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Current research primarily focuses on emerging organic pollutants, with limited attention to emerging
inorganic pollutants (EIPs). However, due to advances in detection technology and the escalating envi-
ronmental and health challenges posed by pollution, there is a growing interest in treating waters con-
taminated with EIPs. This paper explores biochar characteristics and modification methods, encompassing
physical, chemical, and biological approaches for adsorbing EIPs. It offers a comprehensive review of re-
search advancements in employing biochar for EIPs remediation in water, outlines the adsorption mech-
anisms of EIPs by biochar, and presents an environmental and economic analysis. It can be concluded
that using biochar for the adsorption of EIPs in wastewater exhibits promising potential. Nonetheless, it
is noteworthy that certain EIPs like Au(IIl), Rh(III), Ir(II), Ru(Ill), Os(III), Sc(Ill), and Y(III), have not been
extensively investigated regarding their adsorption onto biochar. This comprehensive review will catalyze
further inquiry into the biochar-based adsorption of EIPs, addressing current research deficiencies and
advancing the practical implementation of biochar as a potent substrate for EIP removal from wastewater

streams.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

1. Introduction

perfluorinated compounds, polyfluoroalkyl substances, microplas-
tics, and related compounds [2]. Conversely, emerging inorganic

Population expansion, industrialization, and evolving consump-
tion patterns drive the escalating proliferation of emerging pollu-
tants (EPs) in aquatic and terrestrial ecosystems [1]. The resilience
of these pollutants to natural degradation processes, coupled with
the direct and indirect risks they pose to human and animal health
- through potable water, dermal exposure, and the food chain -
presents significant challenges. Current research on EPs predomi-
nantly focuses more on emerging organic pollutants (EOPs), includ-
ing endocrine disruptors, pharmaceuticals, personal care products,
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pollutants (EIPs) that include rare earth elements (REE) and noble
elements (NE) have been relatively overlooked.

Recent progress in detection methodologies, in conjunction
with rising levels of environmental contamination, has amplified
research focus on EIPs [3]. Unlike conventional heavy metals such
as mercury (Hg), zinc (Zn), chromium (Cr), cadmium (Cd), and pal-
ladium (Pd), EIPs have permeated the environment for extended
periods, albeit at relatively low concentrations [4]. Their potential
hazards have only recently received significant scrutiny [5].

Informed by pertinent research, our primary selection encom-
passes four categories of EIPs, namely: Precious metals [gold, sil-
ver, and platinum group metals (PGMs)], REE, radioactive elements,
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Fig. 1. Emergent inorganic pollutants and integral metals in multiple industries.

and other toxic metals (as depicted in Fig. 1) [3,5,6]. These EIPs
are integral to advancing novel technologies across various sectors,
including electric vehicles, energy storage (e.g., batteries), renew-
able energy, telecommunications, healthcare, defense technologies,
agriculture, and aerospace [7]. In the extant literature, they are of-
ten designated as “key elements,” “crucial raw materials,” or “fun-
damental minerals” [7,8]. Within aqueous environments, they are
typically manifested in the form of X"+ [7].

Presently, the prevailing techniques for removing EIPs from
aqueous environments encompass solvent extraction, ion exchange,
electrolysis, precipitation, membrane treatment, and adsorption [9-
13]. A comparative analysis of these diverse EIP adsorption meth-
ods from water is presented in Table S1 (Supporting information)
[11,14]. The adsorption technique boasts considerable merits, in-
cluding straightforward operation, elevated efficiency, supply of a
broad spectrum of adsorbents, and the capacity for concurrent
multi-pollutant removal [6,15]. Owing to these attributes, adsorp-
tion has emerged as the technology of choice [16,17]. Optimal ad-
sorbents should possess an expansive specific surface area (SSA),
swift adsorption rate, low cost, and brief equilibrium time [18,19].
From this standpoint, biochar has surfaced as a proficient adsor-
bent amidst numerous novel functional materials employed in en-
vironmental applications, owing to its cost-effectiveness, plentiful
material sources, and negligible ecological footprint [11].

When searching by Web of Science core collection, there was
little or no literature on removing EIPs from wastewater using
biochar before 2017. This study presents a comprehensive review
of 105 scholarly articles published between 2017 and 2023 that
focus on using biochar in treating EIPs. A keyword analysis was
conducted using VOSviewer software (1.6.19), with the minimum
keyword occurrence set at five, yielding a network map highlight-
ing the most frequently used keywords within these studies, as il-
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lustrated in Fig. S1 (Supporting information) [20]. The terms “ad-
sorption,” “biochar,” and “adsorbent” emerged as key focal points.
Fig. 2a delineates the annual publication count, which reveals an
escalating trend in EIP-related research, particularly post-2019.

This study encapsulates the pertinent literature based on salient
points. These points encompass raw materials, preparation and
modification methods, metal ions, experimental conditions, ad-
sorption models, isotherms and capacity, ionic strength and anal-
ysis experiments, desorption experiments, functional groups, ad-
sorption types, and principles.

While research into using biochar for treating EPs has a consid-
erable history, with numerous review articles published, the ma-
jority primarily focus on common EOPs (Fig. 2b) [3,5,21]. However,
the effect of biochar on the adsorption and removal of EIPs from
wastewater is still very lacking [3,22]. Given the potential applica-
tion of biochar in the adsorption of these EIPs, it is essential to an-
alyze its adsorption capabilities in wastewater treatment systemat-
ically [3,5]. Therefore, in this comprehensive review, we critically
evaluate the adsorption performance of biochar on metal-based
EIPs based on recent research publications. This analysis encom-
passes the following aspects: (1) An overview of the synthesis and
preparation methods of biochar and biochar-based composite ma-
terials; (2) a thorough review of the literature related to the ad-
sorption of EIPs by biochar; (3) an assessment of the mechanisms,
economic impacts, and environmental implications of these sub-
stances adsorbed by biochar; (4) suggestions for future research
directions in the field of EIPs using biochar.

2. Emerging inorganic pollutants (EIPs)

In the past few decades, EPs in aquatic environments have gar-
nered attention from global research institutions, regulatory agen-
cies, and the public [23,24]. The concept of EPs is not novel and
has rapidly evolved [23,24]. The sources of EPs are diverse, stem-
ming from various emission and disposal methods of pollutants
[25]. Generally speaking, EPs can be categorized as EOPs and EIPs.
EIPs are usually generated by human activities. Fig. 1 illustrates
key contaminants (e.g., gold, palladium, lanthanum, thallium, and
uranium.) that are of particular concern to scientific researchers
[5,26-29]. Fig. S2 (Supporting information) presents the potential
sources and transfer of EIPs. Discharging wastewater from various
industrial processes, including mining, light industry, energy pro-
duction, and the chemical industry, typically results in the gener-
ation of EIPs [17,25]. Another significant source of EIPs is landfill
leachate, particularly from electronic waste, which leads to the re-
lease of EIPs from soil through processes such as rainwater ero-
sion [30-33]. The leachate is discharged directly or indirectly into
water bodies, contributing to severe EIPs pollution in aquatic en-
vironments [31,32]. Additionally, domestic sewage can serve as a
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Fig. 2. Publication trends in biochar utilization for emerging inorganic pollutants treatment: (a) publication trends for emerging inorganic pollutants and (b) publication

trends for EOPs.
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source of EIPs [34]. Furthermore, other sources, including atmo-
spheric transport, waste incineration, and transportation (e.g., au-
tomobiles, diesel-powered vehicles, and aircraft), may contribute to
the presence of EIPs. The EIPs in water bodies exhibit characteris-
tics such as widespread sources, prolonged residence times, trace
amounts, and challenging detection [5,26-28]. Moreover, they are
prone to bioaccumulation along the food chain, leading to difficul-
ties in detection and recovery after pollution events [35]. Further-
more, the persistence of EIPs in the environment can adversely af-
fect human health, leading to damage to cell structures and im-
paired liver function, among other concerns [17,25,35].

The escalating presence of EIPs in the environment has emerged
as a significant issue that necessitates urgent attention. EIPs, form-
ing an integral part of essential high-tech applications and sustain-
able technologies, are indispensable to modern life [36]. In light
of the burgeoning development of electronics, battery, automotive,
and photovoltaic industries, a report indicates that approximately
5360 million tons of precious metals were globally produced in
2019 [36,37]. Furthermore, this report argues that the global pro-
duction of precious metals will escalate to an estimated 7470 mil-
lion tons by 2030 [37]. Another research reports that the global
production of REE stood at 81 tons per annum in 2000, rose to 126
tons per annum in 2016, and surged to a staggering 280 tons per
annum in 2021, representing a growth of over 100% in a mere span
of five years [36]. The pressing need for EIP treatment is further
underscored by their escalating concentrations in aquatic ecosys-
tems. The sediment samples from Mystic Lake in Boston were ana-
lyzed by Rauch et al., revealing that the concentration of palladium
in samples collected between 1992 and 2022 was a staggering ten-
fold higher than those gathered between 1945 and 1974 [38]. Sim-
ilarly, another study demonstrated that the concentrations of Gd in
drinking water are increasing, posing a mounting concern for wa-
ter treatment facilities [39].

The escalating extraction of EIPs and their subsequent utiliza-
tion in manufacturing processes have been observed to lead to an
amplified cumulative exposure to these elements in both human
beings and the associated marine, freshwater, and terrestrial en-
vironments [40]. These persistent EIPs in the environment could
potentially harm human health, notably impacting the central and
peripheral nervous systems. The research conducted by Oladipo
et al. underscored that elevated levels of exposure to EIPs can
heighten the risk of cardiovascular, pulmonary, neurological, hep-
atic, and renal diseases, particularly among susceptible popula-
tions [41]. In addition, some previous studies have demonstrated
that certain elements have the potential to disrupt biosynthetic
pathways by inhibiting enzymatic activities, consequently affecting
the functional dynamics of human cells [42,43]. Moreover, several
EIP elements are employed in the production of various electronic
devices such as televisions, computer and mobile phone screens,
computer chips, magnets, and alloys, which could potentially aug-
ment the risks of human exposure.

Understanding information about the background concentra-
tions of EIPs is crucial for ecological and human health risk as-
sessments and disposal considerations [25]. Due to variations in
detection locations, the content of EIPs also varies significantly
[17,25,29]. It has been reported that mining activities are the pri-
mary input of EIPs into water systems. For example, Baotou, China,
is one of the most significant mining areas in the world. A study
has analyzed the EIP content in the Baotou section of the Yellow
River in China, revealing that human activities enhance the en-
richment of EIPs, with the highest REE reaching up to 3007 ng/L
[44]. Another study found uranium concentrations in surface wa-
ter at the old Senhora das Fontes uranium mine in central Portu-
gal as high as 83pg/L and uranium concentrations in groundwater
as high as 116 pg/L [45]. Similarly, the Sarcheshmeh mining area
in Kerman, Iran, exhibits a similar phenomenon. Due to leaks, the
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streams around this area show REEs at 934 ug/L [46]. The increas-
ing levels of EIPs in water may pose risks associated with water
insecurity due to inadequate water sanitation conditions [25,35].
Therefore, regulatory standards should be formulated and imple-
mented to control the occurrence of EIPs in water systems.

3. Preparation of pristine biochar and functionalized biochar
3.1. Preparation of biochar

The physicochemical attributes of biochar are significantly in-
fluenced by the inherent properties of the raw materials (includ-
ing the type of raw materials, biomass characteristics, and parti-
cle size) as well as the specific reaction conditions (such as py-
rolysis temperature, duration, and heating rate) [22]. The primary
constituents of biochar raw materials, namely cellulose, hemicel-
lulose, and lignin, undergo progressive pyrolysis with increasing
temperature [47]. Notably, at sub-700°C temperatures, an eleva-
tion in temperature fosters the formation of porous structures,
thereby augmenting the SSA [9,11,47]. This phenomenon can be
attributed to the removal of volatile residues obstructing microp-
ores at higher temperatures, thereby enhancing micropore volume
and facilitating the adsorption of EIPs [11]. However, raising the
temperature reduces the number of hydroxyl groups on the sur-
face of biochar, causing a notable loss of negative surface charges
[22]. Once the pyrolysis temperature > 700°C, the mass loss of
biochar slows down significantly. It is worth noting that there is an
expression suggesting that low-temperature pyrolysis results in a
higher proportion of micro/mesopores, while high-temperature py-
rolysis tends to generate more macropores [9,48]. Typical operating
conditions and carbon yields for different pyrolysis processes are
provided in Table S2 (Supporting information) [49]. Despite these
insights, accurately predicting biochar yield based on raw mate-
rial characteristics and pyrolysis conditions remains challenging.
It is gratifying that many researchers have begun using machine
learning algorithms to predict biochar yield, nitrogen content, and
SSA based on its raw material properties and reaction conditions
[50,51]. An overview of the preparation of biochar is provided in
Text S1 (Supporting information).

3.2. Biochar modification methods

The surface functional groups of biochar play a critical role in
its capacity to efficiently adsorb EIPs. Tailoring the attributes of
biochar is typically necessitated by the demands of specific appli-
cations. The prevalent methods for such modifications encompass
physical alterations (e.g., gas activation and ball milling), chem-
ical transformations (e.g., acid-alkali modification, strong oxidant
modification, inorganic loading, and organic loading), and biolog-
ical modifications [9,11,49,52]. A thorough summary and compar-
ison of these customary modification techniques are presented in
Table S3 (Supporting information). An overview of the modifica-
tion methods of biochar is provided in Text S2 (Supporting infor-
mation).

4. Mechanisms of EIPs removal by biochar

Exploring the adsorption mechanisms of EIPs by biochar can
provide a theoretical understanding of the influence of numerous
factors and complex mechanisms. As shown in Fig. 3, physisorp-
tion, electrostatic interaction, precipitation effect, ion exchange,
oxidation-reduction, surface complexation, and cation-r interac-
tions are identified as crucial adsorption mechanisms based on ex-
isting relevant literature [9,11,20,53,54]. The adsorption of EIPs by
biochar involves the combination of multiple mechanisms instead
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Fig. 3. Different adsorption mechanisms of emerging inorganic pollutants on the
surface of biochar.

of relying on a single mechanism. The efficiency of EIPs ion ad-
sorption by biochar primarily depends on its SSA, types, quanti-
ties of surface-active functional groups, and cation exchange ca-
pacity. Nevertheless, existing research is primarily qualitative, and
there is a notable absence of comprehensive quantitative investiga-
tions into the adsorption mechanisms of metal ions. Table S4 (Sup-
porting information) summarises quantitative studies conducted by
various scholars investigating the adsorption mechanisms of metal
ions on biochar through diverse methods. It can be seen from Table
S4 (Supporting information) that most quantitative investigations
indicate that the adsorption of metal ions by biochar is attributed
to a combination of multiple mechanisms. Gaining insights into
the individual contributions of these mechanisms to the adsorp-
tion of metal ions through qualitative and quantitative approaches
is paramount in guiding the selection of optimal engineering so-
lutions for EIPs ions wastewater adsorption. Based on the statisti-
cal findings of this study, 83.33% of research in related fields con-
forms to the Langmuir adsorption isotherm model, while 96.49%
of the studied adsorption models adhere to the pseudo-second-
order model. These results indicate that the dominant mechanism
in biochar adsorption of EIPs is chemical adsorption involving a
single layer.

4.1. Physisorption

Physisorption is the phenomenon in which EIPs ions accu-
mulate on the surface and within the pores of biochar with-
out forming chemical bonds, typically due to van der Waals
forces [11,49,55]. This process is primarily driven by intermolec-
ular forces, resulting in a typically weak adsorption affinity and
a reversible process [11]. Pore size, SSA, and volume are the pri-
mary influencing factors for physisorption. Various models have
been employed to accurately describe the dominant type of ad-
sorption observed, whether physical or chemical, typically includ-
ing the pseudo-first-order and pseudo-second-order models. 96.49%
of the research analyzed by this study adsorption models adhere
to the pseudo-second-order model. The phenomenon suggests that
most studies support the idea that physisorption is unlikely to be
the primary adsorption mechanism for EIPs in biochar adsorption.

4.2. Electrostatic interaction
Electrostatic interaction represents another pivotal mechanism

for the adsorption of EIPs by biochar [56]. The strength of electro-
static interaction is intricately linked to several factors, including
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the pH value of the solution, the oxidation state of heavy metals,
ionic radius, and surface charge characteristics of biochar, including
point of zero charge (PZC) [11]. Research has revealed a positive
correlation between Qmax and zeta potential (P < 0.05), indicating
that a more negative zeta potential likely enhances the strength
of electrostatic interaction between biochar and U(VI) substances
[57]. Out of the 105 literature studies analyzed in this research,
experiments predominantly identified an optimal pH value below
7.0 for the electrostatic interaction-dominated adsorption process.
One of the review literature points out that the lower pH during
the adsorption process can not only provide a greater redox poten-
tial for EIPs ion reduction but also avoid the intensive electrostatic
repulsion between EIPs ion and biochar when the initial pH is in-
creased [58].

4.3. Precipitation effect

Biochar typically contains soluble phosphates and carbonates,
with PO43~ and CO32-, capable of co-precipitating with metal ions
in water to create relatively stable minerals [59-62]. The precipita-
tion effect frequently synergizes with electrostatic attraction, ion
exchange, and surface complexation. For instance, a study em-
ployed magnesia-embedded horse manure biochar to adsorb U(VI)
from a solution [62]. Following the adsorption of U(VI) by biochar,
deconvolution of XPS spectra showed a substantial 0.26eV shift
towards higher binding energy for pyrophosphate and phosphate,
confirming the formation of stable precipitates involving U(VI)
species and pyrophosphate or phosphate [62]. Furthermore, re-
searchers employed Ca/Al-LDH and HAP@biochar to adsorption of
Eu(Ill) in wastewater [60]. Observed precipitates encompass Eus
(PO4)3(0OH)g and Eu, (CO3); [60], with their respective formulas
in Egs. 1 and 2. Another review suggests that EIPs may form pre-
cipitates with phosphate on the surface of biochar, as indicated by
Eq. 3 [35].

5Eu3*(aq)+ 3H,P0,(aq) + 6H,0(1)

— 12H*(aq) + Eus(PO4)3(OH)s(s) | (M
2Eu?*(aq) +3C032~(aq) — Euy(COs)5(s) | (2)
La(OH)3 +H,P0,4~ — LaPOy(s) | +2H,0 +OH~(aq) 3)

4.4. lon exchange

Ion exchange is the physical exchange between negatively
charged groups on the surface of biochar and positively charged
EIPs ions in the solution, primarily driven by Coulombic force [11].
The characteristics of ion exchange are low adsorption capacity and
reversibility [9,11,52]. Nevertheless, as detailed in Section 5.3, ion
exchange does not operate in isolation. For instance, Dong et al.
have utilized AI(III) rich biochar to adsorb Eu(Ill) from wastewater
[60]. Subsequent XPS analysis detected a notable reduction in the
Al-0 peak, suggesting a potential ion exchange between Al(Ill) and
Eu(Ill) [60]. Similarly, researchers have employed Ca(ll) enriched
biochar to eliminate U(VI) from wastewater, and following U(VI)
removal, the intensity of the Ca 2p peak diminishes, indicating a
possible ion exchange between Ca(Il) and U(VI) species throughout
the adsorption process [63]. lon exchange can occur between EIPs
ion and porous materials featuring distinct functional groups, in-
cluding hydroxyl and carboxyl groups. The efficiency of this mech-
anism hinges on the size of the adsorbed metal ions and the sur-
face chemistry of the porous material [6].
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4.5. Oxidation-reduction

The redox reaction involves altering the current forms of ele-
ments, primarily valence metal ions, to impact the chemical behav-
ior of elements, migratory capacity, and bioavailability [6,11]. Nu-
merous studies have substantiated redox reactions during biochar
adsorption of metal ions. This phenomenon may be ascribed to the
oxidation of specific functional groups within biochar, such as C-O
and C=0 to -COOH. In the preceding sections, as discussed, Sec-
tion 5.1.1 elucidates the reduction of Au(Ill) to Au® mediated by
biochar, given that Au® tends to precipitate more easily on the sur-
face of biochar [64]. Similarly, Section 4.1.2 addresses the biochar-
facilitated reduction of Ag(I) to Ag®[6]. Furthermore, redox reac-
tions U(VI) to U(IV)) can enhance the immobilization of U because
U(IV) is more readily adsorbed.

4.6. Surface complexation

Surface complexation refers to the formation of complexes be-
tween specific functional groups (e.g., carboxyl, hydroxyl, phenol,
amine, and phosphoryl) containing elements (O, N, P, S) on the
biochar surface and metal ions [11]. Essentially, surface complex-
ation involves the creation of multiatomic structures (complexes)
through precise metal-ligand interactions. This phenomenon may
be attributed to the sharing of lone pair electrons between the
metal and these functional groups [11,65]. For instance, X-ray pho-
toelectron spectroscopy (XPS) deconvolution studies have demon-
strated that, following Ag(I) adsorption, the C-O-C signal shifts
from 285.22eV to 285.81eV [66]. This shift suggests that it may
be attributed to the coordination of adsorbed Ag(I) with the oxy-
gen atoms in C-O-C, which possesses lone pair electrons [66]. One
possible reason is that donating lone pair electrons from oxygen
atoms to coordinate with Ag(I) results in the migration of shared
electron pairs towards oxygen, reducing electron density around
the carbon atom. Furthermore, Chen et al. have demonstrated that
MgO/biochar, enriched with surface oxygen-containing functional
groups (e.g., =Mg-0-, =Mg-OH, and =Mg0,2-), can form com-
plexes with U(VI), as depicted in Fig. 4 [67]. Modifying biochar
to incorporate these functional groups, capable of readily forming
complexes with metal ions, can significantly improve the adsorp-
tion efficiency of biochar for EIPs.

4.7. Cation-m interactions
Cation-7r interaction, a non-covalent molecular interaction, oc-

curs between the surfaces of electron-rich 7 systems, such as
compounds like CgHg, H,C=CH,, and similar m systems, and
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cations like Na(I) and Au(Ill) [13,65]. However, the understand-
ing of cation-7 interactions remains limited compared to hydro-
gen bonds. It is reported that the occurrence of an interaction be-
tween metal ions and aromatic carbons is termed cation-7 inter-
action [68-70]. Recent studies have suggested that nitrogen dop-
ing (N-doping) can enhance the polarization of 7 electrons on the
carbon surface, increasing adsorption at electron-rich and electron-
deficient sites [69,71]. Additionally, the literature of this study pro-
vided examples, including the study by Babu et al., which dis-
cussed the presence of cation-m interactions between aromatic
compounds in biochar and Ag(I) [72]. Furthermore, Zhu et al. dis-
covered that, during the adsorption of U(VI) from an aqueous solu-
tion using MoS,/BC composite material, no substantial shift in the
aromatic C-H peak was evident in the FT-IR analysis [73]. However,
a noticeable reduction in peak intensity strongly implied the par-
ticipation of cation-7 bonding in the adsorption process [74]. Nev-
ertheless, one comment pointed out that the discussion of cation-
7 interactions did not account for the complexation involving tran-
sition metals (e.g., Agt, Fe3t), benzene, and related 7 systems [74].
This is because transition metals and benzene (such as Ag™ --- CgHg
structure) complexes as non-covalent interactions might be un-
reasonable [74]. In conclusion, further investigation is essential to
comprehensively understand the cation-7r interaction mechanism.

5. Application of biochar in adsorption EIPs in wastewater
5.1. Precious metals

Precious metals belong to a group of metallic chemical ele-
ments that are naturally occurring but rare in the crust of the
earth [75]. They are distinguished by their high value, appealing
physical appearance, and chemical stability, contributing to their
substantial economic worth and effective preservation properties
[76]. Apart from gold and silver, the category of precious metals
typically encompasses six PGMs: ruthenium, rhodium, palladium,
osmium, iridium, and platinum [14,75,76]. Among them, platinum
holds the highest trading activity, ranking second only to gold and
silver.

5.1.1. Gold

Gold plays a crucial role in the global economy as a pre-
cious metal [77]. Gold is extensively used in catalysts, sensors,
jewelry, and other applications, leading to significant amounts
of e-waste and gold-containing wastewater [78]. The above phe-
nomenon poses a considerable risk to the environment and human
health. However, the limited availability of natural gold reserves
has resulted in substantial market demand. Consequently, there is
an urgent need to develop technologies that enable the extraction,
adsorption, and purification of gold from gold-containing wastew-
ater.

Gold in aqueous environments typically exists as triva-
lent cations, with Au(lll) displaying a pronounced affinity for
oxygen-containing functional groups like hydroxyl and carboxylate
[6,64,79]. Researchers have devised a diatomite biochar to facili-
tate the adsorption of gold from electroplating wastewater [64].
When the diatomite biochar is introduced to an Au(lll) solution
(as depicted in Fig. 5a), Au(lll) is initially electrostatically drawn
to the diatomite surface of the biochar [64]. Subsequently, the ad-
sorbed Au(Ill) on the biochar surface undergoes electron reduction,
forming Au®, while the hydroxyl groups in the diatomite biochar
go through oxidation to form ketone groups. This reaction can be
illustrated using Eqs. 4 and 5 [64]. Several studies have demon-
strated that diatomite biochar exhibits a selective capacity for ad-
sorbing Au(Ill) from electroplating wastewater, even in the pres-
ence of other coexisting metals (as indicated by the competitive



C. Liu, N. Bolan, A.U. Rajapaksha et al.

wonn?d

2

Chinese Chemical Letters 36 (2025) 109960

g

p Pi(Iv)
)

N

L) cd(n

Ni(In

Fig. 5. Diatomite biochar-mediated gold adsorption from electroplating wastewater: Mechanism (a) and selective adsorption (b). Reprinted with permission [64]. Copyright

2023, ACS.

relationship depicted in Fig. 5b) [64]. Moreover, the adsorption effi-
ciency for low concentrations of Au(Ill) remains exceptionally high,
reaching 96.7% [64].

AuCly~(aq)+3e~ — Au’(s)+4Cl(aq) (4)

where the hydroxyl groups are simultaneously oxidized to carbonyl
groups,

AuCly~(aq) + 3R-OH(aq) — Au’(s) + 3R=0 + 3H*(aq) + 4Cl~(aq)
(5)

Doping biochar materials with N, O, S, and P have been shown
to enhance their adsorption capacity for EIPs [11,79]. Consequently,
biochar was developed from walnut shells and co-doped with
boron and nitrogen [79]. This biochar exhibits a maximum ad-
sorption capacity of 246.96 mg/g for Au(lll) [79]. Research findings
demonstrate that the adsorption kinetics by boron and nitrogen co-
doped walnut shell biochar follow a quasi-two-level kinetic model
concerning Au(IIl). In contrast to the adsorption of Pt(IV) and Pd(II),
the adsorption of Au(Ill) by biochar is exothermic and spontaneous
[64,79].

This study has identified only two relevant studies published
in the last five years that investigate using biochar for Au(Ill)
adsorption, with maximum adsorption efficiencies of 443.00 and
246.96 mg/g, respectively [64,79]. There is a notable lack of addi-
tional literature in this specific domain.

5.1.2. Silver

Silver is the prevailing precious metal, extensively utilized
across various domains, including electroplating, photography,
household appliances, jewelry, non-ferrous metal smelting facili-
ties, and electronic waste recycling facilities [53,66,80]. Addition-
ally, it is increasingly utilized as a microbial inhibitor in textiles,
serving as an antibacterial agent [81,82]. The toxicity of products
containing silver nanoparticles results from Ag(I) release, consti-
tuting less than 10% of the total mass [72,83]. The World Health
Organization (WHO) sets the permissible silver concentration in
drinking water at 0.1 mg/L [66]. Nevertheless, numerous countries
worldwide regularly confront environmental challenges from ex-
cessive silver discharge, manifesting as Ag(I) concentrations in var-
ious types of silver-containing wastewater ranging from several
mg/L to several thousand mg/L [66]. Interestingly, biochar impreg-
nated with Ag(I) exhibits potential utility in energy storage and an-
tibacterial applications [84]. An overview of the research on the
adsorption of silver using biochar is provided in Text S3 (Support-
ing information).
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Fig. 6. Possible Pt(IV) adsorption mechanisms on biochar. Reprinted with permis-
sion [89]. Copyright 2021, Springer.
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5.1.3. Platinum group metals (PGMs)

PGMs encompass ruthenium, rhodium, palladium, osmium, irid-
ium, and platinum [54,85,86]. These elements share similar elec-
tronic configurations within the same energy level of the periodic
table. Most of their outer shell electrons are primarily distributed
in the s and d orbitals [54]. These elements share numerous char-
acteristics, such as high density and weight, catalytic activity, cor-
rosion resistance, a high melting point, and exceptional stability
[87]. Besides, PGMs have extensive applications in various sectors,
including automotive, electronics, petrochemicals, and aerospace,
and are considered strategic resources. According to the “Global
Platinum Group Metals Yearbook 2023”, a deficit in global supply
and demand for platinum, palladium, and rhodium is anticipated
in 2023 [88]. This circumstance arises from many challenges en-
countered by South Africa and Russia, the two primary PGMs pro-
ducing nations. Consequently, it is necessary to engage in the re-
cycling and reutilization of PGMs.

Magnetic biochar modified with thiourea can selectively re-
trieve platinum from waste automotive catalyst solutions [89].
Under pH2 and at a temperature of 328K, the adsorbent ex-
hibits a maximum adsorption capacity for Pt(IV) of approximately
42.8 mg/g [89]. Even after six cycles, the adsorption capacity re-
mains consistently above 96.9%, signifying its substantial practi-
cal value [89]. The potential adsorption mechanism is depicted in
Fig. 6, illustrating that within the biochar, -C=N and -OH func-
tional groups can facilitate the reduction of Pt(IV) to Pt(Il), sulfur
can form coordination compounds with Pt atoms, and electrostatic
attraction takes place between anions [e.g., (PtClg)>~] and cations
(biochar) under acidic conditions.

Besides adsorbing Au(Ill), boron and nitrogen co-doped biochar
derived from walnut shells also display outstanding adsorption ca-
pabilities for Pt(IV) and Pd(Il). The maximum adsorption capac-
ity reaches 108.8 mg/g for Pt(IV) and 44.78 mg/g for Pd(Il) [79].
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The adsorption kinetics of metal ions onto the biochar conform
to a pseudo-second-order kinetic model, and the equilibrium data
of adsorption isotherms match well with the Langmuir isotherm
model. These findings indicate a chemisorption mechanism be-
tween the biochar and precious metal ions [79].

Limited research has been conducted recently on the adsorption
of PGMs from water using biochar. A limited number of publica-
tions in this field focus primarily on Pt(IV) and Pd(Il) adsorption.
However, compared to the research on the adsorption of PGMs by
other porous materials, these studies lack scope and quantity.

5.2. Radioactive elements

Radioactive elements are chemical elements that exhibit ra-
dioactivity due to the instability of their atomic nuclei. The atomic
nuclei of radioactive elements emit ionizing radiation, including
electrons, alpha particles, as well as high-energy photons such as
X-rays and gamma rays, and undergo decay to transform into other
elements [90]. Examples of common radioactive elements comprise
uranium (U), radium (Ra), and thorium (Th) [91,92].

As the primary fuel in modern nuclear power plants, uranium
has become a potential environmental pollutant due to its biologi-
cal toxicity and radioactivity [93]. Specifically, illegal/improper dis-
posal of radioactive waste from uranium mining and processing se-
riously damages ecosystems [94]. Once released into the ecosys-
tem, uranium exhibits toxicity to multiple organs, such as the
lungs, liver, and kidneys, causing harmful effects on human health
[95]. According to the WHO guidelines, the recommended limit
for uranium in drinking water should be less than 30pg/L [96,97].
Under such circumstances, effectively removing uranium from ra-
dioactive wastewater becomes an essential issue from both societal
and environmental perspectives. Therefore, the design and synthe-
sis of stable and efficient novel biochar adsorbents for removing
radioactive uranium are essential. An overview of the studies of
radioactive elements is provided in Text S4 (Supporting informa-
tion).

5.3. Rare earth elements (REE)

REE, also known as rare earth metals, refer to the lanthanide
series elements and the Group Il scandium and yttrium [6]. They
are a group of soft, silver-white sub-group elements. Despite be-
ing called REE, their abundance in the crust of the earth is higher
than that of zinc and copper [98]. The name “rare earth” comes
from the difficulty of enriching and separating these highly dis-
persed elements in the natural environment [98]. REE finds wide
applications in manufacturing industries, such as filters, electronic
components, hydrogen storage technology, artistic glass, steel mod-
ification agents, and batteries [60,98-100]. However, unfortunately,
due to the emissions of industrial wastewater and leachate from
waste disposal containing REE, they have caused severe environ-
mental pollution and pose a serious threat to human health [99].
Hence, it is urgent to seek practical and effective methods for the
adsorption of valuable REE.

Table S5 (Supporting information) illustrates various modifi-
cation methods for enhancing the efficient adsorption of REE
from aqueous solutions through biochar treatment. Most stud-
ies have concentrated on the concurrent adsorption of multiple
types of REE. For example, the biochar modified with nZVI demon-
strated remarkable adsorption concentrations of 12.66, 13.82, and
18.12 mg/g for La(lll), Ce(Ill), and Nd(III), respectively, in wastewa-
ter [98]. Additionally, the combined characteristics of biochar and
nZVI facilitated the separation of the spent adsorbent obtained fol-
lowing the adsorption of rare earth ions [98]. A separate study in-
corporated HAP and CaAl-LDH into biochar to enhance the Eu(IIl)
adsorption in wastewater [60]. This composite material effectively
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addressed the limitations of biochar and LDH, resulting in a re-
markable maximum adsorption capacity of 714mg/g for Eu(Ill)
[60].

Although research on the adsorption of REE by biochar ex-
ists, it remains relatively inadequate compared to the extensive re-
search conducted on the adsorption of REE by other porous mate-
rials, such as activated carbon. Moreover, future studies should ad-
dress the prevalent scenario where REE frequently co-occurs with
other metal ions in wastewater, particularly in contexts like mining
wastewater. Consequently, the investigation of biochar with the ca-
pability to selectively adsorb rare earth ions holds paramount sig-
nificance.

5.4. Other toxic metals

With the advancement of industrialization and improved de-
tection levels, trace toxic EIPs, such as vanadium (V), titanium(Ti),
and thallium (T1), have raised concerns [101,102]. Many studies use
biochar to adsorb these highly toxic EIPs, as shown in Table S6
(Supporting information). Tl is a highly toxic rare element classi-
fied as a significant pollutant by the USA Environmental Protec-
tion Agency [16,18]. The maximum allowable limit for thallium in
drinking water is recommended to be 2.0ug/L, with plans to fur-
ther reduce it to 0.5pug/L [16,18]. In aquatic systems, Tl is com-
monly present in the oxidation states of TI(I) and TI(III) [16,103].
Compared to TI(III), TI(I) exhibits more significant toxicity and mo-
bility and is more challenging to adsorb [16,103]. Recently, a novel
«-FeOOH-modified biochar has demonstrated a noteworthy ability
to efficiently adsorb TI(I) from wastewater, exhibiting a maximum
adsorption capacity of 4.375 mg/g [104].

V, a transition metal, finds extensive use in industrial manu-
facturing [18,105-110]. Elevated V concentrations can inhibit plant
growth and pose risks of paralysis to the respiratory, nervous, di-
gestive, cardiovascular, and hepatic systems [108,109]. While V can
exist in various oxidation states in water, including V(II), V(III),
V(IV), and V(V), the prevalent form is V(V) [109]. Previous research
has demonstrated the efficacy of modified biochar in efficiently re-
moving elevated concentrations of V(V). In one study, red mud-
modified biochar demonstrated selective V(V) adsorption charac-
teristics, boasting a maximum adsorption capacity of 16.45mg/g
[109].

6. Economic impacts and environmental implications

Biochar is considered a renewable resource among bio-based
materials. Large-scale biochar production can yield economic ad-
vantages. From an economic perspective, employing biochar for
EIPs adsorption offers several advantages, including potential in-
come generation for farmers, lower costs compared to alternative
adsorbents like activated carbon, and the ability to recycle and
reuse metal elements. Nonetheless, specific considerations must
be given to various synthesis chains of biochar when evaluating
economic factors. One research has underscored the necessity for
biochar costs to encompass a broad spectrum of operating ex-
penses, including but not limited to production, maintenance, feed-
stock, transportation, labor, and distribution costs [111]. At present,
there exist no substantial industrial biochar markets that provide
access to biochar pricing and costing data, thereby limiting the
potential for comprehensive financial estimates. The cost of pur-
chasing raw materials may vary depending on the type and ori-
gin of the raw materials. According to reports, in developed coun-
tries such as Europe and the USA, the raw material procurement
cost of biochar ranges from $6.71 to $110 per ton [111]. Another
study has developed a biochar enterprise budgeting tool based on
Excel [112]. It points out that the biochar company baseline bud-
get includes mobile pyrolysis units, pretreatment equipment, trans-
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portation, and water tank storage facilities [112,113]. Variable costs
of the biochar company include fuel, oil and lubricants, labor, and
miscellaneous costs [112,113]. Besides, it has been shown that for
biochar companies, there is a 90% probability that biochar pro-
duction costs will range between $571 and $1455 per ton [112].
For biochar users, sensitivity analysis showed that biochar price is
the largest factor affecting biochar production profitability and de-
mand. However, biochar prices are highly volatile. A recent review
statistically analyzed the price of biochar, with prices ranging from
$17.15 to $2710 per ton or even $0 per ton [114]. Two other reviews
indicate high biochar prices ($250-300 per ton) and ($120-$200
per ton), respectively [115,116].

Biochar offers several environmental benefits. Firstly, it can
mitigate carbon emissions from uncontrolled (open) burning of
biomass. Secondly, biochar is effective in wastewater treatment as
it adsorbs toxic substances. Moreover, biochar can serve as a cata-
lyst or gas adsorbent once it has undergone adsorption. Neverthe-
less, it is crucial to recognize that biochar may retain specific met-
als or organic pollutants, potentially posing risks to human health
and the environment.

7. Potential development directions of biochar for adsorption
of EIPs

Enrichment of metal ion types and concentration reduction
experiment: Insufficient research has been conducted to explore
the capacity and mechanisms of biochar for adsorbing certain
EIPs, including titanium, rhodium, iridium, ruthenium, osmium,
and specific lanthanide metals. Furthermore, significant techni-
cal challenges persist when attempting adsorption under low-
concentration conditions. Consequently, additional research is im-
perative to investigate biochar adsorption capacity and mecha-
nisms concerning these EIPs, especially under low concentrations
experienced in wastewater streams.

Intelligent biochar design: Employ artificial intelligence, specifi-
cally machine learning, to design and screen more environmentally
friendly, efficient, and cost-effective biochar. By integrating ma-
chine learning algorithms with experimental predictions, we can
ascertain the adsorption capacity of biochar for EIPs present in
wastewater. Attain the goal of fully automating the design process
and advancing the development of industrial-scale biochar adsorp-
tion devices.

Cost analysis and modification of biochar: Further cost analy-
ses of diverse modification methods are imperative. Furthermore,
integrating distinct modification techniques continues to represent
a future development trend. For instance, this includes combin-
ing biochar materials with microorganisms (such as immobilized
microorganisms on biochar and biochar-based biofilters) and de-
veloping biochar-based two-dimensional membranes, among other
possibilities.

Conduct in-depth research on complex adsorption mechanisms:
While numerous studies have examined adsorption mechanisms,
most have focused on single-component systems. The comprehen-
sion of adsorption mechanisms has predominantly been qualita-
tive, with a limited presence of quantitative analysis. The forth-
coming development trend entails conducting quantitative analy-
ses of diverse adsorption principles, particularly within complex
adsorption mechanisms of co-contaminant systems.

Conduct full-scale wastewater experiments: Presently, the ma-
jority of research is centered on laboratory simulations. While ad-
sorption competition experiments have been undertaken, the com-
position of natural wastewater is considerably more intricate. Fur-
ther investigations into the adsorption of Real-time wastewater are
warranted.

Treatment of residuals after or during the adsorption process:
Specific ions may become released through the ion exchange dur-

Chinese Chemical Letters 36 (2025) 109960

ing adsorption, potentially leading to secondary pollution. Subse-
quent treatment of used biochar is essential after adsorbing EIPs.
For example, biochar that has adsorbed Ag(l) exhibits promising
prospects for applications in energy storage and antibacterial do-
mains. Besides, after adsorbing EIPs, biochar could catalyze per-
sulfate as the catalyst to degrade organic pollutants. Moreover,
biochar with adsorbed EIPs can adsorb other gases, such as CO,
and SO,.

8. Conclusions

This review comprehensively evaluates the latest applications of
biochar in adsorbing EIPs. The review concludes that biochar has
significant potential for removing EIPs in wastewater, but signifi-
cant research gaps also exist. The adsorption capacity of unmod-
ified biochar is limited. Biochar can be modified (organic load-
ing, inorganic loading, and biological modification.) to increase
the number and type of surface functional groups and the SSA,
thereby improving the adsorption capacity for EIPs. Although there
have been preliminary studies on the adsorption of certain EIPs
by biochar (such as Ag(l) and U(VI)), compared with activated car-
bon, there are still certain EIPs like Au(Ill), Rh(III), Ir(IIl), Ru(III),
Os(IIT), Sc(Ill), and Y(III), have not been extensively investigated.
When discussing the adsorption mechanism, this study found
that the adsorption of EIPs by biochar mainly involves physisorp-
tion, electrostatic interaction, precipitation effect, ion exchange,
oxidation-reduction, surface complexation, and cation-7r interac-
tions. The high cost and secondary pollution risk of biochar hin-
ders its widespread application. Therefore, there is an urgent need
to develop cost-effective, efficient, and environmentally friendly
biochars. Besides, further research is needed to address the chal-
lenges of biochar application, including developing efficient modifi-
cation technologies and mitigating secondary pollution during ad-
sorption. These efforts are crucial to achieving the adsorption of
EIPs via biochar.
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