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The resource utilization of industrial solid waste has become a hot issue worldwide. Composites of biochar with
metal-containing solid wastes (MCSWs) can not only improve the adsorption performance, but also reduce the
cost of modification and promote the recycling of waste resources. Thus, the synthesis and applications of biochar
composites modified by MCSWs have been attracting increasing attention. However, different MCSWs may result
in metal-containing solid waste/biochar composites (MCSW-BCs) with various physicochemical properties and
adsorption performance, causing distinct adsorption mechanisms and applications. Although a lot of researches
have been carried out, it is still in infancy. In particular, the explanation on the adsorption mechanisms and
influencing factors of pollutant onto MCSW-BCs are not comprehensive and clear enough. Therefore, a systematic
review on fabrication and potential environmental applications of different MCSW-BCs is highly needed. Here we
summarize the recent advances on the utilization of typical metal-containing solid wastes, preparation of MCSW-
BCs, adsorption mechanisms and influencing factors of pollutants by MCSW-BCs as well as their environmental
applications. Finally, comments and perspectives for future studies are proposed.
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1. Introduction

The continuous push to improve agricultural and industrial output
as well as socio-economic conditions has raised concerns about water
and soil pollution (Chen et al., 2020). Polluted soils can be cleaned up
through phytoremediation (Verma et al., 2017) in conjunction with mi-
crobial (Yin et al., 2019), chemical, and physical methods (Dhaliwal
et al.,, 2020; Yadav et al., 2019). Some of these approaches, however,
are time-consuming, costly, or not very effective (Morillo and
Villaverde, 2017; Verma et al., 2017). Similarly, polluted water may be
treated by physical (Jorge et al., 2017), chemical, physicochemical
(Huaetal, 2014; Wu et al., 2014), biological (Lares et al., 2018), and bio-
chemical methods (He et al., 2017; Nolte et al., 2020), or a combination
of the above (Fu and Wang, 2011). Here again, some of these methods
are costly, ineffective, and pollutant-specific. On the other hand, adsorp-
tion to a suitable solid material is an effective, inexpensive, and rela-
tively simple method of removing pollutants (Li et al., 2019; Wang
et al,, 2021). In this respect, biochar has received much attention in re-
cent years (Wang et al., 2020).

Biochar is produced by the decomposition of biomass from plant or
animal waste such as lignin (Han et al., 2021), invasive plants (Feng
etal, 2021), animal manure (Hassan et al., 2020), etc. under limited ox-
ygen conditions with 300-700 °C (Lehmann and Joseph, 2015). It is a
structurally stable solid material, with a high degree of aromatization
and anti-decomposition ability. Because of its large specific surface
area (SSA) and abundance of oxygen-containing functional groups, bio-
char is well suited to remediating polluted environments (Ali et al.,
2020; Bashir et al., 2018; Wan et al., 2020; Wang et al., 2018a; Yu
etal, 2019).

The adsorption capacity of (pristine) biochar may be improved by
several means. More specifically, biochar can be modified by chemical
treatment (Mahdi et al.,, 2019; Wang et al., 2018), amination (Oladele
et al,, 2019; Zhang et al., 2019), impregnation (Li et al., 2014; Yoon
et al., 2019a), steam activation and magnetization (Rajapaksha et al.,
2016), metal salts (FeCls, MnSO,4) (Wu et al., 2016; Xiang et al., 2020),

and clay minerals (Lahijani et al., 2018; Liu et al., 2020; Wang et al.,
2017; Xu et al., 2019; Yu et al., 2019), etc. In an attempt at improving
the adsorption capacity of biochar, reducing modification costs, and
promoting the rational use of resources, many studies have synthesized
biochar composites with solid wastes, including agricultural and for-
estry wastes, animal manure, and activated sludge. There are relatively
few reports, however, about modifying biochar with solid wastes of in-
dustrial origin, such as phosphogypsum, fly ash, red mud, and coal
gangue, etc. (Gao et al,, 2019; Huang et al., 2017; Ni et al,, 2019;
Shaheen et al., 2018; Wang and Wang, 2019). The research trends on
biochar and MCSW-BCs from 2010 to 2020 are shown in Fig. S1,
which indicates that MCSW-BCs have been gradually attracted atten-
tion due to its low cost and high adsorption capacity.

The resource utilization of solid wastes is a major task that needs to
be tackled in an environmentally rational manner (Guerrero et al.,
2020). Countries rich in mineral resources (e.g., China, Poland, USA)
tend to accumulate solid wastes, notably phosphogypsum, red mud,
fly ash and coal gangue (Shahba et al., 2017). A large amount of solid
wastes not only occupy a large area of land but also damage the ecosys-
tem (Belyaeva and Haynes, 2011; Xia et al., 2019). Therefore, reasonable
treatment and resource utilization of industrial solid wastes are in
highly need. Due to the special physicochemical properties such as con-
taining rich metal elements (Ca, Al Fe, etc.), higher pH, large SSA (fly
ash), when these solid wastes are pyrolyzed with biomass, the SSA
and surface functional group content of the biochar component may
be so altered as to enhance their capacity for adsorbing pollutants
(Wang et al., 2020a; Zhou et al., 2017).

A variety of metal-containing solid wastes (MCSWs) have been used
to modify biochar (Fig. 1), which is called metal-containing solid waste
biochar composites (MCSW-BCs). At present, the research of MCSW-
BCs has received wide attention due to its low modification cost and
high adsorption capacity. However, with different metal element com-
position and physicochemical properties of MCSWs, the adsorption
mechanisms, influencing factors and environmental applications of
MCSW-BCs are not fully understood. Therefore, it is necessary to
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Fig. 1. Percentage of literatures on various biochar composites modified by different
MCSWs (data from 63 literatures in Web of Science).

systematically summarize recent advances in pollutants adsorption by
MCSW-BCs to provide a reference for future study. In this study,
some mainstream academic databases (e.g. Web of Science)
were used to search for relevant papers on MCSW-BCs. With “phospho-
gypsum+biochar”, “red mud+biochar”, “fly ash+biochar”, “coal
gangue+biochar” and “solid waste+biochar” as the keywords, respec-
tively, we totally obtained 277 papers. Based on the title and abstract,
we judged their relevance to the subject of this work and obtained
more than 100 papers closely related to the subject.

Here we summarize the recent advances on the utilization of typical
MCSWs, the preparation methods of MCSW-BCs, adsorption mecha-
nisms and influencing factors of different pollutants adsorption by
MCSW-BCs as well as their applications. Finally, comments and perspec-
tives for future studies are proposed.

2. Utilization status of metal-containing solid wastes

Being enriched in metallic elements, industrial solid wastes are also
referred to MCSWs (Cho et al,, 2019; Yoon et al., 2019b). The global pro-
duction of MCSWs is estimated at 70-100 billion tons per annum (Tan
et al., 2016). The haphazard treatment of MCSWs is wasteful of re-
sources as well as damaging to the ecological environment. The rational
use of MCSWs as a secondary resource, and following the principles of
cleaner production, would minimize environmental damage. Indeed,
the recycling of such MCSWs as phosphorous slag, fly ash, coal gangue,
and red mud has already brought certain economic benefits. Table 1
summarizes the current status, disadvantages, and environmental
risks of recycling MCSWs.

Phosphogypsum is a solid waste of phosphate fertilizer plants, which
is produced by the reaction of sulfuric acid with phosphate rock. Most of
the global phosphogypsum production of 100-280 tons per annum is
dumped on land or discharged into sea and rivers without prior treat-
ment. In China about 40 million tons are discharged in this manner
every year, making phosphogypsum become one of the largest indus-
trial pollutants (Bouargane et al., 2019; Al-Hwaiti et al., 2010). Phospho-
gypsum is mainly composed of CaSO4-2H,0 but also contains Si and
various radioactive elements (P.M et al., 1994). It is used in the construc-
tion industry, and as a soil amendment after purification (Campos et al.,
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2017; Kwang-hyun, 2003; Soo et al., 2003). Containing Si and Ca, phos-
phogypsum is also used to forge glass-ceramics. The recovery rate of
phosphogypsum, however, is low relative to its overall production.
The secondary application of phosphogypsum also poses a risk to the
environment as the material contains heavy metals. The heavy metals
contained in phosphogypsum, especially Hg, Pb, Cd, and As, are the
most common toxic elements and may pose threat to human health
through agricultural products (Peng et al., 2020). Liu et al. advocated
the large-scale use of phosphogypsum as an embedded filler which,
however, raised questions of technique and expenditure (Liu et al.,
2019). The applications of phosphogypsum in agriculture still face strict
restrictions and problems. Therefore, reasonable disposal of phospho-
gypsum and the ability to minimize its toxicity to the environment dur-
ing secondary use are the key to the problems that need to be resolved.

Red mud (bauxite residue) is an industrial solid waste generated in
alumina refining from bauxite (Liu et al., 2014) containing a variety of
transition metal oxides (Yoon et al., 2020). Due to the high alkaline,
red mud is highly corrosive and harmful to the environment (Ozden
et al., 2018). The global reserves were estimated to exceed 4 billion
tons by 2015 (Wang et al., 2020). Red mud has given a serious threat
to water, soil, and the ecosystem. How to deal with red mud, and sensi-
bly utilize this waste product, has therefore become a hot issue. Red
mud can recover Al,03 after magnetic separation of iron-rich compo-
nents. After de-alkalinization, red mud can be turned into bricks,
pipes, and flooring material. It can also be used for the production of
construction materials and glass ceramics (Hulya et al., 2005; Joseph
et al.,, 2019). It is difficult and costly, however, to extract valuable ele-
ments from red mud. In addition, due to its alkalinity and large SSA,
red mud has been proved to remove heavy metals from soil or water
(Zou et al., 2017). Although the utilization rate has increased, there is
still a large amount of red mud accumulated in the landfill.

Fly ash, produced by burning coal in power stations (Kutchko and
Kim, 2006), is composed of clay minerals (60-80%), quartz, and pyrite
(Gao and Goldfarb, 2019; Li et al., 2017). The main chemical compo-
nents of fly ash are oxides of Si, Al, and Fe. There are several options
for the recovery and treatment of fly ash: 1) Disposal in a landfill after
stabilization/solidification. 2) Reuse as part of raw material in a cement
kiln. By mixing with cement, fly ash is used as a stabilizer to compress
soil blocks or as building materials (Islam et al., 2020). Since a large
amount of gas is emitted during the treatment process, the method of
recycling as a cement raw material may lead to environmental pollution
(Huang et al., 2017b). 3) Reuse as part of aggregate in bricks. Having
fine-grained particles, a light texture, and a high water-holding capacity,
fly ash is the main cementitious material in dry-mixed mortars.
4) Reuse as alkali by the Waelz process (including granulation, solidifi-
cation, kiln heating, zinc oxide collection, and slag treatment). Waelz
process had the least harm to the environment but cost more. The tech-
nology was benefit from the production of zinc oxide, protects the eco-
system, reduced the impact of climate change, and avoids zinc mining.
Although there have been some treatment methods for fly ash, there
is still a lack of a method with low treatment cost and environmental
harm.

Table 1
The current status of MCSWs recycling.
MCSWs Contained elements/main Utilization status Disadvantages References
components
Phosphogypsum Si, Ca, rich in CaSO4 H,0 Construction industry Low recovery rate (Campos et al., 2017; Soo et al., 2003)
Phosphogypsum Si, Ca, rich in CaSO4 H,0 Used for soil amendment Potential environmental risks (Kwang-hyun, 2003)
Red mud Rich in Fe and Al Extracting Fe and recovering Al,05 High technical difficulty and high cost (Kutchko and Kim, 2006)
Red mud Rich in Fe and Al Construction material Potential environmental risks (Joseph et al., 2019)
Fly ash SixOy construction material Pollute the air (Islam et al., 2020)
Fly ash SixOy Stabilizer Contain toxic elements (Islam et al., 2020)
Coal gangue Si0,, Al,03 Concrete aggregate Contains harmful ions (Luo et al., 2020)
Coal gangue Si0,, Al,05 Preparation of lightweight aggregate Contains harmful ions (Luo et al., 2020)
Coal gangue Si0y, Al,05 Improve the performance of cement Potential environmental risks (Wang et al., 2009)
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Coal gangue, generated during coal mining and washing, is not only
encroaches on a huge number of land resources, but also brings poten-
tial risks to the ecosystem. Coal gangue is used in power generation as
well as in the preparation of sintered bricks and lightweight aggregates
(Luo et al., 2020). Coal gangue contains many useful metallic and non-
metallic elements, such as SiO, and Al,O; (Wang et al., 2009). Its use
in concrete production not only improves cement performance but
also increases economic efficiency. When coal gangue is left in the
open for a long time, its surface weathers, releasing heavy metal ions
(such as As, Pb, Cr), which harm the ecological environment (Sun
et al., 2020; Tan et al., 2016).

Although MCSWs can be recycled by various means, the recycled
proportion is low in comparison with the amount produced. Since
(raw) MCSWs may be harmful to humans, we need to find environmen-
tally friendly and cost-effective ways of recycling these materials. In this
regard, an attractive option is to incorporate MCSWs into biochar
(Wang et al., 2020a; Wang et al., 2020b). The resultant MCSW-BCs not
only greatly reduce the bioavailability of the toxic and harmful elements
in MCSWs, but also have been shown to be superior to pristine biochar
in adsorbing heavy metals and organic pollutants, and in improving soil
conditions (Cho et al., 2019; Yoon et al., 2019b).

3. Preparation methods of MCSW-BCs

MCSW-BCs can be obtained by two means: (1) Mixing the biochar
feedstock with MCSW and pyrolyzing the mixture at a certain tempera-
ture; (2) Pyrolyzing the biomass and MCSW separately, and mixing the
two powders at a certain ratio. The composites prepared by the first
method have a larger SSA, porosity, and oxygen functional group con-
tent than the pristine raw materials. The yield of modified biochar by
the second method mainly depends on the adsorption capacity of bio-
char for different metal elements. However, the mineral elements may
undergo certain changes in morphology during pyrolysis. It was ob-
served that the hematite in the red mud began to convert to magnetite
(Fe304, 26 = 30.2, 35.5, 37.1,43.3. 57.2 and 62.7°) as the temperature
increased (>500 °C), and further transformed into zero-valent iron
(Fe% 26 = 44.7 and 62.1°) when the temperature increased to >700
°C (Yoon et al., 2019a). So the effect of remixing after pyrolysis may
not be as good as that after direct mixing. The method of preparing
MCSW-BCs can profoundly influence the physicochemical properties
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of the composite materials, and hence influence their adsorptive behav-
ior towards different pollutants. Table 2 lists some physicochemical
properties of different MCSW-BCs composites. Fig. 2 shows the methods
of preparing MCSW-BCs, and Fig. S2 shows the SEM images of the sur-
face morphology of biochar and MCSW-BCs.

4. Adsorption mechanisms

The various mechanisms controlling the adsorption of pollutants to
MCSW-BCs are summarized in Fig. 3. (1) SSA and porosity. Rich SSA
and pores enable MCSW-BCs to adsorb more pollutants. And with the
increase of pyrolysis temperature, the surface porosity of composite ma-
terials is increasing. (2) Surface complexation and precipitation. With
rich SSA, more pollutants are adsorbed on MCSW-BCs through surface
precipitation or complexation, thereby removing them from the envi-
ronment. The mineral ash that accumulates on the surface of MCSW-
BCs is involved in the complexation and precipitation of inorganic pol-
lutants (especially metal cations) and insoluble salts (Sizmur et al.,
2017). (3) Cation exchange capacity. Heavy metals in solution can ex-
change for cations associated with functional groups (carboxyl, hy-
droxyl groups) on the surface of MCSW-BCs. Since the process is
stoichiometric, adsorption efficiency depends on pH. (4) Electrostatic
adsorption. It was found that conductive ions were generated after the
phosphogypsum modified the distillers grains biochar (PG-BC), which
caused an increase in EC. The positively charged PG-BC can adsorb
more phosphate by electrostatic interactions (Lian et al., 2019; Wang
et al,, 2020a). When pH > pH_,., protonation of functional groups on
the surface of biochar leads to an increase in surface positive charge,
which promotes the absorption by MCSW-BCs of negatively charged
pollutant ions such as phosphate. Conversely, when pH < pH,;, the in-
creased anions on the surface of MCSW-BCs promote their electrostatic
attraction to cations (most heavy metal ions, ammonium, etc.). (5) Sur-
face functional groups. In the adsorption process based on chemical ad-
sorption, the amount of adsorption mainly depends on the surface
functional groups of MCSW-BCs. After MCSWs are mixed with biochar
and pyrolyzed, it brings a large number of oxygen-containing functional
groups such as hydroxyl, carboxyl and ketone to the composite material.
These functional groups can selectively absorb pollutants in the envi-
ronment through bond interactions. Organic functional groups on the
surface of MCSW-BCs can take up pollutants selectively through -1t

Table 2
The physicochemical properties of MCSW-BCs.
Adsorbent EC pH Elemental contents Ash (%) References
-1
(WS em™7) TC TH N TS C/Nratio Ca Fe Al
(gkg™") (gkg™) (gkg) (gke™") (gkg™") (gkg™") (gkg™")
PG-BC 2950 10.10 40.22 1.54 297 5.62 13.56 - - - 36.51 (Lian et al., 2019)
PG-BC - 530 28.40 2.70 0.80 8.60 35.50 10.20 - - - (Karim et al., 2018)
RM-SD - 630 - - - - 5.40 26.30 5.60 7.50 (Ghanim et al., 2020)
RM-OP - 5.80 40.80 - - - 0.20 3.00 2.60 - (Yoon et al., 2020)
RM-BL350 - 20 3420 3.50 - - - 12.30 - - (Wang et al., 2020d)
RM-BL650 - 2.0 26.00 1.70 - - - 26.10 - - (Wang et al., 2020d)
RM-BL850 - 2.0 23.20 0.80 - - - 31.50 - - (Wang et al., 2020d)
WA-SS 470 9.71 27.48 217 297 0.93 9.25 - - - 62.25 (Mumme et al., 2018)
WA-SS 4040 1131 1384 0.99 0.74 1.11 18.70 - - - 83.66 (Mumme et al., 2018)
WA-CLO 2280 9.74 20.36 1.18 1.13 1.34 18.02 - - - 7243 (Mumme et al.,, 2018)
WA-CLO 5710 11.76  11.79 0.67 0.37 1.16 31.86 - - - 87.63 (Mumme et al., 2018)
H,S04-FA-BB 5380 749 1386 0.049 0.20 - - - - - - (Mehr et al., 2020)
HCI-FA-BB 9950 346 13.16 - 0.25 - 52.64 - - - - (Mehr et al., 2020)
FA-DP - 892 1.19 0.13 0.87 - 1.37 9.28 26.8 7.55 - (Lei et al., 2020)
PPG - 7.72 22048 - 23.06 16.02 9.56 48.61 46.24 7.70 - (Yuan et al., 2018)
PPG + DCD - 7.72  221.59 - 2249 - 9.85 48.42 47.33 7.80 - (Yuan et al., 2018)
FA-GW 1470 1040 276.00 - 9.10 - 30.33 108.60 4.90 220 - (Belyaeva and Haynes, 2011)

PG-BC: biochar modified by phosphogypsum; RM-SD: sawdust biochar modified by red mud; RM-OP: orange peer biochar modified by red mud; RM-BL350: black liquor biochar modified
by red mud at 350 °C; RM-BL650: black liquor biochar modified by red mud at 650 °C; RM-BL850: black liquor biochar modified by red mud at 850 °C; WA-SS: wood ash-sewage sludge
biochar pyrolysis at 550 °C; WA-CLO: wood ash- compost-like output biochar pyrolysis at 550 °C; H,SO4-FA-BB: fly ash-bamboo biochar washed by H,SO4; HCI-FA-BB: fly ash-bamboo
biochar washed by HCl; FA-DP: dead pig biochar modified by fly ash; FA-GW: green waste compost biochar modified by fly ash; PPG: sewage sludge cornstalks biochar modified by phos-
phogypsum; PPG + DCD: sewage sludge cornstalks biochar modified by phosphogypsum and dicyandiamide. TC: total carbon content; TH: total hydrogen content; TN: total nitrogen

content; TS: total sulfur content.
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Fig. 2. Preparation methods of MCSW-BCs.

interactions. However, due to the vastly different physicochemical
properties of MCSWs, the mechanisms of MCSW-BCs to adsorb pollut-
ants are also different. Therefore, the adsorption mechanisms of differ-
ent MCSW-BCs to various pollutants are discussed respectively as
follows:

4.1. Phosphogypsum

Phosphogypsum was found that co-pyrolyzing with biomass can ad-
sorb anionic pollutants (Wang et al., 2020a). The possible mechanisms
for PG-BC to adsorb pollutants are mainly as follows: 1) Cation exchange
capacity. Based on its rich elements such as Ca, the introduction of phos-
phogypsum increases the H/C of biochar, which brings rich oxygen-
containing functional and calcium-containing groups to biochar. These

functional groups play an important role in adsorption (Chen et al.,
2019). According to the FTIR spectra of PG-BC, there is a characteristic
peak at 698 cm ™!, indicating that Ca is successfully embedded on the
surface of PG-BC. By comparing the distillers grains biochar and PG-BC
in the FTIR spectra, it is found that PG-BC has an obvious peak at a wave-
number of 1065 cm ™!, indicating that the modification of phosphogyp-
sum adds C—O functional groups to the biochar (Lian et al., 2019).
2) Electrostatic adsorption. Many biochars are negatively charged,
which is not conducive to adsorbing pollutants in the state of anions
or oxygen anions. The addition of phosphogypsum also affects the con-
ductive ions on the surface of biochar, which greatly improves the con-
ductivity, promotes cation exchange on the surface, and provides
conditions for the adsorption and transfer of heavy metals (Chen et al.,
2019). Under acidic conditions, PG-BC is positively charged, which

Cation exchange capacity

Surface
complexation and
precipitation

Electrostatic adsorption Y
pH< pH,. (ol

© Main cations: Fe, Al, Ca, Mg ...

Hydrogen

@—»H,—O—R—
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Fig. 3. Various mechanisms involved in the adsorption of pollutants by MCSW-BCs.
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promotes the adsorption of negatively charged PO3~, Cr,0%~ and
HCrOg, etc. (Lian et al., 2019; Wang et al., 2020a).

4.2. Red mud

Red mud (bauxite residue) is an insoluble fine powdery waste prod-
uct generated during the production of alumina, which is mainly com-
posed of Si, Al, Fe, and Ti (Ghanim et al.,, 2020). When a mixture of red
mud and biomass is pyrolyzed, the surface of the resultant RM-BC be-
comes enriched in Fe, Al (Guo et al., 2021) and oxygen functional groups
(such as 2-methoxyphenol and 4-ethyl-2-methoxyphenol), which can
improve the adsorption capacity of anions, promote carbonization,
and act as a catalyst for the degradation of non-persistent organic pol-
lutants (Hassan et al., 2020). The surface enrichment by Fe, Al, and
other elements also enhanced the capacity of the composite to adsorb
heavy metals through cation exchange. For instance, Cho et al. (2019)
used red mud and lignin to prepare multifunctional metal-biochar
(MM-BC) composites and evaluated their ability to take up various pol-
lutants. They found that the iron and other substances in the red mud
can catalyze the conversion of lignin, thereby forming organic com-
pounds such as 2-methoxyphenol and cresol on the surface of the bio-
char. These compounds can be adsorbed by complexing with Cr(VI)
and reduced to Cr(IIl) (Cho et al,, 2019). In addition, the high alkalinity
of RM-BC promotes the adsorption and precipitation of heavy metals,
while larger SSA provides more adsorption sites for pollutants. Ghanim
et al. pyrolyzed a mixture of dry red mud and wood chips at 700 °C to
obtain a RM-BC composite capable of adsorbing V(V) in sewage. They
found that the porous, dendritic structure of RM-BC facilitated access
of V(V) to surface sites (Ghanim et al., 2020). The abundance of Fe,0s,
Al,05 is conducive to heavy metal complexation. Wu et al. found that
As(V) adsorption of RM-BC was closely related to the Fe,03 and Al,03
content of the composite, indicating that the process was one of surface
complexation and electrostatic interaction (Wu et al.,, 2017). Therefore,
RM-BC is a good heavy metal adsorbent.

4.3. Fly ash

Fly ash is a byproduct from the combustion of pulverized coal in
electric power plants. This powdery material has excellent fluidity
and is rich in Al, Fe, Ca, and Si (Belyaeva and Haynes, 2011).
Among them, Si is a major inorganic phase involved in metal co-
precipitation. Si can also protect organic phases against thermal de-
composition during pyrolysis. Therefore, the Si within MCSW-BCs
acts as a co-precipitator of adsorbed heavy metals (Hassan et al.,
2020). In addition, because of its low bulk density, high water-
holding capacity, and alkaline pH, fly ash is a potentially useful soil
amendment (Ram and Masto, 2014). Because of its large SSA and
high porosity, FL-BC can control the availability, and reduce the mo-
bility, of heavy metals in soil (Munda et al., 2016). Since fly ash is al-
kaline and biochar is rich in K and P, the composite material would
increase soil pH (Lei et al., 2020), and provide K and P for plant
growth when FL-BC is added to the soil. In addition, the alumino-
silicate particles in fly ash can immobilize heavy metals.

Several studies have been conducted to study the adsorption mech-
anisms of different pollutants onto FL-BC composite. Qiu et al. (2019)
modified biochar (from pine sawdust) with fly ash, and used the FL-
BC composite to remove phosphate from solution. Raising soil pH
above 6 through addition of FL-BC, has the effect of reducing the mobil-
ity of metal ions, such as Cd(II), in soil under rice (Lei et al., 2020).
Yousaf et al. (2017) found that the FL-BC composite, obtained by pyrol-
ysis at 700 °C, had the smallest content of polar functional groups and
the lowest H/C and O/C ratios, indicative of a highly hydrophobic and ar-
omatic material. The composite prepared by co-pyrolysis and other
methods mixed with biochar is rich in elements such as Si, which
changes the functional groups on the surface of the biochar. Therefore,
it can immobilize heavy metals and adsorb pollutants. In addition, the
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alkaline environment of fly ash changes the pH of FL-BC. After being
added to the soil, it greatly changes the species of pollutants.

4.4. Other solid wastes

In addition to the phosphogypsum, red mud, and fly ash mentioned
above, which have been widely studied, there are also some solid
wastes such as steel slag and coal gangue (Wang et al., 2020b; Wang
et al, 2020) used to modify biochar.

Research has found that after co-pyrolysis of steel slag and biochar
(SS-BC), metal elements such as Ca, Mg, and Fe can adhere to the surface
of biochar, and form rich oxygen-containing functional groups. At the
same time, due to containing metal salts and Fe,0s, etc., adding SS-BC
to the soil would significantly increase the pH of the acid soil. The in-
creasing pH of soil changes the composition, structure and content of
methanogens of the microbial community, which can reduce the emis-
sion of CH, in the soil (Wang et al., 2020f).

About biochar modified with coal gangue (CG-BC), due to much SiO,
with coal gangue, CG-BC could increase the content of Si and Fe on the
surface, thereby forming Fe-OP or other oxygen-containing functional
groups on the biochar (Wang et al., 2020b). Besides, some alkaline cat-
ions such as Mg(Il), Ca(Il), and K(I) in CG-BC may rise the solution pH.
Because of its increased alkalinity and higher decomposition rate, the
added inorganic and organic modifiers significantly improve the electri-
cal conductivity, pH, organic carbon content, and surface functional
groups, leading to the leaching of heavy metals, increasing precipitation
and adsorption capacity of heavy metals (Munir et al., 2020).

5. Factors influencing the adsorption capacity of MCSW-BCs

Many factors are affecting the adsorption capacity of MCSW-BCs.
Fig. 4 shows the proportion of factors affecting different MCSW-BCs in
environmental applications. According to Fig. 4, adsorption capacity is
affected by feedstocks of biochar, modifiers, pyrolysis temperature, am-
bient pH, dosage, initial concentration of pollutants, and ambient tem-
perature etc. Several main influencing factors are discussed as follows.

5.1. Feedstocks

The feedstocks of biochar can be divided into agricultural waste, an-
imal manure, wood, industrial waste, and aquatic biomass, etc. (Fig. 2).
When different feedstocks are used to produce biochar under different
pyrolysis conditions, the physicochemical properties of the obtained
biochar are usually different, which can affect the agricultural and envi-
ronmental performance of biochar in practical applications. Algal bio-
char has higher nitrogen and extractable inorganic nutrients, including
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Fig. 4. Proportion of factors affecting different MCSW-BCs in environmental applications
(data from 10 literatures) (M/F: Weight ratio of modifier to feedstock).
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P, K, Ca and Mg, which provides nutrients for soil and crop productivity
(Ok et al., 2020). Li et al. have found that at the same pyrolysis temper-
ature, the pH of agricultural waste biochar is the highest, while that of
wood and herbal raw materials biochar is neutral to slightly acidic (Li
et al., 2019a). When biochar is used to regulate acid soil, wood biomass
could be selected as raw materials. Therefore, suitable feedstocks should
be selected according to different application purposes.

5.2. Pyrolysis process

The pyrolysis process is the dominant factor influencing the physico-
chemical properties of biochar, including SSA, functional groups, hydro-
phobicity, stability, Zeta potential, and pH (Amen et al., 2020; Hassan
et al.,, 2020; Xia et al., 2019), which determines the adsorptive perfor-
mance of modified biochar. Table S1 summarizes the different condi-
tions of preparing MCSW-BCs using different raw materials and
modifiers, and the adsorption capacity for different pollutants of the
MCSWs.

5.2.1. Modifiers

Different MCSWs as modifiers modified biochar can determine their
environmental applications. RM-BC rich in Fe and Al has a good adsorp-
tion effect on heavy metals such as As(V) (Yoon et al., 2020). The high
pH of FL-BC determines that it can reduce the toxicity of heavy metals
in the soil and amend acid soil well, and it can also reduce soil nutrients
loss (Buss et al., 2019; Ukwattage et al., 2020). Phosphogypsum brings
cations to the surface of biochar, which can promote the adsorption of
negatively charged ions such as phosphate (Wang et al.,, 2020a).

5.2.2. Pyrolysis temperature

Pyrolysis temperature is the most significant factor that affects the
aromaticity and aromatic condensation, and determines the stability
of biochar (Amen et al., 2020; Wang et al., 2016), so do MCSW-BCs.
With increasing pyrolysis temperature, the carbon content, aromaticity,
pH, ash content, SSA, stability, and pore size increase, while biochar
yield, hydrogen content, oxygen content, H/C, and O/C ratios and cation
exchange capacity (CEC) decrease (Amen et al., 2020; Hassan et al.,
2020; S. Li et al., 2019; Tan et al., 2020). The pyrolysis temperature
could affect the adsorption capacity of different pollutants by changing
the stability and surface structure of MCSW-BCs. It is found that as the
pyrolysis temperature increases, the content of stable fused aromatic
ring structures increases, while that of the labile non-aromatic structure
decreases in dimension and quantity (Leng and Huang, 2018), which in-
creases adsorption capacity of MCSW-BCs. However, the adsorption ca-
pacity of MCSW-BCs is not linearly related to pyrolysis temperature.
Wang et al. (2019) used hematite modified pinewood biochar to adsorb
Cu(Il) and Cd(II), and the optimal pyrolysis temperature was 300 °C
(Wang et al., 2019), while Lian et al. (2019) chose phosphogypsum
modified biochar (PG-BC) to adsorb Cr(VI) at 600 °C (Lian et al.,
2019). In generally, MCSW-BCs prepared under low pyrolysis tempera-
ture have more functional groups, which can improve the chemical ad-
sorption, while at high pyrolysis temperature have large SSA, which can
promote the physical adsorption. Therefore, when MCSW-BCs are ap-
plied to a contaminated environment, the optimal pyrolysis tempera-
ture of MCSW-BCs should be selected according to the environmental
characteristics to achieve the best remediation effect.

5.2.3. Carrier gas

The surface morphology of biochar under different carrier gas has
certain differences in the pyrolysis process. Yoon et al. (2019a) observed
the surface morphology of red mud-lignin biochar (RM-BC) pyrolyzed
under different gas conditions (N, and CO,). They found that although
the average pore diameter of RM-BC pyrolyzed under the two gas atmo-
spheres was not much different, the SSA was significantly different: the
measured SSAs of RM-BC produced under N, and CO, were 134.8 and
184.1 m?/g, respectively (Yoon et al., 2019a). In addition, the CO
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produced by CO, reduced the formation of H,, which was more condu-
cive to the thermal cracking of raw materials. CO can act as a reducing
agent in the pyrolysis process, reducing the iron in the modifier to
zero valence and promoting adsorption (Yoon et al., 2019b).

5.3. Adsorption process and conditions

5.3.1. Ambient pH

Ambient pH not only influences the chemical form of ions but also
alters the variable charge on biochar surfaces via protonation and de-
protonation of surface functional groups, thus affecting adsorption
(Zhang et al., 2020). Truong et al. (2020) found that when pH was 3,
FL-BC had the smaller pore structure, thus the adsorption capacity in-
creased. In addition, low pH may increased the Zeta potential of the
composite material, resulting in less agglomeration of the adsorbent at
pH = 3, and obtained a larger SSA (Truong et al., 2020). Qiu et al.
(2019) indicated that the solution pH had a great influence on the spe-
ciation and surface charge of the metal ions. At lower pH values, hydro-
gen ion competition was high, resulting weak removal rate of some
metal ions such as Cu(II) (Qiu et al., 2019). Yoon et al. (2020) proved
that, at low pH, the dissolution of magnetite/Fe° eliminated the adsorp-
tion sites of As(V) in RM-BC, thereby limiting its adsorption of As
(V) (Yoon et al., 2020). In general, an acidic environment increases the
Zeta potential of MCSW-BCs, which in turn increases the cations on
the surface. Therefore, the acidic environment increases the adsorption
of pollutant ions in the form of anions. However, when the pH is too low,
too much hydrogen ions increase the competitive adsorption of some
cations (such as heavy metal cations). Similarly, an alkaline environ-
ment increases the adsorption of cationic pollutants.

5.3.2. Dosage of MCSW-BCs

As the dosage of MCSW-BCs increases, the adsorption capacity of
pollutants increases, on the contrary, the adsorption efficiency de-
creases, and after reaching a certain value, the increase/decrease
trend tends to be flat (Wang et al., 2020a). Therefore, one should
not only blindly pursue a higher adsorption capacity and use a high
dose of MCSW-BCs, but also find a dosage at the equilibrium point
of adsorption capacity and adsorption efficiency as the optimal
dosage.

5.3.3. Initial concentration and ambient temperature

The initial concentration of pollutants and ambient temperature
could affect the adsorption efficiency. In most papers studying the ad-
sorption of pollutants by MCSW-BCs in water, the influence on the ad-
sorption effect of initial concentration of pollutants and ambient
temperature was discussed (Fig. 4). Generally, there is a positive corre-
lation between environmental temperature and adsorption capacity.
The higher the ambient temperature becomes, the larger the adsorption
capacity is (Wang et al., 2020b). For the concentration of pollutants, at
the beginning, the adsorption capacity increased rapidly with the in-
crease of the concentration of pollutants. However, after reaching a cer-
tain concentration, MCSW-BCs reached the maximum adsorption
capacity, which is almost saturated (Wu et al., 2017).

5.4. Ion exchange capacity

In the process of multi-factor adsorption, different ions could form
competitive adsorption. Some ions compete for the adsorption sites on
the surface of MCSW-BCs during co-adsorption, resulting in a decrease
in adsorption capacity. On the contrary, when ions are adsorbed on
the surface of biochar, they would generate new adsorption sites, in-
creasing the adsorption capacity. Yoon et al. (2020) found that the ad-
sorption amount of As(V) increased with the increase of Ni(ll)
concentration, indicating that Ni(Il) provided new adsorption sites for
As(V) after being adsorbed on the Fe-biochar composite material
(Yoon et al., 2020).
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6. Environmental applications of MCSW-BCs

The range and variety of applications of MCSW-BCs are shown in
Fig. 5, and Fig. 6 mainly counts the main application ratios of RM-BC
(a) and FL-BC (b). The principal applications are in soil remediation
and amendment, heavy metal adsorption, and removal of organic pol-
lutants in water.

6.1. Soil amendment and remediation

Because of the favorable general characteristics in terms of pH, CEC,
porosity, and SSA, MCSW-BCs can remediate degraded and low-fertility
soils by providing or retaining plant nutrients. MCSW-BCs can also ad-
sorb or passivate pollutants in the soil such as heavy metals. In addition,
it can amend acidic soil by changing pH.

The ability of MCSW-BCs in sequestering carbon and amending soil
is highly dependent on the quality of the biochar and the condition of
the soil/land (Fan et al., 2020b). RM-BC prepared by pyrolysis at ele-
vated temperatures can effectively neutralized soil acidity and promote
soil nutrient retention (Yoon et al., 2019a), while FL-BC is a good source
of plant nutrients and can stabilize organic carbon in soil (Mumme et al.,
2018). The addition of FL-BC to soil enhances the physicochemical prop-
erties, electrical conductivity, carbon sequestration capacity, and or-
ganic matter content (Merino et al., 2017), as well as the size and
activity of soil microbial communities (Belyaeva and Haynes, 2011).
Adding FL-BC to acidic soils would also raise soil pH, and hence reduce
the toxicity of heavy metals such as AI(Ill) and Cr(VI) (Buss et al.,
2019). On the other hand, phosphate and other anions may combine
with Ca and Mg in fly ash, and precipitate out. As a result, the vertical
movement of P in the soil profile is inhibited, while P retention in the
topsoil is enhanced (Hong et al., 2018; Ukwattage et al., 2020). Addition
of FL-BC to soil can also reduce demand for nitrogen fertilizers (Munda
et al., 2016), increase water-holding capacity of the soil, and moderate
the expansion and contraction of clay (Lu et al., 2014). FL-BC
application can also change the texture of sandy soils, increase carbon
sequestration, improve nutrient retention, and increase soil fertility by
promoting ion exchange (Major et al., 2010; Masto et al., 2013).

Addition of MCSW-BCs to the soil reduces the migration rate of
heavy metals. Some modified biochar can adsorb heavy metals by a
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cation exchange process. Zou et al. reported that RM-BC application pro-
moted the microbial reduction of Fe,0s, and significantly reduced the
concentration of As(V) extractable by NaHCO5; and HCl, causing TOC to
increase. RM-BC addition also increased the relative abundance of pro-
teus, while retarding the release of Fe(Ill) and As(V) (Zou et al., 2017).
Raising the pyrolysis temperature to 250 °C has the effect of decreasing
the utilization rate of boron (B) in the liquid phase to about 20 mg/kg,
and the soluble content of B by 66% (Fan et al., 2018). The application
of MCSW-BCs to soil would, therefore, reduce the concentration of
boron in soil and its harmful effect on human health (Fan et al., 2018).
When applied to soil FL-BC can also reduce the mobility of Cd(II) and
its uptake by rice (Lei et al., 2020). Similarly, FL-BC amendment of soil
can reduce the risk of Cr(VI) toxicity, salt stress, and potassium leaching
in soil (Buss et al., 2019). Some studies did not need to mix biochar and
MCSWs into the soil to adsorb heavy metals. Mehmood et al. (2018)
added biochar, slag, and ferromanganese slag to the soil, and found
that biochar effectively reduced the toxicity of heavy metals, enhanced
the tolerance of sesame plants, and increased plant development and
biomass yield (Mehmood et al., 2018). In short, FL-BC was applied to
soil contaminated by coal mining to reduce the mobility of heavy metals
in the soil to stabilize the soil. In addition, it could also be used, while
serving as a source of nutrients for plant growth (Mehr et al., 2020).
Peng et al. (2020) found that adding a mixture of phosphogypsum
and biochar in the soil as a soil amendment is compared to adding
only phosphogypsum, the added mixture of soil can reduce the toxicity
of As, F and Pb.

6.2. Wastewater treatment

Compared with conventional biochar, MCSW-BCs show a better ad-
sorption effect on pollutants in water (Du et al., 2019; Ghanim et al.,
2020; Qiu and Duan, 2019; Wang et al., 2020a; Wang et al., 2020b).
Fig. 8 shows the proportion of papers on MCSW-BCs adsorbing different
pollutants in water. It can be seen that MCSW-BCs has been widely
studied to adsorb heavy metals, while other pollutants such as organic
pollutants are less. Being an efficient adsorbent of phosphate, FL-BC
can alleviate the phosphate pollution crisis (Qiu and Duan, 2019). Lian
etal. (2019) used PG-BC composite for Cr(VI) adsorption and obtained
a maximum adsorption capacity of 157.9 mg/g, which was more than
twice that observed for distillers grains biochar. Similarly, RM-BC has a
large capacity for removing heavy metals, such as V(V) and Cu(ll),
from wastewater (Ghanim et al., 2020; Qiu et al., 2019). Du et al.
(2019) reported that a composite of corn straw loaded with zero-
valent iron and red mud (ZVI@GRM) could adsorb up to 149.42 mg/g
Pb(Il) and 37.14 mg/g Cr(VI) from wastewater. The amount of heavy
metals adsorbed by different modifiers on biochar is also different.
Many experiments prove that compared with the adsorption capacity
of unmodified biochar and some other modifiers such as nano-zero-
valent iron (NZVI) to Pb(II) and Cr(VI), MCSW-BCs show higher adsorp-
tion capacity. Fig. 7a and b compare the maximum adsorption capacity
of Cr(VI) and Pb(II) with different MCSW-BCs. In general, MCSW-BCs
are more efficient than unmodified biochar in adsorbing heavy metals
(e.g., Pb(Il) and Cr(VI)). In this regard, PG-BC and RM-BC are the most
effective, showing a maximum capacity of 157.90 and 223.14 mg/g, re-
spectively. As a result, MCSW-BC has been widely studied in the treat-
ment of pollutants in wastewater, especially heavy metals.

6.3. Other applications

Besides being effective in soil amendment and wastewater treat-
ment, MCSW-BCs are good catalysts for the synthesis of biodiesel. Com-
pared with conventional catalysts RM-BC can promote biodiesel
synthesis at greatly reduced temperatures, while increasing product
yield, and reducing production cost (Yoon et al., 2019b). MCSW-BCs
have good catalytic performance for the reforming of biomass tar
(Guo et al.,, 2019). Input the alkaline or acidic biochar into alkaline
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Fig. 6. The application ratios of RM-BC (a) and FL-BC (b) (data from 46 literatures in Web of Science).
PO: adsorption of phosphate; SA: soil amendment; HMs: adsorption of heavy metals; OP: adsorption of organic pollutions; EC: effective catalyst for biodiesel synthesis; PTE: reduction of

the volatilization potential of PTE; OM: other materials or catalysts.
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PG-DGBC: distillers grains biochar modified by phosphogypsum; RM-LGBC3: lignin
biochar modified by red mud at 380 °C; RM-LGBC7: lignin biochar modified by red mud
at 700 °C; RM-CSBC: corn stalks biochar modified by red mud; NZVI-SSBC: sewage
sludge biochar modified by NZVI; ISTPL4-BC: switchgrass biochar modified by
Actinobacterium Zhihengliuella sp. ISTPL4; RM-VN: vinasse biochar modified by red mud;
PM-CSBC: corn stalks biochar modified by red mud; Mt-CcBC: corncob biochar modified
by montmorillonite; CcBC: corncob biochar; RM-LgBC: lignin biochar modified by red
mud; PI-CSBC: corn stalks and stems biochar modified by polyethylene; Fe-CSBC: crab
shell biochar modified by Fe;0, nanoparticles.

bauxite slag sand significantly changed the effectiveness of nitrogen in
bauxite slag sand (Rezaei Rashti et al., 2019a, 2019b; Rezaei Rashti
et al., 2019c). The modified biochar can also promote the conversion
of biomass into electricity for making microbial fuel cells (Jia et al.,
2018). By improving combustion performance during burning, fly ash,
peanut husks and other crop wastes can greatly reduce the volatility
of potentially toxic elements (PTE) such as As, Ba, Bi, Cd, Cr, Ni, Pb, Sb,
Sn, and Zn, and hence the risk of environmental contamination by
PTE. The combustion of FL-BC can potentially provide clean energy by
reducing the emission of gases that produce acid rain (Yousaf et al.,
2017). The addition of biochar to a mixture of cement and fly ash can
enhance CO, adsorption by cement, and hence increase the strength
of the cement (Praneeth et al.,, 2020). Further researches into the syn-
thesis and properties of MCSW-BCs would provide valuable information
on the ability of these composite materials to improve soil fertility, take
up heavy metals, and generate energy.

7. Conclusions and future perspectives

This review represents a systematic summary of the preparation
methods, physicochemical properties, influencing factors and capacity
for adsorbing pollutants of MCSW-BCs together with their applications
in remediating polluted soil and water. The use of MCSWs to modify
biochar is an attractive way of turning solid wastes into an environmen-
tally sustainable resource. To realize the large-scale applications of
MCSW-BCs, however, the following issues need to be resolved.

Firstly, biochar has been detected with toxic organic compounds at a
lower pyrolysis temperature (Lyu et al., 2016), which may cause poten-
tial environmental toxicity risk (Godlewska et al., 2021; Shi et al., 2021).
After co-pyrolysis of MCSWs with biomass, the toxicity risk of MCSW-
BCs is still unclear. Further researches should focus on reducing the en-
vironmental risks of MCSW-BCs applications. For example, Wang et al.
suggested coating composites with calcium alginate before application
to reduce the risk of pollutants being released into the environment
(Wang et al,, 2018b; Wang et al., 2018c).

The second issue relates to the stability of the biochar component in
that its structure is subject to slow biological degradation and abiotic
oxidation. As a result, the physicochemical properties of aged biochar
would differ from those of its pristine counterpart (Wang et al., 2020;
Wang et al., 2021). Thus, the long-term stabilities of MCSW-BCs need
to be checked.

The third issue concerns the removal of biochar-adsorbed pollutants.
For example, FL-BC can reduce the utilization of heavy metals in the soil
system, but ultimately cannot successfully separate its heavy metals
from the soil. Some literatures have reported that the applications of
FL-BC to soils polluted by coal mining can effectively reduce the mobility
of heavy metals in soil (Mehr et al., 2020). It is not clear, however,
whether the immobilized heavy metals can be released when both
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soil pH and the structure of modified biochar change over time. The re-
tention of heavy metals, adsorbed to modified biochar, merits further
investigation.

Statistics of 46 literatures on MCSWs modified biochar found that
most of the studies focused on how to adsorb heavy metals in wastewa-
ter and the soil amendment (Fig. 8). The applications in the adsorption
of organic pollutants, especially emerging pollutants such as antibiotics,
are very little. Therefore, which MCSWs modified biochar can obtain
higher adsorption capacity for emerging pollutants should be the next
research direction.

It also seems worthwhile to examine the formation and proper-
ties of biochar modified by coal gangue, iron slag, manganese
slag, steel slag, and chromium slag in relation to the potential
of MCSW-BCs for recycling as well as the suitability of such compos-
ites for environmental remediation, soil amendment, and sewage
treatment.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgments

This work was supported by the National Natural Science Foundation
of China (41977297), the High-Level Overseas Talent Innovation and
Entrepreneurship Project of Guizhou Province [(2018)08], the Special
Research Fund of Natural Science (Special Post) of Guizhou University
[(2020)01], and the Key Cultivation Program of Guizhou University
[2019(08)].

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.149295.

References

Al-Hwaiti, M.S., Ranville, J.F,, Ross, P.E., 2010. Bioavailability and mobility of trace metals
in phosphogypsum from Aqaba and eshidiya, Jordan. Geochemistry 70, 283-291.

Ali, A, Shaheen, S.M,, Guo, D., Li, Y., Xiao, R., Wahid, F., Azeem, M., Sohail, K., Zhang, T.,
Rinklebe, J., Li, R, Zhang, Z., 2020. Apricot shell- and apple tree-derived biochar affect

10

Science of the Total Environment 799 (2021) 149295

the fractionation and bioavailability of zn and cd as well as the microbial activity in
smelter contaminated soil. Environ. Pollut. 264. https://doi.org/10.1016/j.envpol.
2020.114773.

Amen, R., Bashir, H., Bibi, I, Shaheen, S.M., Niazi, N.K., Shahid, M., Hussain, M.M.,
Antoniadis, V., Shakoor, M.B., Al-Solaimani, S.G., Wang, H., Bundschuh, J., Rinklebe,
J., 2020. A critical review on arsenic removal from water using biochar-based sor-
bents: the significance of modification and redox reactions. Chem. Eng. J. 396.
https://doi.org/10.1016/j.cej.2020.125195.

Bashir, S., Shaaban, M., Mehmood, S., Zhu, J., Fu, Q., Hu, H., 2018. Efficiency of C3 and C4
plant derived-biochar for Cd mobility, nutrient cycling and microbial biomass in con-
taminated soil. Bull. Environ. Contam. Toxicol. 100, 834-838.

Belyaeva, O.N., Haynes, R.J., 2011. Comparison of the effects of conventional organic
amendments and biochar on the chemical, physical and microbial properties of coal
fly ash as a plant growth medium. Environ. Earth Sci. 66, 1987-1997.

Bouargane, B., Marrouche, A., El Issiouy, S., Biyoune, M.G., Mabrouk, A., Atbir, A., Bachar, A.,
Bellajrou, R., Boukbir, L., Bakiz, B., 2019. Recovery of Ca(OH),, CaCO3, and Na,SO4
from moroccan phosphogypsum waste. ]. Mater. Cycles Waste Manag. 21,
1563-1571.

Buss, W., Jansson, S., Masek, O., 2019. Unexplored potential of novel biochar-ash compos-
ites for use as organo-mineral fertilizers. J. Clean. Prod. 208, 960-967.

Campos, M.P., Costa, LJ.P., Nisti, M.B., Mazzilli, B.P., 2017. Phosphogypsum recycling in the
building materials industry: assessment of the radon exhalation rate. J. Environ.
Radioact. 172, 232-236.

Chen, F., Wang, Q., Meng, F., Chen, M., Wang, B., 2020. Effects of long-term zinc smelting
activities on the distribution and health risk of heavy metals in agricultural soils of
Guizhou province, China. Environ. Geochem. Health https://doi.org/10.1007/
$10653-10020-00716-x.

Chen, T., Quan, X.C,, Ji, ZH., Li, X.Q,, Pei, Y.S., 2020. Synthesis and characterization of a
novel magnetic calcium-rich nanocomposite and its remediation behaviour for As
(11T) and Pb(II) co-contamination in aqueous systems. Sci. Total Environ. 706, 135122.

Chen, Y., Liang, W., Li, Y., Wy, Y., Chen, Y., Xiao, W., Zhao, L., Zhang, ]., Li, H., 2019. Modi-
fication, application and reaction mechanisms of nano-sized iron sulfide particles for
pollutant removal from soil and water: a review. Chem. Eng. J. 362, 144-159.

Cho, D.-W.,, Yoon, K., Ahn, Y., Sun, Y., Tsang, CW.D., Hou, D., Ok, Y.S., Song, H., 2019. Fab-
rication and environmental applications of multifunctional mixed metal-biochar
composites (MMBC) from red mud and lignin wastes. ]. Hazard. Mater. 374, 412-419.

Dhaliwal, S.S., Singh, J., Taneja, K.P., Mandal, A., 2020. Remediation techniques for removal
of heavy metals from the soil contaminated through different sources: a review. En-
viron. Sci. Pollut. Res. 27, 1319-1333.

Du, Y., Dai, M., Cao, J,, Peng, C., 2019. Fabrication of a low-cost adsorbent supported zero-
valent iron by using red mud for removing Pb(II) and Cr(VI) from aqueous solutions.
RSC Adv. 9, 33486-33496.

Fan, S.C, Sun, Y., Yang, T.H., Chen, Y.S,, Yan, B.B,, Li, RD., Chen, G.Y., 2020. Biochar derived
from corn stalk and polyethylene co-pyrolysis: characterization and Pb(II) removal
potential. RSC Adv. 10, 6362-6376.

Fan, W,, Srisupan, M., Bryant, L., Trembly, PJ., 2018. Utilization of fly ash as pH adjustment
for efficient immobilization and reutilization of nutrients from swine manure using
hydrothermal treatment. Waste Manag. 79, 709-716.

Fan, Y.V, Tan, R.R,, Klemes, ].J., 2020. A system analysis tool for sustainable biomass
utilisation considering the emissions-cost nexus. Energy Convers. Manag. 210,
112701.

Feng, Q., Wang, B., Chen, M., Wu, P., Lee, X,, Xing, Y., 2021. Invasive plants as potential sus-
tainable feedstocks for biochar production and multiple applications: a review.
Resour. Conserv. Recycl. 164. https://doi.org/10.1016/j.resconrec.2020.105204.

Fu, CL, Zhang, H.L, Xia, M.Z,, Lei, W., Wang, F.Y., 2020. The single/co-adsorption charac-
teristics and microscopic adsorption mechanism of biochar-montmorillonite com-
posite adsorbent for pharmaceutical emerging organic contaminant atenolol and
lead ions. Ecotoxicol. Environ. Saf. 187, 109763.

Fu, F., Wang, Q., 2011. Removal of heavy metal ions from wastewaters: A review.
J. Environ. Manag. 92, 407-418.

Gao, L.-Y,, Deng, J.-H., Huang, G.-F,, Li, K, Cai, K.-Z, Liu, Y., Huang, F., 2019. Relative distri-
bution of Cd** adsorption mechanisms on biochars derived from rice straw and sew-
age sludge. Bioresour. Technol. 272, 114-122.

Gao, L., Goldfarb, ].L., 2019. Solid waste to biofuels and heterogeneous sorbents via pyrol-
ysis of wheat straw in the presence of fly ash as an in situ catalyst. J. Anal. Appl. Py-
rolysis 137, 96-105.

Ghanim, B., Murnane, ].G., O'Donoghue, L., Courtney, R., Pembroke, ].T., O'Dwyer, T.F.,
2020. Removal of vanadium from aqueous solution using a red mud modified saw
dust biochar. J. Water Process Eng. 33, 101076.

Godlewska, P., Ok, Y.S., Oleszczuk, P., 2021. THE DARK SIDE OF BLACK GOLD: ecotoxico-
logical aspects of biochar and biochar-amended soils. ]. Hazard. Mater. 403, 123833.

Guerrero, L.Jose, Gutierrez-Alvarez, 1., Mosqueda, F., Gazquez, M.M., Garcia-Tenorio, R.,
Olias, M., Bolivar, P., Juan, 2020. Evaluation of the radioactive pollution in the salt-
marshes under a phosphogypsum stack system. Environ. Pollut. 258, 113729.

Guo, F,, Zhan, X,, Peng, K., Liang, S., Jia, X,, Qian, L., 2019. Catalytic reforming of biomass
primary tar from pyrolysis over waste steel slag based catalysts. Hydrog. Energy 44,
224-233.

Guo, Z., Bai, G., Huang, B,, Cai, N., Guo, P., Chen, L., 2021. Preparation and application of a
novel biochar-supported red mud catalyst: active sites and catalytic mechanism.
J. Hazard. Mater. 408, 124802.

Han, L., Nie, X., Wei, ., Gu, M., Wu, W., Chen, M., 2021. Effects of feedstock biopolymer
compositions on the physiochemical characteristics of dissolved black carbon from
lignocellulose-based biochar. Sci. Total Environ. 751, 141491.

Hassan, M., Liy, Y., Naidu, R,, Parikh, J., Sanjai, Dy, J., Qi, F., Willett, R.I,, 2020. Influences of
feedstock sources and pyrolysis temperature on the properties of biochar and func-
tionality as adsorbents: a meta-analysis. Sci. Total Environ. 744, 140714.


https://doi.org/10.1016/j.scitotenv.2021.149295
https://doi.org/10.1016/j.scitotenv.2021.149295
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260628365524
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260628365524
https://doi.org/10.1016/j.envpol.2020.114773
https://doi.org/10.1016/j.envpol.2020.114773
https://doi.org/10.1016/j.cej.2020.125195
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260629282241
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260629282241
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260629282241
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260618297054
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260618297054
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260618297054
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260629420529
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260629420529
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260629420529
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260629420529
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260629420529
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260629420529
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260629431795
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260629431795
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260629444930
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260629444930
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260629444930
https://doi.org/10.1007/s10653-10020-00716-x
https://doi.org/10.1007/s10653-10020-00716-x
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260618328615
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260618328615
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260618328615
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260629457314
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260629457314
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260629457314
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260618511875
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260618511875
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260618511875
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260618519162
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260618519162
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260618519162
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260619363714
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260619363714
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260619363714
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260619508589
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260619508589
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260619508589
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260620153745
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260620153745
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260620153745
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260629467866
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260629467866
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260629467866
https://doi.org/10.1016/j.resconrec.2020.105204
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260620179367
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260620179367
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260620179367
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260620179367
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260629512636
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260629512636
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260629520826
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260629520826
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260629520826
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260629520826
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260629531640
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260629531640
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260629531640
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630002449
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630002449
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630010664
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630010664
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260625218913
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260625218913
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260620380775
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260620380775
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260620380775
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630020781
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630020781
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630020781
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630029425
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630029425
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630029425
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260627151480
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260627151480
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260627151480
Image of Fig. 8

R. Zhao, B. Wang, B.K.G. Theng et al.

He, H., Chen, Y., Li, X,, Cheng, Y., Yang, C., Zeng, G., 2017. Influence of salinity on microor-
ganisms in activated sludge processes: a review. Int. Biodeterior. Biodegrad. 119,
520-527.

Hong, C, Su, Y., Ly, S., 2018. Phosphorus availability changes in acidic soils amended with
biochar, fly ash, and lime determined by diffusive gradients in thin films (DGT) tech-
nique. Environ. Sci. Pollut. Res. 25, 30547-30556.

Hua, B, Xiong, H., Wang, Z., Yang, ]., Zhang, S., Wang, Z., Deng, B., 2014. Physico-chemical
processes. Water Environ. Res. 86, 992-1025.

Huang, D., Liu, L., Zeng, G., Xu, P., Huang, C,, Deng, L., Wang, R., Wan, J,, 2017a. The effects
of rice straw biochar on indigenous microbial community and enzymes activity in
heavy metal-contaminated sediment. Chemosphere 174, 545-553.

Huang, T.Y., Chiueh, P.T., Lo, S.L.,, 2017b. Life-cycle environmental and cost impacts of
reusing fly ash. Resour. Conserv. Recycl. 123, 255-260.

Hulya, G.F,, Henrik, B., David, M.C., 2005. Arsenate removal from water using sand-red
mud columns. Water Res. 39, 2944-2954.

Islam, M.S., Elahi, T.E., Shahriar, A.R., Mumtaz, N., 2020. Effectiveness of fly ash and cement
for compressed stabilized earth block construction. Constr. Build. Mater. 255, 119392.

Jia, Y., Feng, H,, Shen, D., Zhou, Y., Chen, T., Wang, M., Chen, W., Ge, Z,, Huang, L., Zheng, S.,
2018. High-performance microbial fuel cell anodes obtained from sewage sludge
mixed with fly ash. J. Hazard. Mater. 354, 27-32.

Jorge, G.-I., Lucia, M., Manuele, M., Carlos, C.-A., Maria-Isabel, A.-M., Maria-Isabel, I.-C.,
2017. Nanofiltration as tertiary treatment method for removing trace pharmaceuti-
cally active compounds in wastewater from wastewater treatment plants. Water
Res. 125, 360-373.

Joseph, G.C,, Taufig-Yap, H., Yun, Krishnan, V., Puma, G.L, 2019. Application of modified
red mud in environmentally-benign applications: a review paper. Environ. Eng. Res.
25, 795-806.

Karim, A.A., Kumar, M., Mohapatra, S., Singh, S.K,, Panda, CR., 2018. Co-plasma processing
of banana peduncle with phosphogypsum waste for production of lesser toxic
potassium-sulfur rich biochar. J. Mater. Cycles Waste Manag. 21, 107-115.

Kazak, O., Tor, A., 2020. In situ preparation of magnetic hydrochar by co-hydrothermal
treatment of waste vinasse with red mud and its adsorption property for Pb(II) in
aqueous solution. J. Hazard. Mater. 393, 122391.

Kutchko, B., Kim, A., 2006. Fly ash characterization by SEM-EDS. Fuel 85, 2537-2544.

Kwang-hyun, B., 2003. Study on re-utilization of purified phosphogypsum for fertilizer.
J. Korean Soc. Miner. Energy Resour. Eng. 40, 25-32.

Lahijani, P., Mohammadi, M., Mohamed, A.R,, 2018. Metal incorporated biochar as a po-
tential adsorbent for high capacity CO, capture at ambient condition. J. CO, Util. 26,
281-293.

Lares, M., Ncibi, C.M,, Sillanpaa, M., Sillanpaa, M., 2018. Occurrence, identification and re-
moval of microplastic particles and fibers in conventional activated sludge process
and advanced MBR technology. Water Res. 133, 236-246.

Lehmann, J., Joseph, S., 2015. Biochar for Environmental Management: Science, Technol-
ogy and Implementation. Routledge, New York.

Lei, S., Shi, Y., Xue, C., Wang, ]., Che, L., Qiu, Y., 2020. Hybrid ash/biochar biocomposites as
soil amendments for the alleviation of cadmium accumulation by Oryza sativa L. in a
contaminated paddy field. Chemosphere 239, 124805.

Leng, L., Huang, H., 2018. An overview of the effect of pyrolysis process parameters on
biochar stability. Bioresour. Technol. 270, 627-642.

Li, F,, Cao, X,, Zhao, L., Wang, ]., Ding, Z., 2014. Effects of mineral additives on biochar for-
mation: carbon retention, stability, and properties. Environ. Sci. Technol. 48,
11211-11217.

Li, S., Gao, L, Wen, H,, Li, G, Wang, Y., 2017. Modification and application of coking coal by
alkali pretreatment in wastewater adsorption. Sep. Sci. Technol. 52, 2532-2539.

Li, S., Harris, S., Anandhi, A., Chen, G., 2019. Predicting biochar properties and functions
based on feedstock and pyrolysis temperature: a review and data syntheses.
J. Clean. Prod. 215, 890-902.

Li, W,, Mu, B., Yang, Y., 2019. Feasibility of industrial-scale treatment of dye wastewater
via bio-adsorption technology. Bioresour. Technol. 277, 157-170.

Lian, G., Wang, B, Lee, X,, Li, L,, Liu, T, Lyu, W., 2019. Enhanced removal of hexavalent
chromium by engineered biochar composite fabricated from phosphogypsum and
distillers grains. Sci. Total Environ. 697, 134119.

Liu, D.S., Wang, C.Q., Mei, X.D., Zhang, C., 2019. An effective treatment method for phos-
phogypsum. Environ. Sci. Pollut. Res. 26, 30533-30539.

Liu, J,, Jiang, J., Meng, Y., Aihemaiti, A., Xu, Y., Xiang, H., Gao, Y., Chen, X., 2020a. Prepara-
tion, environmental application and prospect of biochar-supported metal nanoparti-
cles: A review. J. Hazard. Mater. 388, 122026.

Liu, L., Liu, X,, Wang, D., Lin, H., Huang, L., 2020b. Removal and reduction of Cr(VI) in sim-
ulated wastewater using magnetic biochar prepared by co-pyrolysis of nano-zero-
valent iron and sewage sludge. J. Clean. Prod. 257, 120562.

Liu, W., Chen, X,, Li, W., Yu, Y., Yan, K., 2014. Environmental assessment, management and
utilization of red mud in China. J. Clean. Prod. 84, 606-610.

Liu, X, Yang, L., Zhao, H., Wang, W., 2020c. Pyrolytic production of zerovalent iron nano-
particles supported on rice husk-derived biochar: simple, in situ synthesis and use for
remediation of Cr(VI)-polluted soils. Sci. Total Environ. 708, 134479.

Ly, S.-G., Sun, F.-F,, Zong, Y.-T., 2014. Effect of rice husk biochar and coal fly ash on some
physical properties of expansive clayey soil (Vertisol). Catena 114, 37-44.

Luo, D., Wang, Y., Zhang, S., Niu, D., Song, Z., 2020. Frost resistance of coal gangue aggre-
gate concrete modified by steel fiber and slag powder. Appl. Sci. 10, 3229.

Lyu, H,, He, Y., Tang, J., Hecker, M., Liu, Q,, Jones, P.D., Codling, G., Giesy, ].P., 2016. Effect of
pyrolysis temperature on potential toxicity of biochar if applied to the environment.
Environ. Pollut. 218, 1-7.

Mahdi, Z., El Hanandeh, A, Yu, QJ., 2019. Preparation, characterization and application of
surface modified biochar from date seed for improved lead, copper, and nickel re-
moval from aqueous solutions. J. Environ. Chem. Eng. 7, 103379.

11

Science of the Total Environment 799 (2021) 149295

Major, J., Rondon, M., Molina, D., Riha, S.J., Lehmann, J., 2010. Maize yield and nutrition
during 4 years after biochar application to a colombian savanna oxisol. Plant Soil
333,117-128.

Masto, RE., Ansari, M.A., George, ]., Selvi, V.A,, Ram, L.C., 2013. Co-application of biochar
and lignite fly ash on soil nutrients and biological parameters at different crop growth
stages of zea mays. Ecol. Eng. 58, 314-322.

Mehmood, S., Saeed, D.A., Rizwan, M., Khan, M.N,, Aziz, O., Bashir, S., Ibrahim, M., Ditta, A,
Akmal, M., Mumtaz, M.A., Ahmed, W., Irshad, S., Imtiaz, M., Tu, S., Shaheen, A., 2018.
Impact of different amendments on biochemical responses of sesame (Sesamum
indicum L.) plants grown in lead-cadmium contaminated soil. Plant Physiol. Biochem.
132, 345-355.

Mehr, AM.M,, Liu, G., Yousaf, B., Ali, M.U., Abbas, Q., Ullah, H., 2020. Synergistic effects of
biochar and processed fly ash on bioavailability, transformation and accumulation of
heavy metals by maize (Zea mays L.) in coal-mining contaminated soil. Chemosphere
240, 124845.

Merino, A., Omil, B., Hidalgo, C., Etchevers, ].D., Balboa, M.A., 2017. Characterization of the
organic matter in wood ash from biomass power plants in relation to the potential
use as amendments in agriculture. Land Degrad. Dev. 28, 2166-2175.

Mishra, A., Gupta, B.,, Kumar, N., Singh, R, Varma, A., Thakur, LS., 2020. Synthesis of calcite-
based bio-composite biochar for enhanced biosorption and detoxification of chro-
mium Cr(VI) by zhihengliuella sp. ISTPL4. Bioresour. Technol. 307, 123262. https://
doi.org/10.1016/j.biortech.2020.123262.

Morillo, E., Villaverde, J., 2017. Advanced technologies for the remediation of pesticide-
contaminated soils. Sci. Total Environ. 586, 576-597.

Mumme, J., Getz, ]., Prasad, M., Luder, U., Kern, J., Masek, O., Buss, W., 2018. Toxicity
screening of biochar-mineral composites using germination tests. Chemosphere
207,91-100.

Munda, S., Nayak, A.K., Mishra, P.N., Bhattacharyya, P., Mohanty, S., Kumar, A., Kumar, U,,
Baig, M, Tripathi, R., Shahid, M., Adak, T., Thilagam, V.K., 2016. Combined application
of rice husk biochar and fly ash improved the yield of lowland rice. Soil Res. 54,
451-459.

Munir, M.A.M,, Liu, G., Yousaf, B., Mian, M.M,, Ali, M.U., Ahmed, R., Cheema, A.l, Naushad,
M., 2020. Contrasting effects of biochar and hydrothermally treated coal gangue on
leachability, bioavailability, speciation and accumulation of heavy metals by rapeseed
in copper mine tailings. Ecotoxicol. Environ. Saf. 191, 110244.

Ni, BJ., Huang, Q.S., Wang, C., Ni, T.Y., Sun, J., Wei, W., 2019. Competitive adsorption of
heavy metals in aqueous solution onto biochar derived from anaerobically digested
sludge. Chemosphere 219, 351-357.

Nolte, T.M., Chen, G., van Schayk, C.S., Pinto-Gil, K., Hendriks, AJ., Peijnenburg, W., Ragas,
AM], 2020. Disentanglement of the chemical, physical, and biological processes aids
the development of quantitative structure-biodegradation relationships for aerobic
wastewater treatment. Sci. Total Environ. 708, 133863.

0k, Y.S., Bhatnagar, A., Hou, D., Bhaskar, T., Masek, O., 2020. Advances in algal biochar:
production, characterization and applications. Bioresour. Technol. 317. https://doi.
org/10.1016/j.biortech.2020.123982.

Oladele, S.0., Adeyemo, AJ., Awodun, M.A., 2019. Influence of rice husk biochar and inor-
ganic fertilizer on soil nutrients availability and rain-fed rice yield in two contrasting
soils. Geoderma 336, 1-11.

Ozden, B., Brennan, C., Landsberger, S., 2018. Investigation of bauxite residue (red mud) in
terms of its environmental risk. J. Radioanal. Nucl. Chem. 319, 339-346.

P.M, R, M]J, D, RA, S, 1994. Environmental impacts of phosphogypsum. Sci. Total Envi-
ron. 149, 1-38.

Peng, X, Deng, Y., Liu, L, Tian, X,, Gang, S., Wei, Z., Zhang, X, Yue, K., 2020. The addition of
biochar as a fertilizer supplement for the attenuation of potentially toxic elements in
phosphogypsum-amended soil. J. Clean. Prod. 277.

Praneeth, S., Guo, R., Wang, T., Dubey, B.K,, Sarmah, A.K., 2020. Accelerated carbonation of
biochar reinforced cement-fly ash composites: enhancing and sequestering CO, in
building materials. Constr. Build. Mater. 244, 118363.

Qiu, B., Duan, F,, 2019. Synthesis of industrial solid wastes/biochar composites and their
use for adsorption of phosphate: from surface properties to sorption mechanism. Col-
loids Surf. A Physicochem. Eng. Asp. 571, 86-93.

Qiuy, B., Duan, F., He, G., 2019. Value adding industrial solid wastes: impact of industrial
solid wastes upon copper removal performance of synthesized low cost adsorbents.
Energy Sources, Part A 42, 835-848.

Rajapaksha, A.U., Chen, S.S., Tsang, D.C., Zhang, M., Vithanage, M., Mandal, S., Gao, B.,
Bolan, N.S,, Ok, Y.S., 2016. Engineered/designer biochar for contaminant removal/
immobilization from soil and water: Potential and implication of biochar modifica-
tion. Chemosphere 148, 276-291.

Ram, L.C,, Masto, R.E., 2014. Fly ash for soil amelioration: a review on the influence of ash
blending with inorganic and organic amendments. Earth Sci. Rev. 128, 52-74.

Rezaei Rashti, M., Esfandbod, M., Phillips, L.R,, Chen, C., 2019a. Biochar amendment and
water stress alter rhizosphere carbon and nitrogen budgets in bauxite-processing
residue sand under rehabilitation. J. Environ. Manag. 230, 446-455.

Rezaei Rashti, M., Esfandbod, M., Phillips, L.R., Chen, C., 2019b. Rhizosphere management
by biochar and leaching improved plant performance in fresh bauxite residue sand.
J. Clean. Prod. 219, 66-74.

Rezaei Rashti, M., Esfandbod, M., Phillips, LR., Chen, C.R., 2019c. Aged biochar alters nitro-
gen pathways in bauxite-processing residue sand: environmental impact and biogeo-
chemical mechanisms. Environ. Pollut. 247, 438-446.

Shahba, S., Arjmandi, R., Monavary, M., Ghodusi, J., 2017. Iron ore waste classification ac-
cording to unep guidelines (Case study: golgohar mining and industrial complex in
Sirjan, Iran). Appl. Ecol. Environ. Res. 15, 943-956.

Shaheen, S.M., Niazi, N.K,, Hassan, N.E.E., Bibi, I, Wang, H., Tsang, Daniel CW., Ok, Y.S.,
Bolan, N., Rinklebe, ]J., 2018. Wood-based biochar for the removal of potentially
toxic elements in water and wastewater: a critical review. Int. Mater. Rev. 64,
216-247.


http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630093327
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630093327
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630093327
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260622127314
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260622127314
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260622127314
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630163475
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630163475
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630181934
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630181934
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630181934
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630192749
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630192749
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260621015763
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260621015763
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630204465
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630204465
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630216489
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630216489
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260627581317
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260627581317
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260627581317
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260628338091
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260628338091
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260628338091
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260621234315
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260621234315
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260621234315
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630228803
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630228803
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630228803
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630240542
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260621411037
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260621411037
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630331920
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630331920
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630331920
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630331920
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630331920
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260621428870
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260621428870
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260621428870
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260622080351
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260622080351
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630345662
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630345662
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630345662
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630363163
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630363163
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630373449
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630373449
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630373449
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630390192
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630390192
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630394469
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630394469
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630394469
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630402889
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630402889
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630425212
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630425212
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630425212
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630435546
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630435546
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630450303
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630450303
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630450303
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630463547
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630463547
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630463547
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630478639
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630478639
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630496850
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630496850
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630496850
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630510839
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630510839
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630522226
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630522226
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630538621
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630538621
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260630538621
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260631054758
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260631054758
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260631054758
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260631063828
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260631063828
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260631063828
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260631068006
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260631068006
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260631068006
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260631081940
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260631081940
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260631081940
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260622177783
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260622177783
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260622177783
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260622177783
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260631095659
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260631095659
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260631095659
https://doi.org/10.1016/j.biortech.2020.123262
https://doi.org/10.1016/j.biortech.2020.123262
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260631120181
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260631120181
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260631129868
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260631129868
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260631129868
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260622264551
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260622264551
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260622264551
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260631131118
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260631131118
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260631131118
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260631144536
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260631144536
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260631144536
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260622278164
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260622278164
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260622278164
https://doi.org/10.1016/j.biortech.2020.123982
https://doi.org/10.1016/j.biortech.2020.123982
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260631166601
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260631166601
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260631166601
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260622285557
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260622285557
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260629238961
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260629238961
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260631182930
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260631182930
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260631182930
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260631228985
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260631228985
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260631228985
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260631228985
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260631253990
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260631253990
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260631253990
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260622431642
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260622431642
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260622431642
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260622454269
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260622454269
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260622454269
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260631287808
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260631287808
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260631372520
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260631372520
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260631372520
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260631439763
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260631439763
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260631439763
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260631468612
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260631468612
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260631468612
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260622467696
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260622467696
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260622467696
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260622481359
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260622481359
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260622481359

R. Zhao, B. Wang, B.K.G. Theng et al.

Shi, Z., Yan, J,, Ren, X., Wen, M., Zhao, Y., Wang, C., 2021. Effects of biochar and thermally
treated biochar on eisenia fetida survival, growth, lysosomal membrane stability and
oxidative stress. Sci. Total Environ. 770, 144778.

Sizmur, T., Fresno, T., Akgul, G., Frost, H., Moreno-Jimenez, E., 2017. Biochar modification
to enhance sorption of inorganics from water. Bioresour. Technol. 246, 34-47.

Soo, LY., Ik, CH., Kim, C.-H., Sik, C.H., 2003. Recycling phosphogypsum as dredged mate-
rial. J. Korean Geoenvironmental Soc. 4, 53-59.

Sun, Y.Q,, Xiao, K., Wang, X.D., Lv, ZH., Mao, M., 2020. Evaluating the distribution and po-
tential ecological risks of heavy metal in coal gangue. Environ. Sci. Pollut. Res https://
doi.org/10.1007/s11356-11020-11055-w.

Tan, W.E., Wang, LA, Huang, C, 2016. Environmental effects of coal gangue and its utili-
zation. Energy Sources, Part A 38, 3716-3721.

Tan, Z., Yuan, S., Hong, M., Zhang, L., Huang, Q., 2020. Mechanism of negative surface
charge formation on biochar and its effect on the fixation of soil Cd. J. Hazard.
Mater. 384. https://doi.org/10.1016/j.jhazmat.2019.121370.

Truong, H.B,, Ike, LA, Ok, Y.S., Hur, J., 2020. Polyethyleneimine modification of activated
fly ash and biochar for enhanced removal of natural organic matter from water via
adsorption. Chemosphere 243, 125454.

Ukwattage, N.L,, Li, Y., Gan, Y., Li, T., Gamage, R.P., 2020. Effect of biochar and coal fly ash
soil amendments on the leaching loss of phosphorus in subtropical sandy ultisols.
Water Air Soil Pollut. 231. https://doi.org/10.1007/s11270-11020-14393-11275.

Verma, C,, Das, AJ., Kumar, R, 2017. PGPR-assisted phytoremediation of cadmium: an ad-
vancement towards clean environment. Curr. Sci. 113, 715-724.

Wan, Z., Sun, Y., Tsang, D.CW., Khan, E., Yip, A.CK, Ng, Y.H,, Rinklebe, ]., Ok, Y.S., 2020.
Customised fabrication of nitrogen-doped biochar for environmental and energy ap-
plications. Chem. Eng. J. 401. https://doi.org/10.1016/j.cej.2020.126136.

Wang, B,, Gao, B, Fang, J., 2018a. Recent advances in engineered biochar productions and
applications. Crit. Rev. Environ. Sci. Technol. 47, 2158-2207.

Wang, B., Gao, B., Wan, Y., 2018b. Entrapment of ball-milled biochar in ca-alginate beads
for the removal of aqueous Cd(II). J. Ind. Eng. Chem. 61, 161-168.

Wang, B., Lehmann, ]., Hanley, K., Hestrin, R., Enders, A., 2016. Ammonium retention by
oxidized biochars produced at different pyrolysis temperatures and residence
times. RSC Adv. 6, 41907-41913.

Wang, B, Lian, G., Lee, X,, Gao, B, Li, L., Liu, T., Zhang, X., Zheng, Y., 2020a. Phosphogypsum
as a novel modifier for distillers grains biochar removal of phosphate from water.
Chemosphere 238, 124684.

Wang, B, Ma, Y., Lee, X.,, Wu, P, Liu, F,, Zhang, X., Li, L., Chen, M., 2020b. Environmental-
friendly coal gangue-biochar composites reclaiming phosphate from water as a
slow-release fertilizer. Sci. Total Environ. https://doi.org/10.1016/j.scitotenv.2020.
143664.

Wang, B, Wan, Y., Zheng, Y., Lee, X,, Liu, T., Yu, Z, Huang, J., Ok, Y.S., Chen, ., Gao, B., 2018c.
Alginate-based composites for environmental applications: a critical review. Crit. Rev.
Environ. Sci. Technol. 49, 318-356.

Wang, C., Zhang, X., Sun, R,, Cao, Y., 2020. Neutralization of red mud using bio-acid gen-
erated by hydrothermal carbonization of waste biomass for potential soil application.
J. Clean. Prod. 271. https://doi.org/10.1016/j.jclepro.2020.122525.

Wang, H., Cai, ], Liao, Z., Jawad, A, Ifthikar, J., Chen, Z., Chen, Z., 2020. Black liquor as bio-
mass feedstock to prepare zero-valent iron embedded biochar with red mud for Cr
(VI) removal: mechanisms insights and engineering practicality. Bioresour. Technol.
311, 123553.

Wang, L., 0'Connor, D,, Rinklebe, J., Ok, Y.S., Tsang, D.C.W., Shen, Z., Hou, D., 2020. Biochar
aging: mechanisms, physicochemical changes, assessment, and implications for field
applications. Environ. Sci. Technol. 54, 14797-14814.

Wang, L., Rinklebe, ], Tack, FM.G., Hou, D., 2021. A review of green remediation strategies
for heavy metal contaminated soil. Soil Use Manag. https://doi.org/10.1111/sum.
12717.

Wang, L., Zhao, P., Li, G., 2009. Character of the Si and Al phases in coal gangue and its ash.
Acta Geol. Sin. 6, 1116-1121.

Wang, M., Wang, C, Lan, X,, Abid, AA, Xu, X,, Singla, A, Sardans, J., Llusia, J., Penuelas, J.,
Wang, W., 2020. Coupled steel slag and biochar amendment correlated with higher
methanotrophic abundance and lower CH4 emission in subtropical paddies. Environ.
Geochem. Health 42, 483-497.

Wang, Q., Wang, B., Lee, X., Lehmann, J., Gao, B., 2018d. Sorption and desorption of Pb(II)
to biochar as affected by oxidation and pH. Sci. Total Environ. 634, 188-194.

Wang, S., Gao, B,, Li, Y., Creamer, A.E., He, F., 2017. Adsorptive removal of arsenate from
aqueous solutions by biochar supported zero-valent iron nanocomposite: batch and
continuous flow tests. J. Hazard. Mater. 322, 172-181.

Wang, S., Wang, ], 2019. Activation of peroxymonosulfate by sludge-derived biochar for
the degradation of triclosan in water and wastewater. Chem. Eng. J. 356, 350-358.

12

Science of the Total Environment 799 (2021) 149295

Wang, Y., Liu, Y., Zhan, W,, Zheng, K., Wang, J., Zhang, C., Chen, R., 2020. Stabilization of
heavy metal-contaminated soils by biochar: challenges and recommendations. Sci.
Total Environ. 729, 139060.

Wang, Y., Ma, X., Wang, ]., Cheng, S., Ren, Q., Zhan, W., Wang, Y., 2019. Effects of
mercapto-functionalized nanosilica on Cd stabilization and uptake by wheat seedling
(Triticum aestivum L.) in an agricultural soil. Bull. Environ. Contam. Toxicol. 103,
860-864.

Wang, Y., Zheng, K., Zhan, W., Huang, L., Liu, Y., Li, T., Yang, Z., Liao, Q., Chen, R,, Zhang, C,,
Wang, Z., 2021. Highly effective stabilization of Cd and Cu in two different soils and
improvement of soil properties by multiple-modified biochar. Ecotoxicol. Environ.
Saf. 207, 111294. https://doi.org/10.111016/j.ecoenv.112020.111294.

Wu, C, Huang, L., Xue, S.G., Huang, Y.Y., Hartley, W., Cui, M.Q., Wong, M.H., 2017. Arsenic
sorption by red mud-modified biochar produced from rice straw. Environ. Sci. Pollut.
Res. 24, 18168-18178.

Wu, J., Yan, G., Zhou, G., Xu, T., 2014. Wastewater COD biodegradability fractionated by
simple physical-chemical analysis. Chem. Eng. J. 258, 450-459.

Wau, Y., Zhang, P., Zhang, H., Zeng, G., Liy, J., Ye, ], Fang, W., Gou, X., 2016. Possibility of
sludge conditioning and dewatering with rice husk biochar modified by ferric chlo-
ride. Bioresour. Technol. 205, 258-263.

Xia, S., Song, Z., Jeyakumar, P., Bolan, N., Wang, H., 2019. Characteristics and applications
of biochar for remediating Cr(VI)-contaminated soils and wastewater. Environ.
Geochem. Health https://doi.org/10.1007/s10653-10019-00445-w.

Xiang, Y., Yang, X., Xu, Z,, Hu, W,, Zhou, Y., Wan, Z,, Yang, Y., Wei, Y., Yang, ]., Tsang, CW.D.,
2020. Fabrication of sustainable manganese ferrite modified biochar from vinasse for
enhanced adsorption of fluoroquinolone antibiotics: Effects and mechanisms. Sci.
Total Environ. 709, 136079.

Xu, K., Zhang, C., Dou, X., Ma, W., Wang, C., 2019. Optimizing the modification of wood
waste biochar via metal oxides to remove and recover phosphate from human
urine. Environ. Geochem. Health 41, 1767-1776.

Yadav, V.B,, Gadi, R, Kalra, S., 2019. Clay based nanocomposites for removal of heavy
metals from water: A review. J. Environ. Manag. 232, 803-817.

Yin, K., Wang, Q., Lv, M,, Chen, L., 2019. Microorganism remediation strategies towards
heavy metals. Chem. Eng. J. 360, 1553-1563.

Yoon, K., Cho, D.-W.,, Tsang, Y.F., Tsang, D.CW., Kwon, E.E., Song, H., 2019a. Synthesis of
functionalised biochar using red mud, lignin, and carbon dioxide as raw materials.
Chem. Eng, J. 361, 1597-1604.

Yoon, K., Cho, D.W., Bhatnagar, A., Song, H., 2020. Adsorption of As(V) and Ni(Il) by Fe-
biochar composite fabricated by co-pyrolysis of orange peel and red mud. Environ.
Res. 188, 109809.

Yoon, K., Jung, ].-M,, Cho, D.-W., Tsang, D.CW., Kwon, E.E., Song, H., 2019b. Engineered
biochar composite fabricated from red mud and lipid waste and synthesis of biodiesel
using the composite. J. Hazard. Mater. 366, 293-300.

Yousaf, B, Liu, G., Abbas, Q., Wang, R., Ubaid Ali, M., Ullah, H,, Liu, R., Zhou, C., 2017. Sys-
tematic investigation on combustion characteristics and emission-reduction mecha-
nism of potentially toxic elements in biomass- and biochar-coal co-combustion
systems. Appl. Energy 208, 142-157.

Yu, H,, Zou, W., Chen, ], Chen, H., Yu, Z., Huang, ], Tang, H., Wei, X,, Gao, B., 2019a. Biochar
amendment improves crop production in problem soils: A review. . Environ. Manag.
232, 8-21.

Yu, LK.M., Xiong, X., Tsang, D.C.W., Wang, L., Hunt, AJ., Song, H., Shang, ]., Ok, Y.S., Poon,
C.S., 2019b. Aluminium-biochar composites as sustainable heterogeneous catalysts
for glucose isomerisation in a biorefinery. Green Chem. 21, 1267-1281.

Yuan, J,, Li, Y., Chen, S., Li, D., Tang, H., Chadwick, D., Li, S., Li, W,, Li, G., 2018. Effects of
phosphogypsum, superphosphate, and dicyandiamide on gaseous emission and com-
post quality during sewage sludge composting. Bioresour. Technol. 270, 368-376.

Zhang, M., Song, G., Gelardi, L.D., Huang, L., Khan, E., Masek, O., Parikh, ].S., Ok, Y.S., 2020.
Evaluating biochar and its modifications for the removal of ammonium, nitrate, and
phosphate in water. Water Res. 186, 116303. https://doi.org/10.1016/j.watres.2020.
116303.

Zhang, Y., Yue, X, Xu, W, Zhang, H., Li, F., 2019. Amino modification of rice straw-derived
biochar for enhancing its cadmium (II) ions adsorption from water. J. Hazard. Mater.
379, 120783. https://doi.org/10.1016/j.jhazmat.2019.120783.

Zhou, B, Sun, C,, Yi, H., 2017. Solid waste disposal in chinese cities: an evaluation of local
performance. Sustainability 9, 2234. https://doi.org/10.3390/su9122234.

Zou, Q., An, W.,, Wu, C,, Li, W., Fu, A, Xiao, R., Chen, H., Xue, S., 2017. Red mud-modified
biochar reduces soil arsenic availability and changes bacterial composition. Environ.
Chem. Lett. 16, 615-622.


http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260632204965
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260632204965
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260632204965
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260632305621
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260632305621
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260623047356
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260623047356
https://doi.org/10.1007/s11356-11020-11055-w
https://doi.org/10.1007/s11356-11020-11055-w
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260632470407
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260632470407
https://doi.org/10.1016/j.jhazmat.2019.121370
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260632475476
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260632475476
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260632475476
https://doi.org/10.1007/s11270-11020-14393-11275
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260623087473
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260623087473
https://doi.org/10.1016/j.cej.2020.126136
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260623099251
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260623099251
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260632508929
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260632508929
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260632516414
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260632516414
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260632516414
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260632583194
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260632583194
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260632583194
https://doi.org/10.1016/j.scitotenv.2020.143664
https://doi.org/10.1016/j.scitotenv.2020.143664
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260632508880
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260632508880
https://doi.org/10.1016/j.jclepro.2020.122525
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260632597664
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260632597664
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260632597664
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260632597664
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260633337659
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260633337659
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260633337659
https://doi.org/10.1111/sum.12717
https://doi.org/10.1111/sum.12717
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260623119583
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260623119583
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260633387517
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260633387517
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260633387517
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260633387517
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260633320469
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260633320469
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260634024699
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260634024699
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260634024699
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260634026018
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260634026018
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260633443134
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260633443134
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260633443134
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260634056535
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260634056535
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260634056535
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260634056535
https://doi.org/10.111016/j.ecoenv.112020.111294
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260634107161
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260634107161
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260634107161
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260634068313
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260634068313
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260634157425
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260634157425
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260634157425
https://doi.org/10.1007/s10653-10019-00445-w
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260623192572
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260623192572
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260623192572
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260634209105
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260634209105
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260634209105
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260634246058
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260634246058
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260634303783
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260634303783
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260634256009
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260634256009
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260634256009
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260634250462
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260634250462
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260634250462
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260634264007
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260634264007
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260634264007
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260634280736
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260634280736
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260634280736
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260634280736
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260634350697
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260634350697
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260634350697
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260634393900
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260634393900
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260634411274
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260634411274
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260634411274
https://doi.org/10.1016/j.watres.2020.116303
https://doi.org/10.1016/j.watres.2020.116303
https://doi.org/10.1016/j.jhazmat.2019.120783
https://doi.org/10.3390/su9122234
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260623273344
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260623273344
http://refhub.elsevier.com/S0048-9697(21)04368-0/rf202107260623273344

	Fabrication and environmental applications of metal-�containing solid waste/biochar composites: A review
	1. Introduction
	2. Utilization status of metal-containing solid wastes
	3. Preparation methods of MCSW-BCs
	4. Adsorption mechanisms
	4.1. Phosphogypsum
	4.2. Red mud
	4.3. Fly ash
	4.4. Other solid wastes

	5. Factors influencing the adsorption capacity of MCSW-BCs
	5.1. Feedstocks
	5.2. Pyrolysis process
	5.2.1. Modifiers
	5.2.2. Pyrolysis temperature
	5.2.3. Carrier gas

	5.3. Adsorption process and conditions
	5.3.1. Ambient pH
	5.3.2. Dosage of MCSW-BCs
	5.3.3. Initial concentration and ambient temperature

	5.4. Ion exchange capacity

	6. Environmental applications of MCSW-BCs
	6.1. Soil amendment and remediation
	6.2. Wastewater treatment
	6.3. Other applications

	7. Conclusions and future perspectives
	Declaration of competing interest
	Acknowledgments
	Appendix A. Supplementary data
	References




