the soil accelerates the reduction of Fe or Mn oxides/hydroxides (Kim et al., 2018; Zhu, Qiao, &
Yan, 2019). As a result, As associated with Fe or Mn oxides/hydroxide is released to the soil
solution. On the other hand, biochars could increase the abundance of Fe-reducing bacteria
(Clostridium, Bacillus, and Caloramator) which facilitate the release of As associated with Fe
oxyhydroxides (Wang, Xue, Juhasz, Chang, & Li, 2017). Moreover, biochars could increase soil
pH and CEC, and consequently enhance As mobilization. Ahmad et al. (2017) found that the
biochars derived from soybean stover, peanut shell and pine needles at 300 and 700°C mobilized
Sb and As in a shooting-range soil due to electrostatic repulsion and competition with phosphate.
Biochar application induced reduction of As(V) to As(IIl) and thereby enhance its mobility (Xu,
Yan, et al., 2019). Similarly, the application of biochars generated at high temperature (700°C)
increased Sb mobilization in a shooting-range soil (Rajapaksha et al., 2015). Lomaglio et al.
(2017) observed that the addition of woody biochar derived at 500°C to a mine-site soil increased
the mobility of As and Sb while decreased the mobility of Pb. The increase in the mobility of Sb
was attributed to increased soil pH in the biochar treatment, which induced the mobilization of
humic acids. The mobilized humic acids might displace the Sb from organic/inorganic binding
sites. The addition of biochar derived from rice hull at 500°C increased concentrations of the
dissolved Cd, Ni, Zn and Cu in a mine soil under oxic conditions (El-Naggar, Shaheen, Ok, &
Rinklebe, 2018). Therefore, mobilization of PTEs by biochars may potentially change the
microbial activity and future research on this aspect is needed.



5.3. Effect of microbial process on biochar

Due to their aromatic carbon structure, biochars are resistant to microbial decomposition and thus
indirectly alter microbial communities by serving as a physical habitat and by changing the
chemical and physical properties of soils (Bamminger et al., 2016). Recently, it has been
suggested that some biochars are susceptible to decomposition through abiotic or biotic processes
(Jiang, Denef, Stewart, & Cotrufo, 2016). The major abiotic processes have been reported to be
chemical oxidation, photo-oxidation or solubilisation, with biotic process being reported to
involve microbial incorporation or oxidative respiration of carbon (Kuppusamy, Thavamani,
Megharaj, Venkateswarlu, & Naidu, 2016). The contribution of abiotic oxidation of freshly added
biochars to the soil was higher than biotic oxidation in a short-term incubation (Cheng, Lehmann,
Thies, Burton, & Engelhard, 2006). The degree of decomposition mainly depends on the product
characteristics of biochars and the environmental conditions. The rate of biochar decomposition
also depends on pyrolysis temperature, feedstock type, soil water content, time, concentration of
native organic carbon in soil and soil pH (Luo, Durenkamp, De Nobili, Lin, & Brookes, 2011;
Wang, Xiong, & Kuzyakov, 2016).

The mineralization process strongly depends on feedstock type. Among the biochars
derived from maize stover, rice straw, pearl millet stalk, and wheat straw, maize-stover biochars
showed the highest stability and resistance to mineralization because of their higher proportion
of C=C aromatic stretching (Purakayastha, Kumari, & Pathak, 2015). Maize-residue, rye-residue
and oak-wood biochars were mineralized by 0.78, 0.72 and 0.26% at the end of 60-day incubation,
respectively (Hamer, Marschner, Brodowski, & Amelung, 2004). Maize and rye residues mainly
consist of cellulose and hemicellulose materials that are susceptible to decomposition while oak
wood is rich in lignin material that is resistant to degradation (Hamer et al., 2004). Biochars that
are dominated by aliphatic compounds are more susceptible to the mineralization than those
dominated by aromatic compounds (Rittl et al., 2015). Biochars derived at higher pyrolysis
temperature (i.e., 600°C) form more recalcitrant aromatic graphite structure which resists to
microbial degradation. Increasing pyrolysis temperature decreased the concentration of labile
matter of biochars while increased aromatic carbon concentration and C:N ratio, resulting in slow
mineralization (Ameloot, De Neve, Graber, & Verheijen, 2013). Increasing pyrolysis temperature
decreases molar O/C ratio of biochars, indicating higher stability of biochars generated at high
temperatures (700°C) (Bandara, Herath, Kumarathilaka, Hseu, et al., 2017). Increasing soil
temperature (15 to 35°C) increases the activity or changes composition of microbial community
by changing biochemical pathways and thus, increases the mineralization of biochars (Sun, He,
Zhang, Shao, & Xu, 2016). Mineralization of biochars could facilitate microbial growth and
reproduction, while decreasing the stability of biochars in the soil system.

The effects of biochars on decomposition of native soil organic matter are also an important
aspect in relation to the microbial mineralization. The increased decomposition of native soil
organic matter due to the addition of biochars is called “priming effect”. The priming effect can
be negative, positive or no effect, depending on properties of biochars (Zheng, Wang, Luo, Wang,
& Xing, 2018). The biochar derived from mixed wood shaving had a negative priming effect in
the sandy loam soil of pH 7.66 while those from paper sludge plus wheat husk and sewage sludge
showed positive priming effects (Cely, Tarquis, Paz-Ferreiro, Méndez, & Gascd, 2014).
Especially, the C content, aromaticity, toxic substances, volatile matter and surface properties of
biochars and the environmental conditions interactively affect the mineralization of native soil
organic matter. Biochars derived from grasses at low temperatures (250 and 400°C) had positive
priming effects in an Alfisol during the first 90 days and had negative priming effects during 250-
500 days of incubation (Zimmerman, Gao, & Ahn, 2011). In contrast, biochars derived from
woody materials at higher temperatures (525 and 650°C) did not affect SOC priming during the
first 90 days but had negative priming effects observed in soil amended with biochars during 250-
500 days of incubation (Zimmerman et al., 2011).

The addition of corn-straw biochars into a coastal wetland soil had a negative priming
effect (Zheng et al., 2018). It has been reported that biochar increased the microbial C-use
efficiency and soil aggregate stability by shifting bacterial community towards to low C-turnover
taxa. Wang, Xiong, et al. (2016) reported that the negative priming was more common for studies
with a duration less than six months. The addition of biochars into low fertility or sandy soils



increased the susceptibility of native soil organic matter to the microbial mineralization. The
mineralization of native soil organic matter also depends on the age of biochars in soil. The
addition of aged biochars into a paddy soil improved microbial activity and C sequestration by
negative priming while fresh biochars decreased the soil enzymatic activities and microbial
respiration, however, motivated positive priming (Wang, Dokohely, Xiong, & Kuzyakov, 2016).
Repeated biochar additions induced positive priming effects by altering soil microbial community
(Luo, Lin, Durenkamp, & Kuzyakov, 2017). Therefore, aging of biochars protects native soil
organic matter and thus enhances C sequestration. Su et al. (2017) reported that microbial
community is the major driver of priming effects and C dynamics in biochar-amended soil.
However, no studies have focused on how biochar-induced priming effects change the
bioavailability of PTEs in contaminated soils. Thangarajan, Chowdhury, Kunhikrishnan, and
Bolan (2014) observed that the biochar-amended soil had significantly lower priming effect than
biosolid-, compost-, or poultry manure-amended soils due to its low dissolved organic matter.

5.4. Microbial immobilization mechanisms of PTEs in biochar-amended soils

The exact immobilization mechanisms of PTEs by microorganisms in biochar-amended soils are
not fully understood. In this section, we propose the most likely immobilization mechanisms that
occur. As shown in Figure 6, the immobilization of PTEs by microorganisms involves three
identical steps. The first step is the biochar-induced PTE immobilization. This immobilization
would decrease the bioavailability of the PTEs and decrease toxicity to soil microorganism
(Choppala et al., 2012). The second step is biochar-induced microbial growth. After biochar
changes the soil environment by decreasing PTE toxicity and providing nutrients and habitat, soil
microorganisms will fill the available environmental niches. Some dormant species, due to PTE
toxicity, will no longer be inhibited (Xu et al., 2018). At this stage, microorganisms may
metabolize some VOCs and utilise PTEs as electron donors and acceptors. Biochar is able to
donate m-elections to microbes that are electron acceptors (Joseph et al., 2010; Yuan et al., 2017).
At the final step, microorganisms are involved in the PTE immobilization process. Microbes can
change the oxidation states of PTEs through reduction or oxidation of PTEs (Wood and Wang,
1983). Saquing, Yu, and Chiu (2016) proposed that biochar acts as a rechargeable reservoir of
bioavailable electrons (electron shuttle) in reduced environments. Pyrogenic C facilitated
microbial extracellular reduction of Fe(Ill)-(oxyhydr)oxides (Yuan et al., 2017; Wu et al., 2018).
In another study, the addition of activated C facilitated microbial reduction of As-bearing
ferrihydrite and precipitation of vivianite and siderite which are effective in the immobilization
of As(IIl) and As(V) (Wu et al., 2018). Similarly, Kappler et al. (2014) reported that the microbial
reduction of Fe(IIl)-(oxyhydr)oxides depended on the biochar dosage; 5 and 10 g/L stimulated
both rate and extent of microbial reduction while 0.5 and 1 g/L had a negative effect. Therefore,
microorganisms can contribute to the conversion of PTEs to a less soluble/ toxic form.

Biochars derived at high temperature (700°C) facilitate adherence and growth of microbial
biofilm (Ding, Zeng, Wang, Du, & Zhu, 2011). Biofilm formation could facilitate the
immobilization of PTEs by mass transfer of metals, bio-sorption and precipitation (Bandara,
Herath, Kumarathilaka, Seneviratne, et al., 2017). Microbial biofilm consists of many
extracellular polymeric substances (EPS) such as aromatic amino acids, polysaccharides, and
cationic and anionic functional groups, leading to chemical and physical interactions with PTEs
(Bandara, Herath, Kumarathilaka, Seneviratne, et al., 2017). Frankel et al. (2016) observed that a
biofilm-associated biochar immobilized four-time more Fe, Al and As by than a sterile biochar in
aqueous media.

Overall, our proposed immobilization mechanisms provide new knowledge and future
research direction to identify microbial-induced PTEs immobilization process in biochar-
amended soils. The addition of biochars alters the soil microbial activities by decreasing PTE
bioavailability and providing habitable places and nutrients. The survival of microbes depends on
the species, the amounts of pollutants and toxic compounds present in the biochar material.
Moreover, biochar-associated microorganisms are able to immobilize PTEs via providing
electrons for redox reactions and facilitating extracellular polymeric substances to bio-sorption.
Potentially toxic elements, biochars, and microbes are interrelated to govern the overall output.



6. The analytical methods for identification of mechanisms

Many analytical methods have been utilized for characterization of biochar materials, including
the analyses of elemental composition, surface functional groups, surface morphology and
molecular species (Amin et al., 2016). Understanding mechanisms of biochar, PTE and microbe
interactions is imperative prior to field application in order to assist sustainable remediation
process. This section mainly discusses techniques that are employed to identify the interaction
mechanisms of biochar, PTEs and microorganisms.

6.1. Fourier transform infrared spectroscopy (FTIR)

The FTIR is the most widely employed method for the characterisation of biochar surfaces.
Especially, this technique determines surface functional groups and adsorbed or deposited species
at a biochar surface. This technique has been used extensively to identify various mechanisms
involved in the interactions between biochars and PTEs (Li, Zheng, et al., 2019; Wu et al., 2019).
For instance, a new peak of COs> stretching was observed after Pb(II) adsorption onto wheat-
straw biochar produced at 700°C, due to formation of Pb3(CO3)2(OH), (Shen et al., 2017). Yu,
Zhou, Huang, Song, and Qiu (2015) observed that O-H, C=0, Mn-O and Si-O were the
responsible surface functional groups for As adsorption on Mn-oxide-modified biochar. The
addition of biochars to Cr(VI)-contaminated soils reduced Cr(VI) to Cr(IIl) as confirmed by the
FTIR analysis (Choppala, Bolan, Kunhikrishnan, Skinner, & Seshadri, 2015). The release of —
OH ions, involvement of amine groups, stretching of C-O group in amides and involvement of
N-H groups, hydrolysis of aldehydes/ketones and formation of carboxyl groups and bending of
aromatic C-H bonding involved in Cr(VI) reduction process. Likewise, the FTIR analysis
revealed that the application of biochars to Cu-spiked Alfisol and Spodosol modified the peaks
of spectra and provided the direct evidence of Cu complexation with surface functional groups of
biochar (Bakshi, He, & Harris, 2014). The FTIR analysis is a useful technique for the
identification of functional groups involved in the microbial immobilization of PTEs. For
instance, FTIR analysis showed a weak peak of COs* after biochar addition to Bacillus cereus
NS4 medium containing with Ni(II) because biochar decreased the microbial calcite precipitation
process and inhibited the Ni(II) immobilization (Zhang, Kumari, Fang, & Achal, 2019). Zhu,
Zhang, Tang, Zhu, and Wu, (2018) reported that —OH, and —C=0 groups were involved in the
biosorption of As(Ill) by periphytic biofilm. Seneviratne et al. (2016) showed that amine (-NH>)
and nitro (-NO) functional groups present in the Bradyrhizobium japonicum were responsible for
the process of heavy-metal biosorption. Moreover, FTIR results showed stronger biosorption of
Pb than of Cu and Ni. Similarly, FTIR spectral analysis revealed that carboxyl (-COOH) and
phosphate groups in microbial biofilm contributed to biosorption of Ni (Seneviratne, Vithanage,
Madawala, & Seneviratne, 2015).

6.2. X-ray diffraction (XRD)

The XRD is a widely used technique for the identification of the crystalline structure of the
biochar. Especially, mineral compounds present in the biochar play a vital role in precipitation
and adsorption of PTEs. XRD analysis revealed that the number of minerals (e.g., quartz, calcite,
feldspar, and anhydrite) present in the biochar increased with increasing pyrolysis temperature
(Azargohar, Nanda, Dalai, & Rao, 2013). It also revealed that the biochar derived from rice husk
was dominated with inorganic components such as KCl, CaCOs, and SiO, while the biochar
derived from bamboo biomass was dominated with SiO, (Weng et al., 2017). The XRD analysis
of four biochars after exposure to Pb(Il) revealed the formation of PbCO3 on British hardwood
biochar, and Pb3(COs)2(OH), on biochars derived from wheat straw, rice husk and softwood
pellets (Shen et al.,, 2017). With incubation time, the peaks of less stable PbCO; and
Pb3(CO3)2(OH), decreased and the peak of more stable hydroxypyromorphite (Pbs(PO4)3:OH)
increased after dairy-manure biochar was added to Pb-polluted soils (Cao et al., 2011). Periphytic
biofilm was effective in As(IlI) immobilization due to the presence of calcite on the biofilm
surface (Zhu et al., 2018). The XRD analysis showed the disappearance of calcite peak after
treated with As(III), indicating the interaction of As(III) with calcite. Zhang, Kumari, et al. (2019)
reported that biochar inhibited the microbial calcite precipitation and suppressed the Ni(Il)



immobilization. The XRD analysis showed that microbial calcite precipitation process led to the
immobilization of Ni(II) in the form of NiCO; and that the NiCOs peak lowered after biochar
addition due to dissolution of CaCOs by biochar. Phosphate-solubilizing bacteria enhanced Pb(II)
immobilization by rice-husk and sludge biochars through formation of pyromorphite on the
biochar surfaces (Chen et al., 2019). The XRD analysis also showed that Pb existed as PbCO; or
Pb3(OH)2(COs3), on the surface of biochar particles without P-solubilizing bacteria but as
pyromorphite (Pbs(PO4);0H, Pbio(PO4)s(OH),) with the addition of P-solubilizing bacteria.
Synchrotron-based XRD technique is used for the determination of material structure, crystal and
molecular structure (Rao et al., 2017). It has a well-defined wavelength, high flux, and collimation
to enhance sensitivity and resolution of different peaks (Kopittke et al., 2017).

6.3. Scanning electron microscope-energy dispersive X-ray spectroscopy (SEM-EDX)

The SEM-EDX is a useful technique to estimate the elemental distribution and composition of
biochar surfaces (Igalavithana, Mandal, et al., 2017) as well as microbial cells in relation to the
immobilization of PTEs (Wang, Wu, et al., 2019). For example, by using SEM-EDX, Igalavithana
et al. (2018) reported that Pb and Cd were stabilized on the biochar surface via surface
complexation with O-containing functional groups. They also observed that Pb was associated
with Al Fe, Si, Ca, Mg and K, and Cd associated with Si, Al, Ca and K present in the biochar
surface. Chen et al. (2019) showed the application of P-solubilizing bacteria could promote the
transformation of unstable Pb-minerals to Pyro-minerals on the biochar surfaces. In contrast,
Zhang, Kumari, et al. (2019) observed that lower amount of Ca in biochar-added samples by
inhibiting microbial-induced calcite formation, which in turn decreased the Ni(Il) immobilization.

6.4. Nanoscale secondary ion mass spectrometry (NanoSIMS)

The nanoSIMS can obtain chemical imaging of surface distribution of elements with sensitivities
from the ppb to ppm range and lateral resolution below 50 nm (Penen et al., 2016). Mueller et al.
(2013) reviewed the potential use of nanoSIMS to investigate the plant, microbe and element
interactions in soil. For instant, Newsome, Lopez Adams, Downie, Moore, and Lloyd (2018) used
nanoSIMS imaging to describe the extracellular electron transport process during the microbial
Fe(III) reduction. Moreover, they highlighted the importance of nanoSIMS imaging in tracing the
fate of PTEs associated with Fe/Mn oxides and related microorganisms. The nanoSIMS has been
used to monitor C stability in biochar-amended soil (DeCiucies, Whitman, Woolf, Enders, &
Lehmann, 2018; Hernandez-Soriano, Kerré, Kopittke, Horemans, & Smolders, 2016). Therefore,
this technique has potential to identify biochar, PTE and microbial interactions and associated
mechanisms in the soil environment.

6.5. X-ray photoelectron spectroscopy (XPS)

XPS is widely employed in the analysis of elemental compositions, chemical states or electronic
state of the materials. For instance, XPS spectra can be used for the identification of surface
functional groups, and it was implied that HNO3 acid oxidation of biochars led to the increased
oxygen-containing surface functional groups (Li, Ye, et al., 2016). Choppala et al. (2016)
observed that, based on XPS analysis, biochar reduced Cr(VI) to Cr(IIl) by 33% and As(V) to
As(IIT) by 12% within seven days of incubation while remained Cr and As presented as Cr(VI)
and As(V). The XPS spectra obtained from soils amended with sludge-derived biochar indicated
that As(II) was converted to stable As(V) (30.5% increased) and that this transformation was
highly time-dependent (Fang, Tsang, Zhou, Zhang, & Qiu, 2016). Sludge-derived biochars
contained 33% of Fe which catalyses As(Ill) co-oxidation. Similarly, XPS analysis revealed that
As(III) partially oxidized to As(V) by Mn oxides and Fe-Mn-oxides in As(Ill)-contaminated soils
amended with manganese-oxides-modified biochars (Yu et al., 2015). Rees et al. (2017) observed
that Pb and Cd were mainly distributed in carbonate phase of biochar and their concentrations
were proportional to Ca concentration.



6.6. X-ray fluorescence microscopy (u-XRF)

A synchrotron-based pu-XRF technique is widely used for the elemental mapping in bulk samples.
The major advantage of this method is that in the presence of high energy of the X-rays, atoms of
elements are excited and photoelectrons released; therefore multi-elemental maps can be easily
generated (Kopittke et al., 2017). The potential use of this technique in biochar research is the
identification of PTE distribution of biochar particles. Determination of PTEs in biochar particles
is imperative before environmental application specially for biochars produced from sewage
sludges or animal manures. For instance, the p-XRF analysis revealed that poultry- and swine-
manure biochars contain the elevated amounts of Cu, Zn, and As that were heterogeneously
distributed during pyrolysis process while less amounts of Pb were homogeneously distributed
(Lin, Xu, Wang, et al., 2017). In addition, Cu, Hg and Fe were distributed along pore edges and
on particle surfaces or penetrated into solid phase of the biochar derived from switchgrass
pyrolysed at 600 and 300°C, respectively (Liu, Ptacek, Blowes, Finfrock, & Gordon, 2016).

6.7. X-ray absorption spectroscopy (XAS)

The chemical speciation of PTEs determines their mobility and bioavailability in the soil. In this
context, XAS is a non-destructive analytical method and provides the information of speciation
and bonding types. The XAS spectrum fundamentally divides into two energy regions called x-
ray absorption near spectroscopy (XANES) or extended X-ray absorption fine structure (EXAFS)
and near edge X-ray absorption fine structure (NEXAFS) (Lombi & Susini, 2009).

XANES analysis indicated that iron oxides and aluminium oxides strongly adsorbed As(V)
by surface complexation and electrostatic interactions in a red-mud amended with rice-straw
biochar (Wu, Huang, et al., 2017). Another study showed that biochar addition did not alter the
As oxidation states in soil and As existed as less mobile arsenate in both amended and non-
amended soils (Strawn, Rigby, Baker, Coleman, & Koch, 2016). The XANES analysis revealed
that immobilization mechanism of Zn by biochars in soils amended with aged sewage sludge was
attributed to precipitation as Zn phosphate [Zn3(POs).] and hopeite (Zn!®Zn,[*PO4.4H,0)
(Wagner, Kaupenjohann, Hu, Kruse, & Leinweber, 2015). The addition of poultry-litter and
sludge biochars into the Typic Udic Ferrisols with 60% of water-holding capacity or flooded
conditions caused complete dissolution of CuO within three months, and CuS was partly oxidized
to Cu(Il) in 60% water-holding capacity within nine months and adsorbed to the organic phase
(Lin, Xu, Chen, et al., 2017).

EXAFS spectra identified 62.7% of Pb sorbed on kaolinite and 23.6% as a Pb-phosphate
after the addition of oak wood biochars into a shooting-range soil (Ahmad, Lee, et al., 2014). The
soybean stover biochar effectively immobilized Pb in a shooting-range soil by formation of
Pbs(PO4):Cl and Pb3(POs),, which was confirmed by EXAFS analysis (Moon et al., 2013).
Increasing pyrolysis temperature of buffalo weed biochars induced the formation of Pb-gibbsite
but decreased the formation of hydrocerussite and chloromorphite (Rajapaksha et al., 2015). The
EXAFS analysis revealed that tsumebite [(PboCu(PO4)(SO4)(OH)] was the dominant precipitate
when buffalo weed and its biochar were added to the shooting-range soil (Rajapaksha et al., 2015).
The EXAFS spectra revealed that the biochar derived from switchgrass at 600°C mainly exist as
metacinnabar while the biochars produced at 300°C exist as cinnabar in a Hg-contaminated
sediment (Liu, Ptacek, et al., 2016). Wu et al. (2019) conducted a number of batch-type Zn
sorption experiments using the mixture of y-Al,Os and rice-straw biochar as a model binary
geosorbent systems. EXAFS spectroscopy analysis indicated that over 60% of Zn existed as Zn-
Al layered double hydroxide on y-Al,Os at pH 7.5. The Zn in biochar-treated soil mainly existed
as Zn-OM and Zn,SiO4, whereas the proportion of Zn,SiO4 was negligible compared with Zn-Al
silicate (26—48%) in the mixture of y-Al,O; and rice-straw biochar.

6.8. Sequential fractionation

Sequential fractionation methods are used to evaluate the distribution of various chemical forms
of PTEs among the solid phases in soils or sediments (Adriano, Wenzel, Vangronsveld, & Bolan,
2004). These methods can be used to identify PTEs bound to various fractions including soluble,
exchangeable, precipitated, organic matter bound and occluded (Rajapaksha, Vithanage, Oze,



Bandara, & Weerasooriya, 2012; Yang, Lu, et al., 2017). However, the efficiency of the methods
depends on the reagents, nature of the sample, duration of extraction, temperature, pH and
solid/solution ratio (Bolan et al., 2014). The chemical fractionation methods have been used to
correlate the plant-available PTEs in soils and plant uptake of PTEs (Adriano et al., 2004).

Yang, Lu, et al. (2017) found that exchangeable Cd was redistributed to carbonate and the
faction of Fe-Mn oxides while Zn was redistributed to Fe-Mn oxides fraction upon biochar
addition. Similarly, Park, Choppala, Bolan, Chung, and Chuasavathi (2011) observed that the
addition of biochars decreased the concentration of exchangeable Cd while increased the organic-
matter-bound fraction. The Cd bound to the Fe-Mn oxides fraction increased with increasing
biochar addition rates (Jiang, Xu, Jiang, & Li, 2012). The biochar-induced redistribution of
exchangeable Cd into carbonate-bound fraction was attributed to the enhancement of soil pH due
to alkaline biochar input (Houben and Sonnet, 2015).

The bioavailability of PTEs in soils has also been determined using the Potentially
Bioavailable Sequential Extraction (PBASE), Physiologically-Based Extraction Test (PBET),
and Gastrointestinal (GI) Test (Bolan et al., 2014). For instance, Qi et al. (2018) showed that
aging of chicken litter biochar decreased the Cd bioaccessibility to the human gastric phase while
acidic-wood-shaving biochar showed no effect. Similarly, Ahmad, Lee, Yang, et al. (2012)
observed that addition of oak-wood biochar into the shooting-range soil decreased Pb
bioaccessibility by 12% compared to the control. Sequential extraction procedure, PBET and
PBASE have been widely used due to their analytical simplicity for the estimation of the
bioavailable PTEs in soil.

7. Efficiency enhancement through modification

The sorption capacity of pristine biochars for PTEs is inferior due to their inadequate surface
functional groups and mineral component (Zuo, Chen, Cui, & Fu, 2017). Recently, a number of
studies have focused on modification of biochars to enhance their surface area, functional groups,
porosity, and point of zero charge (pHp.c) (Shu, Lu & He, 2013; Sikarwar et al., 2016; Tan, Sun,
Xu, Wang, & Xu, 2016; Zama et al., 2018; Zhao, Zhao, et al., 2017). However, most of the studies
have mainly focused on the removal of PTEs in aqueous systems, the use of modified biochars in
soil systems is not fully studied.

Various advanced methods have been developed to enhance the efficiency of pristine
biochar. The modification includes physical, chemical and magnetic modifications, and
impregnation with mineral compounds (Table 4) (Rajapaksha et al., 2016).

7.1. Physical modification

Physical modifications are usually a low-cost and less technological-involved process.
Nevertheless, the efficiency in PTE immobilization due to physical modification is lower than
that to be achieved by chemical modification methods. On the other hand, physical activation is
better than chemical activation for soil application because chemical activation may have adverse
consequences in the soil system. The physical modification involves two steps (Cheng, Zeng, &
Jiang, 2017; Rajapaksha et al., 2016). The first step is that initial pyrolysis reactions in the oxygen-
free environment produce biochar. The resulting biochar is then subjected to the partial
gasification with steam, CO, air, O3 or NH3;. During the biomass pyrolysis, most of the impurities
such as products of incomplete combustion are retained within the biochar and subsequent steam
activation process could help to remove impurities and increase the porosity (Sizmur, Fresno,
Akgiil, Frost, & Moreno-Jiménez, 2017). It can potentially modify the surface functional groups
(Sikarwar et al., 2016). The addition of Eucalyptus-wood-derived biochar with steam activation
could help to suppress emission of CH4 and N,O from the soil (Fungo et al., 2014). In contrast,
the addition of steam-activated stover biochar increased CH4 emission from the soil (Fungo et al.,
2014).

The activation with NH3 introduces amino functional groups into biochar, and was effective
for the removal of Pb(Il) and Cu(Il) in aqueous solutions (Wu, Li, et al., 2017; Yang and Jiang,
2014). During CO; activation, C of the biochars reacts with CO, to form CO, resulting in hot
corrosion of the surface and hence increasing surface area by creating micropores (Rajapaksha et



al., 2016). Zhang et al. (2014) observed that the combination of CO, and NH3 increased surface
arca and N-containing surface functional groups compared to conventional CO, or NH;
modification. Properties of physically-activated biochars depend on precursors, activation
temperature, oxidizing agent and degree of activation (Cheng, Zeng, et al., 2017).

Recently, Sajjadi et al. (2019) reported that combined physical and chemical activation
enhanced the capacity of softwood-pine biochar to adsorb Ni(II). They observed that > 99% of
Ni(Il) from solution was removed by biochars after physical activation via ultrasound irradiation
for 20 s, chemical activation using 50% H3POs and functionalized with 6 M urea solution. A
combination of different activation methods appears to be more effective than single activation,
and therefore future research is needed to focus on the effectiveness of modified biochars with
combined methods.

7.2. Chemical modification

Chemical modification involves acid/base treatment, organic solvent treatment, and coating with
graphene/nanotube/metal oxides. In terms of PTE removal efficiency, chemically-modified
biochars are more effective than physically-modified ones. The major disadvantages of chemical
activation are high cost and risk of chemical changes in the soil matrix.

The common chemical activating acids are HNOs, H>SOs4, H3PO4, and HCL. The acid
activation leads to degradation of micropores due to erosive nature, resulting in a decreased
surface area (Mandal et al., 2016; Rajapaksha et al., 2016). The mineral acids are capable of
introducing acidic functional groups such as carboxylic, amine groups onto biochar surface and
thus high possibility to remove PTEs through PTE-functional group interaction (Wu et al., 2016;
Wu, Li, et al., 2017). The activation of sewage sludge biochars with HNO; (4 h at 90°C) enhances
Cu, Zn, and Al removal by 98%, 42% and 34% from the natural acid rock drainage because of
increased surface carboxylic groups compared to the unmodified biochar (Li, Gong, & Abida,
2019). Biomass pre-treatment with H3PO,. introduces P-O-P crosslink with C and resulting
structure shows an enhanced sorption affinity for Pb (Zhao, Zheng, et al., 2017). Also, H3POs-
treated corn-straw biochar increased Cr(VI) adsorption capacity due to increases in surface groups
and aromatic compounds (Zhao, Zhao, et al., 2017). Soil type significantly affects the
immobilization of PTEs with biochar. Especially, much more attention is needed when
contaminated soils are low in clay and organic matter contents. Un-activated biochars
significantly mobilize Pb and Cu in soils low in clay and organic matter because of the formation
of soluble ion complexes with dissolved organic carbon originated from biochar (Uchimiya &
Bannon, 2013). The activation of biochars with strong acids can be very expensive and the use of
these modified biochars will lead to other environmental issues such as disposal of the activation
media and potential toxicity to the microorganisms. Nevertheless, activation with H,O; has been
considered an environmentally- and economically-friendly activation method to modify biochars.
Activation with H,O» obviously increases oxygen-rich functional groups on the biochar surface
and facilitates the formation of binding sites for the heavy metals (Zuo, Chen, Fu, & Li, 2016).
For instance, the activation of biochars with H,O» showed 91.7% higher Cu(II) removal efficiency
compared to the un-modified biochar in aqueous solution because of higher number of carboxylic
functional groups (Zuo, Liu, & Chen, 2016).

The mineral component of biochar matrix plays an important role in PTE removal by
precipitation (Qi, Kuppusamy, et al., 2017). Biochar modification with strong acids or oxidizing
agents, subsequently dissolves the mineral component, which may reduce sorption of PTEs via
precipitation (Sizmur et al., 2017). Activation or modification with an alkali solution such as KOH
or NaOH can also increase biochar’s sorption capacity of heavy metals by increasing surface area,
porosity, and surface functional groups. KOH is an effective oxidant and its activation process
stimulates the formation of pore structure on carbon surface. The use of biochar modified with
KOH increased Cu removal efficiency by 3.4 times through increased surface complexation with
the oxygen-containing functional groups (Jin et al., 2016). KOH converts Cu(Il) to Cu(OH)"
which has a higher affinity for sorption than Cu(II). Similarly, biochar with NaOH modification
increased the sorption capacity of heavy metals 2.6-5.8 times via increasing surface area, oxygen-
containing functional groups and cation-exchange capacity (Ding, Hu, Wan, Wang, & Gao,
2016). Recently, An, Jiang, Nan, Yu, and Jiang (2019) showed that the biochar modified by KOH



followed by KMnO4 enhanced the removal capacity of Ni(Il) from the aqueous solution. The
FTIR and XPS analyses revealed that the -NH, and —OH groups present in the modified biochar
could form surface complexation and co-precipitation with Ni(II).

The use of biochar coated with iron-phosphate nanoparticles increased Cd(II)
immobilization efficiency by 81% and decreased bioaccessibility by up to 80% (Qiao et al., 2017).
The study revealed that the composite promoted the growth of plants via providing available P.
In the same way, the biochar modified with Fe-Mn oxides reduced As(V) concentration in
contaminated paddy soils (Lin, Gao, et al., 2017). The Fe-oxides present on the biochar particles
enhanced As adsorption and Mn-oxides oxidize soluble As(IIl) to less soluble As(V). Wheat-
straw biochar modified with 0.05 M Bi(NOs); promoted the co-precipitation of Fe(II) and As(III)
ions (Zhu et al., 2019). Thus Bi-impregnated biochar regulated ferrolysis, which contributed to
immobilization of As in paddy soils. Recently, biochars coated with graphene oxide have received
much attention due to their strong affinity of pollutants for remediation (Shang et al., 2016).

7.3. Magnetic modification

The surface of biochars is typically rich in negative charges. Thus, with biochar application,
anionic contaminants are leached out or mobilized from the soil solutions (Beesley & Marmiroli,
2011). Magnetic biochars have been recognized as an effective solution for remediation of anionic
contaminants (Chen, Chen, & Lv, 2011). The magnetic modification is either pre- or post-
pyrolysis process (Safafik et al., 2016). For instance, biomass was modified with FeCl; as a pre-
pyrolysis treatment and Fe(II1)/Fe(II) precipitated on biochar surfaces as a post-pyrolysis process
(Wang et al., 2015b). The surface area of magnetically-modified biochars decreases because Fe
oxide has a small specific surface area compared to the unmodified biochar (Rajapaksha et al.,
2016). Cation exchange and surface complexation are the primary mechanisms which are
involved in remediation of PTEs by magnetically-modified biochar (Trakal et al., 2016). The
removal efficiency of As(V) and Sb(Ill) depends on the method of magnetization. Fe-loaded
biochar produced via evaporation displays three- and five-fold increases in As(V) and Sb(III)
sorption capacity, respectively, compared to the pristine biochar (Calugaru, Neculita, Genty, &
Zaguru, 2019). In comparison, Fe-loaded biochar produced via precipitation shows a two-fold
increase in sorption capacity for both metals. The Cd(Il) adsorption onto magnetically-modified
biochars decreases because of the presence of a large number of protons after modification (Li,
Yang, et al., 2017). Iron oxide on the surface of the magnetically-modified biochar competes with
Cd, and the number of Cd fixed on the modified biochar decreases (Tan et al., 2017). However,
magnetic chlorinated biochar (Fe-Cl/biochar) shows a higher adsorption capacity for Hg°
compared to the commercial activated carbon (Xu, Luo, et al., 2019). Chemisorption is the main
mechanism of Hg® removal because FesOs, C=0 and CI-Cl provide active sorption sites.
Compared to a regular magnetic biochar, a novel CeO»-MoS, hybrid magnetic biochar has been
shown to have a higher Pb(II)-removal capacity and removes >99% Pb(II) within 6 h,
predominantly via electrostatic interaction, Cn-Pb(II) interaction, surface adsorption and
complexation (Li, Deng, et al., 2019). Similarly, KMnOs-treated magnetic biochar has nearly 7
times more Pb(Il) and Cd(II) adsorption capacity than the untreated magnetic biochar (Sun et al.,
2019). The XPS and FTIR analyses confirmed the formation of manganese oxides and O-
containing functional groups on KMnOjy-treated magnetic biochar. From the above literature, it
is evident that the PTE immobilization capacity of magnetic biochar is enhanced with further
modifications with various compounds. Future research should focus on the immobilization of
PTEs by these hybridized biochar materials in soil.

7.4. Impregnation with minerals

The significant disadvantage of biochars is their weak affinity with oxyanions. Due to net negative
surface charges, biochars build electrostatic repulsion with oxyanions. Impregnation with clay
minerals or metal oxides increases the net positive charges on the biochar surface, which
facilitates adsorption of oxyanions. Most common impregnation agents are clay minerals such as
montmorillonite, bentonite, MgCl,, and MnOy (Rajapaksha et al., 2016). Modification of biochars
with clay minerals is considered as pre-pyrolysis modification process (Sizmur et al., 2017). The



impregnation of bamboo biochars with montmorillonite significantly increased specific surface
area, pore diameter, pore volume and mineral components such as Ca(Il), Mg(Il), Al(IIl) and
Fe(III) (Chen, Chen, et al., 2017). The impregnation of bamboo biomass with iron-kaolinite or
iron-bentonite significantly prevented cellulose degradation and increased pore volume at 250°C
while it increased the concentration of aromatic, phenolic and acidic carbons and reduced pore
volume at 350-550°C (Rawal et al.,, 2016). Bionanocomposite developed from chitosan,
montmorillonite nanoclay and biochar decreased leaching of Pb(Il), Cu(Il) and Zn(Il) from the
acidic mine soil by 52%, 100% and 100%, respectively (Arabyarmohammadi et al., 2018). The
FTIR analysis confirmed -NH, group being involved in the immobilization of heavy metals. The
MgCl, impregnation significantly increased the surface area, ash and Mg content of biochars (Cui
et al., 2016). Pre-modification with MgCl, showed a higher number of nano-MgO particles and a
larger number of oxygen-containing surface functional groups compared to the post-modified
biochar (Yu et al., 2016). The impregnation of biochars derived from corn straw at 600°C with
KMnOs, significantly increased surface micro/nano-MnOy, polarity, oxygen-containing
functional groups, and average pore width but decreased surface area (Song et al., 2014).
Similarly, the impregnation of corn-straw biochars with Mn-oxides, significantly decreased the
bioavailability and mobility of As(IIl) and As(V) in contaminated paddy soils (Yu et al., 2017).
Wang, Zhao, et al. (2019) critically reviewed the production, properties and contaminant removal
from soil and water using biochar-supported nanoscale zero-valent iron which exhibited excellent
reactions with PTEs due to increased electron transfer capacity, catalytic capacity and
conductivity. The impregnation of biochars with clay minerals or metal oxides possesses an
excellent potential to remove PTEs in an environmentally-friendly manner. On the other hand,
modification of biochars with clay minerals is a highly economical and feasible technique.

8. Conclusions and future perspectives

Biochars have been recognised as carbon-rich materials with an excellent potential to remediate
soil and water systems polluted by PTEs. However, as a soil amendment, many aspects need to
be exploited due to contrasting observations in relation to the immobilization of PTEs. The
variations in feedstock, production condition, application rate, soil and environmental conditions,
and PTE behaviour contribute to such contrasting observations. The present review also
highlights the interactive mechanisms of biochars and microbes in the immobilization of PTEs in
contaminated soils to make some guidance for future biochar application.

The characteristics of biochar products are mainly governed by the feedstock material, and
production conditions which are primary factors determining the success of PTE immobilization.
Different feedstock materials have various unique properties, and hence depending on production
method, pyrolysis temperature and holding time for biochar production need to be optimized for
immobilization of PTEs. Biochars with high dissolved organic C are effective in immobilization
of cations such as Cd, Pb and Hg, but are not suitable for the immobilization of anions such as As
and Sb.

The chemical behaviours of anion PTEs are entirely different from the cationic ones.
Biochars possess net negative charges on their particle surfaces and therefore anions bound to the
soil colloids are easily mobilized. Moreover, the addition of biochar increases soil pH and thus
promotes the retention of cationic PTEs while mobilizing anionic PTEs due to increases of
negative charges in soil. Through some modifications, biochars can be effective to immobilize
anion contaminants. Especially, a combination of various modification methods is more efficient
than single modification. Therefore, identification of efficient modification methods for
remediation of both cations and anions is essential because most of the soils are contaminated
with multiple PTEs. However, the remediation mechanisms of modified biochars in soils
contaminated with PTEs are still not fully understood. Furthermore, it would be necessary to
understand the immobilization mechanisms based on the soil types, and climatic zones due to
variability of immobilization reactions. New advanced techniques, such as synchrotron-based
techniques can be exploited to study the mechanisms behind the biochar-PTE interactions.

Other than the direct mechanisms of biochar-PTE interactions, some indirect mechanisms
are also involved. For instance, the enhancement of soil pH and cation exchange capacity, change
of soil redox potential, and facilitation of soil microorganisms could indirectly promote



immobilization of PTEs in soil. Soil biological components play a vital role in the remediation of
PTEs. Biochar addition would facilitate microbial growth in contaminated soils by decreasing
PTE toxicity and providing nutrients and habitats. Soil microorganisms further participate in
immobilization of PTEs by stimulating redox reactions, biosorption, and physical-chemical
interactions with extracellular polymeric substances. However, there is no clear evidence of
microbial immobilization mechanisms upon biochar addition and future research is needed on the
synergistic effects of biochar and microbes on PTE immobilization. Specially, combined
application of PTE-tolerant microbes and biochar would be an effective strategy to enhance the
efficiency of PTE immobilization.

Finally, it is important to summarize more acceptable guidelines for biochar application
with production conditions and methods, feedstock materials, application dosage, soil type and
environmental conditions to achieve optimum immobilization capacity for development of
environmentally-friendly remediation strategies.
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Figure 1. The pH and ash percentage of biochars produced from various types of
feedstock at different residence time of pyrolysis (1, 2, and 3 h) and temperatures (400
and 800 °C). Data obtained from Suman and Gautam (2017).
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Figure 2. The effects of pyrolysis temperatures on the O/C atomic ratio and surface area
of biochars produced from various feedstocks. Data obtained from Ahmad, Rajapaksha,
et al. (2014), Jindo, Mizumoto, Sawada, Sanchez-Monedero, and Sonoki (2014), Li,
Dong, et al. (2017), Tsai, Liu, Chen, Chang, and Tsai (2012), and Zhang, Huang, et al.
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Table captions:

Table 1. Effects of biochar properties and application rates on mobility and bioavailability of
potentially toxic elements (PTEs) in contaminated soils.

Table 2. Microbial responses to biochar addition in soils contaminated with potentially toxic
elements (PTEs).

Table 3. The effects of biochar on behaviours of soil enzymes in soils contaminated with
potentially toxic elements (PTEs).

Table 4. The enhanced removal efficiency of potentially toxic elements (PTEs), associated

mechanisms, advantages and disadvantages of different biochar modification methodologies.



Table 1. Effects of biochar properties and application rates on mobility and bioavailability of potentially toxic elements (PTEs) in contaminated

soils.
Biochar type PTEs Pyrolysis Application Soil type Immobilization mechanisms / effects References
temp. (°C) rate (% w/w)  (texture)
Chicken litter Cd 550 5 Entisol o Both biochars effective for redistribution of Cd to less Qietal. (2018)
bioavailable soil fractions
Wood shaving Inceptisol e pH controlled Cd solubility in soils amended with wood-
650 . shaving biochar
Andisol o Chicken-litter biochar form surface complexation with Cd
) e Both biochars effectively decreased Cd bioavailability in
Vertisol Entisol and Vertisol with lower sorption capacity
Chicken litter Cd 550 5 Ferrosol e Acidic wood-shaving biochar did not change Cd sorption Qi, Dong, et al. (2017)
capacity of both soils
Wood shaving Dermosol o Chicken-litter biochar increased Cd sorption in acidic Ferrosol
650
Rice straw Cd 500 1.5and 3 Ultisol o Cd immobilized due to surface complexation with surface Bashir, Hussain, Shaaban,
(silty clay loam) functional groups, and precipitation with minerals (KCl, and Hu (2018)
Rice hull calcite, quartz, dolomite and kaolinite)
Maize stover
Barley straw Cd 500 2.5and 5 Mollisol o Addition of 5% biochar derived from chicken manure and Yasmin et al. (2017)
tomato green waste immobilized more Cd due to higher pH,
Tomato green waste surface area and O-containing functional groups
Chicken manure
Duck manure
Swine manure
Rice straw Cd 450 1.5,3and 5 Sandy clay loam e Biochar addition decreased bioavailable Cd and increased soil ~ Abbas et al. (2017)

pH and Si in soil
e Biochar increased plant Zn and Mn concentrations



Bamboo

Soybean straw

Dairy manure

Rice straw

Peanut straw
Soybean straw
Canola straw
Rice straw

Salibury wood

Chicken manure

Solanum
elaeagnifolium

Cd

Pb

Pb

Pb

Pb

Pb

Cr

400

700

450

300

400

600

550

300

0.5,1and 1.5

1,2,3,4,5,

10 and 20

2.5and 5

3and 5

Silty loam

Shooting-range
soil (sandy loam)

Shooting-range
site (sandy soil)

Battery recycling
site (sandy soil)
Ultisosl

Oxisol

Ultisosl

Oxisol

Kaolin

Calcic red clay
Sodosol

Calcic red sandy
loam Sodosol

Biochar increased soil pH, electrical conductivity, organic
carbon and cation exchange capacity (CEC)

1.5% application rate was more effective than lower
application rates

Increasing biochar application rate decreased Pb leachability

The formation of chloropyromorphite and Pb-phosphate are
the main responsible immobilization process

e Pb precipitated as hydroxypyromorphite with phosphate of

biochar

Biochar increased non-electrostatic adsorption of Pb at
relatively low pH

o All the biochars increased soil pH and CEC
o Legume-straw biochar increased Pb adsorption via non-

electrostatic mechanism (surface complexation with
functional groups)

Biochars derived from non-legume straw showed
electrostatic adsorption mechanism by increasing soil CEC

Pb-immobilising ability of biochar was mainly related to soil
properties
Biochar may not be effective in soil with high clay

Biochar derived from dissolved organic matter (DOM)
enhanced reduction of Cr(VI) to Cr(III)

Addition of biochar significantly enhanced reduction of
Cr(VI) in alkaline Chromosol soil

Mohamed et al. (2015)

Moon et al. (2013)

Cao etal. (2011)

Jiang, Jiang, Xu and Li
(2012)

Jiang et al. (2014)

Shen, McMillan, Jin, and
Al-Tabbaa (2016)

Choppala et al. (2012)



Gliricidia sepium

wood

Rice straw

Switchgrass

Hardwood

Bamboo

Sewage sludge

Rice straw

Oil palm fiber

Granular sludge

Cr

Hg

Hg

Hg

Hg

Hg

900

600

300
600

700

600

600

500

700

300

1,2.5and 5

1 and 4

50 (v/v)

0.5

10

Tannery waste
soil

Tannery waste

soil

Paddy soil

Sediment

River bank
sediment
Floodplain soil

Paddy soil

Paddy soil
(acidic and
calcareous )

Paddy soil

Paddy soil

Paddy soil

5% biochar amendment was more effective than other rates

e Cr immobilized by pore diffusion and adsorption via -n

electron donor-acceptor interactions

Methylmercury immobilization facilitated by high surface
area and organosulfur content of biochar

Biodilution of methylmercury in rice grain due to the
increased of grain biomass by biochar

Hg co- occurred with S, Fe, Cu and other elements within the
plant structure of low-temperature-derived biochar

Hg immobilization via complexation with surface functional
groups
Biochar did not promote methylation

Biochar decreased methylmercury via the complexation of Hg
with organosulfur groups

Biochar increased methylmercury partitioning into soil solids
by adsorption and complexation

Sewage-sludge biochar increased soil organic matter content
and hence methylmercury production

Biochar inhibited methylmercury accumulation in rice plants
in acidic soil

Biochar did not influence the accumulation of methylmercury
in rice plants in calcareous soil

e Biochar increased As mobilization under anaerobic condition
e Biochar enhanced dissolution of Fe oxides by promoting Fe-

reducing bacteria

Biochar enhanced microbial reduction of As(V) and Fe(III)
and released As(III) into soil solution

Biochar produced at low temperature released more dissolved
organic C (DOC) than biochar produced at high temperature

Herath et al. (2017)

Shu et al. (2016)

Liu, Ptacek, et al. (2016)

Wang, Ptacek, et al. (2019)

Wang, Dang, et al. (2019)

Zhang, Wu, et al. (2019)

Wang, Xue, et al. (2017)

Qiao, Li and Li (2018)

Kim et al. (2018)



Rice straw

Coffee grounds

Wheat straw

Apple tree branch

Mushroom waste
Sewage sludge
Soybean straw
Rice straw
Peanut shells

Umbrella tree wood
bark

Cocopeat

Palm kernel shell

Rice hull

Hard wood

Sb

As
Cd

Pb
As

As
Co
Mo

Pb
Zn

550

700

500

200

350

500

500

500

0.5,5and 10

2and 5

Paddy soil
(sandy soil)

Sandy loam

Paddy soil

Upland
agriculture soil

Mining soil

Mining soil

e DOC enhanced reductive dissolution and ligand-enhanced
dissolution of Fe(Il) and As release

e DOC competed with As for adsorption onto soil

e Biochar increased P in soil solution and further competed with
As adsorption

o Sb mobilized by wheat-straw biochar and apple-tree biochar
during first 20 and 50 days of incubation, respectively

o Sb mobilized due to electrostatic repulsion of organic matter
and functional groups of biochar

o Sb immobilized by wheat-straw biochar and apple-tree biochar
after 20 and 50 days of incubation due to secondary mineral
precipitation, organic complex between Sb and humic acid and
complex between Sb and organic matter and Fe (hydr)oxide of
biochar

® Biochar modified the composition of DOC in soil

o Sewage-sludge biochar was effective in decreasing DOM-Cd
and DOM-As concentrations

e Biochar derived at 350 °C significantly decreased As/Cd
uptake in rice

o All biochars decreased uptake of As(III)

® Pb immobilized in the upland agriculture soil by all biochars

o Umbrella tree wood bark and cocopeat effectively immobilized
Pb in the paddy soil

o As mobilized in the upland agriculture soil by Umbrella tree
wood bark and cocopeat

e High pH, P content and Si content of biochar controlled Pb
immobilization and As mobilization

o Biochar stimulated the mobility and phytoavailability of As,

Mo and Co under oxic-acidic conditions

o Biochar decreased Pb and Zn in soil pore water but had no
effects on As and Cd

Hua, Zhang, Wei, Yang,
and Guo (2019)

Li, Khan, et al. (2018)

Igalavithana, Park, et al.
(2017)

El-Naggar, Shaheen, et al.
(2019)

Norini et al. (2019)



Gliricidia sepium
wood

Red pepper stalks

Soybean stover

Dairy manure

NaOH modified
dairy manure
biochar

Ba
As
Cd

Pb
Cu

As
Pb
Cd
/n

Pb
Cu
Sb

Cu
/n
Pb
Cd

900

650 (with
N2 gas)

650 (with
CO2 gas)

300

300

10

2.5

0.5,1and 2.5

2.5and 5

Shooting-range
soil (silty loam)

Sandy loam

Sandy

Shooting-range
soil

E-waste
recycling site
(sandy soil)

Pb immobilized via surface complexation and adsorption

Biochar increased soil pH but decreased Pb and Cu
dissolution

Electrostatic attractions, surface diffusion, ion exchange,
precipitation and complexation could immobilize Pb and Cu

Biochar produced under CO2 immobilized Pb compared to the
biochar produced under N2 due to high surface area, surface
functional groups and atomicity

Both biochars effectively decreased the mobility of Cd and Zn

Biochar produced under N> significantly decreased As
mobility due to low pH compared to biochar produced under
CO2

Pb and Cu immobilized via adsorption of DOC-metal
complexes, electrostatic and ©-n electron donor-acceptor
interaction and precipitation

Sb mobilized due to repulsive electrostatic forces of biochar

Both non-modified and modified biochar decreased the
bioavailability and mobility of PTEs by transforming more
stable species and soil fraction

Kumarathilaka et al. (2018)

Igalavithana et al. (2018)

Vithanage, Herath,
Almaroai, et al. (2017)

Chen, Zhang, Liu, Wu, and
Yuan (2018)




Table 2. Microbial responses to biochar addition in soils contaminated with potentially toxic elements (PTEs).

Biochar type Pyrolysis Application PTEs  Soil type Microbial response to biochar addition Impact of biochar Reference
temp. (°C) rate
Red pepper stalk 650 2.5% Pb Sandy loam e Addition of biochar to contaminated soil restore the o Biochar decreased PTE Igalavithana,
(produced under N2 As bacterial community similar to non-contaminated toxicity, neutralized soil pH, Kim, et al.
or CO) Cd Sandy soil soil provided C, minerals and (2019)
Zn surface area
Macadamia 465 5% Cd Sodosol o Total microbial PLFA concentration increased by e Biochar increased soil C and Xu et al.
nutshell Pb (silty loam) 26, 25 and 26% in Cd, Pb and Cd+Pb treated soils, nutrients and decreased PTE (2018)
respectively, compared to the control. toxicity
® Microbial carbon-use efficiency increased by 0.05,
0.09 and 0.12 units in Cd, Pb and Cd+Pb treated
soils, respectively
Coconut shell 800 25and 5% Cd Paddy soil o 5% modified biochar had higher number of e Biochar modification Liu, Xu, et
Ni bacteria and fungi than the non-modified biochar significantly increased surface  al. (2018)
Coconut-shell Zn amended soil and control area, functional groups and
biochar modified microcosmic pore structure
with 1 M HCl and e Modified biochar increased soil
ultrasonication CEC and Olsen-P
Wheat straw 350-550 20 and 40 Cd Inceptisol e 40 t/ha significantly increased microbial abundance e 40 t/ha addition significantly Zhou et al.
t/ha Pb and N transformation by decreasing mobility of increased rhizosphere pH, (2018)
heavy metals heavy metal bioavailability
compared to the 20 t/ha
amendment and control soil
Wine-lees 600 0.5, 1 and Cr Paddy soil e Increasing application rate increased the relative e Biochar decreased PTE toxicity ~ Xu, Xia, et
2% Ni abundance of Actinobacteria, Firmicutes, and increased soil fertility al. (2017)
Cu Proteobactreia, Planctomycetes and
Zn Cyanobacteria but decreased that of
As Gemmatimonadetes
Cd
Pb

Hg



Rice husk 500 2%

Modified with
H3POs, HNO;3,
HzSO4, HzOz and
chlz
Chicken manure 500 1 and 5%
Oat hull 300
Rice husk 500 2,5 and
10%
Rice straw 600 1 and 5%
Vegetable waste 200 5%
500
Pine cone
Vegetable waste +
Pine cone (1:1)
Rice straw 500 3%

Cd

Cu

Cu

Cd
Zn

Pb
As

As

River
sediment

Alfisol
(sandy loam)

River
sediment

River
sediment

Paddy soil
(sandy loam)

Upland
agriculture
soil (sandy
loam)

Paddy soil

Activated biochar negatively affected indigenous
microbes and induced new microbial community
Control treatment showed the higher abundance
and diversity of bacteria

Biochar produced at low temperature increased
fungal and bacterial richness

New microbial community immerged due to
biochar addition

5% biochar decreased bacterial 16S RNA and
fungal 18S rNA gene copies by 74 and 25%,
respectively

5% biochar decreased relative intensity of
dominant species

1% biochar increased bacterial and fungal
abundance

Biochar derived from vegetable waste at 200 °C
increased microbial activity and abundance
compared to other biochars

Biochar increased the relative abundance of
Clostridum, Bacillus, Caloramator,
Desulfitobacterium, Desulfosporosinus and
Geobacter

o Activated biochar reduced Cd
bioavailability due to increased
surface area, and functional
groups

o Changes of sediment
physicochemical properties
negatively affected native
microbes

e Biochar produced at low
temperature provided more
labile C, N, and P

® Biochar increased soil total
organic C and N

e Less pH variation could
enhanced bacterial abundance

® 5% biochar increased soil pH
and inhibited growth of some
bacteria and fungi

® 92% variation of total microbial
community due to changes of
pH, organic matter and PTEs

® 45% variation due to organic
matter changes with biochar
addition

e Biochar derived from vegetable
waste at low temperature
supplied more labile C to
microbial growth

e Biochar increased dissolved
organic C, NHs" and EC

Liu, Liu, et
al. (2018)

Moore et al.
(2018)

Que et al.
(2018)

Huang et al.
(2017)

Igalavithana,
Lee, et al.
(2017)

Wang, Xue,
etal. (2017)



Soybean stover

Pine needle

Soybean stover
Pine needle

Fresh biogas slurry
and residue

Wheat straw

300
700

300
700

550

450

10%

3%

10, 20 and
40 t/ha

Pb
As

Pb
Cu
Sb

Fe

Cd
Pb

Agriculture
soil (sandy
loam)

Shooting-
range soil
(sandy loam)

Sediment

Paddy soil

o Low-temperature-derived biochar increased the
abundance of Gram-positive and negative bacteria,
fungi , arbuscular mycorrhizal fungi and
actinomycetes

o Actinobacteria substantially increased while
Acidobacteria and Chloroflexi decreased with
biochar addition

o Low-temperature-derived biochar significantly
increased soil microbial concentration

e Biochar shifted soil microbial community and
increased the relative abundance of Geobacter,
Anaeromyxobacter, Desulfosporosinus and
Pedobacter

o Increasing biochar rate increased the population of
fungi and actinomycetes

o Low temperature derived
biochar provide more dissolved
organic and active carbon

¢ High temperature derived
biochar may cause the physical
disconnection between microbes
and organic carbon

o Low temperature derived
biochar provide more mobile
matter and nutrients

e Biochar application favoured
the utilization of electron donor

e Biochar decreased PTEs
toxicity and modulate soil pH
® Biochar increased soil organic C

Ahmad, Ok,
et al. (2016)

Ahmad, Ok,
Rajapaksha,
et al. (2016)

Chen, Wang,
et al. (2016)

Cui et al.
(2013)




Table 3. The effects of biochar on behaviours of soil enzymes in soils contaminated with potentially toxic elements (PTEs).

Biochar type Production PTEs  Enzymes Study Effects Reference
temperature (°C) duration
Bamboo 750 Cd Urease 1 year e Addition of 5% rice-straw biochar increased urease activity by 143%. Yang et al. (2016)
Rice straw 500 Cu Catalase e Both bamboo and rice-straw biochars increased catalase activity but
Pb Acid phosphatase did not affect the activity of acid phosphatase.
Zn
Wheat straw 350-550 Cd Catalase 112 days e 3% biochar increased the activity of catalase and phosphatase by 57%  Liu, Wang, et al. (2016)
Cu Urease and 27% while 6% amendment rate increase d by up to 65% and 35%,
Pb Phosphatase respectively.
Zn e Urease activity decreased by 23% and 26% in 3% and 6% amendment
rate, respectively.
Vegetable 200 Pb Dehydrogenase 45 days e Low-temperature-derived biochar enhanced the activity compared to Igalavithana, Lee, et al.
waste 500 high-temperature-derived biochar. (2017)
Pine cone
Rice straw 600 Cu Invertase 90 days e 5% application rate increased urease activity by 1.9 times. Huang et al. (2017)
Zn Urease ¢ Biochar decreased activities of invertase and alkaline phosphatase,
Pb Alkaline phosphatase depending on biochar application rate.
Cd
Dairy manure 350 Cd Denitrifying 56 days e Cd decreased the activity of denitrifying reductase enzymes in soil. Chen, Zhang, et al. (2017)
Rice straw 550 reductase e Biochar increased the activity of denitrifying reductase and abundance
of functional genes.
Wheat straw 450 Cd Neutral phosphatase 1.5 years e Biochars enhanced the activity of all the enzymes. Cui et al. (2013)
Pb Cellulase e Cellulase displayed the highest activity which was 117, 123 and 178%
Urease higher at biochar rates of 10, 20 and 40 t/ha, respectively, than in the
Sucrase control.
Willow 350 As Dehydrogenase 180 days e Biochar decreased As toxicity and hence increased soil dehydrogenase ~ Gregory et al. (2014)
550 activity.
¢ No significant difference in enzyme activity between application rates.
o Low-temperature-derived biochar had higher enzyme activity because
of its higher concentration of labile carbon.
Gliricidia 300 Cr Dehydrogenase 42 days e Increasing application rate of high-temperature-derived biochar Bandara, Herath,
sepium 700 Mn Catalase decreased enzymatic activities. Kumarathilaka,
Ni Polyphenol oxidase Seneviratne, et al. (2017)
Poulty litter 400 Cd Invertase 60 days e The presence of plants enhanced soil enzymatic activities. Lu et al. (2015)
Eucalyptus 600 B-glucosidase e Poultry-litter biochar increased B-glucosidase activity in soil.
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Tea waste

300

Cd

B-glucosaminidase

Urease

Phosphomonoesterase

Urease 60 days
Phosphatase

Invertase

Catalase

o Tea-waste biochar slightly increased catalase activity compared to the
control

o The activity of urease and phosphatase significantly increased at an
early stage (7 days) of incubation and then levelled off on day 60

e The activity of invertase decreased with increasing incubation time

Gong et al. (2019)
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Table 4. The enhanced removal efficiency of potentially toxic elements (PTEs), associated mechanisms, advantages and disadvantages of different

biochar modification methodologies.

Modification Biochar type  Target Mechanisms Removal efficiency/ Advantages Disadvantages Reference
method PTEs Sorption capacity
Chemical Walnut shell ~ Cr(VI) e Electrostatic interaction via Removal efficiency e Low cost e Part of the Cr(III) released Huang et al.
modification with amino and carboxylic groups increased by 27-93% e Simple synthesis into solution (2015)
B-cyclodextrin- e Cr(VI) reduction to Cr(III) e Enhance surface area, porosity
chitosan e Cr(II) complexation with and thermal stability
functional groups
Impregnation with Sugarcane Cr(VI) e Ion exchange 1.2 to 2.0-time higher e Low cost e Surface C% reduced from Gan et al.
Zn(NO3)2 bagasse e Chelating reaction removal efficiency o Increase surface area and pore 84% to 78% (2015)
o Surface adsorption via functional volume
groups e Adsorbent could be
regenerated and reused
Chemical Rice straw Pb(Il) e Chemisorption on the monolayer Cu(Il) removal efficiency e Greater capacity of Cu removal e Modification removed KCl Deng et al.
modification with Cddr) surface was 2.5 times higher than e Enhanced surface functional and CaCOs3 (2017)
chitosan- Cu(Il) e N-C=0 functional group mainly raw biochar groups e Surface C% reduced form
pyromellitic responsible for Pb(II) removal 75% to 63%
e Cd-n complexation between Cd ~ Pb(II) and Cd(II) removal
and C=C efficiency increased by up to
e C=0 functional groups 10%
responsible for Cu(Il) adsorption
Impregnation with Sewage sludge Cd(II) e Surface precipitation 3 times higher removal o Simple method e Surface area slightly Zuo et al.
CaCOs efficiency o Low cost reduced (2017)
nanoparticles o Higher efficiency
Chemical Cymbopogon ~ Cu(ll) e Sorption with carboxylic 92% higher removal e Enhanced the number of e Aromatic C decomposed ~ Zuo, Chen,
modification with  schoenanthus L functional groups efficiency surface functional groups by H202 etal. (2016)
H202 Spreng
Chemical Water hyacinth Cr(VI) e Electrostatic adsorption with Increased from 25-72% to 35- e Facile e Surface C, N and P% Shang et al.
modification with functional groups 96% e Low cost reduced (2016)

graphene oxide

Magnetic
modification

Nut shield Pb(II)
Wheat straw ~ Cd(II)
Grape stalk

o Complexation
¢ Reduction

e Pb(II) and Cd(II) precipitate with Cd(II) sorption capacity
COs> increase of 2.2-16.9 times

¢ Higher surface area

e More O-containing surface
functional groups

e High efficiency for more
mobile metals

e More surface functional groups

e Lower pore volume

e Smaller range of pH
compared to the pristine
biochar

Trakal et al.
(2016)
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Physical
modification with
NH3

Impregnation with
manganese oxide
and birnessite

Chemical
modification with
NaOH

Chemical
activation with
KOH

Chemical
modification with
H3PO4

Chemical
oxidation with
KMnOg4

Chemical
modification with
Fe-Mn oxides

Grape husk
Plum stone

Saw dust

Loblolly pine
wood

Hickory wood

Anaerobically
digested algae-
dairy manure

Corn straw

Corn straw

Corn straw

Cu(ll)

As(V)
Pb(II)

Pb(II)
Cu(II)
Zn(II)
Ni(II)

Cu(II)

Cr(VI)

Cu(II)

As(III)

e Metal-chelating complexes with

functional groups

e Complexation with amino
functional groups

¢ As(V) and Pb(II) sorption into

birnessite particles

e Adsorption with O-containing

functional groups

o Surface complexation with O-
containing functional groups

e Form Cu(OH)" and more

effectively adsorb compared to

the Cu(Il)

e Inner-sphere complex with the
surface O-containing functional

groups

o Surface complexation with
MnOx and O-containing
functional groups

e Cation exchange

e Cu(Il)-m bonding

e Anionic adsorption

e Oxidation of As(III) to As(V)

Pb(II) sorption capacity

e Cation exchange capacity

increase of 5.63-8.40 times for significantly increased

nut shield and plum stone
respectively

5 times higher removal
efficiency

As(V) sorption capacity
increase of 3-4.7 times

Pb(II) sorption capacity
increase of 2.1-20.0 times

2.6 to 5.8 times higher heavy

metals sorption capacity

3.4 times higher adsorption
capacity

Maximum adsorption
capacity is 116 mg/g

Maximum adsorption
capacity is 160 mg/g

Compared to the control,
As(V) concentration
decreased by 11-18%

e Low cost
¢ Easy method

e Enhanced the number of surfact

functional groups

e Increase surface area and pore

volume
¢ Higher thermal stability
e Low cost

e Increased surface area, O-

containing surface functional
groups and cation exchange

capacity

o Simple method
e Low cost
o Can be used in large scale

e Increased surface functional

groups

o Increased surface area

e Enhancement of aromatic
compounds

o Ash content increased

e Low cost absorbent

e Effective in various
environmental applications

e Ash content increased

o Fe-oxides enhance As
adsorption
e Mn-oxides change the

speciation of As by oxidation
e Ash and K content increased

o BET surface area decreased
biochar with high surface
area

e C% and surface area Yang and
o slightly decreased Jiang (2014)
e C, H, N, Mg and Al% Wang, Gao,

decreased et al. (2015)

e Caand Mg mineral Ding et al.
contents decreased (2016)

e C and N% slightly
decreased

e Organic matter and ash Jin et al.
contents decreased (2016)

e H, N and O% decreased Zhao, Zhao,

e O containing functional etal. (2017)

groups decreased

¢ C, H, N, S% and surface Song et al.
area decreased (2014)
e C, N and H% decreased Lin, Gao, et
al. (2017)
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Chemical

modification with

chitosan and
zerovalent iron

Impregnation with

Mn-oxides

Chemical

modification with

iron phosphate
nanoparticles
Chemical

modification with

graphene oxide

La-doped
magnetic
modification

Magnetic
biochar/MgFe-
layered double
hydroxides

Chitosan-
combined
magnetic
modification

Poultry, cow
and sheep
manure

Corn straw

Chinese herb
medicine
residue

Corn straw

Phragmites
australis

Oil-tea
camellia shells

Loofah
sponges

Cr(VI)

As(III)

cd(

Pb(II)

Sb(V)

Pb(II)

Cr(VI)
Cu(ll)

o Cr(VI) reduced to Cr(III) by O-
containing functional groups

e Zerovalent particles act as the
adsorption site for the Cr(I1I)

e Surface complexation and
precipitation

¢ Anionic adsorption

e Oxidation of As(III) to As(V)

o Cd(II) precipitate as Cd3(POa)2

e Electrostatic interaction
o Surface adsorption
o Pb(II) precipitate with phosphate

e Inner-sphere La-O-Sb complex
e H-bonding

e Electrostatic interaction

e Ligand exchange

e Heterogeneous diffusion and
chemisorption

¢ Jon exchange
o Surface complexation

Cr(VI) reduction capacity e Cr(VI) converted to less toxic e C and N% decreased

increase of 40-55% in Cr(IIT) e Surface area and pore
modified sheep manure e Enhanced surface functional volume slightly decreased
biochar and 45-48% in groups

modified poultry-manure
biochar

Compared to the control,
As(IIT) decreased by 82%
and As(V) by 29%

o Oxidation of As(III) to As(V)
o Ash % increased from 10 to
13%

e Surface C, N and H%
decreased

o Surface area decreased
from 61 to 3 m?/g

The immobilization
efficiency increased by 81%
and bioaccessibility

o Bioavailable Cd redistributed
into less bioavailable species
e Promote d plant growth with

¢ Soil pH and organic matter
content decreased
compared to the pristine

decreased by 80% increased P supply biochar

Maximum adsorption e Increased surface area and pore e Surface C% decreased

capacity increase of 1.23 volume from 88% to 70%

times o Increased O-containing e Surface N and P% declined
functional groups by 79% and 76%,

respectively
Compared to the pristine and e Increased surface area and pore e Decreased magnetic
magnetic-modified biochar volume properties

adsorption capacity
increased by 9 and 4 times in
La-doped magnetic biochar

e Increase —OH groups

Maximum adsorption e Cyclic utilization

capacity is 476 mg/g, 7 times e Simple synthesis

higher than magnetic biochar e Increased surface area and pore
volume

e Surface C, and K content
decreased

Maximum adsorption
capacity for Cr(VI) and
Cu(Il) is 30 and 55 mg/g,
respectively

e Surface area and pore
volume significantly
decreased

o Cyclic utilization

Mandal et
al. (2017)

Yu et al.
(2017)

Qiao et al.
(2017)

Zhang, Cao,
et al. (2018)

Wang,
Wang, et al.
(2018)

Jia et al.
(2019)

Xiao et al.
(2019)
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Biochar supported Sewage sludge Cr(VI)

nanoscale zero- Pb(II)

valent iron

Birnessite-loaded Rice husk As(IIT)

biochar As(V)
Cd(II)

Aluminium- Oak tree As(V)

impregnated

biochar

e Adsorption
¢ Reduction
e Precipitation

e Cd formed surface complex with
functional groups and O atoms
in birnessite structure

e As formed surface complex with
functional groups

e Co-adsorption of As(III)/As(V)
and Cd(IT)

e Inner-surface complexation with
amorphous aluminium
hydroxide

82% and 90% of Pb(Il) and
Cr(VI) removal,
respectively, within 30 min

Maximum adsorption
capacities for As(III), As(V)
and Cd(II) is 3.5, 2.4 and 9.1
mg/g, respectively (no As
adsorption and 4.3 mg/g for
non-modified biochar)

Maximum adsorption
capacity is 2.6 mg/g

o Cyclic utilization
e Cr(VI) converted to less toxic
Cr(IIT)

e Pore-water Cd concentration
reduced soil under un-flooded
condition

e Pore-water As concentration
decreased soil under both un-
flooded and flooded condition

o Cyclic utilization
o Simple synthesis

e Surface area and pore
volume significantly
decreased

o Surface area, C and N
content decreased

o Surface area slightly
decreased

Diao et al.
(2018)

Wang,
Chen, Zhu,
Cen, and
Sun (2019)

Liu, Wu,
Gorring,

and Deng
(2019)
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Table S1. Major characteristics of biochars derived from different feedstocks.

Feedstock Pyrolysis Yield% pH Ash% C% H% 0% N% H/C O/C CEC Surface area References
temp. (°C) (cmol+/kg)  (m%/g)
~Plant materials
Rice hull 500 - 10.2 39.2 51.0 - 7 - - - 504 - El-Naggar, Shaheen, et al.
(2019)
Rice straw 300 38.0 7.9 - 447 3.06 193 1.62 0.07 043 - 6.8 Shen et al. (2019)
500 31.0 10.4 - 44.5 1.88 9.7 1.35 0.04 022 - 22.4
700 30.0 10.7 - 449 1.24 59 1.03 0.03 0.13 - 115.5
Wood pine chip 500 - 10.0 377 89.2 2.67 7.9 0.2 036 0.07 - 324.6 Rajapaksha et al. (2019)
Garlic stem 300 - - - 58.9 481 346 1.47 097 044 - 1.5 Rajapaksha et al. (2019)
700 - - 43.1 63.9 1.49 326 1.32 028 038 - 201.7
Alfalfa 350 47.7 - 7.1 68.8 4.8 14.4 4.9 0.8 0.2 - 3.5 Choi and Kan (2019)
450 30.7 - 9.1 71.1 3.1 12.0 4.7 0.5 0.1 - 4.0
550 28.3 - 16.0 69.5 1.8 8.7 4.0 0.3 0.1 - 183.0
650 27.5 - 13.6 72.2 1.1 8.5 4.6 0.2 0.1 - 405.0
Symphytum officinale 350 - 10.0 429 41.1 273 10.7 1.87 0.07 026 - 11.5 Du et al. (2019)
= 550 - 10.4 47.8 38.5 148 938 1.73 004 025 - 34.5
750 - 11.3 55.8 33.6 093 75 1.52 0.03 022 - 273.8
Rice straw 300 432 7.8 28.3 47.7 431 214 1.39 1.08 034 - 12.8 Gao et al. (2019)
500 34.7 10.0 37.7 46.8 242 145 1.21 062 023 - 24.6
700 29.0 10.7 42.3 433 145 14.0 0.87 040 024 - 414
Rice straw 300 452 - 26.3 69.6 5.00 245 0.91 0.86 026 - - Wei et al. (2019)
400 38.0 - 31.6 75.0 433 197 0.90 0.69 020 - -
500 342 - 34.4 79.1 384 163 0.77 0.58 0.15 - -
600 31.8 - 38.5 80.6 289 158 0.71 043 0.15 - -
700 30.6 - 39.5 81.1 2.58 15.6 0.70 038 0.14 - -
Pine wood 300 455 - 0.9 72.2 4.15 235 0.16 069 024 - - Wei et al. (2019)



Tobacco stem
Perilla

Korean oak
Japanese oak

Pine cone

Rice husk
Micanthus sinensis
Tea waste

Vegetable waste

Pine cone

Vegetable waste +
pine cone (1:1)

Sorgum

Burcucumber

Soybean

Sugar cane straw

Mushroom waste

Soybean straw

400
500
600
700
450
700
400
500
500
500
850
500
200
500
200

500
200

500
500

600
300
700
300
700
350
650
200
350
200

29.9
272
25.0
23.2

39.5
75.8
293
86.5

35.8
79.6

33.8

51.8
27.5
37.0
21.6
59.6
40.2

10.5
10.6
10.2
9.9
6.8
10.0
9.2
10.9
5.9

4.1

6.8
53

10.4
7.4

9.7
10.9
123
73

8.8
9.2
6.0
7.0
6.3

12
1.3
1.4
1.4
25.5
41.9
5.1
33

143
16.6
36.7
0.8

9.0
7.9

18.1
294

45.1
13.5
43.7
10.4
17.2
322
48.8

76.5
83.6
88.2
90.7
59.7
71.8
88.7
89.9
54.7
51.5
743
70.7
41.0
48.2
62.5

73.1
49.8

67.8
46.7

474
66.0
69.4
68.8
82.0
60.8
68.2
43.6
394
55.6

2.92
3.01
245
2.19
3.26
0.9

1.2

2.4

3.02
1.54
1.82
1.13
5.35
1.99
1.91

2.56
5.38

2.19
2.98

2.31
5.55
1.31
4.29
1.27
33

0.8

6.58
4.45
6.67

20.3
13.2
9.2
7.0

153
9.7
7.5
17.4
8.8
14.8
5.9
28.0
10.8
243

20.5
354

7.9
13.0

9.8

23.1
244
25.0
15.4
534
62.3
31.7
17.2
37.1

0.19
0.19
0.19
0.14
2.01
1.5

0.4

0.2

1.20
0.83
0.43
2.16
3.26
3.49
0.93

1.77
0.52

3.00
0.00

0.00
5.08
4.61
1.88
1.30
1.8

1.7

1.52
2.0

0.58

0.46
0.43
0.33
0.29

0.66
0.36
0.29
0.20
1.56
0.49
0.42

0.37
1.30

0.39
0.76

0.58
1.00
0.23
0.74
0.14

0.15
0.11
0.12

0.20
0.12
0.08
0.06

0.08
0.11
0.03
0.06
0.51
0.17
0.21

0.29
0.53

0.09
0.21

0.16
0.26
0.26
0.27
0.14

0.72
0.43
0.67

6.1
40.1
75.6

7.0
7.0

368.9
473.4
270.8
475.6
193.0
24.6
37.2
312.4
0.4
1.2
0.5

193.0
0.4

50.3
4.1

4.1
0.8
23
5.6
420.3

7.2
6.5
4.6

Zhang, Zhang, et al. (2019)
Sethupathi et al. (2017)
Sethupathi et al. (2017)
Sethupathi et al. (2017)
I\é%ilggi, Ok and Thiele-Bruhn
Ngigi et al. (2019)

Ngigi et al. (2019)

Pal and Maiti (2019)

Yang et al. (2019)

Yang et al. (2019)
Yang et al. (2019)

Yang et al. (2018)
Rajapaksha et al. (2018)
Rajapaksha et al. (2018)
Novais, Zenero, Tronto,
Conz and Cerri (2018)

Li, Khan, et al. (2018)

Li, Khan, et al. (2018)



350 - 7.4 - 43.8 531 13.6 0.85 0.11 031 - 4.7

Peanut shells 200 - 5.0 - 48.7 6.58 325 0.86 0.13 0.67 - 7.5 Li, Khan, et al. (2018)
350 - 8.3 - 63.9 474 138 1.49 0.07 022 - 6.9

Rice straw 200 - 53 - 515 624 342 2.06 0.12 0.66 - 5.0 Li, Khan, et al. (2018)
350 - 8.0 - 384 533 11.6 0.49 0.14 030 - 24

Rice husk 350 - 8.1 27.0 50.8 370 17.8 0.73 0.87 026 - 0.8 Wang and Liu (2017)
550 - 11.5 37.1 53.2 2.11 6.9 0.75 048 0.10 - 52

Cotton stem 350 - 8.5 8.8 62.4 4.64 226 1.65 089 027 - 0.7 Wang and Liu (2017)
550 - 10.9 10.8 72.1 285 13.0 1.36 047 0.13 - 0.2

Walnut shell 350 - 7.9 3.0 67.9 442 242 0.53 078 027 - 0.4 Wang and Liu (2017)
550 - 10.3 4.0 80.7 294 118 0.57 044 0.11 - 1.6

Wheat straw 350 - 7.5 12.1 61.8 443 205 1.13 0.86 025 - 1.0 Wang and Liu (2017)
550 - 11.0 18.7 67.8 245 10.0 1.12 043 0.11 - 0.7

Eucalyptus sawdust 350 - 7.6 2.5 68.5 4.60 23.9 0.52 081 026 - 1.1 Wang and Liu (2017)
550 - 9.2 29 83.8 275 9.8 0.82 039 0.09 - 23.1

Corn stem 350 - 7.7 7.3 63.5 4.08 242 0.94 077 029 - 1.0 Wang and Liu (2017)
550 - 10.5 9.8 74.5 233 125 0.96 037 0.13 - 0.7

Rice husk 300 52.5 6.2 13.6 47.7 3.19 247 1.10 075 038 - 68.8 Mayakaduwa, Herath, Ok,
500 349 7.2 18.0 49.0 2.09 2438 0.99 0.51 0.37 169.8 ggl%l’ and Vithanage
700 334 9.9 39.2 50.6 1.29 7.7 0.65 032 0.12 236.7

Gliricidia sepium 300 39.6 6.7 6.0 75.5 476 19.0 0.72 0.06 025 44 1.0 Bandara, Herath,
500 26.2 9.3 147 927 355 28 0.84 004 003 5.0 76.3 é%??)rathﬂaka’ Hsew, etal

Umbrella tree wood 500 - 9.6 12.8 84.8 3.13 102 1.83 - - - 13.6 Igalavithana, Park, et al.

bark (§017)

Cocopeat 500 - 10.3 15.9 84.4 288 11.7 1.02 - - - 13.7 %%lfly)ithana, Park, et al.

Palm kernel shell 500 - 6.9 6.9 87.8 291 8.1 1.11 - - - 191.0 Igﬁlla;l)ithana, Park, et al.

Buckwheat husk 350 46.3 9.2 4.0 70.1 444 244 0.92 076 026 11.2 114 (Zarna, Zhu, Reid and Sun
450 423 9.7 254 76.5 3.63 1838 0.99 0.57 0.18 115 10.7 @017)

550 342 10.0 5.8 82.8 275 134 0.90 040 0.12 10.1 17.0



650 28.5 9.1 33.1 83.9 1.81 133 0.89 026 0.12 11.7 17.8

Corn cobs 350 38.6 10.0 6.1 69.6 4.50 244 1.36 0.78 026 19.6 12.4 Zama et al. (2017)
450 29.6 10.1 8.4 76.3 333 189 1.39 052 0.19 116 14.4
550 24.1 10.4 8.8 81.7 2.4 14.5 1.22 035 0.13 238 37.1
650 21.9 10.5 13.2 82.1 1.68 14.9 1.20 025 0.14 254 47.6
Mulberry wood 350 375 10.2 7.5 67.9 453 252 2.16 0.80 028 233 16.6 Zama et al. (2017)
450 32.7 11.1 7.7 70.8 332 238 1.92 0.56 025 22.1 314
550 26.2 10.6 9.8 77.0 241 1838 1.68 0.38 0.18 19.0 58.0
650 22.8 10.6 9.8 80.1 1.63  16.6 1.58 024 0.15 2138 245
Peanut shells 350 45.7 10.4 7.1 64.3 432 294 1.69 0.81 034 265 14.0 Zama et al. (2017)
450 38.1 11.1 17.0 70.8 3.18 241 1.65 0.54 026 23.7 14.1
550 325 10.6 7.1 73.7 241 217 1.58 039 022 197 18.6
650 29.4 10.6 244 74.6 1.81 21.7 1.66 029 022 174 28.1
Castor cake 550 30.2 8.7 15.2 68.4 2.1 9.5 4.76 - - - 3.0 Hilioti et al. (2017)
Castor stalks 550 28.9 9.2 122 78.4 218 39 3.28 - - - 198.0 Hilioti et al. (2017)
Broadleaf hardwood 600 - 7.0 3.0 78.9 3.61 138 0.67 0.05 0.18 7.2 53 Shen et al. (2017)
Wheat straw 700 - 10.0 23.8 69.0 1.18 53 1.32 0.02 0.08 125 23.2 Shen et al. (2017)
Rice husk 700 - 9.8 47.9 473 0.63 2.1 0.85 0.01 004 54 42.0 Shen et al. (2017)
Soft wood 550 - 7.9 1.2 85.5 2.77 104 <0.10 0.03 0.12 25 26.4 Shen et al. (2017)
Gliricidia sepium 700-1000 - 10.1 19.7 50 1 44 0.5 024 0.66 - 714.0 Mayakaduwa,
Kumarathilaka, et al. (2016)
Date palm wastes 300 50.0 8.3 14.4 58.0 4.08 208 0.54 0.84 027 - - Usman et al. (2016)
700 28.9 11.5 21.0 73.4 1.14 32 0.35 0.19 0.03 - -
Eucalyptus wood 300-400 - 5.1 1.9 69.3 5.1 23.2 0.4 0.88 025 - 1.6 Aran et al. (2016)
Acacia wood 300-400 - 7.6 3.5 69.7 43 22.0 0.6 074 024 - 1.3 Aran et al. (2016)
Corn cob 300-400 - 10.1 3.9 85.2 2.1 7.9 0.8 0.29 0.07 - 173.0 Aran et al. (2016)
Olive mill waste 300-400 - 9.6 49.5 31.1 2.4 14.8 2.1 094 035 - 3.8 Aran et al. (2016)

Rice husk 300-400 - 10.5 233 49.6 1.5 23.0 23 035 035 - 62.6 Aran et al. (2016)



Maple wood

Bamboo

Tea waste

Pine sawdust
Paunch grass

Soybean stover

Peanut shells

Animal manure

Pig manure

Chicken manure
Broiler litter

Poultry manure

Dairy manure

300
400
500
600
700
820
300
500
700
680
680
300
700
300
700

300
400
500
600
700
300-400
680
350
450
550
650
600

57.0
343
26.9

37.0
21.6
36.9
219

63.0
50.6
46.7
443
428

79.8
69.9
67.0
66.4

6.9
7.6
8.9
9.0
10.2
10.8
6.2
7.1
10.2
9.7
8.8
73

7.8
10.6

7.1
10.1
9.6
10.0
10.4
9.9
9.8

0.5
1.7
2.2
23
2.6
5.5
3.8
8.4
12.8
1.0
28.7
10.4
17.2
1.2
8.9

46.3
57.8
62.2
65.8
67.6
46.4
11.2
714
77.8
77.8
79.6
84.3

58.9
78.8
91.5
88.9
94.9
76.7
63.5
68.1
73.6
90.9
64.8
68.8
82.0
68.3
83.8

68.4
71.1
714
73.9
75.8
32.6
86.8
24.1
22.7
213
23.0
11.5

5.22
3.53
2.81
2.34
1.33
1.59
4.75
3.35
1.71
1.31
2.28
4.29
1.27
3.85
1.75

5.85
4.23
3.85
2.99
2.64
3.9

1.89
1.85
1.35
0.86
0.30
0.93

329
17.0
9.5
5.6
39
21.1
27.1
24.1
7.7
6.1
12.4
25.0
15.4
259
13.3

19.7
19.1
19.0
17.8
17.5
13.7
10.8
71.5
73.8
75.9
74.9
10.1

0.57
4.50
4.40
3.39
0.11
1.8

1.88
1.30
1.91

6.09
5.63
5.68
5.34
4.04
3.0

1.3

2.09
1.66
1.52
1.38
0.00

1.06
0.54
0.37
0.32
0.17
0.25
0.89
0.58
0.27
0.01
0.03
0.74
0.19
0.67
0.25

1.03
0.71
0.65
0.49
0.42
1.45
0.01
0.92
0.71
0.48
0.16
0.96

0.42
0.16
0.08
0.05
0.03
0.37
0.32
0.26
0.07
0.07
0.19
0.27
0.14
0.29
0.12

0.22
0.20
0.20
0.18
0.17
0.32
0.12
2.23
2.43
2.67
2.44
0.66

117.2
98.6
78.1
72.5
47.1

47.9
47.0
39.6
332

724
182.0
250.0
298.0
337.0
276.0
2.3
1.6
342.2
795.0
2.0
5.6
420.3
3.1
448.2

1.8
7.0
33
5.5
9.0
7.2
3.9

Wang, Lehmann, Hanley,
Hestrin and Enders (2016)

Zhang et al. (2016)
Mayakaduwa, Vithanage,

Karunarathna, Mohan and
Ok (2016)

Srinivasan et al. (2015)
Srinivasan et al. (2015)
Ahmad, Lee, Dou, et al.
(2012)

Ahmad, Lee, Dou, et al.
(2012)

Wei et al. (2019)

Aran et al. (2016)
Srinivasan et al. (2015)
Zama et al. (2017)

Yang et al. (2018)



Cattle manure
Swine Manure
Poultry manure

Pig manure

Yak manure

Poultry manure
Guinea fowl manure
Cattle manure

Farm yard manure

Poultry manure

Swine manure

Yak manure

Other

Sewage sludge

Digested sludge

Sewage sludge

500
500
500
300
450
600
350
350
650
500
500
450-650
450-650
300
500
700
350
550

300
500
700
350
400
450
500
550
300

83.8
76.6
56.1

41.5
32.8

82.4
742
65.3
703
64.4
613
58.4
572
85.0

9.9
8.5
8.4
8.0
7.8
8.7

83
10.0
7.8
8.7
8.2
7.8
7.9
9.5
9.9
8.9
10.5

7.4
7.0
6.7
8.6
8.6
9.5
10.4
10.6

29.3
44.0
41.8
47.0
54.7
68.2
40.9
242
13.9

20.4
27.2
314
38.0
50.0
60.0
40.9
52.2

76.7

833
90.7

66.8

1.5

29

2.6

29.7
29.7
29.0
40.4
36.3
32.6
45.6
79.0
47.5
424
37.6
33.9
304
40.4
374

8.6

8.1

22.0
19.4
18.6
17.7
15.7
70.6

3.33
2.98
1.41
3.55
2.5

2.7

4.0

4.26
2.64
3.22
3.88
2.74
1.20
3.55
1.56

137
0.63
0.08
1.7
13
1.0
0.8
0.6
4.04

1.0
2.6
3.7
0.5
0.4
0.3
12.2
37.5
26.8
83
7.4
17.5
14.9
15.9
9.4
5.0
12.2
6.5

9.3
8.8
4.1
14.9
12.7
11.9
10.9
9.2
193

1.92
1.81
1.36
2.96
2.6
1.4
4.5
10.21
231
1.98
4.08
3.39
2.48
2.96
2.32

1.73

0.65
3.1
2.7
2.6
2.4
2.1
6.10

1.35
1.21
0.58
1.06

1.06
0.50

1.39
0.87
0.12
0.08
0.07
0.05
0.04
0.04
0.69

0.54
0.32
0.12
0.23

0.23
0.13

0.59
0.76
0.38
0.68
0.65
0.64
0.62
0.59
0.21

10.9
11.6
13.4

36.0
20.0

195.1
59.2
59.0

60.0
4.0
10.1
8.6

1.2
8.7

6.1
8.5
348

Lei, Shi, Qiu, Che, and Xue
(2019

Lei et al. (2019)

Lei et al. (2019)

Gasco, Paz-Ferreiro,

Alvarez, Saa, and Méndez
(2018)

Wang and Liu (2018)
Novais et al. (2018)

Idrees et al. (2018)

Idrees et al. (2018)

Batool, Idrees, Hussain, and
Kong (2017)
Batool et al. (2017)

Wang, Meng, et al. (2017)
Wang and Liu (2017)
Gao et al. (2019)

Tang et al. (2019)

Wei et al. (2019)



Digestate biosolid
Sewage-sludge

Textile dyeing sludge

Algae

Sewage sludge

Waste sludge

Anaerobic digestion
sludge

Biosolids

Municipal solid waste
Sewage sludge
Dewatered pond
sludge

Dissolved air
floatation sludge

400
500
600
700
550
500
300
400
500
600
700
500
200
350
400
600
800
400
600
800
600
450
680
680
680

77.2
74.1
71.8
66.7

80.8
73.1
69.0
66.8
61.0

68.5
63.7
62.7
70.3
65.4
63.4
36.5

9.4
8.6
7.4
8.7
10.2
11.0
12.3
10.2
5.5
5.8
7.0
10.2
10.2
7.6
10.8
10.4
8.0
9.7
7.9
7.7
83

72.9
75.8
78.6
85.0

63.6
68.4
713
75.0
78.6
59.7

66.1
78.7
79.6
66.4
774
77.9
43.7
15.6
12.6
4.0

4.6

69.9
70.6
73.4
74.4
75.6
36.9
17.9
15.0
14.2
13.7
12.3
24.6
29.2
31.8
16.3
15.4
14.4
16.2
14.0
12.9
42.4
60.8
78.0
78.7
66.9

4.00
3.28
3.03
2.70
1.72
2.34
1.85

0.72
0.54
0.42
1.33
5.22
342
1.27
0.68
0.41
1.50
0.73
0.40
1.91
2.79
2.10
233
1.9

20.5
21.0
19.2
20.0
14.9
16.4
10.4
9.0
73
4.4
2.0
114
16.5
11.8
13.9
7.4
53
12.7
73
5.4
4.8
14.6
19.3
18.6
30.5

5.63
5.07
4.43
2.90
0.98
6.16
1.71

0.83
0.39
0.12
3.22
2.43
1.65
2.14
1.62
0.77
1.87
0.76
0.50
6.39
1.33
0.5

0.3

0.7

0.69
0.56
0.50
0.44
0.27
0.76
1.24
0.88
0.61
0.47
0.41
0.65
0.18
0.11
0.08
0.04
0.03
0.09
0.05
0.03
0.05
0.04
0.02
0.03
0.02

0.22
0.22
0.20
0.20
0.08
0.43
0.44
0.45
0.39
0.24
0.12
0.35
0.56
0.37
0.85
0.48
0.37
0.79
0.52
0.42
0.11
0.24
0.25
0.24
0.22

72.9
15.8

27.5
26.2
23.8
22.0
27.1
314
65.6
0.5

0.5

7.9

Ngigi et al. (2019)
Ngigi et al. (2019)
Wang, Li, et al. (2019)

Yang et al. (2018)
Li, Khan, et al. (2018)

Ho et al. (2017)

Ho et al. (2017)

Gonzaga et al. (2017)
Jayawardhana, et al. (2017)
Srinivasan et al. (2015)
Srinivasan et al. (2015)

Srinivasan et al. (2015)

CEC, cation exchange capacity
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