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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 (T1), mercury (Hg), fluoride (F7), 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

- ElCs 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 (F7), 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, T1, 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 runofft, 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
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(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, 2022¢; 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, T1, 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,+1II,+1V, 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; Wolowicz 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™ V (Table 1). As a result,
BC obtained from rice straw (pyrolyzed at 650 C) dem-
onstrated superior performance, with up to 225.6 mg kg™
bioavailable V immobilized in the treatment of 3%
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application. Meanwhile, the wood feedstock pre-pyro-
lyzed at 250 ‘C (LWB) and pyrolyzed at 500 C (HWB)
was mixed with a soil spiked with 3750 mg kg™ 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 (EI-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 g7,
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™*,
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’ to
76.1 mg kg, 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™
(corn) and 2050 mg kg ~! (sorghum) in shoots.
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Fig. 1 lllustration of biochar applications for treatment of vanadium contamination in water and soil

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=0, and
C-0/C-0OH), 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.
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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™' (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),") are
predominant at a wide range of natural pH conditions
(3-10), while Sb(III) exists as antimonous acid (Sb(OH);)
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 ug L™! (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
Q).

Antimony has been listed as a priority pollutant by the
USEPA (Tao et al. 2021) with a maximum permissible
limit of 36 mg kg™ in soil and 20 pg L™! 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
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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/H,0,-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—-CaCO; 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 m-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).



Page 9 of 30

(2025) 7:34

Shaheen et al. Biochar

suisiueyoawl
uondiosjwayd se (V'£6-968)
llom se uondiospe  (€'16-895)  (L§'GE) DG 00LINZ (950 6611) (999)
Jafenwipue D9 00/IAZ D900/ (886 2400. 28 00LINZ 2800/ Buipeoy (AN)
(zcor)  sekejouow josieye  (7'86-C6h)  (18LL) ~SL6L) (£80) (Ceel) (1'29) 00/ uol| JuSjeA
ewir onsibiauAs 8yl DG 00SIAZ - D005 D9 00SIAZ 2800S ol - SC'L - D8 00SIAZ 2800S 009 -0JoZOUBN  MRIIS D1y
(87)
D40'LHD
Buipuoq usboipAH (068) (§9) (€20
uonselul -1 D40°'LHD D450HD D40'LHD
uonexs|duiod a3ejng 00 69 (81°¢) (1 pue
uonesyd 08291 D450HD D8C0HD D850HD 'S0 'T0) S8l SoYduelq
(5'q'ezz00) uon €06l (0€9) (€6) ((4%7) uasayip e Bul  pdivdow
e usy)  -DeJSIUl DLISOND3[3 7T98 100l DYTOHD 06 Oy  Dgaunsid ST-C0  DYTOHD 9%t 005 -peoj uesouyd sno
suon
-JeJ31U| D11BIS0I1D3]
Buipuog-H 1’901 LTELL 00/
(€200) uolexs 534 Y0'8L 005 buipeoj 213y s|oad
e 0es  -dwod assyds-suu| geel  €O'LL €€'S6 - 0¢ - 0¢-500 80001 - 00€ wnisaubepy OJ]swiod
ssad0id uon
-BPIXO 3y} Ul S9DURIS
-QNS 2A11DE31 34 pue
sdnolb jeuonouny
Bululelu0d-U3bAXO JO
uonNqUIUOd 3y
uon
-epIX0 (IINgS piemol (¢6'1) Dg-=4 ssewolq
(£207)  UONBUOD U033 IO} (8%9) assebeq
lewwoen  Auwdededssybiy ayy €88 8C'S GU'88 GL7CS Or  Dgsulsid ol 99 691 005  Bupjeos fe4  ouediebng
saxo|dwiod
gs-0O-=440uon
-ewo} abeINodUd
14bIw 34 UO s|RYQIO
paidnaooun ay|
sdnolb (1g€0) (SE) Dg-Iv
[euonouUn pojeldosse o8-V (€€7) Dg-°4
(€207) -9401(A)GSJ0  Dg-IV Or'E (P€'S8) (L92) bunjeos £ply slsem
‘e 1aueyy Awuyle ybiy oyl Dg-94898 6v'C Dg-24 LLzs 0L Dgaunsid o'l - - 009  Dupfeos sy  Buod-duld
1918
WV ')} WV W4 WY W4
swisjueydaw -16w (Do)
uonezijiqgowwt  (,_6 6w) K&ydeded “3U0) (,-16) ‘dwap
S9DUDIDYOY /lerowy uondiospy (%) Aouady)d |eroway lemu| Hd abesoQ (,.6,w) 3 sishloikd  uonesyipoly }ooispas4

[0S pUE J21eM Ul UOIFRUILIBIUOD OS JO JUSWIeal} 3U) 10} sieydolg paiasuibua pue aupsid jo uopnedijdde ay3 uo salpnis Jo Alewwns g ajqer



Page 10 of 30

(2025) 7:34

Shaheen et al. Biochar

uoneydnaid-0d pue
uonexa|duod adey
-Ins AQ UoeZl|IgeIS-

(#202) sjeJauiw bupesq Gl pue uonedy
‘e 12 bueg -94JO uoneuwoq-  /'s6—/06 - VN VN 0ce LSV 01'S0 G/'8CL - 00F  -Ipow ‘O°H/24 mels
|I0S papuUsWe Jeyd
-Olg-payipow su3 ul
SIUsWIIR IS pue O (€€0) g-=4
(€200) o4 yum sjessulL gS (£9°2) 915eM
1813 URYY 3]Ge1S JO Uol1ewIO g/E  gg€g VN VN 87 Dgounsild Gpue’szy - — 009 Bupeos fHs{  suod-auld
Y NG WY g 66w Y g
SuISIURYDIW (%) £ouUadYye “2U0) (M/m) (Do) dwiag
FERIVEIETEN uonez|jigouw uol1ez||Igow | (%) £oU31DYJS [PAOWIDY qs [e1oL Hd 94 'abeso (.6 ,w) L&g sishjoihyg UOIEDYIPOIN  XD01Spao
|1os
uoneydpaid
3oeyIns snoydiowle-
saxa|dwod g5 ulelb
—0-©D JO uonewIo4- uon SI9||nsip
(9 "eze00) uon -esyipou wins paisabip
le191]  -diospe delsonda|3- €1g  /8yE cLLe 199 - - 0c [9€L 760 009-00€ -dABoydsoyd  diqoiseuy
2g-"0fe4u oo
uondiospe-0)-
20e4INns
Dg-"0%4u ayy uo
94 1M paje|posse
sdnoub [Axo1pAY jo FO%4uN yum
(2'98107) uopeuololdag- uopendd sayduelq
‘e 1o Buepm uondiosiwayd- €5/eC 09661 00l (027474 0S - 0l 8¢0¢ Se'¢ 00S -21d-0D es]
Buipuog uab
-01pAY BIA UORWIOY Og paieod
3|NPOU pue uolIeX3d €034 pue
(Lcog)jese  -jdwod adepns ‘uon 7086 024 €|Da4-17
ueuwiyey -dellle de1sond9fg —»Sle  vS/L 66—1C LS o] — ot — - 00€ '94-17 '0-1Z Spljosolg
¥991) (r£88)
00404 00409
PO (26°€) ‘PO (S1Lo) (£'861) (¥0'8¢) SUDPIX001Id)
P (18'8l)  00/09 (89°66) 00409 00429 ‘PO 00429 snj1>pqolylip
D'q'ecgog)  bulyy aiod pue uon 00524 (S67) 00524 ¥9s1) ey (og') 00, -PvAquonedsy  sbujpass
e N  -DeISIUIDNRISOIO9] PO 00509 ‘PO 00509 0¢ — 9l 00509 PO 00509 005 -lpow |elsideg HombBN
NV W84 WY w4 WY W4
swisjueydaw ,-16w (Do)
uonezijiqgowwt  (,_6 6w) K&ydeded> “3U0) (,-16) ‘dwa
EERIVEYETEN| /lenowdy uondiospy (%) Aouady)d |erowdy leniu| Hd abesoQ (.6 ,w) 3 sishloikq uonesyipoly }ooispae4

(panunuod) z 9jqeyr



Page 11 of 30

(2025) 7:34

Shaheen et al. Biochar

3)qedijdde Jou ) ‘UoiIedYIPOW JISYY Y ‘UoIIedYIPOW 310499 NG

suon
-Delj PUNOQ S3PIXO
|V pue 24 3|qels ol

(0200) qs a|qejiene jo 00¢ s! e
‘e3enyz uopiewuojsuel | - Cl VN VN qs [e1oL L€6  OvpueQL - - 0S5-00% -—  -lswuwio)
92e4INS JBYd0Ig pay
-Ipow uo BN—a4 yum Dgba4
(zz07)  uonewlo) saxa|dwod 0€S1 Sl 0'1-500 uopned
‘e 3o oelf /o4 a19yds Jouuj 0€c - VN VN qs |exol - o410 791 90 009 -yipow BN-24  mexns uio)
0g psy
-lpoul 1o}
wnioyd
-ouapp
wnyoibdng
uoneydpaid ap! o9
AQ SS9 pue suon 110S DOL -XOIPAY-3pIX0  dunsiid 1oy
-DRJ1IR DI1PISOIIIDD ybiy pue uol| paJap 215eM
6107) ‘sdnolb [euopouny MO 10} -mod yim Jaquin
BLERERIIEAN aeyns Aq uondios or Cl VN YN 0l pueqol - 0t ¥'8L6 9¢el  0959-009 usWwyduuz - poIppauys
saxa|dwod O—qgs pue
SOPIXOIPAY/SIPIXO
94-0S JO UoIeUWIOS-
sdnolb
[euonsuny buiuleIuod (tool) o9
-U3abAX0 eIA s3284INS PSYIPON-
(>'q'e6107) JeydOIq Y3 0O 6€E (10'6) 0T pue uonesyipow  saypueiq
‘e 1 buep uondiospy-  Gep-8€E /Tl VN VN 6L Dgaunsiid- 0'1's0 8€0¢ GeT - "Of4uIN ea|
WY w4 WY w4 WY w4
swisiueyddw -1 6w (Do)
uonezjjiqgowuw;  (,_6 bw) L&ydeded “3U0) (,-16) ‘dwia)
S9DUIDYDY /lenowdy uondiospy  (9) A>uadyYys [eArowdy leniuj Hd abesoQ (,-6 ,w) 138¢  gisAjoiAd uonesdyipoly }>01spas4

(panunuod) g ajqey



Shaheen et al. Biochar (2025) 7:34

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~!), 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™
as an average value) (Fig S2 B). Functionalized BC shows
a higher sorption capacity with an average value of
83.4 mg g~; 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™') 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, MnFe,O,) proved highly efficient for Sb(III)
retention (maximum of 237.53 mg g™%). 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.,
FeSbO, and FeSb,0,) via the formation of complexes of
Fe(II)/Fe(I1I) 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™}, respectively, due to pore
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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, -m 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~') 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, TI(I) and TI(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. 2019¢; 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 ug g™' (pomelo peel) and 5286.0 pgg™
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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 TI(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
(MnFe,0O,)—BC composite (MFBC) was used in TI sorp-
tion in highly acidic soils and it proved efficient (Liu
et al. 2023b). Labile TI decreased from 1.51 mg kg™ to
0.88 mg kg™! 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 T1 was agreed also by
Liu et al. (2022a). Moreover, BC extracted from water-
melon showed a capacity of retaining 174 mg g 'for
TI(I) (Li et al. 2019). Likewise, KOH- and HCl-modified
BCs retained TI(I), were able to reversibly adsorb and
desorb TI(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 K;>5000 mL g~! 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 TI(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 TI oxidation is a highly important
research topic. MnFe,O,” composite BC prepared by
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co-precipitation demonstrated an outstanding TI(I)
removal capacity with a maximum adsorption capacity
of 170.6 mg g~ (Liu et al. 2021). This research reported
that T1(I) was oxidized to T1(III) during adsorption and
that the OH™ signal was slightly weakened after adsorp-
tion, suggesting that ion exchange between the TI* and
OH™ groups may have also contributed to TI(I) removal.
Moreover, hypochlorite oxidation in a magnetite-based
BC achieved a TI retention of as high as 1123 mg g™
(Li et al. 2020a, b). This BC served as an efficient sorb-
ent and catalyst, while hypochlorite oxidation assisted
in the removal of TI(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 y-MnOOH@BC com-
bined with persulfate (PS) achieved a high Tl removal
of 164.4 mg g~' (Wang et al. 2023a). Mn*" in that BC
reacted with persulfate and was reduced to Mn?*, while
persulfate SY'O.>~ was reduced to $Y'0,*7, thus caus-
ing the oxidation of TI(I) to the inactive TI(III). In turn,
Mn?* reacted with H,O to produce Mn"OH™, which
effectively catalyzed PS to further produce SO,*>~ and
Mn'O*, completing the cycle from Mn?** to Mn?** and
back to Mn?*. Also, MnFe,0,~BC composite (MFBC)
has been used as PS activator to remove TI 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 T 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™ (pH>7.5) and 100 ng L™ 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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Fig. 2 Sources, fate, and adsorption mechanisms of Sb in water/soils using pristine and modified biochar

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~! 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
(-0),Hg** and (~COO0),Hg** complexes, while a hickory
chips- and a wood-derived BC retained Hg by forming
C=C and C=0 Hg-mn bonds (Xu et al. 2016). Brazilian
pepper pyrolyzed at 300-450 °C was also found to have



Shaheen et al. Biochar (2025) 7:34

(A)

Biochar

I

: I

i I

I

V/ |

\ I
|

\n

Control

Fe/Mn-modified Biochar

Page 15 of 30

[ I Decrease Tl mobi.iity and bioavailability | \
T

@ Exchange metal ions

@ 1ons in biochar, soil and soil + biochar
. Electron donors on biochar

Mr: Deprotonation from metal

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)

removed 23-77% Hg(II) via complexation with the car-
boxylic and phenolic hydroxyl groups, while that at 600
C removed 91% of Hg(Il) by the graphite-like domains
on its aromatic structure (Dong et al. 2013). Hg adsorp-
tion by wood BC was due to Hg—C m bond formation
and interaction with —OH and —COOH, whereas in sul-
furized wood BC thiophenic groups and C-SO,-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-0 (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 Na,S 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 N, 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
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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
CH;Hg* decreased by 25-59% in the BC-treated soil
compared to the control. Further, the concentration of
CH,Hg" 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
CH;Hg* was due to the co-added Se, i.e., the formation
of Hg—Se and CH;Hg* 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™.
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 (NVO,~, Fe''!, and S¥'0,>7).

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 Hg" and CH,;Hg" 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 $¥'0,>” to S° and of SY!O,H" to
HS™ (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 Fe''(S),, thiols R-HS, and sulfides, which
are able to immobilize both CH;Hg" and Hg?* through
chemisorption onto S groups. Secondly, the functional
groups of BC, i.e., S-containing groups, Cl- and O-con-
taining groups can immobilize Hg?" 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
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of Hg?" 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™') (Tang et al. 2022), wheat
straw BC (1.93 mg g™!) (Yadav et al. 2013), S. pinnata BC
(7.66 mg g~') (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™ (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 (Sypp=182.3 m? g™1), was prepared by one-step
pyrolysis. It was found that the maximum F sorption was
83.05 mg g}, 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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Fig. 4 Schematic illustration of Hg transformation and its interactions with biochar in soils and water

(Zhou et al. 2021), and zirconium compounds (Mei et al.
2020). Wang et al. (2018b, ¢, a) found that in a solution
with 10 g L™ of F further added with 1.0 g L™, a pris-
tine teak peals BC achieved the retention of 0.96 mg g™,
while the lanthanum analogous 7.62 mg g~'. 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 L7! to 2.39 mg
L%, 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
(Ca*") 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
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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-m
interactions, and precipitation (Pei et al. 2024; Zou et al.
2024). Ion exchange involves the substitution of common
cations like sodium (Na™), calcium (Ca?") 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 pK, and coex-
isting ions. Proper pH adjustment and the introduction
of small amounts of anions like sulfate (SO,27) or nitrate
(NO;™) were found to enhance threefold the sorption
onto BC of europium (Eu®*) (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 (NH,"), Mg?", and Ca’*. It
was found that with decreasing pH levels and the addi-
tion of divalent cations, sorption competition of Sm with
H*, Ca’*, and Mg®* became more pronounced and this
reduced Sm retention (Mahmoud et al. 2021). At solution
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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 AI** and Eu®'. The reaction can be
represented as follows (Eq. 1):

= APY(S) + BT (L) = ElPT(S) + AT L) (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. (20204, 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 Sm**, 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 Ols signal in C = O to a lower binding energy in
the spectroscopic analysis further corroborated the com-
plexation between the carboxyl groups and Sm?*, as fol-
lows (Eq. 2):

O L
EWC\ At
OH A
_0

g m
+ Sm(aq)y"—_~yﬁJ &O/ |\O + 2 Hpgg'

c Wi
N =
OH Co,

(2)

Moreover, in a study of Sm®* 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 Sm** (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 (La**), cerium (Ce®"), and neodym-
ium (Nd**), significantly impacting their sorption and
removal from solution (Kolodynska 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
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Fig. 5 lllustration of the potential mechanisms of fluoride adsorption on biochar

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 m-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., m-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 La*" and Nd3,
indicated that m-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! after scandium (Sc) sorption,
confirming the presence of metal-n 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 Ca4(PO,),, 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.
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Fig. 6 Proposed removal mechanisms of REEs from water using biochar

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, T1, 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
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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 Al 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
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must be discussed so as to enhance the commercial
feasibility of BC production.
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