Journal Pre-proof

Green Energy
and Resources

RS (X

Biochar for heavy metal remediation in aquatic and terrestrial environments:
Properties, influencing factors, and mechanisms

Yaoyao Cao, Jian Chen, Hui Zhang, Hongjie Sheng, Kang Lv, Jinjin Cheng, Xiaolong
Chen, Dongfei Chen, Xiangyang Yu

PII: S2949-7205(26)00001-9
DOI: https://doi.org/10.1016/j.gerr.2026.100167
Reference: GER 100167

To appearin:  Green Energy and Resources

Received Date: 3 September 2025
Revised Date: 10 December 2025
Accepted Date: 21 January 2026

Please cite this article as: Cao, Y., Chen, J., Zhang, H., Sheng, H., Lv, K., Cheng, J., Chen, X,

Chen, D., Yu, X., Biochar for heavy metal remediation in aquatic and terrestrial environments:
Properties, influencing factors, and mechanisms, Green Energy and Resources, https://doi.org/10.1016/
j-gerr.2026.100167.

This is a PDF of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability. This version will undergo additional
copyediting, typesetting and review before it is published in its final form. As such, this version is no
longer the Accepted Manuscript, but it is not yet the definitive Version of Record; we are providing
this early version to give early visibility of the article. Please note that Elsevier’s sharing policy for the
Published Journal Article applies to this version, see: https://www.elsevier.com/about/policies-and-
standards/sharing#4-published-journal-article. Please also note that, during the production process,
errors may be discovered which could affect the content, and all legal disclaimers that apply to the
journal pertain.

© 2026 Published by Elsevier B.V. on behalf of Shandong University.


https://doi.org/10.1016/j.gerr.2026.100167
https://doi.org/10.1016/j.gerr.2026.100167
https://doi.org/10.1016/j.gerr.2026.100167
https://www.elsevier.com/about/policies-and-standards/sharing#4-published-journal-article
https://www.elsevier.com/about/policies-and-standards/sharing#4-published-journal-article

¢ Agricultural residues Pyrolysis:Slow/intermediate/fast .

Biogas
e.g., Straw and manure Temperature: 100-1000°C
*  Solid wastes Time: s - days
e.g. Sludge |:> Medium: N,, Ar,, etc. < Biooil

* Industrial wastes

Raw material

Product

Complexation
Ion exchange

. a
1 (M
1
i | <
l ;
I
o (Ca Y
S e - ngIHglCdt -
g - Biochar
. Physical

~_ adsorption

Precipitation Heavy metal polluted environment

Mechanism

Graphical Abstract



10

11

12

13

14

15

Biochar for heavy metal remediation in aquatic and terrestrial environments:

Properties, influencing factors, and mechanisms

Yaoyao Cao "¢, Jian Chen ®"°, Hui Zhang **¢, Hongjie Sheng **¢, Kang Lv **<, Jinjin

a,b,c*

Cheng **°, Xiaolong Chen **¢, Dongfei Chen ¢, Xiangyang Yu

2 Jiangsu Key Laboratory for Food Quality and Safety-State Key Laboratory

Cultivation Base, Ministry of Science and Technology, Nanjing 210014, China

b Key Laboratory of Control Technology and Standard for Agro-product Safety and

Quality, Ministry of Agriculture and Rural Affairs, Nanjing 210014, China

¢ Institute of Food Safety and Nutrition, Jiangsu Academy of Agricultural Sciences,

Nanjing 210014, China

d Graduate School of Biomedical Engineering, The University of New South Wales,

Sydney, NSW 2052, Australia

* Corresponding author. Fax/Tel: +86-25-84390396. E-mail address: yuxy@jaas.ac.cn (X. Yu)
1



16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

Abstract: With the rapid development of industrialization, heavy metal pollution in
water and soil has become increasingly serious. Biochar has attracted extensive
attention for its application in heavy metal remediation, which mainly depends on its
developed porous structure, large specific surface area, abundant functional groups and
minerals. This review outline the status of heavy metal pollution and summarize the
key physicochemical characteristics of biochar. Subsequently, a detailed analysis was
conducted on the critical influencing factors, encompassing biochar physicochemical
properties, environmental parameters, and heavy metal attributes. The core section
comprehensively examines the primary remediation mechanisms, such as physical
adsorption, ion exchange, precipitation, and complexation, highlighting how their
relative importance shifts with biochar type and environmental context. Furthermore,
remediation performance is not governed by a single mechanism but by the synergistic
interplay of biochar's evolving surface chemistry, solution conditions, and metal
speciation. Additionally, differences in dominant mechanisms and long-term stability
are critically compared between aquatic and soil systems. Finally, we identify current
knowledge gaps—particularly concerning short-term field performance, long-term
aging effects, and sustainability under real-world conditions—and propose targeted
future research directions to advance the practical, scalable, and safe application of

biochar in heavy metal remediation.

Keywords: Heavy metal; Biochar; Physicochemical property; Influence factor;

Remediation mechanism
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1. Introduction

In recent years, the pollution of heavy metal in water and soil has become
increasingly serious with the rapid development of industrialization, which is mainly
caused by mining, smelting, fertilizers, and sewage irrigation (Ahmad et al., 2018; He
et al., 2019; Khan et al., 2022; Li et al., 2017; Lin et al., 2025; Meng et al., 2018).
According to the bulletin of soil contamination in China jointly issued by the Ministry
of Environmental Protection and the Ministry of Land and Resources, the percentages
of soil pollution sites exceeded 16.1%, and heavy metal was the main contaminant type,
its pollution sites exceeded 82.8% (He et al., 2019; O'Connor et al., 2018; Tan et al.,
2020; Wang et al., 2020). Also, heavy metal threatens human health through
contaminated food chains, leading to serious problems such as brain damage, and
kidney diseases, etc. (Fig.1). Therefore, it is a matter of people’s health, environmental
protection, and ecological safety to strengthen the prevention and control of heavy
metal pollution in water and soil.

Heavy metal refers to the metal with a specific gravity greater than five, and
molecular weight between 63.5 and 200.6, mainly including Arsenic (As), lead (Pb),
mercury (Hg), cadmium (Cd), chromium (Cr), etc. (Chakma et al., 2025; Fu and Wang,
2011; Khan et al., 2022; Srivastava and Majumder, 2008). The top heavy metals and
their maximum allowable contaminant level are shown in Table 1. Heavy metals enter
aquatic and terrestrial systems through industrial effluents, mining and smelting
activities, agricultural inputs (fertilizers and pesticides), atmospheric deposition and
geological weathering. These pathways contribute to their widespread distribution and
long-term ecological risks. The heavy metals contained in the water and soil are difficult
to degrade, and easy to accumulate, which pose a serious threat to human health and
the environment (Aghababaei et al., 2017; Fu and Wang, 2011; Tepanosyan et al., 2018;
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Fig. 1 Human health risks from exposure to heavy metals.

Table 1 Top heavy metals and their maximum allowable contaminant level (Inyang et

al., 2016; Srivastava and Majumder, 2008).

Maximum contaminant level

Heavy metals Rank No. (CERCLA)
by EPA (mg/L)
As 1 0.01
Pb 2 0.015
Hg 3 0.002
Cd 7 0.005
Cr 17 0.1

Note: CERCLA, Comprehensive Environmental Response Compensation and Liability

Act; EPA, Environmental Protection Agency.

The conventional heavy metal remediation technologies include chemical

precipitation, ion exchange, electrochemical and membrane separation for wastewater

4
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(Aghababaei et al., 2017; Cui et al., 2016; Li et al., 2017; Li et al., 2023), and soil
replacement, heat treatment, electrodynamic repair, chemical leaching, and plant repair
for polluted soil (Kunkel et al., 2006; Robinson et al., 2003; Tognotti et al., 1991;
Wasay et al., 2001). The methods have the advantages such as good removal effects,
easy to recover heavy metals and disadvantages such as high cost, secondary pollution,
etc. (shown in Table 2). Notably, the biosorption is the technology utilizing biological
materials to removal the heavy metals, of which biochar is considered effective
approach for the remediation of heavy metal in water and soil because of its low cost,
simple methodology and environmentally friendly (Cui et al., 2016; He et al., 2019; Li
etal., 2017; Wang et al., 2015; Wang et al., 2018). Despite extensive literature, a unified
mechanistic framework linking biochar structure, environmental factors and metal
species across different environments is still lacking. This review was prepared by
systematically searching Web of Science, and Google Scholar for articles published up
to September 2025. Search terms included combinations of “biochar”, “heavy metal”,
“adsorption”, “remediation”, “influence”, and “mechanism”. Key studies were cross-
checked in cited references to ensure comprehensive coverage. This review integrates
the mechanisms of biochar—metal interactions across aquatic and terrestrial
environments and emphasizes how feedstock, pyrolysis conditions, environmental
factors and aging jointly determine remediation performance. Recent advances and

future research needs are critically discussed to provide a systematic and forward-

looking framework.



94 Table 2 Technology for heavy metal remediation.

Matrix ~ Technology Advantage Disadvantage
Chemical Convenient, low cost, wide Sediment generated,
precipitation applicability difficult to handle

Materials can be reusable, high High cost, low removal
Ion exchange

selectivity efficiency
Water
Less chemical reagents, high
Electrochemical High cost, strong current
selectivity and purity
Membrane Less solid waste and reagent,
High cost, slow speed
separation high removal efficiency
High cost, contaminated
Soil replacement Efficiency
soil needs treatment
Heat treatment Efficiency High cost
Electrodynamic
Efficiency High cost
Soil repair
Chemical
Long-lasting, simple operation ~ Secondary pollution
leaching
Low cost, no secondary Long cycle, harsh
Plant repair
pollution conditions, slow effect
95 2. Biochar
96 Biochar, one carbon-rich product with highly aromatic and chemically stable, is

97  derived by thermal degradation of biomass under anaerobic or anoxic conditions
98  (Kambo and Dutta, 2015; Li and Li, 2023; Mimmo et al., 2014; Zhao et al., 2025). The
99  history of biochar can be traced back to more than 2,500 years ago, the Native
100  Americans of the Amazon basin improved the barren soil by adding a special fertilizer,
101  and this Indian soil "Terra Preta" mainly contained a large amount of incompletely

102  burned charcoal that was the so-called biochar (Laird et al., 2009; Lehmann et al., 2011,
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Manya, 2012). Besides, Lehmann pointed out that biochar could effectively reduce the
greenhouse effect of carbon dioxide and showed the considerable economic value
(Lehmann, 2007). Researches showed that the application of biochar was not only
reflected in the improvement of soil physicochemical properties, but also can be used
to repair pollution of heavy metals (Kan et al., 2016; Laird et al., 2009; Li et al., 2023;
Meyer et al., 2011; Zhu et al., 2017).

Biochar can be produced by pyrolysis of various feedstocks, including agricultural
residues (Cui et al., 2016; Jiang et al., 2012; Lin et al., 2025; Xu et al., 2023), industrial
wastes (Shen et al., 2018; Srivastava and Majumder, 2008), and solid wastes (Bogusz
and Oleszczuk, 2018; Chen et al., 2015; Li et al., 2022; Lu et al., 2012), and it is widely
applied in areas such as heavy metal contamination remediation, energy production,
and carbon sequestration and emissions reduction, etc. (shown in Fig.2). Pyrolysis, the
preparation technology of biochar, involves complex chemical reactions containing the
process that organic matter is continuously thermally decomposed to form gas-phase
and solid-phase (i.e. biochar) (Kan et al., 2016). With the temperature of the reaction
chamber decreasing, the compounds with higher polarity and molecular weight in the
gas phase are liquefied into bio-oil, and the compounds with lower molecular weight
are retained in syngas (Kan et al., 2016; Venderbosch and Prins, 2010). According to
the heating rate, pyrolysis can be divided into slow, medium and fast pyrolysis (Ahmad
etal., 2014; Manya, 2012; Qambrani et al., 2017). The pyrolysis under different control

conditions and their products are shown in Table 3.
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Fig. 2 Various sources and diverse applications of biochar.

Table 3 Typical products under different pyrolysis control conditions (Ahmad et al.,

2014; Manya, 2012; Qambrani et al., 2017; Zhang et al., 2019).

Pyrolysis Residence Production (%)
Classification
temperature (°C) time Solid Gas Liqud
Slow pyrolysis 100-1000 hour-days 35 35 30
Intermediate pyrolysis ~500 10-20 s 25 25 50
Fast pyrolysis 300-1000 <2s 12 13 75

The biochar mainly exhibits high carbon content, developed specific surface area
and porosity, alkaline pH, strong ion exchange capacity, rich functional groups and high
thermal stability (Feng et al., 2022; Kong et al., 2014; Novotny et al., 2015). Its

physicochemical properties not only depend on the parameters of preparation (pyrolysis
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temperature, residence time, and heating rate, etc.), but also on the composition and
structural characteristics of biomass raw materials (type, particle size, and pretreatment
methods, etc.) (Akhtar and Amin, 2012; Jaffari et al., 2023; Kan et al., 2016; Manya,

2012), which are described as follows:

2.1 Elemental composition

Biochar contains the main elements of its raw material, while the differences exists
in the productions under the different pyrolysis processes (Ahmed et al., 2016; Jaffari
et al., 2023; Qambrani et al., 2017). The C in biochar is mainly derived from the
degradation of carbon-containing organic substances (Ahmad et al., 2014; Kan et al.,
2016). The content of H or O decreases with increasing pyrolysis temperature, mainly
due to the decomposition of organic matter to form volatile gases (such as carbon
dioxide, and nitrogen oxides) (Zhang et al., 2020). The content of N is relatively low,
Si is mostly enriched in the form of silicon oxide crystals, and Metal elements (such as
Na, Mg, K, and Ca) often exist in the form of chloride, carbonate, phosphate, and sulfate
(Kan et al., 2016; Wang et al., 2016). In terms of feedstock, wood-based biochars led
to greater C content over other biochars, while manures-based biochars contained the

greatest N, S, P, Ca, and Mg (Ippolito et al., 2020).

2.2 Specific surface area

Biochar has a well-developed pore structure and a large specific surface area
(SSA), which is mainly due to the continuous degradation of organic matter during
pyrolysis (Chen et al., 2025; Novotny et al., 2015; Rio et al., 2005). With the increasing
pyrolysis temperature, the degradation of organic matter is violent, which is beneficial
to the formation of pores and the exposure of surface area. However, the SSA decreases

at excessively high temperature, leading to destruction of the pore structure (clogging
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or collapse, etc.) (Clough et al., 2013; Li et al., 2017; Ma et al., 2025). In addition, the
differences in SSA exist between the different sources of biochar (Li et al., 2017; Tang

etal., 2013; Xie et al., 2016).

2.3 pH

The pH of biochar is alkaline, and pH value increases with increasing pyrolysis
temperature (Li et al., 2017; Suliman et al., 2016; Zhang et al., 2020). There is a
significant correlation between the pH value and ash content, which is mainly due to
the large amount of Na, Mg, K, Ca and carbonate generated during the preparation of
biochar. Meanwhile, the functional groups on the surface (such as -COOH and -OH)
are also one of the main reasons for its alkalinity (Li et al., 2017; Singh et al., 2010;

Yan et al., 2024; Zhao et al., 2015).

2.4 Cation exchange capacity

The cation exchange capacity (CEC) refers to the exchange capacity between the
cations in the biochar and the heavy metals in the water and soil, which can be
influenced by the minerals in biochar (Han et al., 2020; Xu et al., 2017; Zhao et al.,
2015). During the pyrolysis preparation of biochar, the CEC enhances as the metal
minerals enriched. The CEC of biochar mainly depends on the content and type of its
mineral components (Carrier et al., 2013; Leng et al., 2025; Uras et al., 2012), and has
a certain correlation with the soluble cation content (Xu et al., 2017). Generally, the ash
in crop straw is higher than that of wood, which is accordance with the fact that their

CEC values (Huijgen et al., 2014).

2.5 Functional group

Biochar contains a wide variety of functional groups, including oxygen-containing

functional groups (carboxyl, hydroxyl, ketone, and ester, etc.), and other active
10
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functional groups (C=C and N-H with coordinated electron pairs, etc.) (Li et al., 2023;
Qambrani etal., 2017; Uchimiyaet al., 2011; Varhegyi et al., 1998). With the increasing
pyrolysis temperature, the content of oxygen-containing functional groups decreases,
while the aromatic ring compounds and carbon skeleton structures are generated, which
is consistent with the decreasing atomic ratios of H/C, and O/C (Ahmed et al., 2016;
Mukherjee et al., 2011; Zhao et al.). This phenomenon is mainly due to the formation
of bio-oil by cellulose and hemicellulose, while lignin is retained as a carbon-based

solid during the pyrolysis process (Akhtar and Amin, 2012; Yang et al., 2007).
3. Factors affecting biochar utilization for heavy metal remediation

Biochar shows great potential in the remediation of heavy metal polluted water
and soil, because of its alkaline pH, strong ion exchange capacity, abundant functional
group and minerals, etc. (Ahmad et al., 2014; Kong et al., 2014; Li et al., 2022; Shahzad
et al., 2024; Yang et al., 2025). The biochar utilization for heavy metal remediation in
water and soil is summarized in Table 4.

There are many factors affecting the remediation of heavy metal by biochar
(Inyang et al., 2016; Shang and Chi, 2024; Uchimiya, 2014). Firstly, the removal
efficiencies of heavy metals are different between biochars derived from different raw
materials (Inyang et al., 2016; Xu et al., 2018). The composition, structure and pyrolysis
conditions of raw materials directly affect the removal efficiencies of heavy metals
(Uchimiya et al., 2011; Xiao et al., 2017; Xu et al., 2018). Furthermore, environmental
factors (pH, ionic strength, organic matter content, and redox potential, etc.) and heavy
metal properties (content, occurrence form, chemical valence state, etc.) will also have
a certain impact on the removal efficiencies of heavy metals (Uchimiya et al., 2011;

Uchimiya, 2014; Xiao et al., 2017; Xu et al., 2020; Xu and Zhao, 2013).

11



204 Table 4 Biochar utilization for the remediation of heavy metal in water and soil.
Condition
Feedstock/pyrolysis Heavy Efficiency
Matrix Dosage Reference
temperature (°C) metal pH Time (h) (mg/g)
(g/'L)
(Usman et
Date palm/700 Cdan 2 5.0 24 43.58
al., 2016)
(Usman et
Date palm/300 Cdan 2 5.0 24 26.96
al., 2016)
(Sadegh-
Empty fruit bunch/600 Cd(II) 5 6.0 24 85 Zadeh et al.,
2017)
(Sadegh-
Rice husk/600 Cd(1n) 5 6.0 24 36 Zadeh et al.,
2017)
(Zhang et
Water hyacinth/450 Cd(II) 5 - 24 70.3
al., 2015)
(Luo et al.,
Corncob/550 Cd(II) 1 6.8 24 31.29
Water 2018)
(Mohan et
Pine wood/400 Pb(Il) 10 5.0 24 4.13
al., 2007)
(Caoetal.,
Wheat straw/600 Pb(II) 1 5.0 48 99.45
2019)
(Caoetal.,
Dairy manure/200 Pb(II) 5 - 4 109.4
2009)
Alternanthera (Yangetal.,
Pb(II) 2 5.0 24 257.12
philoxeroides/600 2014)
(Liuetal.,
Corn stalk/450 Pb(II) 2 5.5 24 49.7
2019)
(Ding et al.,
Tetra Pak/600 As(Il) 2 - 24 24.2
2018)
Tetra Pak/600 As(V) 2 - 24 33.2 (Ding et al.,

12
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Japanese oak wood/500 As(III)

Japanese oak wood/500 As(V)

Paper mill sludge/720  As(V)

Banana peduncle/300  Cr(VI)
Wheat straw/500 Cr(VD
Sewage sludge/900 Cr(VI)
Sewage sludge/900 Cr(III)
Sewage sludge/300 Cr(VI)
Sewage sludge/300 Cr(I1T)

Sugarcane bagasse/600 Ni(II)

Opuntia  ficus-indica

Ni(II)
cactus/600
Dairy manure/350 Cu(II)
Opuntia  ficus-indica

Cu(Il)
cactus/600
Rice straw/550 Zn(I1)
Dairy manure/350 Zn(II)

12

12

0.6

0.6

1.25

7.0

7.0

2.0

3.0

3.0

3.0

6.0

6.0

6.0

5.0

24

24

24

12

12

48

48

10

48

48

10

3.16

3.89

22.8

114

12.23

<7

25.27

64.10

94.34

1949

44

54.4

49

39.46

32.8

2018)
(Niazi et al.,
2018)
(Niazi et al.,
2018)
(Yoon et al.,
2017)
(Karim et
al., 2015)
(Zhu et al.,
2016)
(Chen et al.,
2015)
(Chen et al.,
2015)
(Agrafioti et
al., 2014)
(Agrafioti et
al., 2014)
(Lyu etal.,
2018)
(Choudhary
et al., 2020)
(Xu et al.,
2013)
(Choudhary
etal., 2020)
(Zhao et al.,
2020)
Xuetal.,
2013)

13
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Table 4 Biochar utilization for heavy metal remediation in water and soil. (continued)

Feedstock/pyrolysis  Heavy Condition
Matrix Efficiency Reference
temperature (°c) metals Dosage pH Time
1040 CaClz extractable Cd was decreased by 54.5%— (Bianetal.,
Wheat straw/350-550 Cd 5.36 3y
t/hm? 70.9%, 53.5%—64.8%, and 28.3%—-60.9%. 2014)
CaCl extractable Cd was significantly decreased by (Bian et al.,
Wheat straw/350-550 Cd 2040 5.01 2y
39%—-92%. 2013)
NH4NOs extractable Cd concentrations was reduced (Park et al.,
Green waste/550 Cd 5% - 14d
from 0.95 mg/kg to 0.67 mg/kg. 2011)
Soil NH4NOs extractable Cd concentrations was reduced (Park et al.,
Chicken manure/550 Cd 5% - 14d
from 0.95 mg/kg to 0.11 mg/kg. 2011)
Exchangeable Cd decreased from 8.5% (0.12 mg/kg)
1.5-3 (Nieetal.,
Sugarcane bagasse/450 Cd 5.8 30d  to 5.8% (0.08 mg/kg), 2.9% (0.04 mg/kg) and 2.9%
t/hm? 2018)
(0.04 mg/kg).
The phosphate-extractable Cd was reduced from (Namgay et
Wood/550 Cd 5-15g/kg 6.38 10 w

14

0.28 mg/kg to 0.36 mg/kg, and 0.42 mg/kg. al., 2010)



Water hyacinth/450

Rice straw/450

Wheat straw/450

Wheat straw/350-550

Green waste/550

Chicken manure/550

Sugarcane bagasse/450

Cd

Cd

Cd

Pb

Pb

Pb

Pb

2%—-5%

2%—-5%

1040

t/hm?

1040

t/hm?

5%

5%

1.5-3

t/hm?

7.15

7.15

6.07

5.36

5.8

I m

Il m

14d

14d

30d

15

CaCly extractable Cd was decreased from 1.31 (Yinetal,
mg/kg to 0.35 mg/kg, and 0.31 mg/kg. 2016)

CaCl> extractable Cd was decreased from 1.31 (Yinetal,

mg/kg to 0.81 mg/kg, and 0.49 mg/kg. 2016)
Exchangeable fractions of Cd were significantly
(Cui etal.,
decreased by 11.4%—-44.6%, 19.8%—-22.1%, 17.7%—
2016)

22.1%, and 15.5%—24.2%.

CaCl: extractable Pb was reduced by 16.7%-33.3%, (Bian et al.,
65.0%—79.6%, and 18.1%-59.1%. 2014)
NH4NOs extractable Pb concentrations was reduced (Park et al.,
from 11.3 mg/kg to 7.17 mg/kg. 2011)
NH4NOs extractable Pb concentrations was reduced (Park et al.,
from 11.3 mg/kg to 0.73 mg/kg. 2011)
Exchangeable and carbonate bound fractions

decreased from 21.0% (73.5 mg/kg) to 15.7% (54.9 (Nieetal.,
mg/kg), 14.1% (48.7 mg/kg) and 12.6% (43.9 2018)

mg/kg).



Wheat straw/450

Water hyacinth/450

Rice straw/450

Water hyacinth/450

Rice straw/450

Wood/550

Pine woodchip/450

Olive tree pruning/450

Pb

Pb

Pb

As

As

As

As

As

1040

t/hm?

2%—-5%

2%—-5%

2%—-5%

2%—-5%

6.07

7.15

7.15

7.15

7.15

5-15 g/kg 6.38

3%

3%

6.8

6.8

1m

1m

1m

1m

10w

14d

14d

16

Exchangeable fractions of Pb were significantly

(Cui etal.,
decreased by 14.2%-19.8%, 22.7%—45.5%, 40.8%—
44.7%, and 28.2%—41.3%. 2019)
CaCl> extractable Pb was decreased from 2.81 (Yinetal.,
mg/kg to 0.75 mg/kg, and 0.83 mg/kg. 2016)
CaCl> extractable Pb was decreased from 2.81 (Yinetal.,
mg/kg to 1.59 mg/kg, and 1.09 mg/kg. 2016)
KH2PO4 extractable As was increased from (Yinetal.,
11.20 mg/kg to 11.97 mg/kg, and 12.52 mg/kg. 2016)
KH2PO4 extractable As was increased from (Yinetal.,
11.20 mg/kg to 11.92 mg/kg, and 13.07 mg/kg. 2016)
The phosphate-extractable As was increased from (Namgay et
0.12 mg/kg to 0.24 mg/kg, and 0.22 mg/kg. al., 2010)
No significant difference in ammonium sulphate- (Brennan et

extractable As between control and amended soil.  al., 2014)

Ammonium sulphate-extractable As was increased (Brennan et

by 2 folds. al., 2014)



Willow/350 & 550

Sugarcane bagasse/500

Sugarcane bagasse/550

Poplar wood/550

Bagasse/600

Handwood/600

Willow/700

Green waste/550

Cr

Cr

Cr

Cr

Cu

10-20

5.6
g/kg
15 glkg 7.54
3%—-7% 7.3
3%-7% 7.3

2-10 g/kg 7.54

0.5%-2% 7.9
2.5%—
6.53
10%
5% -

6 m

15d

15d

15d

18 m

14d

17

Compared to control soil, the concentration of water-

(Gregory et
soluble As had increased to the same value, the total
al., 2014)
As was increased by 14,000 mg/ha.
(Bashir et
Availability of Cr in the soil was reduced by 85%.
al., 2018)

Bioavailable concentration of Cr was reduced from (Khan et al.,

23 mg/kg to 17.3 mg/kg, and 12.4 mg/kg. 2020)

Bioavailable concentration of Cr was reduced from (Khan et al.,
23 mg/kg to 22.6 mg/kg, and 19.2 mg/kg. 2020)
Immobilisation efficiency of Cr(VI) and Criwota was (Su et al.,
100% and 91.94%, respectively. 2016)
Residue fractions of Ni was increased from 51% to (Shen et al.,
61%—66%. 2016)
(Bogusz and
Ni content in fractions (exchangeable, water soluble

Oleszczuk,

2018)

and bound to carbonates) decreased by 57—-75%.

NH4NO;3 extractable Cu concentrations was reduced (Park et al.,



207

Sugarcane bagasse/450 Cu

Handwood/600 /n
Rice straw/500 7/n
Holmoakwood/650 /n

1.5-3
5.8
t/hm?

0.5%2% 7.9

0.75-22.5
5.5
t/hm?

2%-4% 6.3

30d

from 0.55 mg/kg to 0.42 mg/kg. 2011)

Two labile fractions (exchangeable and carbonate
(Nie etal.,
bound) decreased from 12.1% (33.9 mg/kg) to 8.7%,
2018)
6.3% and 6.1% (24.1, 17.4 and 16.9 mg/kg).

Residue fractions of Zn was increased from 7% to (Shen et al.,
27%—35%. 2016)
CaClr-extractable =~ Zn  concentrations  were
(Wuetal.,

significantly decreased by 25.0%-83.6% for the

2018)
paddy soil and 46.1%-90.3% for the wheat soil.
Acid-soluble fraction of Zn was reduced from 68%—(Egene et al.,

81% to 65%—74%. 2018)

Note: y, year; m, month; w, week; d, day.
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3.1 Effect of physicochemical properties of biochar on heavy metal remediation

As a pollution remediation agent, biochar’s physicochemical properties (preparation
method, type of raw materials, pyrolysis temperature, cation exchange capacity and
surface charge, etc.) directly affect the removal efficiency of heavy metals (Inyang et al.,
2016; Qi et al., 2024; Qian et al., 2016; Uchimiya et al., 2011; Xiao et al., 2023). Biochar
preparation strongly influences its physicochemical properties and metal remediation
capacity. Pyrolysis temperature, heating rate, residence time and reaction atmosphere
determine aromaticity, surface area, porosity, functional groups, mineral phases and pH
(Mandal et al., 2021). For instance, increasing pyrolysis temperature enhances aromatic
structure and alkalinity but may reduce oxygen-containing groups that are crucial for
complexation with metal cations (Manya, 2012; Xiao et al., 202).

Usman et al. (2016) investigated the removal efficiency of Cd(II) onto different date
palm-derived biochars (BC-300 and BC-700) under pyrolysis temperatures of 300 and
700 °C, respectively, and found that the maximum adsorption capacity of 43.58 mg/g was
observed for BC-700 based on the Langmuir model, which was 1.6 times higher than that
of BC-300 (26.96 mg/g), indicating that pyrolysis temperature was the main factor
determining the adsorption efficiency of different biochars. Uchimiya et al. (2011) studied
the adsorption amounts of Pb, Cd, Ni, and Cd onto different cottonseed hull-based
biochars (CH200, CH350, CH500, CH650, and CH800) under 200, 350, 500, 650, and
800 °C for 4 h, respectively. The results suggested that CH350 was the most effective in
removing heavy metals, the phenomenon was due to the strong electrostatic interactions
between the negatively charged surfaces of biochar and heavy metal ions. Jiang et al.
(2013) prepared different biochars (derived from maize straw, rice straw, and bagasse,

respectively) at 400 °C for 4 h to remove As in the polluted soil. Compared with the raw
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materials, the adsorption amounts of As onto biochars increased significantly, especially
the maize straw and rice straw-derived biochars, which were attributed to their larger
cation exchange capacity.

The biochars derived from different raw material have different removal efficiency
of different heavy metals, and the composition, structure and pyrolysis conditions of the
raw materials directly determine the properties of biochar, thus affecting the removal
efficiency of heavy metal (Park et al., 2011; Sadegh-Zadeh et al., 2017; Usman et al.,
2016; Yeetal., 2025; Yin et al., 2016). Generally, the adsorption amount of heavy metals
increases with the dosage increases to a certain extent and then reached equilibrium as
the dosage continues to increase, mainly because the adsorption sites provided for the
heavy metals are relatively saturated (Cao et al., 2019; Chen et al., 2015). In addition, the
aging phenomenon of biochar is mainly manifested in the oxidation of adding oxygen-
containing functional groups (such as carboxyl and hydroxyl groups, etc.), which causes
an increase in negative charge, enhanced CEC, and improves/affects the removal

efficiency of heavy metal (Kumar et al., 2018; Rechberger et al., 2019; Zhao et al., 2015).

3.2 Effect of environmental factors on heavy metal remediation

Environmental factors (pH, ionic strength, etc.) have varying degrees of influence
on the adsorption of heavy metals onto biochar (Feng et al., 2022; Uchimiya, 2014; Xiao
et al.,, 2023). Luo et al. (2018) investigated the removal efficiencies of Cd(II) in the
different type soils by rape straw and peanut shell-derived biochars. The results showed
that the Cd(IT) removal efficiencies enhanced rapidly with the pH value increased from 2
to 4 and stabilized at pH 5-7, which was related to the fact that an increased pH decreases
the competitiveness of Cd(II) against protons for binding sites, and the precipitation,

hydroxide complexes of Cd(II) formed. Xu et al. (2020) studied the effects of FeCls and
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organic acids on remediation efficiency of Cr(VI) onto biochar, and found that FeCls
reduced the reduction rate of Cr(VI), mainly due to the covering effect between the iron
mineral salts and the iron-biochar composite and the oxidation of biochar by Fe(IIl); while
FeCl3 and organic acid biochar can enhance the reduction rate of Cr(VI), the main reason
is that Fe(IIl) was reducted to Fe(Il) by organic acid, which accelerated electron transfer.
Qian et al. (2019) analyzed the effects of ions on the remediation efficiency of Zn(II) and
Cd(II) onto wheat straw-derived biochar, the results showed that the ions in the acidic
environment weakens the remediation efficiency of heavy metals; while the ions in the
alkaline environment can enhance the remediation efficiency of heavy metals.

As an important environmental factor, pH directly affects the existence speciation of
heavy metal ions and the surface charge of biochar, thereby changing the way of
attraction/repulsion between biochar and heavy metals (Tan et al., 2020; Uchimiya, 2014;
Wang et al., 2018; Xiao et al., 2017; Yan et al., 2024). When the pH value is too low,
there are more H' in the environment to form a strong competition with heavy metal ions,
reducing its adsorption capacity (Luo et al., 2019; Xiao et al., 2017). Under fluctuating
redox or pH conditions, dissolution of metal-biochar complexes or mineral phases may
occur. Acidic conditions enhance proton competition, whereas reducing conditions can
destabilize Fe/Mn oxide-bound metals, potentially causing desorption. Thus, long-term
stability should be evaluated under cyclic redox environments (Luo et al., 2025; Wu, et
al., 2025). On the other hand, ionic strength affects the amount of heavy metal onto
biochar, which is mainly attribute to the coexisting ions occupying the active sites on the
surface of the biochar and forming corresponding competition for heavy metals (Qian et
al.,, 2019; Zhang et al., 2017). Furthermore, temperature mainly affects the

thermodynamic process and adsorption heat capacity of biochar to adsorb heavy metals.

21



280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

Generally, increasing the ambient temperature is beneficial to increase the amount of
heavy metal onto biochar, mainly because the adsorption process is an endothermic

reaction (Inyang et al., 2016; Luo et al., 2019; Xiao et al., 2017).
3.3 Effect of heavy metal properties on heavy metal remediation

The remediation efficiency of heavy metal is influenced by its properties (type of
heavy metal, ionic radius, and charge, etc.) (Li et al., 2023; Qian et al., 2016; Xiao et al.,
2023). Ko et al. (2004) investigated the ability of bone biochar to adsorb Cu(II), Zn(II)
and Cd(II), and the selectivity of metal ions follows the order Cu(Il) > Zn(IT) > Cd(II),
the reversed order of hydrated ionic radii is Cu(Il) (4.19 A) < Cd(II) (4.26 A) < Zn(II)
(4.30 A). This result agrees with other studies (Lee and Moon, 2001; Wan Ngah and
Hanafiah, 2008). Beesley et al. (2011) employed the difference of As, Cd, and Zn from a
multi-element contaminated sediment-derived soil by a column leaching experiment, the
results showed that the capability of biochar to immobilize Cd and Zn assisted a 300- and
45-fold reduction in their leachate concentrations, respectively. While the As
concentration in eluate was not significantly reduced or increased during the leaching test,
which was due to the fact that As was so weakly water-soluble in this soil. Zhao et al.
(2020) indicated that the biochars had greater adsorption capacities for Pb(I) than for
Zn(II), which was due to the former’s higher electronegativity, lower pKu (negative log
of hydrolysis constant), and lower binding energy.

In the adsorption process, the competition between heavy metals is induced
especially at high concentration, this is mainly attributable to differences in chemical
characteristics between the heavy metals (Park et al., 2016). The enhanced remediation
efficiency may be attributed to: (1) greater ionic radius (subsequently smaller hydrated

radius), (2) higher hydrolysis constant, (3) higher atomic weight, and (4) larger
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electronegativity, all of which provide the heavy metal with improved efficacy for inner
sphere surface complexation or sorption reactions (Ko et al., 2004; Lee and Moon, 2001;
Park et al., 2016; Wan Ngah and Hanafiah, 2008).

Overall, in aquatic environments, the adsorption capacities of biochars toward heavy
metals vary substantially across feedstocks and pyrolysis temperatures (Usman et al.,
2016; Sadegh-Zadeh et al., 2017). For instance, the Cd adsorption capacity of date-palm
biochar increases from 26.96 mg g at 300 °C to 43.58 mg g ' at 700 °C (Usman et al.,
2016), while Pb adsorption rises dramatically from 4.13 mg g for pine-wood biochar
pyrolyzed at 400 °C to 257.12 mg g* at 600 °C (Mohan et al., 2007; Yang et al., 2014).
Likewise, Ni exhibits the highest overall sorption capacity among the evaluated metals,
with high-temperature biochars achieving adsorption capacities exceeding 1900 mg g!
(Lyu et al., 2018). These trends are primarily attributed to the enlarged specific surface
area, increased mineral crystallinity, and enhanced aromaticity of biochars at elevated
pyrolysis temperatures, which favor metal retention through mineral precipitation and
surface complexation (Wang et al., 2024). However, the adsorption behaviors of anionic
species such as As and Cr(VI) are more complex; their sorption efficiencies are generally
lower and strongly influenced by solution pH (Chen et al., 2015; Ding et al., 2018; Niazi
etal., 2018).

In soil systems, biochar functions predominantly by altering the speciation and
distribution of heavy metals, thereby reducing their bioavailability and mobility (Nie et
al., 2018; Khan et al., 2020). Numerous studies have shown that biochar application
significantly decreases the exchangeable or weakly bound fractions of Cd, Pb, Cu, and
Zn (e.g., CaClz-extractable or NH4NOs-extractable fractions). For example, wheat-straw

biochars (350-550 °C) reduce CaClz-extractable Cd by 28.3—70.9% over a three-year
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period (Bian et al., 2014). Similarly, poultry-manure biochar produced at 550 °C can
markedly decrease NH4NOs-extractable Pb from 11.3 mg kg™ to 0.73 mg kg™ (Park et
al., 2011). Notably, for As, some studies have reported increased or unchanged
bioavailable concentrations following biochar addition, likely due to competitive
interactions between arsenate/arsenite and phosphate-like functional groups on biochar
surfaces, as well as elevated soil pH enhancing As solubility (Brennan et al., 2014; Yin et
al., 2016).

Importantly, the mechanisms governing remediation differ fundamentally between
aquatic and soil environments. In water, the process is dominated by rapid liquid—solid
interfacial adsorption kinetics, controlled mainly by diffusion and the competition
between H* and other cations (Park et al., 2016; Yoon et al., 2017). In contrast, soil
remediation involves complex multiphase interfacial processes that integrate interactions
among soil minerals, organic matter, plant roots, and microorganisms (Bashir et al., 2018;
Xiao et al., 2023). Therefore, the remediation performance of biochar is not dictated by
single variables such as pyrolysis temperature, metal speciation, or environmental pH,
but rather by the interplay among pollutant chemical characteristics, biochar structural
evolution during pyrolysis, and environmental application contexts (Suliman et al., 2016;

Xiao et al., 2023; Zhao et al., 2015).

4. Main mechanism of heavy metal remediation by biochar

The physical properties of biochar, including pore structure, specific surface area,
cation exchange capacity (CEC), and mineral content, directly influence adsorption and
ion-exchange processes. Macropores facilitate metal diffusion, while micropores enhance
surface interactions. CEC drives ion exchange between biochar-bound cations and target

metals. Mineral components (e.g., carbonates, phosphates, Fe/Mn oxides) promote
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352  precipitation or complexation. Environmental conditions such as pH and ionic strength
353 modulate these pathways. It is essential to reveal the remediation mechanism for
354  exploring the role of biochar in removing heavy metals in water and soil. According to
355 the interaction forces between the adsorbent and adsorbate, the remediation mechanism
356 can be divided into physical adsorption, ion exchange, precipitation and complexation
357  (shown in Fig. 3) (Chakma et al., 2025; Demirbas, 2008; Inyang et al., 2016; Li et al.,
358  2023; Robalds et al., 2016). As mentioned above, the differences exist between the
359  feedstock, environment, and heavy metal, therefore the remediation mechanism is

360 required and compared shown is Table 5.

i
:Effect factor | Complexation

| Raw material ! !°

B | Pyrolysis :

e |temperature\;—'
|

I

I
IpH A
ITonic strength :
I

I Tonic radius : Physical
N adsorption

361 A
362 Fig. 3 The remediation mechanism of heavy metals by biochar (M, heavy metal).
363 Table 5 Mechanism of heavy metals remediation by biochar.
Feedstock/pyrolysis ~ Heavy
Matrix Main mechanism Reference
temperature (°C) metal
(Usman et
Date palm/700 CddI) Precipitation
al., 2016)
(Usman et
Water Date palm/300 Cddn) Ion exchange, complexation
al., 2016)
(Sadegh-
Empty fruit bunch/600 Cd(II) Complexation
Zadeh et al.,

25



2017)

(Sadegh-
Rice husk/600 Cd(r) Complexation Zadeh et al.,
2017)
Ion exchange, complexation, (Zhang et
Water hyacinth/450  Cd(II)
precipitation al., 2015)
(Luoetal.,
Corncob/550 Cd(Ir) Ion exchange, complexation
2018)
(Mohan et
Pine wood/400 Pb(II) Ion exchange
al., 2007)
(Caoetal.,
Wheat straw/600 Pb(II) Precipitation, cation exchange
2019)
(Caoetal.,
Dairy manure/200 Pb(II) Precipitation
2009)
Alternanthera (Yangetal.,
Pb(II) Precipitation, complexation
philoxeroides/600 2014)
Ion exchange, complexation, (Liuetal.,
Corn stalk/450 Pb(1I)
precipitation 2019)
(Ding et al.,
Tetra Pak/600 As(I1T) Complexation, precipitation
2018)
(Ding et al.,
Tetra Pak/600 As(V) Complexation
2018)
Complexation, precipitation, (Niazi et al.,
Japanese oak wood/500 As(III)
electrostatic interaction 2018)
Complexation, precipitation, (Niazi et al.,
Japanese oak wood/500 As(V)
electrostatic interaction 2018)
(Karim et
Banana peduncle/300 Cr(VI) Reduction, complexation
al., 2015)
(Zhu et al.,
Wheat straw/500 Cr(VI) Electrostatic interaction, reduction )
2016
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Sewage sludge/900

Sewage sludge/300

Sewage sludge/300

(Chenetal.,
2015)
(Agrafioti et
Cr(VI) Electrostatic interaction, precipitation
al., 2014)

(Agrafioti et
Cr(Ill) Electrostatic interaction, precipitation

Cr(III) Precipitation, cation exchange

al., 2014)
Cation-m interaction, electrostatic ~ (Lyu et al.,
Sugarcane bagasse/600 Ni(II)
interaction, complexation 2018)
Opuntia ficus-indica Cation exchange, complexation,  (Choudhary
Ni(II)
cactus/600 electrostatic interaction etal., 2020)
Precipitation, cation-w interaction,  (Xu et al.,
Dairy manure/350  Cu(Il)
complexation 2013)
Opuntia ficus-indica ) Cation exchange, complexation,  (Choudhary
Cu(ll
cactus/600 electrostatic interaction et al., 2020)
Electrostatic interaction, cation (Zhao et al.,
Rice straw/550 Zn(II)
exchange, complexation 2020)
Precipitation, cation-w interaction,  (Xu et al.,
Dairy manure/350  Zn(II)
complexation 2013)
Precipitation, cation exchange, (Bian et al.,
Wheat straw/350-550  Cd
complexation 2014)
(Bian et al.,
Wheat straw/350-550  Cd Precipitation
2013)
(Park et al.,
Green waste/550 Cd Precipitation, complexation
2011)
Soil
‘ (Park et al.,
Chicken manure/550 Cd Precipitation, complexation
2011)
(Nie etal.,
Sugarcane bagasse/450 Cd Complexation
2018)
(Namgay et
Wood/550 Cd Complexation
al., 2010)
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Water hyacinth/450

Rice straw/450

Wheat straw/450

Wheat straw/350-550

Green waste/550

Chicken manure/550

Sugarcane bagasse/450

Water hyacinth/450

Rice straw/450

Wheat straw/450

Wood/550

Water hyacinth/450

Rice straw/450

Willow/350 & 550

Sugarcane bagasse/500

Cd

Cd

Cd

Pb

Pb

Pb

Pb

Pb

Pb

Pb

As

As

As

As

Cr

Complexation, precipitation, cation
exchange
Complexation, precipitation, cation

exchange
Precipitation, complexation

Precipitation, cation exchange,

complexation

Precipitation, complexation

Precipitation, complexation

Precipitation

Precipitation, complexation

Precipitation, complexation

Precipitation, complexation

Complexation

Complexation, precipitation

Complexation, precipitation

Precipitation

Precipitation

28

(Yinetal.,
2016)
(Yinetal.,
2016)
(Cui et al.,
2016)
(Bianetal.,
2014)
(Park et al.,
2011)
(Park et al.,
2011)
(Nie etal.,
2018)
(Yinetal.,
2016)
(Yinetal.,
2016)
(Cui etal.,
2016)
(Namgay et
al., 2010)
(Yinetal.,
2016)
(Yinetal.,
2016)
(Gregory et
al., 2014)
(Bashir et
al., 2018)
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365

366

367

368

369

370

(Khan et al.,

Sugarcane bagasse/550  Cr Precipitation
2020)
(Khan et al.,
Poplar wood/550 Cr Precipitation
2020)
(Suetal.,
Bagasse/600 Cr Precipitation
2016)
(Shen et al.,
Handwood/600 Ni Complexation, precipitation )
2016

(Bogusz and
Precipitation, electrostatic interaction,
Willow/700 Ni Oleszczuk,
ion exchange, complexation

2018)
(Park et al.,
Green waste/550 Cu Precipitation, complexation
2011)
(Nie etal.,
Sugarcane bagasse/450 Cu Complexation
2018)
(Shen et al.,
Handwood/600 Zn Complexation, precipitation
2016)
(Wu et al.,
Rice straw/500 Zn Complexation, precipitation
2018)
(Egene et
Holmoakwood/650 Zn Precipitation, complexation
al., 2018)
4.1 Physical adsorption

The physical adsorption is electrostatic attraction or van der Waals force, and the
adsorption is relatively weak (Rahim and Kassim, 2008; Xiao et al., 2025). Physical
adsorption is mainly related to the specific surface area and porosity of the adsorbent
(Elaigwu et al., 2014). Zeta potential analysis determines the surface charge of biochar
under relevant pH conditions, clarifying its ability to attract or repel metal ions through

electrostatic interactions (Choudhary et al., 2020). Brunauer—-Emmett—Teller (BET)
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394

analysis provides information on specific surface area, pore size distribution, and
structural morphology, demonstrating their positive correlation with heavy-metal uptake
and highlighting the contribution of physical adsorption. While Cao et al. (2018) found
the specific surface areas and pore volumes, were not vital parameters for determining
the adsorption capacity of Pb(I) onto wheat straw samples, the reason was that the
influence of physical adsorption on Pb(II) adsorption amount was negligible. Also, Hi
gashikawa et al. (2016) showed the removal efficiencies of Ni by sawdust-derived
biochars under 350 °C (CM350) and 650 °C (CM650) were 8.45 and 10.94 mg/g,
respectively, which may be due to the greater surface area and better development of the
microstructures at higher temperatures. Therefore, the increased specific surface area and
porosity could contribute to the adsorption of heavy metal when the physical adsorption

occupies a certain proportion in the adsorption mechanism.
4.2 Ion exchange

Ion exchange is mainly combined with the adsorbent through the exchange of cations
(Na*, Mg?*, K, and Ca?", etc.) and heavy metal ions (Ahmad et al., 2014; Ahmad et al.,
2018; Bian et al., 2014; Cao et al., 2018; Ma et al., 2025). Inductively coupled plasma
(ICP) analysis detects changes in solution-phase concentrations of alkali and alkaline
earth metal cations (K*, Ca*, Mg*, Na") before and after adsorption, providing
quantitative evidence for cation exchange. Scanning electron microscopy coupled with
energy-dispersive X-ray spectroscopy (SEM—EDS) is employed to visualize the spatial
distribution of these exchangeable cations and their association with heavy metals at the
microscale (Niazi et al., 2018). Lu et al. (2012) studied the adsorption mechanism of Pb(II)
onto sludge-based biochar, the results showed that ion exchange accounted for the main

contribution (45.6% -60.2%), of which Ca*" and Mg?* play an important role instead of
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K" and Na". While Wang and Liu (2017) investigated the capacities of biochars to remove
the heavy metals (Cu, Pb, Cd, and Zn), and K" played an important role in ion exchange
with heavy metals. Through ion exchange, heavy metal ions can form complexes with
organic functional groups (e.g. -COO", -O") by covalent bond (Bian et al., 2014; Liu et al.,

2019; Luo et al., 2018; Park et al., 2011; Usman et al., 2016).
4.3 Precipitation

Precipitation is the combination of heavy metal ions and anions (OH", CO3*, PO4*,
SO4%, and SiO4*, etc.) in the adsorbent to form precipitated salts (Ahmad et al., 2014;
Ma et al., 2025; Wang et al., 2015; Xu et al., 2017). X-ray diffraction (XRD) reveals
newly formed crystalline mineral phases by identifying characteristic diffraction peaks
corresponding to heavy-metal precipitates (Cao et al., 2019). SEM—EDS complements
XRD by mapping microregions enriched in heavy metals and demonstrating their co-
localization with elements such as C and Ca, supporting the occurrence of mineral
precipitation (Cao et al., 2019). Zhang et al. (2017) analyzed removal efficiencies of Pb(II)
onto celery-derived biochars under 350 and 500 °C, respectively. The results showed that
the precipitation contributed the most of adsorption mechanism, mainly in the form of
hydrocerussite (2PbCO3-Pb(OH)2) and hydro-pyromophite (Pbs(PO4);OH). Chen et al.
(2017) studied the precipitation mechanism of Pb onto wheat straw-derived biochar by
water-washing, and the contribution rate of anions (SO4*, CO3*, SiO3* and PO4+*)
followed the order: SO4* > CO3* > Si03* > PO4*. Bian et al. (2014) pointed out that
precipitates (Pbs(PO4)30H and Cd(OH)2) were formed on the surface of biochar, which
was due to present of phosphate and hydroxide ions. Thus, the precipitation is directly
related to the cations or anions content, and is dominated by the mineral content (Cao et

al., 2019; Xu et al., 2017).
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4.4 Complexation

Complexation mainly means the functional group on the surface of the adsorbent
and heavy metal ions to share the electronic equivalent to form complexes (He et al., 2025;
Wang et al., 2018; Zhang et al., 2017). Fourier-transform infrared spectroscopy (FTIR)
verifies the participation of oxygen-containing functional groups—such as C=0 and O—
H—in metal coordination through characteristic peak shifts (Cao et al., 2019). X-ray
photoelectron spectroscopy (XPS) provides electronic-level evidence by revealing
changes in the O 1s high-resolution spectra (e.g., transformation of C=0 to C-O-M
structures) and the emergence or binding-energy shifts of metal-specific peaks (e.g., Pb
4f) (Xiao et al., 2025). Extended X-ray absorption fine structure (EXAFS) further
confirms the formation of inner-sphere complexes by identifying atomic species (e.g.,
Pb—0), coordination numbers, and first-shell bond lengths (Lin et al., 2025). Uchimiya et
al. (2011) revealed that the stabilization ability of heavy metals (especially Pb and Cu) by
biochars directly correlated with their high containing oxygen functional groups, which
could be investigated in detail by the method of Fourier-transform infrared spectroscopy
(Song et al., 2014; Yuan et al., 2011). Yin et al. (2016) investigated that the varying effect
of biochar on Cd, Pb and As mobility in a multi-metal contaminated paddy soil, the results
revealed that the acidic functional groups and the hydroxylated surface of Fe/Mn oxides
could contribute to Cd immobilization by providing more complexing sites. Wu et al.
(2018) explored that the presence of biochar increased the proportion of Zn-organic
material in soils, which was mainly due to the fact that organic material could form
complexes with heavy metal, and surface oxygenated functional groups such as -OH and
-COOH could provide the binding sites. The O, N, and S, etc. in the functional groups (-

COOH, -OH, -NH, and —SH, etc.) can be used as coordinating atoms to provide electron
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pair coordination with heavy metals (Qambrani et al., 2017; Rajapaksha et al., 2016).

The mechanistic evidence summarized in Table 5 supports the trends identified in
Table 4 and further explains the variability observed across studies. At lower pyrolysis
temperatures (<500 °C, particularly 300-450 °C), biochars retain abundant oxygen-
containing functional groups (e.g., -COOH, —OH), relatively high cation exchange
capacity (CEC), and a degree of amorphous carbon structure. Under these conditions, ion
exchange and surface complexation serve as the dominant mechanisms governing the
immobilization of cationic metals such as Cd and Cu (Choudhary et al., 2020; Usman et
al., 2016; Yin et al., 2016). For example, Cd(II) adsorption by water-hyacinth biochar
produced at 450 °C (70.3 mg g') involves multiple mechanisms including ion exchange,
complexation, and precipitation (Zhang et al., 2015).

In contrast, high-temperature biochars (>500 °C, especially >600 °C) exhibit
markedly increased aromaticity, specific surface area, porosity, and surface alkalinity.
These structural characteristics enhance precipitation, complexation, and physical
adsorption interactions with heavy metals (Choudhary et al., 2020; Usman et al., 2016).
For certain metals such as Ni and Cu, cation—r interactions also become significant, which
refers to the electrostatic interaction between heavy metal cations and electron rich ©
clouds on aromatic rings in the graphitized region of biochar (Lyu et al., 2018). For
instance, biochar produced from Alternanthera philoxeroides at 600 °C demonstrates a
Pb(IT) adsorption capacity of 257.12 mg g!, primarily driven by precipitation and
complexation mechanisms (Yang et al., 2014). Notably, phosphorus-rich biochars (e.g.,
those derived from animal manure) tend to promote phosphate precipitation, whereas
Ca/Mg-rich biochars (e.g., those produced from crop residues) facilitate carbonate

precipitation (Cao et al., 2019; Xu et al., 2013).
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Overall, cationic metals are mainly immobilized through ion exchange, electrostatic
attraction, and mineral precipitation—processes favored by the high pH and mineral-rich
surfaces produced at elevated pyrolysis temperatures (Yin et al., 2016; Bian et al., 2014).
In contrast, oxyanion species rely predominantly on ligand exchange and surface
complexation. These pathways diminish at higher temperatures as oxygen-containing
functional groups volatilize (Gregory et al., 2014; Bashir et al., 2018; Khan et al., 2020).
In summary, heavy-metal immobilization by biochar is governed by distinct dominant
mechanisms in different environmental systems, yet ultimately results from the
synergistic contributions of multiple interacting processes (Lin et al., 2025; Ma et al.,

2025).

5. Challenge

Short-term adsorption performance of biochar in field environments is consistently
lower than laboratory estimates. This discrepancy arises from competitive interactions
with coexisting ions, the presence of natural organic matter, and temporally variable redox
and pH conditions, which limit the effective availability of active sorption sites and
reduce the metal-binding efficiency observed under idealized laboratory conditions (Lin
et al., 2025; Ma et al., 2025).

Furthermore, Biochar exhibits declining regeneration efficiency during repeated
adsorption—desorption cycles, this decrease is primarily associated with pore clogging,
mineral precipitation, and the loss or transformation of surface functional groups (Guo et
al., 2025; Chakma et al., 2025). Such structural and chemical degradation reduces the
long-term stability of active sites and complicates efforts to maintain performance in
dynamic environmental settings.

Biochar aging presents a major challenge to sustained heavy metal remediation
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performance. Abiotic oxidation, biotic weathering, wet—dry and freeze—thaw cycles, and
photo-oxidation collectively alter surface chemistry, pore architecture, and mineral
composition (Kumar et al., 2018; Long et al., 2024). Although aging can increase oxygen-
containing functional groups, enhancing complexation for some metals, it may also
induce physical degradation, pore collapse, and blockage (Kumar et al., 2018; Ma et al.,
2025). Therefore, aging effects are context-dependent; we recommend standardized aging
tests and multi-cycle regeneration studies to assess long-term stability.

In addition, scaling up biochar applications faces significant constraints related to
feedstock variability, technological bottlenecks, and economic constraints (Aziz, 2024).
Additional concerns arise from the potential release of polycyclic aromatic hydrocarbons
(PAHs), heavy metals, nanoparticles, and soluble organic fractions, particularly when
biochar is derived from contaminated or inadequately pyrolyzed feedstocks, posing
ecological risks, including adverse effects on soil biota and water quality (Guo et al., 2024;

Long et al., 2024).

6. Conclusion and Prospects

This review synthesizes current knowledge on biochar properties, influencing
factors and remediation mechanisms for heavy metals in aquatic and terrestrial
environments. The key conclusions are as follows: (1) The remediation performance of
biochar is highly dependent on feedstock type, pyrolysis parameters, and environment
conditions; (2) Complexation, ion exchange and mineral precipitation often co-occur and
their relative importance is system-specific; (3) Aging, redox/pH dynamics and natural
organic matter critically modulate stability and must be systematically tested.

Overall, Biochar has a great potential for application in the heavy metal remediation.

At present, the existing research has focused on the improvement of heavy metal
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remediation, its influence factors and related mechanism, etc. However, the aging of
biochar, its component release, and the effects of complex environment systems during
heavy metal remediation are very limited. Considering the application of biochar, it is
very important to evaluate its stability, repeatability and reproducibility (Awual et al.,
2013; Aziz, 2024; Huang et al., 2017; Xu et al., 2018). The water-soluble components in
biochar are rich in carboxylic acid, humic acid, soluble mineral ions, and nanoparticles,
posing potential environmental risks, thus the relevant studies on pretreatment method is
necessary to minimize the negative impacts (Feng et al., 2022; Ghidotti et al., 2017; Guo
etal., 2024; Smith et al., 2016). At the same time, most of the experiments on heavy metal
remediation by biochar are performed in laboratory, but there is still lack of data for
natural conditions. Thus, the long-term monitoring research on heavy metal remediation
by biochar in the water and soil needs to be improved.

Future development directions focus on: (1) Adopt standardized reporting (feedstock,
pyrolysis conditions, full characterization, and experimental matrices); (2) Employ
spectroscopic/microscopic methods to link mechanisms to evidence; (3) Implement
standardized aging tests and multi-cycle regeneration studies to assess long-term stability;
(4) Perform pilot field trials with safety evaluation (soluble organics, PAHs and heavy
metal in nanoparticles) and life-cycle economic assessment before scale-up. These
targeted steps will accelerate safe, effective deployment of biochar for heavy-metal

remediation.
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Highlights

o Biochar is widely used to the remediation of heavy metal in water and soil.

. Physicochemical properties and regularity of biochar are elaborated.

o Main factors affecting on the remediation of heavy metal by biochar are explored.
. Differences exist in the mechanisms of heavy metals remediation by biochar.

. The challenges and future studies on the application of biochar are prospected.
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