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Abstract 

Emerging contaminants (ECs) pose a growing threat to the agricultural ecosystems and human health. Biochar (BC) 
may be applied for the remediation of ECs in soils and water. There are some research papers that have been pub-
lished about the potentiality of BC for the remediation of ECs in soils and water; however, there have been no critical 
and comprehensive review articles published on this topic up to now. Therefore, this review explores the application 
of pristine and modified BC for the remediation of various emerging inorganic contaminants (EICs), including vana-
dium (V), antimony (Sb), thallium (Tl), mercury (Hg), fluoride (F−), and rare earth elements (REEs) in soils and water. 
The review explores the specific mechanisms by which BC removes these EICs from water and soil. The roles of ion 
exchange, complexation, electrostatic interactions, and precipitation in the removal of these EICs from water by pris-
tine and functionalized BC have been reviewed and discussed. Particular attention is also paid to the interaction 
and potential immobilization of those EICs in soils with pristine and functionalized BC, highlighting some applicable 
strategies for treating EIC-contaminated soils, particularly paddy soils, aiming to mitigate the associated ecological 
and human health risks. Finally, the potential environmental implications and further research on the applications 
of pristine and functionalized BC for remediation of EICs in water and soils have been summarized. This article pro-
vides a comprehensive overview on the potential applications of different pristine and engineered BCs for the sustain-
able remediation of EICs contaminated soils and water.

Highlights 

•	 Remediation of emerging inorganic contaminates (EICs) in  soil and water using pristine and modified biochar 
(BC) is reviewed

•	 Functionalized BC immobilize EICs via ion exchange, complexation, electrostatic interactions, and precipitation
•	 EICs immobilization using the pristine and modified BC is complex and highly element- and redox-specific
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1  Introduction
Emerging contaminants (ECs) are a new category of 
compounds, whose effects are yet to be fully understood, 
although known to pose a potential risk to the environ-
ment (Kumar et  al. 2022). Industrial, agricultural, and 
domestic activities, all contribute significantly in gen-
erating vast amounts of wastewater. Wastewater often 
contains a complex mixture of chemicals and biological 
contaminants and these recently identified pollutants, 
some of which may be highly toxic (Nidheesh et al. 2022; 
Surana et  al. 2022; Mosaffa et  al. 2024a, b). Especially 
ECs may adversely affect soil and water resources (Yadav 
et  al., 2021). These contaminants encompass a diverse 

range of organic and inorganic compounds (Kumar et al. 
2022; Surana et al. 2022; Mosaffa et al. 2024a, b). Unlike 
routinely monitored pollutants, inorganic ECs can poten-
tially enter the environment and cause ecological and 
human health problems, some of which are known while 
some are suspected (Rajput et al. 2024).

Contaminants of emerging concern include com-
pounds that  are not regulated under current environ-
mental laws and have not yet been sufficiently studied 
although they may cause ecological and human health 
risks. Among the ECs in soils and water, vanadium 
(V), antimony (Sb), thallium (TI), mercury (Hg), fluo-
ride (F−), and rare earth elements (REEs) could be 
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considered as emerging inorganic contaminants (EICs) 
because these elements have not yet been sufficiently 
studied, cause ecological and human health risks, and 
some of them are not regulated currently by environ-
mental laws (Nidheesh et  al. 2022). These EICs enter 
the environment through various natural and human-
induced pathways. The presence of V, Sb, TI, and Hg 
primarily stems from rock weathering and soil runoff, 
but anthropogenic sources like mining, metal process-
ing, and fossil fuel combustion significantly contrib-
ute to their enrichment in water and soil (Bolan et  al. 
2022a; Protano and Nannoni 2018; Shaheen et al. 2024). 
Ion F−, while naturally occurring in rocks, can also be 
released into the environment by fossil fuel burning and 
runoff from various industries such as fertilizers, pesti-
cides, and cosmetics (Fuge 2019). Similarly, the release 
of REEs originates from natural processes like rock 
weathering and soil runoff, but anthropogenic sources 
such as waste from medical facilities, mining, and vari-
ous industries significantly impact their environmen-
tal presence (Sager and Wiche 2024; Fuge 2019). The 
impact of these ECs on the environment and human 
health constitutes a growing concern. Releasing such 
ECs into the environment and their bioaccumulation 
by plants, animals, microorganisms, and human could 
cause a series of biotoxicity problems and thus pose 
severe health hazards to humans. For example, ECs 
toxicity could affect or damage the functions of kidney, 
liver, lungs, and brain, as well as the blood composi-
tion and other important organs (Jaishankar et al. 2014; 
Antoniadis et al., 2023; Shaheen et al. 2024). Therefore, 
many recent studies are highlighting the need for a sus-
tainable management of ECs contaminated soils and 
water aiming to mitigate their potential human health 
risks.

A range of physical, biological, chemical, and hybrid 
treatment technologies are being explored by scientists to 
effectively remove ECs from water and soil (Ahmed et al. 
2021; Akhgari et  al. 2023; Nabavi et  al. 2023). Adsorp-
tion is a cost-effective and technically efficient method 
for removing ECs. As compared to other methods for the 
removal of ECs from water/soil, adsorption has some 
advantages and superiority, such as restricted byprod-
uct formation, regeneration capability, low energy con-
sumption, and ecological sustainability (Mahmood et al. 
2022). It involves attracting and retaining ECs onto the 
surface of various sorbent materials including pristine 
and modified biochars (Bolan et al. 2022b; Mosaffa et al. 
2023a; Deng et  al. 2024; Mosaffa et  al. 2024a, b). While 
traditional methods like physical remediation, excava-
tion, incineration, and chemical treatment can quickly 
isolate hazardous contamination, they are often less effi-
cient with complex EICs like V, Sb, TI, Hg, F, and REEs 

(Deng et al. 2024). Further, these approaches are expen-
sive, unsustainable, and generate secondary environmen-
tal issues (Dhiman et al. 2023; Mahmood et al. 2022).

Biochar offers a more environmentally friendly alterna-
tive approach for improving soil health and the remedia-
tion of contaminants in soils (Zama et al. 2018; Shaheen 
et al. 2022a; 2023; Bolan et al. 2022b; Liu et al. 2023a, b, c, 
d, e). Its high surface area and porous structure effectively 
remove contaminants from soil and water. Moreover, the 
feedstock source and its content of cellulose, hemicel-
lulose, lignin, metallic elements, and salts can also have 
an impact. Other important factors may be the ratios of 
carbon, nitrogen, hydrogen, and oxygen, and the pres-
ence of oxygen-rich functional groups. All these graphitic 
structure characteristics contribute to the BC ability to 
interact with these contaminants (Liang et  al. 2021a, b; 
Mosaffa et  al. 2023b; Shaheen et  al. 2019a; Zhang et  al. 
2024). However, the applications of pristine BC for the 
effective removal of ECs from water/soil have some 
limitations related to (1) its limited range of functional 
groups, (2) the low adsorption capacity for many contam-
inants when present in high concentration, and (3) the 
presence of predominantly oxygen-containing functional 
groups, which lead to a negative surface charge resulting 
in low retention efficiency for anionic compounds (Zhang 
et al. 2022a). These limitations restrict the ability of pris-
tine BC to interact with a diverse range of pollutants, 
particularly with metal anions (Shaheen et  al. 2022b,c; 
Majumder et  al. 2023; Deng et  al. 2024). Therefore, to 
address these limitations, modification can be made in 
pristine BC to improve its low sorption and immobili-
zation for pollutants in soils and water (Fang et al. 2024; 
Shaheen et al., 2022b, 2022c; Zhang et al. 2024). Tailor-
ing engineered BC to target specific contaminants allows 
for a more effective solution for complex inorganic pol-
lutants (Ullah et al. 2023). This BC-based approach aligns 
with the UN Sustainable Development Goals, being a 
promising solution for tackling the challenges posed by 
inorganic ECs (Lee and Park 2020; Liang et al. 2021a, b; 
Shaheen et al. 2022a).

There are some research efforts concerning the poten-
tial applications of pristine and engineered BC for the 
remediation of EICs in soils and water (e.g., Dong et al. 
2023; Majumder et al. 2023; Deng et al. 2024; Rajput et al. 
2024; Yang et al. 2025); however, there has been no any 
comprehensive review article published on this topic up 
to now. Therefore, the aims of this article are to review, 
discuss, summarize, and provide insights based on the 
current state of knowledge on the potential use of dif-
ferent pristine and modified BCs for the remediation of 
various EICs, including V, Sb, TI, Hg, F, and REEs in soils 
and water. The factors (e.g., redox and pH) and mecha-
nisms (e.g., ion exchange, complexation, electrostatic 
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interactions, and precipitation) that  govern the adsorp-
tion/immobilization of each studied EICs by pristine and 
modified BCs have also been reviewed and discussed. 
Furthermore, the environmental implications and the 
future needs for the application of pristine and func-
tionalized BCs for the remediation of EIC-contaminated 
soils and water have been discussed and summarized in 
this article. Overall, this article aims to provide a com-
prehensive overview about, and valuable insights into, 
the potential use of pristine and functionalized BCs as 
a sustainable and effective solution for the remediation 
of EIC-contaminated soils and water and the mitigation 
of their threats and the human health risks.

2 � Biochar for the remediation of vanadium 
contaminated soils and water

Vanadium is a toxic heavy metal with increasing preva-
lence in the environment due to pedogenic and anthropo-
genic processes (Shaheen et al. 2019b; Zhang et al. 2019a, 
b). Elevated concentrations of V are frequently observed 
in soil and aquatic systems (Shaheen et al. 2019b), impos-
ing severe consequences to ecosystems and human 
health. Details about the potential human health risk of V 
are reported in Antoniadis et al. (2023) and Shaheen et al. 
(2024). V is a redox-sensitive metal and occurs in three 
valency states, + III, + IV, and + V (Shaheen et al. 2019b). 
Among these species, the most labile is the pentavalent, 
whereas the tetravalent is less mobile, forming precipi-
tates with (hydr)oxide phases or organic complexes (He 
et  al. 2023; Fei et  al. 2023). Details about V speciation, 
mobilization, and potential precipitation as affected by 
redox and pH changes are reported in Shaheen et  al. 
(2019b). Many research efforts have demonstrated the 
effective V remediation in soil and water using natural or 
engineered materials (Gao et  al. 2017; Wisawapipat and 
Kretzschmar 2017; Vessey and Lindsay  2020; Abernathy 
et  al. 2022; Wołowicz and Hubicki 2022), among which 
BC receives growing interest for alleviating the adverse 
environmental V impact.

The performance of BC in soil V immobilization 
has been examined in recent studies (e.g., Teng et  al. 
2024). Also the effectiveness of using BC for V adsorp-
tion in polluted water has been systematically evalu-
ated. Various agricultural byproducts, including peanut 
shell, wheat straw, shrub, corncob, and corn straw, have 
been selected as BC feedstock (Table 1). Figure 1 show-
cases the advancements made in BC research for treat-
ing V contamination. In a work by Yu et  al. (2020), BC 
derived from agricultural byproducts was added in a soil 
spiked with up to 1000 mg kg-1 V (Table 1). As a result, 
BC obtained from rice straw (pyrolyzed at 650 ℃) dem-
onstrated superior performance, with up to 225.6 mg kg-1 
bioavailable V immobilized in the treatment of 3% 

application. Meanwhile, the wood feedstock pre-pyro-
lyzed at 250 ℃ (LWB) and pyrolyzed at 500 ℃ (HWB) 
was mixed with a soil spiked with 3750 mg kg-1 V; it was 
found that LWB reduced the water soluble V by 46% and 
bioavailable V by 32%, while the HWB increased the 
solubility and bioavailability of V, as compared to the 
untreated soil (El-Naggar et al. 2021). Physical characteri-
zation suggested that even though lower surface area was 
obtained, the lower pyrolysis temperature led to greater 
abundance of oxygen-containing functional groups and 
higher hydrophilicity. Their conclusion was agreed by 
Aihemaiti et  al. (2022), who found that a BC modified 
with ferrous sulfate to increase the oxygen-containing 
functional groups achieved increased removal of both 
water-soluble V (a 39.9-fold increase) and bioavailable 
V (a 3.7-fold increase) in soil. Surface modification also 
optimized soil pH, thereby promoting V adsorption via 
electrostatic attraction (Zhong et al. 2019). 

Such achievements are not always attained. In some 
other works, the removal efficiency of V by BC was found 
to be less than promising, attaining 8–30% (Meng et  al. 
2018; Fan et  al. 2020). Ghanim et  al. (2020) added red 
mud with saw dust BC to boost V sorption and found 
that V removal had a 11-fold increase to 16.5  mg  g−1, 
while the performance was further enhanced in acidic 
pH values (pH 4). Similarly, engineered nanoscale zero 
valent iron was combined with corncob BC (Fan et  al. 
2020), and this led to a retention capacity of 48.5 mg g−1, 
attaining 99% V removal. In addition to surface adsorp-
tion, modification also facilitated the co-precipitation of 
Fe with V to form Fe-V complexes, a process that further 
reduced pentavalent V with the concurrent oxidation of 
Fe(0). Another study implemented a Zn-modified BC in 
a permeable passive wall installed for a pilot-scale study 
and was found to achieve 100% V removal from a con-
taminated groundwater aquifer (Meng et al. 2018).

Rainfall events can induce leaching of V from soil, a 
major risk for groundwater. To decrease such risk, BC 
derived from rice straw was used and found to have 
decreased the bioavailable V from 129.6  mg  kg-1 to 
76.1 mg kg-1, and V in leachate under an acid rain event 
(Yu et  al. 2022). Other works have reported the oppo-
site effect: El-Naggar et al. (2021) reported an increased 
leachable V content by up to 221%. The labile and leacha-
ble fraction of V which can be immobilized by biotic pro-
cesses was reported to be its pentavalent species (Wang 
et al. 2017).

Studies showed that plants can take up soil V through 
their root systems and translocate it into aboveground 
shoots (Chen et al. 2021). El-Naggar et  al. (2021) tested 
corn and sorghum in a BC-added soil and found that the 
labile soil V decreased, while V uptake was 1933 mg kg−1 
(corn) and 2050  mg  kg  −1 (sorghum) in shoots. 
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Microbially mediated V reduction was also extensively 
studied (Zhang et  al. 2019a, b; Shi et  al. 2020; He et  al. 
2021; Zhang et al. 2021). Biochar addition induced redis-
tribution of soil nutrient components (i.e., organic mat-
ter, iron species, available phosphorous), which acted as 
key factors to support the microbial reduction processes 
(Chen et al. 2021). According to gene sequencing results, 
the V reducing phylum Proteobacteria was promoted 
when BC was added to a soil (Aihemaiti et al. 2022)—the 
abundance of microorganisms was strongly and nega-
tively correlated with bioavailable V (p < 0.05).

The interaction between V and biochar in soils/water 
could be governed by different mechanisms which highly 
depend on the biochar properties and the surface func-
tional groups (El-Naggar et  al. 2021). The oxygen-con-
taining functional groups of biochar, such as carboxyl 
and hydroxyl, provide abundant adsorption sites to pro-
mote electrostatic attraction or complexation with V 
ions, reducing their mobility and bioavailability in soil 
(Wu et al. 2021; Teng et al. 2024). The adsorption/immo-
bilization of V using BCs is limited by the abundance of 
various O-containing functional groups (i.e., C = O, and 
C–O/C–OH), hydrophilicity, reactive-surface, and acid-
ity. In a study about the effects of wood and rice biochars 
on the immobilization of V in a highly contaminated 
soil, El-Naggar et al (2021) found that wood biochar with 

highly reactive surface sites, high hydrophilicity, and 
extensive surface O-containing functional groups was 
more effective in V immobilization than rice biochar. 
The results of El-Naggar et al (2021) indicated that chem-
isorption involving valency forces, and/or binding of V 
via electrostatic outer- and inner-sphere complexes could 
also govern V sorption onto biochar. The addition of 
modified biochar may alter the soil properties, including 
pH, contents of organic matter and available phospho-
rus, which promote the V immobilization (Yu et al. 2020; 
Aihemaiti et al. 2022; Teng et al. 2024). Furthermore, bio-
char facilitates microbial activities, contributing to the 
biotic treatment of V (Aihemaiti et al. 2022).

The findings above summarize that the biochars have 
contradictory effects on V mobilization and phytoavail-
ability based on their pH and surface characterization. 
Also the results indicate the supplementary role of plants 
and indigenous microorganisms to decrease the mobility 
of V in conjunction with added BC. However, the eluci-
dation of the details of these processes requires further 
study.

Fig. 1  Illustration of biochar applications for treatment of vanadium contamination in water and soil
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3 � Biochar for the remediation of antimony 
contaminated soils and water

Antimony, a potentially toxic metalloid, is ubiquitously 
found in the ecosphere in large quantities, and can reach 
into soil/water bodies via many sources (Bolan et  al. 
2022a). Data acquired from recent published reports (42 
investigation comprising 352 individual measurements) 
illustrate that the mean value of the world Sb concentra-
tion in soil is 87.96 mg kg−1 (Fig S1 A). Antimony exists 
in four oxidation states (−III, 0, + III, and + V) in the eco-
logical bodies, among which the ecotoxicological hazard 
of Sb(III) is tenfold higher than that of Sb(V) (Dong et al. 
2022). Sb(V) species (antimonic acid or Sb(OH)6

–) are 
predominant at a wide range of natural pH conditions 
(3–10), while Sb(III) exists as antimonous acid (Sb(OH)3) 
under anaerobic conditions (Rinklebe et  al. 2020; He 
et  al. 2024). In view of this, Long et  al. (2019) reported 
that 33% of the overall dietary intake of Sb is due to the 
consumption of Sb-contaminated rice.

The spill of Sb in the natural hydrosphere has mostly 
occurred in the last few decades following the increased 
anthropogenic activities. For example, in January 2021, 
River Xiangxi in south China, a tributary of River Pingxi, 
was accidentally exposed to a Sb spill and caused alerts 
concerning downstream drinking water intake (Chen 
et  al. 2022b). Data extracted from literature demon-
strate that the average value of Sb in natural water bodies 
worldwide was 63.48 μg L−1 (Fig. S1 B). The average Sb 
in bottom sediments is as high as 18.18  (a value derived 
from 27 published works with 265 observations) (Fig. S1 
C).

Antimony has been listed as a priority pollutant by the 
USEPA (Tao et  al. 2021) with a maximum permissible 
limit of 36 mg kg-1 in soil and 20 μg L−1 in drinking water 
according to the WHO (Bolan et al. 2022a; World Health 
2004). Occupational exposure to Sb, either directly 
through inhalation and ingestion or indirectly through 
the food chain, leads to reaction with sulfhydryls in 
human tissues that causes  a high risk for human health 
(Gad 2024; Yang et al. 2015; Hua et al. 2021). Therefore, 
the removal of aqueous Sb is urgently needed in order to 
avoid any potential hazards to aquatic ecosystems. Con-
sequently, non-highly sophisticated and efficient tech-
nologies must be used for Sb decontamination in soil and 
water ecosystems.

The effect of soil application of BC for the 
decontamination of Sb(III) ions is still debatable. Some 
reports have suggested the soil application of pristine 
BC for Sb(III) passivation due to its beneficial effect 
to alter soil bacterial community composition and 
subsequent Sb oxidation (Hua et al. 2021; Li et al. 2015; 
Safeer et  al. 2024; Abhishek et a. 2023). However, there 
is a consensus that pristine BC application might in 

fact cause an enhancement in Sb phytoavailability. An 
early study reported that oyster shells BC maximized 
Sb(III) leachability, while its calcined form effectively 
immobilized Sb(III) due to the precipitation of calcium 
antimonate (Ahmad et al. 2013). In a study by Hua et al. 
(2019), original BC showed also a potential to mobilize 
Sb(III) following its application to an Sb-contaminated 
soil; this was due to the electrostatic repulsion of the 
anionic species with negative-charge sorption sites, 
the competition with other anions, and the biological 
reduction mechanisms in soil (Zhang et  al. 2022a). 
The utilization of BC for amending rice basins in 
Sb-contaminated soils is also still questionable. In 
view of that, a 5% application of two BCs (pyrolyzed 
at 500  °C) was found to have caused an increment of 
soluble Sb (233.3% in the straw BC-amended soil and 
74.8% in the husk BC-amended soil). The two biochars 
also increased the exchangeable Sb (straw 20% and husk 
16%), while it reduced the residual fraction (straw 18.5% 
and husk 15.1%). Therefore, both biochars increased 
Sb content in rice shoots (Zhang et  al. 2022b). These 
results indicate that application of   pristine straw and 
husk biochar may increase the potential risk of Sb 
contamination. Consequently, BC functionalization for 
the immobilization of Sb(III) in soil matrix is urgently 
needed.

Recent literature also shows an average mobilization 
of Sb by about 21% following pristine BC applications. 
Conversely, functionalized BC application to Sb-contam-
inated soils shows an immobilization efficiency of 539% 
on average (Fig S2 A). Also in the literature there are 
numerous studies assessing the immobilization efficiency 
of Sb in water and soils by both pristine and functional-
ized BCs (Table 2). For instance, pristine BC application 
(20% w/w) to a shooting range soil was found to reduce 
Sb leachability by only 12%; however, an Fe-enriched 
BC minimized Sb leachability by about 40%, an effect 
that was also assisted by the BC-induced increase of soil 
pH and soil organic matter content (Silvani et al. 2019). 
Moreover, Yang et al. (2024) demonstrated that the appli-
cation of an Fe/H2O2-BC decreased Sb(III) in a smelt-
ing site in Southern China by 93.2% compared to the 
untreated control due to the minimization of the release 
of Sb from Sb-bearing minerals. The application of a 
BC−CaCO3 composite could maximize the passivation 
of Sb(III) ions and their migration in soil due to three 
potential mechanisms: (i) the precipitation of Sb(III) into 
their insoluble carbonate species, (ii) the enhancement of 
Sb(III) sorption due to the high degree of aromatization 
and surface π-electron density of the functionalized BC, 
and (iii) the formation of strong pyridine N and pyrrole 
N complexes with Sb(III), as also reported by Zhang et al. 
(2021).
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Apart from its functionality in decreasing Sb mobil-
ity, BC can be used as an  electron donor/receptor in 
redox reactions in the antimonate/antimonite dipole. In 
the study of Cui et  al. (2017), BCs derived from Canna 
indica at 300–600 °C showed limited sorption capacity of 
aqueous Sb (ranging from 7.8 to 16.1  mg  g−1), with the 
BC pyrolyzed at 300 °C being superior. Besides, a Canna 
indica BC induced the immobilization of Sb with a pro-
cess that included first the oxidization of Sb(III) to Sb(V) 
and then the sorption of the latter species; the BC pyro-
lyzed at 400 °C was superior since it had a higher content 
in electroactive polyphenolic and was  lower in electro-
inactive cellulose macromolecules. This finding high-
lights the urgent need to functionalize hybrid BCs (e.g., 
via grafting nanoscale zero-valent iron and iron oxides 
in particular) to maximize the oxidation and sorption 
capacities of pristine BCs.

Data acquired from recent literature show the limited 
sorption capacity of pristine BC for Sb ions (22.5 mg g−1 
as an average value) (Fig S2 B). Functionalized BC shows 
a higher sorption capacity with an average value of 
83.4  mg  g−1; such increase is the result of the enhance-
ment of surface area, porosity, oxidization potential and 
maximization of the abundance of active functional 
groups.

In this regard, magnetite in Fe-modified BC offered a 
sorption energy of −0.22  eV (fivefold higher than the 
raw BC) and imparted to the engineered BC a higher 
capacity for electron reception towards Sb(III) oxida-
tion (Gao et  al. 2023). In another study, BC supported 
by magnesium ferrite was synthesized for the reme-
diation of Sb(III)-contaminated groundwater (Yao et  al. 
2023): it exhibited a high immobilization Sb(III) capacity 
(77.44  mg  g−1) due to the Sb(III) oxidation via the iron 
redox reaction, reactive oxygen species origination and 
oxidization of functional groups. Similarly, pristine BC 
(from tea branches) functionalization using natural ores 
(jacobsite, MnFe2O4) proved highly efficient for Sb(III) 
retention (maximum of 237.53  mg  g−1). Ji et  al. (2022) 
further reported that nano zero-valent Fe embedded in 
BC maximized the decontamination of aqueous Sb(III) 
through its oxidation into the less hazardous Sb(V), the 
complexation of Sb(III) onto active functional groups of 
nZVI-BC surfaces, and the formation of precipitates (e.g., 
FeSbO4 and FeSb2O4) via the formation of complexes of 
Fe(II)/Fe(III) with the negatively-charged Sb(III)/Sb(V).

Biologically  modified BC showed also a contribution 
in alleviating the Sb(III)/Sb(V) bioavailability in the eco-
sphere. In Liu et  al. (2023d), Acidithiobacillus ferroox-
idans was isolated from mining wastewater leachates in 
order to functionalize mugwort seedlings BC. The sorp-
tion capacities of this BC concerning Sb(III) and Sb(V) 
reached 18.81 and 14.64 mg g−1, respectively, due to pore 

filling and with the mechanism of electrostatic interac-
tion. The incorporation of positively charged compounds 
such as chitosan onto the carbonaceous lattice of BC can 
have a synergistic effect through (a) the enhancement of 
sorption of negatively  charged metal(loids) like Sb(III) 
and (b) providing a high surface area with a plethora 
of active functional groups (Zhang et  al. 2020). In view 
of this, chitosan-loaded BC showed higher sorption 
capacity than a raw BC derived from Ficus microcarpa 
at 500  °C for the removal of aqueous Sb(III) (168 vs. 
10 mg g−1) (Chen et al. 2022a).

In a number of works (e.g., Wang et al. 2018b, c, a; Rah-
man et al. 2021; Lai et al. 2023), the efficient removal of 
aqueous Sb(III) using pristine and modified BC has been 
attributed to the mechanisms of electrostatic attraction, 
inner-sphere complexation, -π interaction, hydrogen 
bonding, and chelation (Fig.  2). The outstanding per-
formance of Zr-based metal BC composites (Zr–, Zr–
Fe and Fe–O) was reported to passivate antimonite in 
a study by Rahman et  al. (2021), where Zr-based metal 
BC composites showed high removal efficiency of Sb(V) 
(31.54–98.04 mg g−1) due to electrostatic attraction, sur-
face complexation and nodule formation, and hydrogen 
bonding.

4 � Biochar for the remediation of thallium 
contaminated soils and water

Thallium is a trace metal with high toxicity with two oxi-
dation states, Tl(I) and Tl(III), but the usual species is 
the monovalent. Recent investigations show an increas-
ing number of Tl pollution incidents occurring world-
wide (Liu et  al. 2019c; Wang et  al. 2019a, b, c). Such 
incidences include those in Lujiang River, China (Xu 
et al. 2019), Miocene colored waters, Poland (Wojtkow-
iak et  al. 2016), Baccatoio stream basin, Italy (Perotti 
et  al. 2018), River Carnon, UK (Tatsi and Turner 2014), 
and Carnoule’s Pb–Zn mine, France (Casiot et al. 2011). 
All of these cases have threatened the safety of drinking 
water and the health of agricultural soils, and have ulti-
mately posed an enormous threat to human health (Liu 
et al. 2019a, 2023c; Zhong et al. 2022). Therefore, due to 
the high toxicity and widespread presence of TI in eco-
systems, many countries have taken the initiative to set 
industrial emission standards for TI, prompting govern-
ments to implement official response strategies (Liu et al. 
2019b). Although TI emissions are beginning to be lim-
ited, already contaminated aquatic environments and 
agricultural soils are in urgent need of remediation.

Biochar, particularly engineered BC, has a high capac-
ity for Tl remediation (Rinklebe et  al. 2020). For exam-
ple, engineered BC derived from pomelo peel and waste 
pomelo was found to have a maximum sorption capac-
ity of 4283.9  μg  g−1 (pomelo peel) and 5286.0  μgg-1 
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(waste pomelo) (Gao et  al. 2020). The two grapefruit-
derived BCs increased soil pH, had distinct micropo-
rous structures and oxygen-rich functional groups, and 
the sorption process was in both cases accompanied by 
chemisorption. In a similar study with bamboo-derived 
BC, it was found that Tl in a soil from a pomelo orchard 
was retained at 96.9% of the initial added concentration 
(Kayiranga et  al. 2021) via chemisorption due to O–H 
groups and phosphate.

To maximize pollutant sorption efficiency, BC modifi-
cation is a research highlight (Zhao et al. 2018; Shaheen 
et al. 2022b,c). Numerous studies have shown that engi-
neered BC is a low-cost and environmentally friendly 
sorbent that efficiently removes Tl(I) from wastewater 
with bright application prospects (Wang et  al. 2020). A 
common modification is the addition of metal-precip-
itating substances to BC (Gong et  al. 2022). Jacobsite 
(MnFe2O4)−BC composite (MFBC) was used in Tl sorp-
tion in highly acidic soils and it proved efficient (Liu 
et  al. 2023b). Labile Tl decreased from 1.51  mg kg−1 to 
0.88 mg  kg−1 in a soil amended with MFBC, while pH 
increased from 3.05 to 3.97. In another work by Zhang 
(2020), straw BC, Fe-modified BC and Mn- modified BC 
were added to a Tl-polluted farmland soil, and it  was 
found that bioavailable Tl decreased very efficiently, 
with the most efficient among the three BCs being the 
Fe-based (Fig. 3). The retention of Tl was agreed also by 
Liu et  al. (2022a). Moreover, BC extracted from water-
melon showed a capacity of retaining 174  mg  g−1for 
Tl(I) (Li et al. 2019). Likewise, KOH- and HCl-modified 
BCs retained Tl(I), were able to reversibly adsorb and 
desorb Tl(I), and also able to have a regenerated capac-
ity. The analogous unmodified BC in that study showed 
its maximum capacity at a pH range of 4–12. In another 
work, goethite-supported BC achieved high distribu-
tion coefficient values of Kd > 5000 mL g−1 for a wide pH 
range of 5.0–11.0 (Liu et al. 2023a). It was also reported 
by that work that after adsorption the Fe content in the 
BC decreased, indicating possibly the mechanism of ion 
exchange. This was rather agreed by Shi et al. (2021), who 
found that FeOOH is able to readily form complexes with 
different anions and cations. However, studies on the 
mechanism of Tl immobilization are limited. Neverthe-
less, the development of efficient engineered BC for Tl 
soil pollution is a promising and growing field.

To adequately remove Tl(I) from wastewater with 
high Tl content, precipitation/adsorption after its oxi-
dation has also been tested (Huangfu et  al. 2015; Liu 
et  al. 2019b). Therefore, a technique would be to con-
vert Tl through BC from its active state (monovalent) 
to the stable trivalent species. Thus, BC-induced reten-
tion combined with Tl oxidation is a highly important 
research topic. MnFe2O4

− composite BC prepared by 

co-precipitation demonstrated an outstanding Tl(I) 
removal capacity with a maximum adsorption capacity 
of 170.6 mg g−1(Liu et al. 2021). This research reported 
that Tl(I) was oxidized to Tl(III) during adsorption and 
that the OH− signal was slightly weakened after adsorp-
tion, suggesting that ion exchange between the Tl+ and 
OH− groups may have also contributed to Tl(I) removal. 
Moreover, hypochlorite oxidation in a magnetite-based 
BC achieved a TI retention of as high as 1123  mg  g−1 
(Li et al. 2020a, b). This BC served as an efficient sorb-
ent and catalyst, while hypochlorite oxidation assisted 
in the removal of Tl(I), with the predominant retention 
mechanisms being the re-dissolution of Tl compounds 
and ion exchange between Tl and protons from the 
BC. In another work, nanowire γ-MnOOH@BC com-
bined with persulfate (PS) achieved a high Tl removal 
of 164.4  mg  g−1 (Wang et  al. 2023a). Mn3+ in that BC 
reacted with persulfate and was reduced to Mn2+, while 
persulfate SVIIIO5

2− was reduced to SVIO4
2−, thus caus-

ing the oxidation of Tl(I) to the inactive Tl(III). In turn, 
Mn2+ reacted with H2O to produce MnIIOH+, which 
effectively catalyzed PS to further produce SO4

2− and 
MnIIIO+, completing the cycle from Mn3+ to Mn2+ and 
back to Mn3+. Also, MnFe2O4−BC composite (MFBC) 
has been used as PS activator to remove Tl from waste-
water (Liu et  al. 2022b; Wang et  al. 2023a). The redox 
reactions of Tl species and their ion exchange and 
precipitation are the predominant mechanisms of the 
removal of Tl from wastewater.

In summary, the dominant Tl removal mechanisms 
seem to be sorption by electrostatic attraction, assisted 
by ion exchange and surface complexation; chemical 
precipitation is also important due to the elevation of 
soil pH after BC amendment, caused by the addition 
of the alkaline ash and the presence of carbonates and 
phosphates (Guo et al. 2020). The sorption mechanisms 
of Tl using pristine and modified BC are illustrated in 
Fig. 3.

5 � Biochar for the remediation of mercury 
contaminated soils and water

Mercury is an extremely toxic pollutant that is widely dis-
tributed in the environment. The global treaty-Minamata 
Convention on Hg was adopted in 2013 to protect the 
environment from the adverse effects of Hg. According 
to the environment standards set by the Chinese gov-
ernment, the maximum permissible limit of total Hg in 
paddy soil is 1.0  mg kg−1 (pH > 7.5) and 100  ng L−1 in 
drinking water sources. Mercury still remains a contami-
nant of emerging concern, because of major problems 
of rice Hg contamination in Hg-polluted regions in Asia 
where paddy fields and surface water are contaminated 
with Hg (Amin et al. 2021).
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Agricultural and animal-derived BCs have been used 
for the Hg remediation in soils and water (Liu et al. 2017; 
Liu et  al. 2018a, b; Betts et  al. 2021; Xing et  al. 2019; 
Zhang et al. 2019a, b). Plant biomass-based BCs are more 
popular, likely due to plant biomass being more available 
than other feedstocks. In a work by Park et al. (2019), Hg 
sorption was studied with the use of a pristine wood BC 
(WB) and a sulfurized wood BC (SWB) and the maxi-
mum sorption equaled 57.8 for WB and 107.5 mg g−1 for 
SWB, with the Hg sorption by SWB being more stable 

than WB under a wide range of pH values and tempera-
tures (Park et al. 2019).

Hg retention is achieved to a great extent by the BC 
surface functional groups. For example, Xu et al. (2016) 
reported that Hg sorption by bagasse-derived BC was 
attributed to phenolic and carboxylic groups that formed 
(–O)2Hg2+ and (–COO)2Hg2+ complexes, while a hickory 
chips- and a wood-derived BC retained Hg by forming 
C = C and C = O Hg–π bonds (Xu et al. 2016). Brazilian 
pepper pyrolyzed at 300–450 ℃ was also found to have 

Fig. 2  Sources, fate, and adsorption mechanisms of Sb in water/soils using pristine and modified biochar
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removed 23–77% Hg(II) via complexation with the car-
boxylic and phenolic hydroxyl groups, while that at 600 
℃ removed 91% of Hg(II) by the graphite-like domains 
on its aromatic structure (Dong et al. 2013). Hg adsorp-
tion by wood BC was due to Hg–C π bond formation 
and interaction with –OH and –COOH, whereas in sul-
furized wood BC thiophenic groups and C-SOx-C forms 
and interaction with C = C and -COO were the responsi-
ble groups (Park et  al. 2019). A composite of graphene/
BC was found to retain Hg by forming complexes of Hg 
with the groups C–O, C = C, –OH, and O = C–O (Tang 
et  al. 2015). Also, the hydroxyl groups of rice hull- and 
straw-BC were those involved in Hg sorption in a work 
by Man et al. (2021). The role of BC functional groups on 
Hg immobilization is illustrated in Fig. 4.

These works show that BC modification improves Hg 
immobilization. Indeed, in comparison to corn straw 
BC, its Na2S modified analogues increased Hg retention 
by 77% in a work by Tan et al. (2016). This was achieved 
due to the formation of an insoluble HgS precipitate. 
Also, the reactive surface functional groups greatly con-
tributed (Tan et  al. 2016). This concurs with Liu et  al. 
(2018a, b), who reported that > 99.5% of added Hg was 
retained by sulfurized BCs. X-ray fine structure analyses 
indicated that Hg in the pristine BC was mainly bound 
to chlorine, while in the modified BC to sulfur. These 
two works agree that Hg retention becomes more effi-
cient through the formation of strong Hg−S bonds in 
S-containing functional groups of the sulfurized BCs. In 
a thorough work by Liu et al. (2016), different feedstocks 
pyrolyzed under a variety of temperatures produced 36 

BCs, which were evaluated concerning Hg. BCs at 600 
and 700  °C decreased THg by > 90%, while a lower effi-
ciency (40–90%) was measured for those BCs pyrolyzed 
at 300  °C. Among these BCs, sulfurized BCs retained 
Hg due to added S, while in BCs with low S content −O 
and −CI groups were those that retained Hg (Liu et  al. 
2016). Another way to increase Hg retention by BC is the 
impregnation with Fe on BC (Feng et al. 2020).

In studies related to soil, a cassava straw BC was 
tested as an amendment to a Hg-polluted soil at a 
mass ratio of 1% planted with spinach for 30  days. 
Results showed that the fractional amount of 
bioavailable Hg in the BC-treated soil decreased by 
11.5%, and Hg concentration in spinach was reduced 
by 65% as compared to the control (Wei et  al. 2022). 
Likewise, Bussan et  al. (2016) added pinewood BC 
into a Hg-polluted sediment at a mass ratio of 5% and 
incubated it while periodically flushing it with N2 under 
dark conditions for 14  days to induce methylation. It 
was found that the methylation rate of Hg decreased 
by 88% in sediments, while Hg demethylation rates 
remained unchanged. The reduction of Hg methylation 
rate was attributed to the decrease of Hg availability 
by BC via the mechanisms of complexation and 
electrostatic interactions. The modification of BC with 
sulfur (S) could further enhance Hg adsorption in soils. 
A sulfur-modified rice husk BC was added at 5% into a 
Hg-polluted soil under conditions of varying moisture: 
the soil had constant water content for 5 days and it was 
then dried for another 5 days. The results showed that 
Hg concentration in soil leachates decreased by 99.3% 
(O’Connor et  al. 2018). The combination of BC and 

Fig. 3  Schematic illustration of the effects of pristine and modified biochar on Tl phytoavalaiblity in paddy soils (A), and the potential mechanisms 
governing Tl interactions with biochar in soil/water (B)
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other amendments further improved the remediation 
efficiency, like in the case of co-added selenium (Se). 
A bamboo BC was added in a polluted soil also spiked 
with Se at 0.5% and planted with rice. It was found that 
CH3Hg+ decreased by 25–59% in the BC-treated soil 
compared to the control. Further, the concentration of 
CH3Hg+ in rice of the BC-treated soil was decreased by 
82–87% in grain, 71–84% in straw, and 2–38% in root 
relative to the control. The decrease of availability of 
CH3Hg+ was due to the co-added Se, i.e., the formation 
of Hg−Se and CH3Hg+ complexes (Wang et al. 2019a, b, 
c). Furthermore, in a field study, Xing et al. (2020) used 
rice husk BC to remediate a Hg-polluted paddy soil. The 
BC was applied to the soil at rates from 24 to 72 t ha−1. 
The concentration of Hg in soil pore water decreased 
by up to 44%, attributed to Hg immobilization due to 
reduced sulfur compounds in soil caused by the BC 
addition. Hg concentration in rice was reduced by up 
to 62% in bran, 43% in hull, and 70% in polished rice 
relative to the control. In another work related to redox 
reactions, Liu et  al. (2018a, b) conducted a 524-day 
microcosm experiment with four types of BC; THg 
decreased by 8–80% compared to the control and water 
soluble methylated-Hg (MeHg) also decreased. It is 
notable that 12 species of Hg methylation organisms 
were identified. Microbiome was affected by changes 
in C sources, such as dissolved organic C and organic 
acids as electron receptors (NVO3

−, FeIII, and SVIO4
2−).

Apart from microcosm studies, the BC impact on 
MeHg in soils has been studied under field condi-
tions. Shu et al. (2016) found that rice straw-derived BC 
increased soil MeHg; they attributed this increase to the 
enhanced activities of sulfate reducing bacteria (SRB), 
and consequently enhanced SRB-mediated Hg meth-
ylation caused by the sulfate content of the BC, as also 
agreed by Hsu-Kim et al. (2013) and Saquing et al. (2016). 
Man et al. (2021) also concurred that an increase in the 
relative abundance of Hg-methylation microorganisms is 
indeed connected to the soil Hg methylation.

All these works exhibit the fact that the mechanisms 
of reduction of HgII and CH3HgII due to added BC in 
water/soils are rather complicated (Fig.  4). Firstly, BC 
can stimulate activities of sulfate reducing bacteria, pro-
moting the reduction of SVIO4

2− to S0 and of SVIO3H+ to 
HS-I (Liu et al. 2018a, b; Xing et al. 2019; Xing et al. 2020; 
Yang et al. 2021). This can result in the presence of poly-
sulfides such as FeII(S)n, thiols R-HS, and sulfides, which 
are able to immobilize both CH3Hg+ and Hg2+ through 
chemisorption onto S groups. Secondly, the functional 
groups of BC, i.e., S-containing groups, Cl- and O-con-
taining groups can immobilize Hg2+ by forming Hg−S, 
Hg−Cl and Hg−O bonds (Ma et  al. 2018; Kabiri et  al. 
2015). Thirdly, BC can impact the microbial methylation 

of Hg2+ in soils by providing sulfate to SRB, promoting 
MeHg production (Shu et al. 2016; Man et al. 2021; Liu 
et al. 2018a, b). The transformation of Hg and its immo-
bilization mechanisms using biochar are illustrated in 
Fig. 4 and Fig. S3.

6 � Biochar for the remediation of fluoride 
contaminated soils and water

Fluoride sources can be mining, coal combustion, smelt-
ing, F-containing fertilizers, and pesticides (Khan et  al. 
2022), all of which may pose a significant risk to both 
environmental integrity and human health (Fan et  al. 
2003; Ma et  al. 2014). Biochar is an easy-to-handle, 
simple-to-design, and low-cost de-fluoridation sorb-
ent aimed at limiting F exposure (Dong et al. 2021; Hota 
et  al. 2024). However, BC produced through thermo-
chemical conversion has limited polar oxidized sur-
face groups, low porosity and surface area; thus it may 
not be efficient enough for F removal (Roy et  al. 2018). 
It must be noted that electrostatic repulsion of anions 
like F by negative surface charges of BC further reduces 
its efficiency (Hettithanthri et  al. 2023). However, sev-
eral raw BCs have been tested for F− removal; they have 
all been found to have relatively low sorption capac-
ity: rice husk BC (3.42 mg g−1) (Tang et al. 2022), wheat 
straw BC (1.93 mg g−1) (Yadav et al. 2013), S. pinnata BC 
(7.66  mg  g−1) (Mohan et  al. 2012), de-oiled Pongamia 
pinnata seed cake BC (0.985 mg g−1) (De et al. 2018), and 
S. ravannae BC (2.44 mg g−1) (Saikia et al. 2017).

To overcome this problem, researchers have engi-
neered BC to increase F sorption by chemical treatment, 
physical activation, impregnation, and magnetic modifi-
cation to increase surface area and create positive surface 
charge (Khan et  al. 2022; Meilani et  al. 2021; Forou-
tan et  al. 2024). Among them, modification of BC with 
multivalent metal ions has gained attention (Fan et  al. 
2022). In a work by Wan et al. (2019), MgO peanut shell 
BC (MgO BC), rich in cellulose and thus with high sur-
face area (SBET = 182.3 m2 g−1), was prepared by one-step 
pyrolysis. It was found that the maximum F sorption was 
83.05  mg  g−1, whereas the pristine analogues was una-
ble to sorb F anion due to electrostatic repulsion (Wan 
et  al. 2019). On the other hand, magnetic nanoparticles 
have been used as a magnetic source for BC, allowing 
BC to be quickly and easily separated from the solution 
when applying an external magnetic field (Bombuwala 
et al. 2018; Li et al. 2016; Mohan et al. 2014; Yadav and 
Jagadevan 2021). In addition, several REE oxides have 
been used due to their high stability and acid and alkali 
resistance to form REE-F complexes and thus increase F 
retention in recent years (Fan et al. 2022; Yu et al. 2015). 
Among them, literature reports BCs impregnated with 
Fe-La (Fan et al. 2022), Fe-La-Ce (Li et al. 2023), La-Fe-Al 
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(Zhou et al. 2021), and zirconium compounds (Mei et al. 
2020). Wang et al. (2018b, c, a) found that in a solution 
with 10  g L−1 of F further added with 1.0  g L−1, a pris-
tine teak peals BC achieved the retention of 0.96 mg g−1, 
while the lanthanum analogous 7.62 mg g−1. Meanwhile, 
BC can be used to formulate composites with low-cost 
metals such as Fe and Al (Yu et al. 2015).

Although there is a large number of studies on F− 
reduction by BC in water, for soils the studies are rather 
few. Fan et  al. (2022) first proposed an Al-La-modified 
BC amendment for the remediation of a F-contaminated 
soil. As the dose of Al-La-modified BC increased, water 
soluble F in soil decreased from 12  mg L−1 to 2.39  mg 
L−1, with a reduction of 80%, indicating that Al-La-mod-
ification converted water soluble F to a form of lower 
mobility and bioavailability. Wang et al. (2023b) applied 
different rates of BC to soil to reduce the accumulation 
of F in tea; they found that water-soluble F content in 

tea decreased compared to the unamended control. In 
the same work, the application of BC to soil reduced the 
soil exchangeable Al content compared to the control 
(46.37 ~ 91.90%) and increased soil exchangeable calcium 
(Ca2+) content (12.02 ~ 129.74%), indicating an increase 
in base saturation and thus a decrease of residual acidity 
in soil, an effect that led to the decrease of F in tea leaves.

Adsorption of F by BC in soil and aqueous phases 
involves complex interactions of physical, chemical and 
electrostatic interactions (Abeysinghe and Baek 2022; 
Kumar et al. 2023a, b; Li et al. 2023; Sadhu et al. 2021). 
These mechanisms include surface adsorption, ion 
exchange, complexation and precipitation, which are 
influenced by solution chemical reactions, BC proper-
ties and environmental conditions, mainly dependent on 
pH (Table  3). Specific sorption mechanisms are shown 
in Fig.  5. Electrostatic interactions for F removal by BC 
depend on the electrostatic repulsion and attraction 

Fig. 4  Schematic illustration of Hg transformation and its interactions with biochar in soils and water
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between the sorbent (here, BC) and the sorbate (F), 
which is also related to protonation (which tends to 
occur at low solution pH) and deprotonation (at higher 
solution pH) of the surface functional groups. Therefore, 
pH greatly affects the F species and the surface charge 
of BC, and, in turn, F sorption (De et  al. 2018). In gen-
eral, in neutral to slightly acidic pH, BC exhibits higher 
F removal capacity due to favorable surface interactions. 
Indeed, several studies exhibit the effective removal of F− 
at low pH (≤ 7) (Mukherjee et al. 2023). However, there 
is still a void in knowledge regarding F interactions with 
BC, hence BC-induced remediation strategies need to be 
further explored; to this end, analysis techniques should 
be further utilized, such as sophisticated spectroscopic 
techniques, so that F chemistry and interactions may be 
elucidated. 

7 � Biochar for the remediation of rare earth 
elements contaminated soils and water

The retention of REEs from water and soil using BC 
involves multiple mechanisms. These mechanisms vary 
under different environmental conditions, as depicted in 
Fig. 6. The sorption efficiency of BC for removing REEs 
from aqueous solutions or REE-contaminated soils is also 
presented in detail in Table 4. Rare earth elements can be 
sorbed or immobilized by BC with the mechanisms of 
ion exchange, complexation, electrostatic and cation-π 
interactions, and precipitation (Pei et al. 2024; Zou et al. 
2024). Ion exchange involves the substitution of common 
cations like sodium (Na+), calcium (Ca2+) and hydro-
gen (H+) found in BC with solution REE cations (Chen 
et  al. 2022a, b, c). This process was examined by Serra-
Ventura et al. (2022), who studied the release of Na+ from 
BC in a solution with and without samarium (Sm). It was 
found that the cations (such as potassium (K), Ca, and 
Mg) in BC significantly influenced the efficiency of ion 
exchange in the removal process. An important aspect 
to consider in ion exchange is the role of pKa and coex-
isting ions. Proper pH adjustment and the introduction 
of small amounts of anions like sulfate (SO4

2−) or nitrate 
(NO3

−) were found to enhance threefold the sorption 
onto BC of europium (Eu3+) (Wilfong et  al. 2020). The 
impact of these changes was further evidenced by explor-
ing sorption at the point of zero charge (PZC; the solu-
tion pH value at which surface protonation exactly equals 
deprotonation of the BC external surfaces) and the inter-
ference effects of abundant mono- and divalent cations 
such as Na+, K+, ammonium (NH4

+), Mg2+, and Ca2+. It 
was found that with decreasing pH levels and the addi-
tion of divalent cations, sorption competition of Sm with 
H+, Ca2+, and Mg2+ became more pronounced and this 
reduced Sm retention (Mahmoud et al. 2021). At solution 

pH exceeding the PZC, BC surface acquires a negative 
charge, thereby enhancing the capture of REE cations.

In an experiment involving Ca-aluminum (Al) layered 
double hydroxides (LDH)-modified BC used for the 
sorption of Eu, X-ray photoelectron spectroscopy 
analysis (XPS) revealed a decrease in Al intensity on 
the BC post-sorption. This suggests that ion exchange 
occurred between Al3+ and Eu3+. The reaction can be 
represented as follows (Eq. 1):

with S denoting the solid phase and L the liquid phase.
This finding highlights the enhanced sorption capabili-

ties of BC for Eu through ion exchange, which seems to 
be the predominant retention mechanism of REEs, as 
also agreed by Li et al. (2020a, b).

The surface of BC is abundant in functional groups, 
notably carboxyl groups, which play a pivotal role in the 
adsorption process. In high solution pH, these carboxyl 
groups are deprotonated and more capable of react-
ing with Sm3+, forming inner-sphere surface complexes 
(Eq.  2). This reaction was evidenced in a Sm removal 
experiment using loofah BC, stimulated with salicylic 
acid and sodium salicylate (Liatsou et al. 2017). The shift 
of the O1s signal in C = O to a lower binding energy in 
the spectroscopic analysis further corroborated the com-
plexation between the carboxyl groups and Sm3+, as fol-
lows (Eq. 2):

Moreover, in a study of Sm3+ sorption by cactus fiber-
derived BC, similar interactions were revealed. The 
observed attenuation in the carboxyl groups and the 
bending vibrations post-sorption indicated a direct inter-
action and complex formation with Sm3+ (Hadjittofi et al. 
2016). Beyond carboxyl groups, other oxygen-containing 
functional groups like hydroxyl, carbonyl and phenol 
also engage in surface complexation with lanthanide ions 
such as lanthanum (La3+), cerium (Ce3+), and neodym-
ium (Nd3+), significantly impacting their sorption and 
removal from solution (Kołodyńska et al. 2018; Pei et al. 
2024; Zou et al. 2024).

In soil-based experiments, the sorption of Ce onto 
modified BC was found to alter the surface functional 
groups. This alteration is a testament to the role of sur-
face complexation in the sorption of REEs by BC, under-
lining its significance in environmental applications 
(Li et  al. 2022a, b). Surface of biochar is predominantly 

(1)≡ Al
3+(S)+ Eu

3+(L) →≡ Eu
3+(S)+ Al

3+(L)

(2)
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electronegative. This characteristic facilitates the prefer-
ential sorption of metal cations, such as those of REEs, 
through electrostatic interaction (Huang and Hu 2020). 
Furthermore, the ionic radius of REEs decreases as the 
atomic number increases, influencing both electrostatic 
and π-metal interactions with BC (Migaszewski and 
Galuszka 2015). In an experiment by Wan et  al. (2023) 
focusing on three REEs (ytterbium (Yb), gadolinium 
(Gd), and La) using nano-BC, a notable increase in sorp-
tion was observed in the metals with smaller ionic radius. 
This increase was attributed to the increased charge den-
sity in metals with smaller ionic radius, which strength-
ened electrostatic interactions.

Another mechanism, i.e., π-electron interaction, can 
also contribute to REE retention by BC. Raman spec-
troscopy, specifically the analysis of peak changes of the 
G band of sp2 carbon post-sorption of La3+ and Nd3+, 
indicated that π-electron interactions can contribute to 
adsorption (Tan et al. 2015; Zhao et al. 2021). X-ray dif-
fraction (XRD) analysis of ammonium citrate-modified 
BC post La sorption revealed an amorphous sorption of 
La, suggesting that the sorption of it was not in the form 
of carbonate and was primarily driven by electrostatic 
interaction (Wang et al. 2016). Another study highlighted 
a shift in the wavenumber of C−H on BC aromatic ring 
from 854 to 877  cm−1 after scandium (Sc) sorption, 
confirming the presence of metal-π interactions (Dai 
et  al. 2022). In this work, the initial stages of the sorp-
tion process were dominated by electrostatic interac-
tion. Enhancing the electronegativity of the BC surface 
could improve the efficiency of this step, with the atomic 

number of REEs determining the sequence of sorption 
through electrostatic interaction.

Precipitation can also play a crucial role in ability of 
BC to remove REEs from water and soils, as the miner-
alogical composition within BC significantly influences 
this process (Liu et al. 2016). To ensure the   application 
efficiency, selectivity, and attraction of BC to REEs, modi-
fication is of primary importance. This could be achieved 
by loading compounds containing elements like Fe, Mn, 
Al, silicon (Si), and P onto BC, thereby boosting its reme-
diation capabilities (Royer-Lavallée et  al. 2020; Liang 
et  al. 2021a, b). The solution pH is another key factor 
in REE removal through precipitation. As pH increases, 
REEs tend to form precipitate phases with various ele-
ments (Zhang and Honaker 2018). For instance, at a pH 
range of 2.7–4.1, REEs mainly form precipitates with Fe. 
Between pH 4.6 and 4.8, and the process is dominated by 
Al. At higher pH levels of 6.1–10.8, Ca and Mg become 
the primary elements in co-precipitation. In addition, 
P-rich BCs, such as bone char, play a unique role. They 
contain P in forms like apatite and Ca3(PO4)2, which 
gradually release phosphate ions. These ions are capable 
of interacting with REE ions to form phosphate precipi-
tates (Jin et al. 2019; Li et al. 2022a, b). All these works 
show that precipitation is largely affected by the elemen-
tal composition of the BC and the ambient solution pH 
levels, as also agreed by Pourret and Houben (2018). 
Understanding the specific acting elements within BC 
under various conditions is crucial for optimizing its 
effectiveness of REE remediation.

Fig. 5  Illustration of the potential mechanisms of fluoride adsorption on biochar
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8 � Conclusions, environmental implications, 
and future directions

Biochar holds a significant potential for remediating EICs 
in soil and water. However, harnessing its full poten-
tial requires careful consideration of its limitations and 
potential environmental implications. One key limitation 
is the inherent low sorption efficiency of BC, potentially 
hindering its effectiveness in removing contaminants 
(Cheng et  al. 2021). This challenge can be addressed 
through low cost and easy-to-apply modifications of the 
pristine biochar to enhance its ability for contaminant 
sorption (Majumder et al. 2023). This tailored approach 
paves the way for optimizing BC effectiveness in over-
coming its initial limitations. Another crucial aspect to 
consider is the coexistence of different EICs in aquatic 
environments. While research shows the effectiveness 
of BC with heavy metals (Dong et  al. 2023), a deeper 
understanding of the underlying mechanisms of removal/
immobilization of EICs in multi-contaminated water/soil 
using pristine and modified biochar is essential. There-
fore, in this article we reviewed, discussed, and summa-
rized the potential application of pristine and modified 
BC derived from different feedstocks for the remediation 
of various EICs in soils and water, including V, Sb, Tl, Hg, 
F, and REEs. The potential mechanisms that govern the 

interactions between EICs and pristine and functional-
ized BC have been also reviewed and discussed.

This article provides a comprehensive overview on 
how well different pristine and engineered biochars can 
be utilized for the sustainable remediation of EICs in 
multi-contaminated soils and water. On a broader scale, 
the outcomes from this article could have profound 
implications for policy-making and local agricultural 
practices, enabling them to draft and implement more 
effective measures for managing EICs contaminated 
soil/water and the  mitigation of the associated risks. 
Therefore, this article is of great environmental interest 
and concludes that selected pristine and engineered 
biochars are promising amendments for mitigating 
the contamination and risk of EICs in water and soil. 
Moreover, the information provided in this article can 
serve as a foundation for future research efforts, focusing 
on enhancing the removal/immobilization efficiency of 
BC for EICs in contaminated soils/water.

Further research is crucial to ensure the safe mitigation 
of EIC threats in various environmental settings, as rec-
ommended below:

•	 Production of BC: The selection of environmentally 
friendly feedstock for BC production is crucial, as 

Fig. 6  Proposed removal mechanisms of REEs from water using biochar
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certain organic waste materials may contain harm-
ful contaminants that could be released during the 
pyrolysis process. Sustainable practices that prioritize 
clean or pre-treated feedstocks are essential to ensure 
the overall environmental responsibility of using BC 
for remediation purposes. Research should focus 
on readily available, sustainable, and preferably pre-
treated organic waste materials to minimize environ-
mental impact during pyrolysis

•	 Optimizing modifications: While pristine BC offers 
a cost-effective solution, future research should opti-
mize modification methods to achieve high removal 
efficiency without significantly increasing cost. Mini-
mizing the environmental impact of these modifica-
tions is also crucial.

•	 Developing robust BC regeneration techniques: For 
long-term use this is essential in practical terms. 
Future studies should evaluate regeneration under 
various conditions and extended durations.

•	 Integrating BC with other technologies like photo-
catalysis: This is highly promising for enhanced EC 
removal. Exploring such combinations can lead to 
more comprehensive remediation strategies.

•	 Leveraging AI for data analysis, predictive mod-
eling, and process optimization: This can contribute 
to efficient and cost-effective BC application in EC 
removal. This interdisciplinary approach can acceler-
ate innovation in BC-based remediation strategies.

•	 Developing comprehensive and well-defined guide-
lines: This essential process should outline the spe-
cific data needed to assess the safety and efficacy of 
modified BC. These data would encompass details 
about the BC itself, soil and water properties, and rel-
evant environmental factors. The guidelines should 
also establish criteria for determining whether the 
desired soil–water improvements justify a large-scale 
use of BC.

•	 Producing BC at industrial level: The biochar 
produced in large, industrial, scale is of high 
importance. There are some limitations for the 
biochar industrialization and there are several factors 
that can hinder the large-scale implementation 
of BC, including: (1) availability of sufficient and 
sustainable feedstock, (2) the fact that the energy cost 
of operating at high temperatures and large-scale 
production remain as obstacles, (3) low sorption 
efficiency of pristine biochar, (4) the economic 
infeasibility of pristine biochar using expensive 
materials (nanomaterials) , (5) the fact that  some 
biochars are metal selective adsorbents, and  (6) 
the fact that  organic pollutants in biochar cannot 
be avoided. Therefore, apparently, the economic, 
social, and environmental benefits of this technology 

must be discussed so as to enhance the commercial 
feasibility of BC production.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1007/​s42773-​024-​00407-1.

 Additional file 1.

Acknowledgements
Not applicable

 Author contributions
Sabry M. Shaheen: Creating the idea, visualization, investigation, collecting 
review of literature, creating tables and figures, writing the original draft, and 
co-corresponding. Habib Ullah: Creating figures, writing-review & editing, 
particularly chapter 1 and 8. Yuejun Wu: Writing-review & editing, particularly 
chapter 7. Ahmed Mosa: Writing-review & editing, particularly chapter 3. 
Yueru Fang & Ronghua Li: Writing-review & editing, particularly chapter 6. Yu 
Shi & Juan Liu: Writing-review & editing, particularly chapter 4. Han Zhang & 
Baogang Zhang: Writing-review & editing, particularly chapter 2. Jianxu Wang: 
Writing-review & editing, particularly chapter 5. Manish Kumar & Vasileios 
Antoniadis: Writing-review & editing the whole manuscript. Sang Soo Lee: 
Visualization, writing, editing, doing the proof reading of the entire article, and 
co-corresponding. Jörg Rinklebe: Visualization, supervision, writing- review & 
editing the entire article, and corresponding.

 Funding
Open Access funding enabled and organized by Projekt DEAL. No funding 
was received to assist with the preparation of this article.

 Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Informed consent was obtained from all individual participants included in 
the study.

Consent to publication
Authors are responsible for correctness of the statements provided in the 
manuscript.
The publication has been approved by all co-authors.

Competing interests
Sabry M. Shaheen and Sang Soo Lee are EBMs of the journal Biochar, and 
they were not involved in the peer-review or handling of the manuscript. The 
authors have no other competing interests to disclose.

Author details
1 School of Architecture and Civil Engineering, Institute of Foundation Engi-
neering, Water‑ and Waste‑Management, Laboratory of Soil‑ and Groundwa-
ter‑Management, University of Wuppertal, Pauluskirchstraße 7, 42285 Wupper-
tal, Germany. 2 Innovation Center of Yangtze River Delta, Zhejiang University, 
Zhejiang 311400, China. 3 School of Environmental Science and Technology, 
Hainan University, Haikou 570228, China. 4 Soils Department, Faculty of Agri-
culture, Mansoura University, Mansoura 35516, Egypt. 5 College of Natural 
Resources and Environment, Northwest A&F University, Yangling 712100, 
Shaanxi, China. 6 School of Environmental Science and Engineering, Guang-
zhou University, Guangzhou 510006, China. 7 Amity Institute of Environmental 
Sciences, Amity University, Noida, India. 8 School of Energy and Environmental 
Engineering, University of Science and Technology Beijing, Beijing 100083, 
China. 9 School of Water Resources and Environment, China University 
of Geosciences, Beijing 100083, China. 10 State Key Laboratory of Environmen-
tal Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences, 

https://doi.org/10.1007/s42773-024-00407-1
https://doi.org/10.1007/s42773-024-00407-1


Page 25 of 30Shaheen et al. Biochar            (2025) 7:34 	

550082 Guiyang, People’s Republic of China. 11 Laboratory of Soil Science, 
University of Thessaly, Fytokou Street, 384 46, Volos, Greece. 12 Department 
of Environmental and Energy Engineering, Yonsei University, Wonju 26493, 
Republic of Korea. 13  Amity Institute of Environmental Sciences (AIES), Amity 
University Uttar Pradesh (AUUP), Noida, India. 

Received: 29 April 2024   Revised: 16 November 2024   Accepted: 24 
November 2024

References
Abernathy M, Schaefer M, Ramirez R, Garniwan A, Ikeun L, Zaera F, Polizzotto 

M, Ying S (2022) Vanadate retention by iron and manganese oxides. 
ACS Earth Space Chem 6:2041–2052. https://​doi.​org/​10.​1021/​acsea​
rthsp​acech​em.​2c001​16

Abeysinghe S, Baek K (2022) Fluoride-contaminated water remediation using 
biochar derived from dairy processing sludge. Chem Eng J 446:136955. 
https://​doi.​org/​10.​1016/j.​cej.​2022.​136955

Abhishek K, Parashar N, Patel M, Hait S, Shrivastava S, Ghoosh P, Sharma P, 
Pandey A, Kumar M (2023) Recent advancements in antimony (Sb) 
removal from water and wastewater by carbon-based materials: a 
systematic review. Environ Monit Assess 195:758. https://​doi.​org/​10.​
1007/​s10661-​023-​11322-6

Ahmad M, Moon DH, Wazne M, Kim HJ, Lee YH, Ok YS (2013) Effects of natural 
and calcined oyster shells on antimony solubility in shooting range soil. 
J Korean Soc Appl Biol Chem 56:461–464

Ahmed SF, Mofijur M, Nuzhat S, Chowdhury AT, Rafa N, Uddin MA, Inayat A, 
Mahlia TM, Ong H, Chia WY, Show PL (2021) Recent developments in 
physical, biological, chemical, and hybrid treatment techniques for 
removing emerging contaminants from wastewater. J Hazard Mat 
416:125912

Aihemaiti A, Chen J, Hua Y, Dong C, Wei X, Yan F, Zhang Z (2022) Effect of 
ferrous sulfate modified sludge biochar on the mobility, speciation, 
fractionation and bioaccumulation of vanadium in contaminated soil 
from a mining area. J Hazard Mat 437:129405. https://​doi.​org/​10.​1016/j.​
jhazm​at.​2022.​129405

Akhgari M, Mosaffa E, Dogari H, Ramsheh NA, Mirkhani V, Rezaei F (2023) A 
magnetic nano-sorbent incorporating antimicrobial papain for the 
rapid and efficient removal of levofloxacin and Pb(II) from aqueous 
systems. Environ Sci Water Res Technol 9:2112–2127

Amin S, Khan S, Sarwar T, Nawab J, Khan MA (2021) Mercury methylation and 
its accumulation in rice and paddy soil in degraded lands: A critical 
review. Environ Technol Innov 23:101638. https://​doi.​org/​10.​1016/j.​eti.​
2021.​101638

Antoniadis V, Shaheen SM, Levizou E, Rinklebe J (2023) Critical limits and 
health risk assessment of vanadium in soils of various countries of the 
world. In: Rinklebe J (ed) Vanadium in soils and plants. CRC Press; Taylor 
& Francis Group, New York, USA. https://​doi.​org/​10.​1201/​97810​03173​
274

Betts A, Millard G, Plunkett S, Johnson M, Eckley C, Luxton T (2021) Effect of 
Biochar type on immobilization of Mercury (Hg) from a Mercury-spiked 
Soil. ASA, CSSA, SSSA International Annual Meeting, Salt Lake City, Utah, 
November 07 - 10, 2021.

Bolan N, Hoang SA, Beiyuan J, Gupta S, Hou D, Karakoti A, Joseph S, Jung S, 
Kim KH et al (2022a) Multifunctional applications of biochar beyond 
carbon storage. Int Mater Rev 67(2):150–200

Bolan N, Kumar M, Singh E, Kumar A, Singh L, Kumar S, Keerthanan S, Hoang 
SA, El-Naggar A, Vithanage M, Sarkar B (2022b) Antimony contamina-
tion and its risk management in complex environmental settings: a 
review. Environ Int 158:106908

Bombuwala DN, Liyanage AS, Pittman CU, Mohan D, Mlsna T (2018) Fast 
nitrate and fluoride adsorption and magnetic separation from water 
on α-Fe2O3 and Fe3O4 dispersed on douglas fir biochar. Bioresource 
Technol 263:258–265. https://​doi.​org/​10.​1016/j.​biort​ech.​2018.​05.​001

Bussan DD, Sessums RF, Cizdziel JV (2016) Activated carbon and biochar 
reduce mercury methylation potentials in aquatic sediments. Bull 
Environ Contam Toxicol 96:536–539

Casiot C, Egal M, Bruneel O, Verma N, Parmentier M, Elbaz-Poulichet F (2011) 
Predominance of aqueous Tl(I) species in the river system downstream 

from the abandoned carnoules mine (Southern France). Environ Sci 
Technol 45:2056–2064

Chen L, Liu J, Hu W, Gao J, Yang J (2021) Vanadium in soil-plant system: source, 
fate, toxicity, and bioremediation. J Hazard Mater 405:124200. https://​
doi.​org/​10.​1016/j.​jhazm​at.​2020.​124200

Chen H, Gao Y, El-Naggar A, Niazi NK, Sun C, Shaheen SM, Hou D, Yang X, 
Tang Z, Liu Z, Hou H, Chen W, Rinklebe J, Pohořelý M, Wang H (2022a) 
Enhanced sorption of trivalent antimony by chitosan-loaded biochar in 
aqueous solutions: characterization, performance and mechanisms. J 
Hazard Mater 425:127971

Chen X, Wang J, Pan C, Feng L, Guo Q, Chen S, Xie S (2022b) Metagenomic 
analysis reveals the response of microbial community in river sediment 
to accidental antimony contamination. Sci Total Environ 813:152484

Chen ZY, Li Z, Chen J, Kallem P, Banat F, Qiu HD (2022c) Recent advances in 
selective separation technologies of rare earth elements: a review. J 
Environ Chem Eng. https://​doi.​org/​10.​1016/j.​jece.​2021.​107104

Cheng N, Wang B, Wu P, Lee X, Xing Y, Chen M, Gao B (2021) Adsorption of 
emerging contaminants from water and wastewater by modified 
biochar: a review. Environ Pollut 273:116448. https://​doi.​org/​10.​1016/j.​
envpol.​2021.​116448

Cui X, Ni Q, Lin Q, Khan KY, Li T, Khan MB, He Z, Yang X (2017) Simultaneous 
sorption and catalytic oxidation of trivalent antimony by Canna indica 
derived biochars. Environ Pollut 229:394–402

Dai X, Thi Hong Nhung N, Hamza MF, Guo Y, Chen L, He C, Ning S, Wei Y, 
Dodbiba G, Fujita T (2022) Selective adsorption and recovery of scan-
dium from red mud leachate by using phosphoric acid pre-treated 
pitaya peel biochar. Sep Purif Technol 292:121043

De D, Santosha S, Aniya V, Sreeramoju ABS (2018) Assessing the applicabil-
ity of an agro-industrial waste to engineered Bio-char as a dynamic 
adsorbent for Fluoride Sorption. J Environ Chem Eng 6(2):2998–3009. 
https://​doi.​org/​10.​1016/j.​jece.​2018.​04.​021

Deng P, Yuan W, Wang J, Li L, Zhou Y, Beiyuan J, Xu H, Jiang S, Tan Z, Gao Y, 
Chen D, Liu J (2024) Enhanced passivation of thallium, vanadium and 
arsenic in contaminated soils: critical role of Fe–Mn-biochar. Biochar 
6:61. https://​doi.​org/​10.​1007/​s42773-​024-​00344-z

Dhiman S, Kumar S, Kumar M, Kumar G (2023) Origin and management of 
inorganic and organic contaminants. In: George N, Dwibedi V, Rath 
SK, Chauhan PS (eds) Management and Mitigation of Emerging Pol-
lutants. Springer, Cham, pp 21–67

Dong X, Ma LQ, Zhu Y, Li Y, Gu B (2013) Mechanistic investigation of 
mercury sorption by brazilian pepper biochars of different pyrolytic 
temperatures based on X-ray photoelectron spectroscopy and flow 
calorimetry. Environ Sci Technol 47(21):12156–12164

Dong Q, Yang D, Luo L, He Q, Cai F, Cheng S, Chen Y (2021) Engineering 
porous biochar for capacitive fluorine removal. Sep Purif Technol 
257:117932. https://​doi.​org/​10.​1016/j.​seppur.​2020.​117932

Dong Z, Zhou J, Huang T, Yan Z, Liu X, Jia X, Zhou W, Li W, Finfrock YZ, Wang 
X (2022) Effects of oxygen on the adsorption/oxidation of aqueous 
Sb (III) by Fe-loaded biochar: An X-ray absorption spectroscopy study. 
Sci Total Environ 846:157414

Dong M, He L, Jiang M, Zhu Y, Wang J, Gustave W, Wang S, Deng Y, Zhang X, 
Wang Z (2023) Biochar for the removal of emerging pollutants from 
aquatic systems: a review. Int J Environ Res Public Health 20:1679. 
https://​doi.​org/​10.​3390/​ijerp​h2003​1679

El-Naggar A, Shaheen S, Chang S, Ok Y, Rinklebe J (2021) Biochar surface 
functionality plays a vital role in (Im)mobilization and phytoavail-
ability of soil vanadium. ACS Sustainable Chem Eng 9:6864–6874. 
https://​doi.​org/​10.​1021/​acssu​schem​eng.​1c016​56

Fan X, Parker DJ, Smith MD (2003) Adsorption kinetics of fluoride on low 
cost materials. Water Res 37(20):4929–4937. https://​doi.​org/​10.​1016/j.​
watres.​2003.​08.​014

Fan C, Chen N, Qin J, Yang Y, Feng C, Li M, Gao Y (2020) Biochar stabilized 
nano zero-valent iron and its removal performance and mechanism 
of pentavalent vanadium(V(V)). Colloids Surfaces A Physicochem Eng 
Asp 599:124882. https://​doi.​org/​10.​1016/j.​colsu​rfa.​2020.​124882

Fan C, Yin N, Cai X, Du X, Wang P, Liu X, Li Y, Chang X, Du H, Ma J, Cui Y (2022) 
Stabilization of fluorine-contaminated soil in aluminum smelting 
site with biochar loaded iron-lanthanide and aluminum-lanthanide 
bimetallic materials. J Hazard Mater 426:128072. https://​doi.​org/​10.​
1016/j.​jhazm​at.​2021.​128072

https://doi.org/10.1021/acsearthspacechem.2c00116
https://doi.org/10.1021/acsearthspacechem.2c00116
https://doi.org/10.1016/j.cej.2022.136955
https://doi.org/10.1007/s10661-023-11322-6
https://doi.org/10.1007/s10661-023-11322-6
https://doi.org/10.1016/j.jhazmat.2022.129405
https://doi.org/10.1016/j.jhazmat.2022.129405
https://doi.org/10.1016/j.eti.2021.101638
https://doi.org/10.1016/j.eti.2021.101638
https://doi.org/10.1201/9781003173274
https://doi.org/10.1201/9781003173274
https://doi.org/10.1016/j.biortech.2018.05.001
https://doi.org/10.1016/j.jhazmat.2020.124200
https://doi.org/10.1016/j.jhazmat.2020.124200
https://doi.org/10.1016/j.jece.2021.107104
https://doi.org/10.1016/j.envpol.2021.116448
https://doi.org/10.1016/j.envpol.2021.116448
https://doi.org/10.1016/j.jece.2018.04.021
https://doi.org/10.1007/s42773-024-00344-z
https://doi.org/10.1016/j.seppur.2020.117932
https://doi.org/10.3390/ijerph20031679
https://doi.org/10.1021/acssuschemeng.1c01656
https://doi.org/10.1016/j.watres.2003.08.014
https://doi.org/10.1016/j.watres.2003.08.014
https://doi.org/10.1016/j.colsurfa.2020.124882
https://doi.org/10.1016/j.jhazmat.2021.128072
https://doi.org/10.1016/j.jhazmat.2021.128072


Page 26 of 30Shaheen et al. Biochar            (2025) 7:34 

Fang Y, Wang P, Zhang L, Zhang H, Xiao R, Luo Y, Tang KHD, Li R, Abdelrah-
man H, Zhang Z, Rinklebe J (2024) A novel Zr-P-modified nanomag-
netic herbal biochar immobilized Cd and Pb in water and soil and 
enhanced the relative abundance of metal-resistant bacteria: biogeo-
chemical and spectroscopic investigations to identify the governing 
factors and potential mechanisms. Chem Eng J 485:149978

Fei YM, Zhang BG, Chen DD, Liu TX, Dong HL (2023) The overlooked role 
of denitrifying bacteria in mediating vanadate reduction. Geochim 
Cosmochim Ac 361:67–81

Feng Y, Liu P, Wang Y, Liu W, Liu Y, Finfrock YZ (2020) Mechanistic investiga-
tion of mercury removal by unmodified and Fe-modified biochars 
based on synchrotron-based methods. Sci Total Environ 719:137435

Foroutan R, Mohammadi R, Razeghi J, Ahmadi M, Ramavandi B (2024) 
Amendment of Sargassum oligocystum bio-char with MnFe2O4 
and lanthanum MOF obtained from PET waste for fluoride removal: 
a comparative study. Environ Res 251(1):118641. https://​doi.​org/​10.​
1016/j.​envres.​2024.​118641

Fuge R (2019) Fluorine in the environment, a review of its sources and 
geochemistry. Appl Geochem 100:393–406. https://​doi.​org/​10.​1016/j.​
apgeo​chem.​2018.​12.​016

Gad SC (2024) Antimony. Academic Press, Oxford
Gao Y, Jiang J, Tian S, Li K, Yan F, Liu N, Chen X (2017) BOF steel slag as a low-

cost sorbent for vanadium (V) removal from soil washing effluent. Sci 
Rep. https://​doi.​org/​10.​1038/​s41598-​017-​11682-3

Gao C, Cao Y, Lin J, Fang H, Luo Z, Lin Y, Zhao H, Huang Y (2020) Insights into 
facile synthesized pomelo biochar adsorbing thallium: potential reme-
diation in agricultural soils. Environ Sci Pollut Res 27:22698–22707

Gao Y, Chen H, Fang Z, Niazi NK, Adusei-Fosu K, Li J, Yang X, Liu Z, Bolan NS, 
Gao B, Hou D, Sun C, Meng J, Chen W, Quin BF, Wang H (2023) Coupled 
sorptive and oxidative antimony(III) removal by iron-modified biochar: 
Mechanisms of electron-donating capacity and reactive Fe species. 
Environ Pollut 337:122637

Ghanim B, Murnane JG, Lisa O’Donoghue L et al (2020) Removal of vanadium 
from aqueous solution using a red mud modified saw dust biochar. 
J Water Process Eng 33:101076. https://​doi.​org/​10.​1016/j.​jwpe.​2019.​
101076

Gong H, Zhao L, Rui X, Hu J, Zhu N (2022) A review of pristine and modified 
biochar immobilizing typical heavy metals in soil: applications and 
challenges. J Hazard Mater 432:128668

Guo M, Song W, Tian J (2020) Biochar-facilitated soil remediation: mechanisms 
and efficacy variations. Front Environ Sci. https://​doi.​org/​10.​3389/​fenvs.​
2020.​521512

Hadjittofi L, Charalambous S, Pashalidis I (2016) Removal of trivalent samarium 
from aqueous solutions by activated biochar derived from cactus fibres. 
J Rare Earths 34:99–104

He C, Zhang BG, Lu JP, Qiu R (2021) A newly discovered function of nitrate 
reductase in chemoautotrophic vanadate transformation by natural 
mackinawite in aquifer. Water Res 189:116664. https://​doi.​org/​10.​1016/j.​
watres.​2020.​116664

He JX, Zhang BG, Wang YN, Chen SM, Dong HL (2023) Vanadate bio-detoxifica-
tion driven by pyrrhotite with secondary mineral formation. Environm 
Sci Technolo 57:1807–1818

He Y, Yang Y, Chi W, Hu S, Chen G, Wang Q, Cheng K, Guo C, Liu T, Xia B (2024) 
Biogeochemical cycling in paddy soils controls antimony transforma-
tion: Roles of iron (oxyhydr)oxides, organic matter and sulfate. J Hazard 
Mater 464:132979

Hettithanthri O, Rajapaksha AU, Nanayakkara N, Vithanage M (2023) Tempera-
ture influence on layered double hydroxide tailored corncob biochar 
and its application for fluoride removal in aqueous media. Environ 
Pollut 320:121054. https://​doi.​org/​10.​1016/j.​envpol.​2023.​121054

Hota A, Patro SGK, Panda SK, Khan MA, Hasan MA, Islam S, Alsubih M, Khan 
NA, Zahmatkesh S (2024) Removing fluoride ions from wastewater by 
Fe3O4 nanoparticles: modified Rhodophytes (red algae) as biochar. 
J Water Process Eng 58:104776. https://​doi.​org/​10.​1016/j.​jwpe.​2024.​
104776

Hsu-Kim H, Kucharzyk KH, Zhang T, Deshusses MA (2013) Mechanisms 
regulating mercury bioavailability for methylating microorganisms 
in the aquatic environment: a critical review. Environ Sci Technol 
47(6):2441–2456

Hua L, Zhang H, Wei T, Yang C, Guo J (2019) Effect of biochar on fraction 
and species of antimony in contaminated soil. J Soils Sediments 
19:2836–2849

Hua L, Wu C, Zhang H, Cao L, Wei T, Guo J (2021) Biochar-induced changes in 
soil microbial affect species of antimony in contaminated soils. Chem-
osphere 263:127795

Huang Y, Hu H (2020) The interaction of perrhenate and acidic/basic oxygen-
containing groups on biochar surface: a DFT study. Chem Eng J. https://​
doi.​org/​10.​1016/j.​cej.​2019.​122647

Huangfu XL, Jiang J, Ma J, Wang Y, Liu YZ, Lu XX, Zhang X, Cheng HJ (2015) 
Reduction-induced aggregation and/or dissolution of MnO col-
loids by organics. Colloids Surfaces a-Physicochemical Eng Aspects 
482:485–490

Jaishankar M, Tseten T, Anbalagan N, Mathew BB, Beeregowda KN (2014) Toxic-
ity, mechanism and health effects of some heavy metals. Interdiscip 
Toxicol 7(2):60–72. https://​doi.​org/​10.​2478/​intox-​2014-​0009

Ji J, Xu S, Ma Z, Mou Y (2022) Optimisation of preparation conditions and 
removal mechanism for trivalent antimony by biochar-supported nano 
zero-valent iron. Environ Technol Innov 26:102240

Jiao Y, Wang T, He M, Liu X, Lin C, Ouyang W (2022) Simultaneous stabilization 
of Sb and As co-contaminated soil by FeMg modified biochar. Sci Total 
Environ 830:154831

Jin S, Hu Z, Huang Y, Hu Y, Pan H (2019) Evaluation of several phosphate 
amendments on rare earth element concentrations in rice plant and 
soil solution by X-ray diffraction. Chemosphere 236:124322

Kabiri S, Tran DNH, Azari S, Losic D (2015) Graphene-diatom silica aerogels for 
efficient removal of mercury ions from water. ACS Appl Mater Interfaces 
7(22):11815–11823

Kayiranga A, Luo ZX, Ndayishimiye JC, Nkinahamira F, Cyubahiro E, Habumugi-
sha T, Yan CZ, Guo JH, Zhen Z, Tuyishimire A, Izabayo HD (2021) Insights 
into thallium adsorption onto the soil, bamboo-derived biochar, and 
biochar amended soil in Pomelo orchard. Biochar 3:315–328

Khan BA, Ahmad M, Iqbal S, Bolan N, Zubair S, Shafique MA, Shah A (2022) 
Effectiveness of the engineered pinecone-derived biochar for the 
removal of fluoride from water. Environ Res 212:113540. https://​doi.​org/​
10.​1016/j.​envres.​2022.​113540

Khan BA, Ahmad M, Iqbal S, Ullah F, Bolan N, Solaiman ZM, Shafique MA, 
Siddique KHM (2023) Adsorption and immobilization performance of 
pine-cone pristine and engineered biochars for antimony in aqueous 
solution and military shooting range soil: an integrated novel approach. 
Environ Pollut 317:120723

Kołodyńska D, Bąk J, Majdańska M, Fila D (2018) Sorption of lanthanide ions on 
biochar composites. J Rare Earths 36:1212–1220

Komnitsas K, Zaharaki D, Bartzas G et al (2017) Adsorption of scandium and 
neodymium on biochar derived after low-temperature pyrolysis of 
sawdust. Minerals. https://​doi.​org/​10.​3390/​min71​00200

Kumar R, Sharma P, Yang W, Sillanpää M, Shang J, Bhattacharya P, Vithanage 
M, Maity JP (2022) State-of-the-art of research progress on adsorptive 
removal of fluoride-contaminated water using biochar-based materials: 
Practical feasibility through reusability and column transport studies. 
Environ Res 214:114043. https://​doi.​org/​10.​1016/j.​envres.​2022.​114043

Kumar M, Sridharan S, Sawarkar AD, Shakeel A, Anerao P, Mannina G, Sharma P, 
Pandey A (2023a) Current research trends on emerging contaminants 
pharmaceutical and personal care products (PPCPs): a comprehensive 
review. Sci Total Environ 859:160031

Kumar R, Sharma P, Sharma PK, Rose PK, Singh RK, Kumar N, Sahoo PK, Maity JP, 
Ghosh A, Kumar M, Bhattacharya P, Pandey A (2023b) Rice husk biochar 
- A novel engineered bio-based material for transforming groundwater-
mediated fluoride cycling in natural environments. J Environ Manage 
343:118222. https://​doi.​org/​10.​1016/j.​jenvm​an.​2023.​118222

Lai L, Liu X, Ren W, Zhou Z, Zhao X, Zeng X, Lin C, He M, Ouyang W (2023) 
Efficient removal of Sb(III) from water using β-FeOOH-modified biochar: 
synthesis, performance and mechanism. Chemosphere 311:137057. 
https://​doi.​org/​10.​1016/j.​chemo​sphere.​2022.​137057

Lee JE, Park YK (2020) Applications of modified biochar-based materials for 
the removal of environment pollutants: a mini review. Sustainability 
12(15):6112. https://​doi.​org/​10.​3390/​su121​56112

Li J, Wang Q, Li M, Yang B, Shi M, Guo W, McDermott TR, Rensing C, Wang 
G (2015) Proteomics and genetics for identification of a bacterial 
antimonite oxidase in Agrobacterium tumefaciens. Environ Sci Technol 
49(10):5980–5989

https://doi.org/10.1016/j.envres.2024.118641
https://doi.org/10.1016/j.envres.2024.118641
https://doi.org/10.1016/j.apgeochem.2018.12.016
https://doi.org/10.1016/j.apgeochem.2018.12.016
https://doi.org/10.1038/s41598-017-11682-3
https://doi.org/10.1016/j.jwpe.2019.101076
https://doi.org/10.1016/j.jwpe.2019.101076
https://doi.org/10.3389/fenvs.2020.521512
https://doi.org/10.3389/fenvs.2020.521512
https://doi.org/10.1016/j.watres.2020.116664
https://doi.org/10.1016/j.watres.2020.116664
https://doi.org/10.1016/j.envpol.2023.121054
https://doi.org/10.1016/j.jwpe.2024.104776
https://doi.org/10.1016/j.jwpe.2024.104776
https://doi.org/10.1016/j.cej.2019.122647
https://doi.org/10.1016/j.cej.2019.122647
https://doi.org/10.2478/intox-2014-0009
https://doi.org/10.1016/j.envres.2022.113540
https://doi.org/10.1016/j.envres.2022.113540
https://doi.org/10.3390/min7100200
https://doi.org/10.1016/j.envres.2022.114043
https://doi.org/10.1016/j.jenvman.2023.118222
https://doi.org/10.1016/j.chemosphere.2022.137057
https://doi.org/10.3390/su12156112


Page 27 of 30Shaheen et al. Biochar            (2025) 7:34 	

Li C, Chen N, Zhao Y, Li R, Feng C (2016) Polypyrrole-grafted peanut shell 
biological carbon as a potential sorbent for fluoride removal: sorption 
capability and mechanism. Chemosphere 163:81–89. https://​doi.​org/​
10.​1016/j.​chemo​sphere.​2016.​08.​016

Li H, Xiong J, Xiao T, Long J, Wang Q, Li K, Liu X, Zhang G, Zhang H (2019) 
Biochar derived from watermelon rinds as regenerable adsorbent for 
efficient removal of thallium (I) from wastewater. Process Saf Environ 
Prot 127:257–266

Li H, Xiong J, Zhang G, Liang A, Long J, Xiao T, Chen Y, Zhang P, Liao D, Lin 
L (2020a) Enhanced thallium (I) removal from wastewater using 
hypochlorite oxidation coupled with magnetite-based biochar adsorp-
tion. Sci Total Environ 698:134166

Li S, Dong L, Wei Z, Sheng G, Du K, Hu B (2020b) Adsorption and mechanistic 
study of the invasive plant-derived biochar functionalized with CaAl-
LDH for Eu(III) in water. J Environ Sci 96:127–137

Li L, Liao L, Wang B, Li W, Liu T, Wu P, Xu Q, Liu S (2022a) Effective Sb(V) removal 
from aqueous solution using phosphogypsum-modified biochar. 
Environ Pollut 301:119032

Li H, Jiang Q, Li R, Zhang B, Zhang J, Zhang Y (2022b) Passivation of lead and 
cerium in soil facilitated by biochar-supported phosphate-doped 
ferrihydrite: Mechanisms and microbial community evolution. J Hazard 
Mater 436:129090

Li X, Gan T, Zhang J, Shi Z, Xiao Z (2023) Performance of Fe–La–Ce biochar 
derived from Bidens pilosa L. for adsorbing fluoride in water. Environ 
Technol Innov 32:103261. https://​doi.​org/​10.​1016/j.​eti.​2023.​103261

Liang L, Xi F, Tan W, Meng X, Hu B, Wang X (2021a) Review of organic and inor-
ganic pollutants removal by biochar and biochar-based composites. 
Biochar 3:255–281. https://​doi.​org/​10.​1007/​s42773-​021-​00101-6

Liang MA, Lu L, He HJ, Li JX, Zhu ZQ, Zhu YN (2021b) Applications of biochar 
and modified biochar in heavy metal contaminated soil: a descriptive 
review. Sustainability 13:14041

Liatsou I, Pashalidis I, Oezaslan M, Dosche C (2017) Surface characterization 
of oxidized biochar fibers derived from Luffa Cylindrica and lanthanide 
binding. J Environ Chem Eng 5:4069–4074

Liu P, Ptacek CJ, Blowes DW, Landis RC (2016) Mechanisms of mercury removal 
by biochars produced from different feedstocks determined using X-ray 
absorption spectroscopy. J Hazard Mater 308:233–242

Liu P, Ptacek CJ, Blowes DW, Finfrock YZ, Gordon RA (2017) Stabilization of 
mercury in sediment by using biochars under reducing conditions. J 
Hazard Mater 325:120–128

Liu P, Ptacek CJ, Blowes DW, Gould WD (2018a) Control of mercury and 
methylmercury in contaminated sediments using biochars: a long-term 
microcosm study. Appl Geochem 92:30–44

Liu P, Ptacek CJ, Elena KMA, Blowes DW, Gould WD, Finfrock YZ, Wang A, 
Landis RC (2018b) Evaluation of mercury stabilization mechanisms by 
sulfurized biochars determined using x-ray absorption spectroscopy. J 
Hazard Mater 347(114–122):0304–3894

Liu J, Li N, Zhang WL, Wei XD, Tsang DCW, Sun YB, Luo XW, Bao ZA, Zheng WT, 
Wang J, Xu GL, Hou LP, Chen YH, Feng YX (2019a) Thallium contamina-
tion in farmlands and common vegetables in a pyrite mining city and 
potential health risks. Environ Pollut 248:906–915

Liu J, Luo XW, Sun YQ, Tsang DCW, Qi JY, Zhang WL, Li N, Yin ML, Wang J, Lip-
pold H, Chen YH, Sheng GD (2019b) Thallium pollution in China and 
removal technologies for waters: a review. Environ Int 126:771–790

Liu J, Ren SX, Zhou YT, Tsang DCW, Lippold H, Wang J, Yin ML, Xiao TF, Luo XW, 
Chen YH (2019c) High contamination risks of thallium and associated 
metal(loid)s in fluvial sediments from a steel-making area and implica-
tions for environmental management. J Environ Manage 250:109513

Liu J, Ren SX, Cao JL, Tsang DCW, Beiyuan JZ, Peng Y, Fang F, She J, Yin ML, 
Shen N (2021) Highly efficient removal of thallium in wastewater by 
MnFe2O4-biochar composite. J Hazard Mater 401:123311

Liu J, Wei X, Zhou Y, Wang J, Zhang X, Qiu R (2022a) Thallium pollution in farm-
land soils and its potential amendment by biochar-based materials. 
Elsevier, Amsterdam

Liu J, Wei XD, Ren SX, Qi JY, Cao JL, Wang J, Wan YB, Liu YY, Zhao M, Wang L, 
Xiao TF (2022b) Synergetic removal of thallium and antimony from 
wastewater with jacobsite-biochar-persulfate system. Environ Pollut 
304:119196

Liu J, Liu YY, Shen Y, Wei XD, Yuan WH, Qi JY, Cao JL, Deng P, Hu H, Wang L 
(2023a) Thallium separation from wastewater using α-FeOOH@ Biochar: 
Efficacy and mechanism. Sep Purif Technol 306:122532

Liu J, Qiu R, Wei X, Xiong X, Ren S, Wan Y, Wu H, Yuan W, Wang J, Kang M 
(2023b) MnFe2O4-biochar decreases bioavailable fractions of thallium 
in highly acidic soils from pyrite mining area. Environ Res 241:117577

Liu J, Wang L, Lin J, Yuan W, Li L, Peng YK (2023c) Applying thallium isotopic 
compositions as novel and sensitive proxy for Tl (I)/Tl (III) transformation 
and source apportionment. Sci Total Environ 913:169542

Liu Q, Meki K, Zheng H, Yuan Y, Shao M, Luo X, Li X, Jiang Z, Li F, Xing B (2023d) 
Biochar application in remediating salt-affected soil to achieve carbon 
neutrality and abate climate change. Biochar 5:45. https://​doi.​org/​10.​
1007/​s42773-​023-​00244-8

Liu X, Xin S, Wang B, Yuan Y, Chu J, He Y, Zhang X, Wang S (2023e) Removal of 
antimonite and antimonate in aqueous solution by mugwort biochar 
modified by Acidithiobacillus ferrooxidans after pyrolysis. Biores Technol 
380:129113

Long J, Tan D, Deng S, Li B, Ding D, Lei M (2019) Antimony accumulation and 
iron plaque formation at different growth stages of rice (Oryza sativa L.). 
Environ Pollut 249:414–422

Ma W, Lv T, Song X, Cheng Z, Duan S, Xin G, Liu F, Pan D (2014) Characteristics 
of selective fluoride adsorption by biocarbon-Mg/Al layered double 
hydroxides composites from protein solutions: kinetics and equilibrium 
isotherms study. J Hazard Mater 268:166–176. https://​doi.​org/​10.​1016/j.​
jhazm​at.​2014.​01.​013

Ma C, Du Y, Du B, Wang H, Wang E (2018) Investigation of an eco-friendly 
aerogel as a substrate for the immobilization of MoS2 nanoflowers for 
removal of mercury species from aqueous solutions. J Colloid Interface 
Sci 525:251–259

Mahmood T, Momin S, Ali R, Naeem A, Khan A (2022) Technologies for removal 
of emerging contaminants from wastewater. IntechOpen. https://​doi.​
org/​10.​5772/​intec​hopen.​104466

Mahmoud ME, Abou-Ali SAA, Elweshahy SMT (2021) Efficient and ultrafast 
removal of Cd(II) and Sm(III) from water by leaves of Cynara scolymus 
derived biochar. Mater Res Bull 141:111334

Majumder S, Sharma P, Singh SP, Nadda AK, Sahu PK, Xia C, Sharma S, Ganguly 
R, Lam SS, Kim KH (2023) Engineered biochar for the effective sorption 
and remediation of emerging pollutants in the environment. J Environ 
Chem Eng 11(2):109590. https://​doi.​org/​10.​1016/j.​jece.​2023.​109590

Man Y, Wang B, Wang J, Slany M, Yan H, Li P, Naggar A, Shaheen S, Jorg R, Feng 
X (2021) Use of biochar to reduce mercury accumulation in Oryza 
Sativa L: a trial for sustainable management of historically polluted 
farmlands. Environ Int 153:106527–106627

Mei L, Qiao H, Ke F, Peng C, Hou R, Wan X, Cai H (2020) One-step synthesis of 
zirconium dioxide-biochar derived from Camellia oleifera seed shell 
with enhanced removal capacity for fluoride from water. Appl Surf Sci 
509:144685. https://​doi.​org/​10.​1016/j.​apsusc.​2019.​144685

Meilani V, Lee J, Kang J, Lee C, Jeong S, Park S (2021) Application of aluminum-
modified food waste biochar as adsorbent of fluoride in aqueous 
solutions and optimization of production using response surface 
methodology. Microporous Mesoporous Mater 312:110764. https://​doi.​
org/​10.​1016/j.​micro​meso.​2020.​110764

Meng R, Chen T, Zhang Y, Lu W, Liu Yanting LuT, Yanjun L, Wang H (2018) 
Development, modification, and application of low-cost and avail-
able biochar derived from corn straw for the removal of vanadium(v) 
from aqueous solution and real contaminated groundwater. RSC Adv 
8:21480–21494. https://​doi.​org/​10.​1039/​c8ra0​2172d

Migaszewski ZM, Galuszka A (2015) The characteristics, occurrence, and geo-
chemical behavior of rare earth elements in the environment: a review. 
Crit Rev Environ Sci Technol 45:429–471

Mohan D, Sharma R, Singh VK, Steele P Jr, Pittman CU (2012) Fluoride removal 
from water using bio-char, a green waste, low-cost adsorbent: equi-
librium uptake and sorption dynamics modeling. Ind Eng Chem Res 
51(2):900–914. https://​doi.​org/​10.​1021/​ie202​189v

Mohan D, Kumar S, Srivastava A (2014) Fluoride removal from ground water 
using magnetic and nonmagnetic corn stover biochars. Ecol Eng 
73:798–808. https://​doi.​org/​10.​1016/j.​ecole​ng.​2014.​08.​017

Mosaffa E, Banerjee A, Ghafuri H, Rashidi A, Parsa M, Mirkhani V (2023a) 
Sustainable high-efficiency removal of cationic and anionic dyes using 
new super adsorbent biochar: performance, isotherm, kinetic and ther-
modynamic evaluation. Environ Sci Water Res Technol 9:2643–2663

Mosaffa E, Patel RI, Purohit AM, Basak BB, Banerjee A (2023b) Efficient decon-
tamination of cationic dyes from synthetic textile wastewater using 
poly(acrylic acid) composite containing amino functionalized biochar: a 

https://doi.org/10.1016/j.chemosphere.2016.08.016
https://doi.org/10.1016/j.chemosphere.2016.08.016
https://doi.org/10.1016/j.eti.2023.103261
https://doi.org/10.1007/s42773-021-00101-6
https://doi.org/10.1007/s42773-023-00244-8
https://doi.org/10.1007/s42773-023-00244-8
https://doi.org/10.1016/j.jhazmat.2014.01.013
https://doi.org/10.1016/j.jhazmat.2014.01.013
https://doi.org/10.5772/intechopen.104466
https://doi.org/10.5772/intechopen.104466
https://doi.org/10.1016/j.jece.2023.109590
https://doi.org/10.1016/j.apsusc.2019.144685
https://doi.org/10.1016/j.micromeso.2020.110764
https://doi.org/10.1016/j.micromeso.2020.110764
https://doi.org/10.1039/c8ra02172d
https://doi.org/10.1021/ie202189v
https://doi.org/10.1016/j.ecoleng.2014.08.017


Page 28 of 30Shaheen et al. Biochar            (2025) 7:34 

mechanism kinetic and isotherm study. J Polym Environ 31:2486–2503. 
https://​doi.​org/​10.​1007/​s10924-​022-​02744-3

Mosaffa E, Patel D, Ramsheh NA, Patel RA, Banerjee A, Ghafuri H (2024a) Bacte-
rial cellulose microfiber reinforced hollow chitosan beads decorated 
with cross-linked melamine plates for the removal of the Congo red. Int 
J Biol Macromol 254:127794. https://​doi.​org/​10.​1016/j.​ijbio​mac.​2023.​
127794

Mosaffa E, Patel RI, Banerjee A, Basak BB, Oroujzadeh M (2024b) Comprehen-
sive analysis of cationic dye removal from synthetic and industrial 
wastewater using a semi-natural curcumin grafted biochar/poly acrylic 
acid composite hydrogel. RSC Adv 14:7745–7762. https://​doi.​org/​10.​
1039/​D3RA0​8521J

Mukherjee S, Kamila B, Paul S, Hazra B, Chowdhury S, Arya RK, Barman S, Hal-
der G (2023) Insight into biosorptive uptake of fluoride by chemically 
activated biochar: experimental modeling and parametric optimization. 
Biomass Conversion and Biorefinery 13(18):16753–16764. https://​doi.​
org/​10.​1007/​s13399-​021-​022

Nabavi E, Pourrostami Niavol K, Dezvareh G, khodadadi Darban A, (2023) A 
combined treatment system of O3/UV oxidation and activated carbon 
adsorption: emerging contaminants in hospital wastewater. J Water 
Health 21(4):463–490

Nidheesh PV, Khan FM, Kadier A, Akansha J, Bote ME, Mousazadeh M (2022) 
Removal of nutrients and other emerging inorganic contaminants from 
water and wastewater by electrocoagulation process. Chemosphere. 
https://​doi.​org/​10.​1016/j.​chemo​sphere.​2022.​135756

O’Connor D, Peng T, Li G, Wang S, Duan L, Mulder J, Cornelissen G, Cheng 
Z, Yang S, Hou D (2018) Sulfur-modified rice husk biochar: a green 
method for the remediation of mercury contaminated soil. Sci Total 
Environ 621:819–826

Park JH, Wang JJ, Zhou B, Mikhael JER, DeLaune RD (2019) Removing mercury 
from aqueous solution using sulfurized biochar and associated mecha-
nisms. Environ Pollut 244:627–635

Pei X, Gao H, Shang C, Huang J, Ge M, Xie H, Feng Y, Wang B (2024) One-step 
synthesis of phytic acid-assisted hydrochar boost selective sorption and 
in situ passivation of lanthanum. Sci Total Environ 917:170419. https://​
doi.​org/​10.​1016/j.​scito​tenv.​2024.​170419

Perotti M, Petrini R, D’Orazio M, Ghezzi L, Giannecchini R, Vezzoni S (2018) 
Thallium and other potentially toxic elements in the baccatoio stream 
catchment (Northern Tuscany, Italy) receiving drainages from aban-
doned mines. Mine Water Environ 37:431–441

Pourret O, Houben D (2018) Characterization of metal binding sites onto 
biochar using rare earth elements as a fingerprint. Heliyon 4:e00543

Protano G, Nannoni F (2018) Influence of ore processing activity on Hg, As and 
Sb contamination and fractionation in soils in a former mining site of 
Monte Amiata ore district (Italy). Chemosphere 199:320–330. https://​
doi.​org/​10.​1016/j.​chemo​sphere.​2018.​02.​051

Rahman MA, Rahman MM, Bahar MM, Sanderson P, Lamb D (2021) Anti-
monate sequestration from aqueous solution using zirconium, iron and 
zirconium-iron modified biochars. Sci Rep 11:8113

Rajput PS, Kumar P, Priya AK, Kumari S, Shiade SR, Rajput VD et al (2024) Nano-
materials and biochar mediated remediation of emerging contami-
nants. Sci Total Environ 17:170064

Rinklebe J, Shaheen SM, El-Naggar A, Wang H, Du Laing G, Alessi DS, Ok YS 
(2020) Redox-induced mobilization of Ag, Sb, Sn, and Tl in the dis-
solved, colloidal and solid phase of a biochar-treated and un-treated 
mining soil. Environ Int 140:105754

Roy S, Sengupta S, Manna S, Das P (2018) Chemically reduced tea waste bio-
char and its application in treatment of fluoride containing wastewater: 
batch and optimization using response surface methodology. Process 
Saf Environ 116:553–563. https://​doi.​org/​10.​1016/j.​psep.​2018.​03.​009

Royer-Lavallée A, Neculita CM, Coudert L (2020) Removal and potential recov-
ery of rare earth elements from mine water. J Ind Eng Chem 89:47–57

Sadhu M, Bhattacharya P, Vithanage M, Padmaja Sudhakar P (2021) Adsorptive 
removal of fluoride using biochar – a potential application in drinking 
water treatment. Sep Purif Technol 278:119106. https://​doi.​org/​10.​
1016/j.​seppur.​2021.​119106

Safeer R, Liu G, Yousaf B, Ashraf A, Haider MIS, Cheema AI, Ijaz S, Rashid A, 
Sikandar A, Pikoń K (2024) Insights into the biogeochemical transforma-
tion, environmental impacts and biochar-based soil decontamination 
of antimony. Environ Res 251(2):118645. https://​doi.​org/​10.​1016/j.​
envres.​2024.​118645

Sager M, Wiche O (2024) Rare Earth Elements (REE): origins, dispersion, and 
environmental implications—a comprehensive review. Environments 
11(2):24

Saikia R, Goswami R, Bordoloi N, Senapati KK, Pant KK, Kumar M, Kataki R (2017) 
Removal of arsenic and fluoride from aqueous solution by biomass 
based activated biochar: optimization through response surface 
methodology. J Environ Chem Eng 5(6):5528–5539. https://​doi.​org/​10.​
1016/j.​jece.​2017.​10.​027

Saquing JM, Yu YH, Chiu PC (2016) Wood-derived black carbon (Biochar) as 
a microbial electron donor and acceptor. Environ Sci Technol Lett 
3(2):62–66

Serra-Ventura J, Vidal M, Rigol A (2022) Examining samarium sorption in 
biochars and carbon-rich materials for water remediation: batch vs 
continuous-flow methods. Chemosphere 287:132138

Shaheen SM, Rinklebe J, Rupp H, Meissner R (2014) Lysimeter trials to assess 
the impact of different flood-Dry-cycles on the dynamics of pore water 
concentrations of As, Cr, Mo and V in a contaminated floodplain soil. 
Geoderma 228–229:5–13. https://​doi.​org/​10.​1016/j.​geode​rma.​2013.​
12.​030

Shaheen SM, Rinklebe J, Frohne T, White JR, DeLaune RD (2016) Redox effects 
on release kinetics of arsenic, cadmium, cobalt, and vanadium in wax 
lake deltaic freshwater marsh soils. Chemosphere 150:740–748. https://​
doi.​org/​10.​1016/j.​chemo​sphere.​2015.​12.​043

Shaheen SM, Niazi NK, Hassan NEE, Bibi I, Wang H, Tsang DC, Ok YS, Rinklebe J 
(2019a) Wood-based biochar for removal of potentially toxic elements 
in water and wastewater: a critical review. Int Mater Rev 64(4):216–247

Shaheen SM, Alessi DS, Tack FMG, Ok YS, Kim K-H, Gustafsson JP, Sparks DL, Rin-
klebe J (2019b) Redox chemistry of vanadium in soils and sediments: 
Interactions with colloidal materials, mobilization, speciation, and 
relevant environmental implications - A review. Adv Colloid Interface 
Sci 265:1–13

Shaheen SM, Mosa A, Natasha AH, Niazi NK, Antoniadis V, Shahid M, Song 
H, Kwon EE, Rinklebe J (2022a) Removal of toxic elements from 
aqueous environments using nano zero-valent iron- and iron oxide-
modified biochar: a review. Biochar 4:24. https://​doi.​org/​10.​1007/​
s42773-​022-​00149-y

Shaheen SM, Natasha MA, El-Naggar A, Faysal Hossain M, Abdelrahman H, 
Khan Niazi N, Shahid M, Zhang T, Fai Tsang Y, Trakal L, Wang S, Rinklebe 
J (2022b) Manganese oxide-modified biochar: production, characteri-
zation and applications for the removal of pollutants from aqueous 
environments - a review. Biores Technol 346:126581

Shaheen SM, Antoniadis V, Shahid M, Yang Y, Abdelrahman H, Zhang T, Hassan 
NE, Bibi I, Niazi NK, Younis SA, Almazroui M, Tsang Y, Sarmah A, Kim 
K-H, Rinklebe J (2022c) Sustainable applications of rice feedstock in 
agro-environmental and construction sectors: a global perspective. 
Renew Sustain Energy Rev 153:111791. https://​doi.​org/​10.​1016/j.​rser.​
2021.​111791

Shaheen SM, Mosa A, Natasha Jeyasundar PGSA et al (2023) Pros and cons of 
biochar to soil potentially toxic element mobilization and phytoavaila-
bility: Environmental implications. Earth Syst Environ 7:321–345. https://​
doi.​org/​10.​1007/​s41748-​022-​00336-8

Shaheen SM, Antoniadis A, Rinklebe J (2024) Chapter 11 - Vanadium in 
soils and plants: Sources, chemistry, potential risk, and remediation 
approaches. In: Naidu R (ed) Inorganic Contaminants and Radionu-
clides. Elsevier, Amsterdam, pp 249–282

Shen Z, Jin J, Fu J, Yang M, Li F (2021) Anchoring Al- and/or Mg-oxides to 
magnetic biochars for Co-uptake of arsenate and fluoride from water. 
J Environ Manage 293:112898. https://​doi.​org/​10.​1016/j.​jenvm​an.​2021.​
112898

Shi J, Zhang B, Cheng Y, Peng K (2020) Microbial vanadate reduction coupled 
to co-metabolic phenanthrene biodegradation in groundwater. Water 
Res 186:116354. https://​doi.​org/​10.​1016/j.​watres.​2020.​116354

Shi MQ, Min XB, Ke Y, Lin Z, Yang ZH, Wang S, Peng N, Yan X, Luo S, Wu JH, Wei 
YJ (2021) Recent progress in understanding the mechanism of heavy 
metals retention by iron (oxyhydr)oxides. Sci Total Environ. https://​doi.​
org/​10.​1016/j.​scito​tenv.​2020.​141930

Shu R, Wang Y, Zhong H (2016) Biochar amendment reduced methylmercury 
accumulation in rice plants. J Hazard Mater 313:1–8

Silvani L, Cornelissen G, Smebye AB, Zhang Y, Okkenhaug G, Zimmerman 
AR, Thune G, Saevarsson H, Hale SE (2019) Can biochar and designer 
biochar be used to remediate per- and polyfluorinated alkyl substances 

https://doi.org/10.1007/s10924-022-02744-3
https://doi.org/10.1016/j.ijbiomac.2023.127794
https://doi.org/10.1016/j.ijbiomac.2023.127794
https://doi.org/10.1039/D3RA08521J
https://doi.org/10.1039/D3RA08521J
https://doi.org/10.1007/s13399-021-022
https://doi.org/10.1007/s13399-021-022
https://doi.org/10.1016/j.chemosphere.2022.135756
https://doi.org/10.1016/j.scitotenv.2024.170419
https://doi.org/10.1016/j.scitotenv.2024.170419
https://doi.org/10.1016/j.chemosphere.2018.02.051
https://doi.org/10.1016/j.chemosphere.2018.02.051
https://doi.org/10.1016/j.psep.2018.03.009
https://doi.org/10.1016/j.seppur.2021.119106
https://doi.org/10.1016/j.seppur.2021.119106
https://doi.org/10.1016/j.envres.2024.118645
https://doi.org/10.1016/j.envres.2024.118645
https://doi.org/10.1016/j.jece.2017.10.027
https://doi.org/10.1016/j.jece.2017.10.027
https://doi.org/10.1016/j.geoderma.2013.12.030
https://doi.org/10.1016/j.geoderma.2013.12.030
https://doi.org/10.1016/j.chemosphere.2015.12.043
https://doi.org/10.1016/j.chemosphere.2015.12.043
https://doi.org/10.1007/s42773-022-00149-y
https://doi.org/10.1007/s42773-022-00149-y
https://doi.org/10.1016/j.rser.2021.111791
https://doi.org/10.1016/j.rser.2021.111791
https://doi.org/10.1007/s41748-022-00336-8
https://doi.org/10.1007/s41748-022-00336-8
https://doi.org/10.1016/j.jenvman.2021.112898
https://doi.org/10.1016/j.jenvman.2021.112898
https://doi.org/10.1016/j.watres.2020.116354
https://doi.org/10.1016/j.scitotenv.2020.141930
https://doi.org/10.1016/j.scitotenv.2020.141930


Page 29 of 30Shaheen et al. Biochar            (2025) 7:34 	

(PFAS) and lead and antimony contaminated soils? Sci Total Environ 
694:133693

Surana D, Gupta J, Sharma S, Kumar S, Ghosh P (2022) A review on advances 
in removal of endocrine disrupting compounds from aquatic matrices: 
future perspectives on utilization of agri-waste based adsorbents. Sci 
Total Environ 826:154129

Tan X, Liu Y, Zeng G, Wang X, Hu X, Gu Y, Yang Z (2015) Application of biochar 
for the removal of pollutants from aqueous solutions. Chemosphere 
125:70–85

Tan G, Sun W, Xu Y, Wang H, Xu N (2016) Sorption of mercury (II) and atrazine 
by biochar, modified biochars and biochar based activated carbon in 
aqueous solution. Biores Technol 211:727–735

Tang J, Lv H, Gong Y, Huang Y (2015) Preparation and characterization of a 
novel graphene/biochar composite for aqueous phenanthrene and 
mercury removal. Biores Technol 196:355–363

Tang J, Xiang B, Li Y, Tan T, Zhu Y (2022) Adsorption characteristics and charge 
transfer kinetics of fluoride in water by different adsorbents. Front 
Chem 10:917511. https://​doi.​org/​10.​3389/​fchem.​2022.​917511

Tao Y, Su H, Li H, Zhu Y, Shi D, Wu F, Sun F (2021) Ecological and human health 
risk assessment of antimony (Sb) in surface and drinking water in China. 
J Clean Prod 318:128514

Tatsi K, Turner A (2014) Distributions and concentrations of thallium in surface 
waters of a region impacted by historical metal mining (Cornwall, UK). 
Sci Total Environ 473:139–146

Teng Y, Chen K, Jiang H, Hu Y, Seyler BC, Appiah A, Peng S (2024) Utilization 
of phosphoric acid-modified biochar to reduce vanadium leaching 
potential and bioavailability in soil. Environ Pollut 344:123360. https://​
doi.​org/​10.​1016/j.​envpol.​2024.​123360

Ullah H, Khan S, Chen B et al (2023) Machine learning approach to predict 
adsorption capacity of Fe-modified biochar for selenium. Carbon Res 
2:29. https://​doi.​org/​10.​1007/​s44246-​023-​00061-5

Vessey CJ, Lindsay MBJ (2020) Aqueous vanadate removal by iron(II)-bearing 
phases under anoxic conditions. Environ Sci Technol 54:4006. https://​
doi.​org/​10.​1021/​acs.​est.​9b062​50

Wan S, Lin J, Tao W, Yang Y, Li Y, He F (2019) Enhanced fluoride removal from 
water by nanoporous biochar-supported magnesium oxide. Ind Eng 
Chem Res 58(23):9988–9996. https://​doi.​org/​10.​1021/​acs.​iecr.​9b013​68

Wan Q, Liu B, Zhang M, Zhao M, Dai Y, Liu W, Ding K, Lin Q, Ni Z, Li J, Wang S, Jin 
C, Tang Y, Qiu R (2023) Co-transport of biochar nanoparticles (BC NPs) 
and rare earth elements (REEs) in water-saturated porous media: New 
insights into REE fractionation. J Hazard Mater 453:131390

Wang Y-Y, Lu H-H, Liu Y-X, Yang S-M (2016) Ammonium citrate-modified 
biochar: an adsorbent for La(III) ions from aqueous solution. Colloids 
Surf, A 509:550–563

Wang G, Zhang B, Li S, Yang M, Yin C (2017) Simultaneous microbial reduction 
of vanadium (V) and chromium (VI) by Shewanella loihica PV-4. Biores 
Technol 227:353–358. https://​doi.​org/​10.​1016/j.​biort​ech.​2016.​12.​070

Wang Li, Wang J, Wang Z, He C, Lyu W, Yan W, Yang L (2018a) Enhanced anti-
monate (Sb(V)) removal from aqueous solution by La-doped magnetic 
biochars. Chem Eng J 354:623–632. https://​doi.​org/​10.​1016/j.​cej.​2018.​
08.​074

Wang J, Chen N, Feng C, Li M (2018b) Performance and mechanism of fluoride 
adsorption from groundwater by lanthanum-modified pomelo peel 
biochar. Environ Sci Pollut Res 25:15326–15335. https://​doi.​org/​10.​
1007/​s11356-​018-​1727-6

Wang Y-Y, Ji H-Y, Lu H-H, Liu Y-X, Yang R-Q, He L-L, Yang S-M (2018c) Simul-
taneous removal of Sb (III) and Cd (II) in water by adsorption onto a 
MnFe2O4–biochar nanocomposite. RSC Adv 8(6):3264–3273

Wang XX, Chen L, Wang L, Fan QH, Pan DQ, Li JX, Chi FT, Xie Y, Yu SJ, Xiao 
CL, Luo F, Wang J, Wang XL, Chen CL, Wu WS, Shi WQ, Wang S, Wang 
XK (2019a) Synthesis of novel nanomaterials and their application in 
efficient removal of radionuclides. Sci China-Chem 62:933–967

Wang Y, Dang F, Zheng X, Zhong H (2019b) Biochar amendment to further 
reduce methylmercury accumulation in rice grown in selenium-
amended paddy soil. J Hazard Mater 365:590–596

Wang Y-Y, Ji H-Y, Lyu H-H, Liu Y-X, He L-L, You L-C, Zhou C-H, Yang S-M (2019c) 
Simultaneous alleviation of Sb and Cd availability in contaminated soil 
and accumulation in Lolium multiflorum Lam. after amendment with 
Fe–Mn-Modified biochar. J Clean Prod 231:556–564

Wang K, Sun YB, Tang JC, He J, Sun HW (2020) Aqueous Cr(VI) removal by a 
novel ball milled Fe-biochar composite: Role of biochar electron trans-
fer capacity under high pyrolysis temperature. Chemosphere 1:241

Wang H, Hu T, Wang M, Liang Y, Shen C, Xu H, Zhou Y, Liu Z (2023a) Biochar 
addition to tea garden soils: effects on tea fluoride uptake and accumu-
lation. Biochar 5:37. https://​doi.​org/​10.​1007/​s42773-​023-​00220-​2d

Wang J, Yu S, Jiang Y, Liu Y, Xiong X, Xiao J, Sun M, Beiyuan J, Liu J, Song G 
(2023b) High performance and mechanism of Tl (I) removal from 
solution by synergetic application of nanowire γ-MnOOH@ biochar 
and free radicals: implications to AMD treatment. J Water Proc Eng 
54:103948. https://​doi.​org/​10.​1016/j.​jwpe.​2023.​103948

Wei Y, Li R, Lu N, Zhang B (2022) Stabilization of soil co-contaminated with 
mercury and arsenic by different types of biochar. Sustainability 
14:13637

Wilfong WC, Kail BW, Wang QM, Shi F, Shipley G, Tarka TJ, Gray ML (2020) Stable 
immobilized amine sorbents for heavy metal and REE removal from 
industrial wastewaters. Environ Sci-Water Res Technol 6:1286–1299

Wisawapipat W, Kretzschmar R (2017) Solid phase speciation and solubil-
ity of vanadium in highly weathered soils. Environ Sci Technol 
51(15):8254–8262

Wojtkowiak T, Karbowska B, Zembrzuski W, Siepak M, Lukaszewski Z (2016) 
Miocene colored waters: a new significant source of thallium in the 
environment. J Geochem Explor 161:42–48

Wołowicz A, Hubicki Z (2022) Vanadium(V) removal from aqueous solutions 
and real wastewaters onto anion exchangers and lewatit AF5. Mol-
ecules 27(17):5432. https://​doi.​org/​10.​3390/​molec​ules2​71754​32

World Health Organization (2004) Guidelines for drinking-water quality. World 
Health Organization, Geneva

Wu B, Ifthikar J, Oyekunle DT, Jawad A et al (2021) Interpret the elimina-
tion behaviors of lead and vanadium from the water by employing 
functionalized biochars in diverse environmental conditions. Sci Total 
Environ 789:148031. https://​doi.​org/​10.​1016/j.​scito​tenv.​2021.​148031

Xing Y, Wang J, Xia J, Liu Z, Zhang Y, Du Y, Wei W (2019) A pilot study on using 
biochars as sustainable amendments to inhibit rice uptake of hg from 
a historically polluted soil in a karst region of China. Ecotoxicol Environ 
Saf 170:18–24

Xing Y, Wang, J, Shaheen SM, Xinbin Feng X, et al (2020) Mitigation of mercury 
accumulation in rice using rice hull-derived biochar as soil amendment: 
A field investigation. J Hazard Mat  388:121747. https://​doi.​org/​10.​
1016/j.​jhazm​at.​2019.​121747

Xu X, Schierz A, Xu N, Cao X (2016) Comparison of the characteristics and 
mechanisms of Hg(II) sorption by biocharsand activated carbon. J Col-
loid Interface Sci 463:55–60

Xu H, Luo Y, Wang P, Zhu J, Yang Z, Liu Z (2019) Removal of thallium in water/
wastewater: A review. Water Res 165:114981. https://​doi.​org/​10.​1016/j.​
watres.​2019.​114981

Yaashikaa PR, Kumar PS, Varjani S, Saravanan A (2020) A critical review on the 
biochar production techniques, characterization, stability and applica-
tions for circular bioeconomy. Biotechnol Rep. https://​doi.​org/​10.​1016/j.​
btre.​2020.​e00570

Yadav K, Jagadevan S (2021) Influence of torrefaction and pyrolysis on 
engineered biochar and its applicability in defluoridation: insight into 
adsorption mechanism, batch adsorber design and artificial neural 
network modelling. J Anal Appl Pyrol 154:105015. https://​doi.​org/​10.​
1016/j.​jaap.​2021.​105015

Yadav AK, Abbassi R, Gupta A, Dadashzadeh M (2013) Removal of fluoride 
from aqueous solution and groundwater by wheat straw, sawdust and 
activated bagasse carbon of sugarcane. Ecol Eng 52:211–218. https://​
doi.​org/​10.​1016/j.​ecole​ng.​2012.​12.​069

Yang X, Shi Z, Liu L (2015) Adsorption of Sb (III) from aqueous solution 
by QFGO particles in batch and fixed-bed systems. Chem Eng J 
260:444–453

Yang Q, Wang Y, Zhong H (2021) Remediation of mercury-contaminated soils 
and sediments using biochar: a critical review. Biochar 3:23–35

Yang X, Fan J, Jiang L, Zhu F, Yan Z, Li X, Jiang P, Li X, Xue S (2024) Using Fe/
H2O2-modified biochar to realize field-scale Sb/As stabilization and 
soil structure improvement in an Sb smelting site. Sci Total Environ 
912:168775

Yang Y, Liu W, Weng X, Chen Z, Owens G, Chen Z (2025) Highly selective 
recovery of rare earth elements from mining wastewater using 

https://doi.org/10.3389/fchem.2022.917511
https://doi.org/10.1016/j.envpol.2024.123360
https://doi.org/10.1016/j.envpol.2024.123360
https://doi.org/10.1007/s44246-023-00061-5
https://doi.org/10.1021/acs.est.9b06250
https://doi.org/10.1021/acs.est.9b06250
https://doi.org/10.1021/acs.iecr.9b01368
https://doi.org/10.1016/j.biortech.2016.12.070
https://doi.org/10.1016/j.cej.2018.08.074
https://doi.org/10.1016/j.cej.2018.08.074
https://doi.org/10.1007/s11356-018-1727-6
https://doi.org/10.1007/s11356-018-1727-6
https://doi.org/10.1007/s42773-023-00220-2d
https://doi.org/10.1016/j.jwpe.2023.103948
https://doi.org/10.3390/molecules27175432
https://doi.org/10.1016/j.scitotenv.2021.148031
https://doi.org/10.1016/j.jhazmat.2019.121747
https://doi.org/10.1016/j.jhazmat.2019.121747
https://doi.org/10.1016/j.watres.2019.114981
https://doi.org/10.1016/j.watres.2019.114981
https://doi.org/10.1016/j.btre.2020.e00570
https://doi.org/10.1016/j.btre.2020.e00570
https://doi.org/10.1016/j.jaap.2021.105015
https://doi.org/10.1016/j.jaap.2021.105015
https://doi.org/10.1016/j.ecoleng.2012.12.069
https://doi.org/10.1016/j.ecoleng.2012.12.069


Page 30 of 30Shaheen et al. Biochar            (2025) 7:34 

phyto-synthesized biochar dispersed iron nanoparticles. Sep Purif Tech-
nol 353(2):128491. https://​doi.​org/​10.​1016/j.​seppur.​2024.​128491

Yao B, Li Y, Zeng W, Yang G, Zeng J, Nie J, Zhou Y (2023) Synergistic adsorption 
and oxidation of trivalent antimony from groundwater using biochar 
supported magnesium ferrite: performances and mechanisms. Environ 
Pollut 323:121318

Yu Y, Yu L, Paul Chen J (2015) Adsorption of fluoride by Fe–Mg–La triple-metal 
composite: adsorbent preparation, illustration of performance and 
study of mechanisms. Chem Eng J 262:839–846. https://​doi.​org/​10.​
1016/j.​cej.​2014.​09.​006

Yu Y, Li J, Liao Y, Yang J (2020) Effectiveness, stabilization, and potential feasible 
analysis of a biochar material on simultaneous remediation and 
quality improvement of vanadium contaminated soil. J Clean Product 
277:123506. https://​doi.​org/​10.​1016/j.​jclep​ro.​2020.​123506

Yu Y, Li J, Yang J (2022) Usability of rice straw biochar for remediation and 
amelioration of vanadium contaminated soils in areas under acid rain 
leaching. Environ Chem 19:41–51. https://​doi.​org/​10.​1071/​EN211​53

Zama EF, Reid BJ, Arp HPH, Sun G-X, Yuan H-Y, Zhu Y-G (2018) Advances in 
research on the use of biochar in soil for remediation: a review. J Soils 
Sediments 18:2433–2450

Zhang W, Honaker RQ (2018) Rare earth elements recovery using staged 
precipitation from a leachate generated from coarse coal refuse. Int J 
Coal Geol 195:189–199

Zhang BG, Qiu R, Lu L, Chen X, He C, Lu J, Ren Z (2018) Autotrophic vanadium 
(V) bioreduction in groundwater by elemental sulfur and zerovalent 
iron. Environ Sci Technol 52:7434–7442. https://​doi.​org/​10.​1021/​acs.​est.​
8b013​17

Zhang BG, Wang S, Diao M, Fu J, Xie M, Shi J et al (2019a) Microbial community 
responses to vanadium distributions in mining geological environ-
ments and bioremediation assessment. J Geophys Res Biogeosci 
124:601–615

Zhang J, Wu S, Xu Z, Wang M, Man Y, Christie P, Liang P, Shan S, Wong M 
(2019b) The role of sewage sludge biochar in methylmercury formation 
and accumulation in rice. Chemosphere 218:527–533

Zhang H, Xiao R, Li R, Ali A, Chen A, Zhang Z (2020) Enhanced aqueous Cr 
(VI) removal using chitosan-modified magnetic biochars derived from 
bamboo residues. Chemosphere 261:127694

Zhang J, Wu C, Hou W, Zhao Q, Liang X, Lin S, Li H, Xie Y (2021) Biologi-
cal calcium carbonate with a unique organic–inorganic composite 
structure to enhance biochar stability. Environ Sci Process Impacts 
23(11):1747–1758

Zhang Y, Ren M, Tang Y, Cui X, Cui J, Xu C, Qie H, Tan X, Liu D, Zhao J, Wang 
S, Lin A (2022a) Immobilization on anionic metal(loid)s in soil by 
biochar: a meta-analysis assisted by machine learning. J Hazard Mater 
438:129442. https://​doi.​org/​10.​1016/j.​jhazm​at.​2022.​129442

Zhang Z, Jia C, Gan Y, Wang S (2022b) Impact of biochars on the iron plaque 
formation and the antimony accumulation in rice seedings. Bull Environ 
Contam Toxicol 109(6):1088–1094

Zhang K, Cen R, Moavia H, Shen Y, Ebihara A, Wang G et al (2024) The role of 
biochar nanomaterials in the application for environmental remedia-
tion and pollution control. Chem Eng J 492:152310. https://​doi.​org/​10.​
1016/j.​cej.​2024.​152310

Zhao GX, Huang XB, Tang ZW, Huang QF, Niu FL, Wang XK (2018) Polymer-
based nanocomposites for heavy metal ions removal from aqueous 
solution: a review. Polym Chem 9:3562–3582

Zhao Q, Wang Y, Xu Z, Yu Z (2021) The potential use of straw-derived biochar 
as the adsorbent for La(III) and Nd(III) removal in aqueous solutions. 
Environ Sci Pollut Res Int 28:47024–47034

Zhong D, Jiang Y, Zhao Z, Wang L, Chen J, Ren S, Liu Z, Zhang Y, Tsang D, Crit-
tenden JC (2019) pH dependence of arsenic oxidation by rice-husk-
derived biochar: roles of redox-active moieties. Environ Sci Technol 
53:9034–9044. https://​doi.​org/​10.​1021/​acs.​est.​9b007​56

Zhong QH, Qi JY, Liu J, Wang J, Lin K, Ouyang QE, Zhang X et al (2022) Thallium 
isotopic compositions as tracers in environmental studies: a review. 
Environ Int. https://​doi.​org/​10.​1016/j.​envint.​2022.​107148

Zhou N, Guo X, Ye C, Yan L, Gu W, Wu X, Zhou Q, Yang Y, Wang X, Cheng Q 
(2021) Enhanced fluoride removal from drinking water in wide pH 
range using La/Fe/Al oxides loaded rice straw biochar. Water Supply 
22(1):779–794. https://​doi.​org/​10.​2166/​WS.​2021.​232

Zhu P, Zhu J, Pang J, Xu W, Shu L, Hu H, Wu Y, Tang C (2020) Biochar improves 
the growth performance of maize seedling in response to antimony 
stress. Water Air Soil Pollution 231:1–12

Zou C, Xu Z, Nie F, Xiang S, Zhang H, Liu Z (2024) Application of Mg-Fe layered 
double hydroxides/biochar composite for the removal of La(III) from 
aqueous solutions. Water Air Soil Pollut 235:402. https://​doi.​org/​10.​
1007/​s11270-​024-​07210-5

https://doi.org/10.1016/j.seppur.2024.128491
https://doi.org/10.1016/j.cej.2014.09.006
https://doi.org/10.1016/j.cej.2014.09.006
https://doi.org/10.1016/j.jclepro.2020.123506
https://doi.org/10.1071/EN21153
https://doi.org/10.1021/acs.est.8b01317
https://doi.org/10.1021/acs.est.8b01317
https://doi.org/10.1016/j.jhazmat.2022.129442
https://doi.org/10.1016/j.cej.2024.152310
https://doi.org/10.1016/j.cej.2024.152310
https://doi.org/10.1021/acs.est.9b00756
https://doi.org/10.1016/j.envint.2022.107148
https://doi.org/10.2166/WS.2021.232
https://doi.org/10.1007/s11270-024-07210-5
https://doi.org/10.1007/s11270-024-07210-5

	Remediation of emerging inorganic contaminants in soils and water using pristine and engineered biochar: a review
	Abstract 
	Highlights 
	1 Introduction
	2 Biochar for the remediation of vanadium contaminated soils and water
	3 Biochar for the remediation of antimony contaminated soils and water
	4 Biochar for the remediation of thallium contaminated soils and water
	5 Biochar for the remediation of mercury contaminated soils and water
	6 Biochar for the remediation of fluoride contaminated soils and water
	7 Biochar for the remediation of rare earth elements contaminated soils and water
	8 Conclusions, environmental implications, and future directions
	Acknowledgements
	References


