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Abstract Emerging contaminants (ECs) consist of pharmaceuticals, personal care
products, pesticides, organic solvents and dyes, and other nitrogen and phosphorus
contaminants that cause adverse effects on environment and human health. Many
of these compounds are presently not tested for municipal water systems. This
chapter focuses on the application of pristine and modified biochar as adsorbents for
emerging contaminants from water and soil. The first part of the chapter describes
ECs problem in general, presenting different types of emerging contaminants and
challenges related to their removal from soil and water. Further, the biochar appli-
cations for removal of ECs are presented, based on the detailed review of literature
providing characterization of the adsorbents and the different approaches that can
be followed to enhance biochar sorption capacity for ECs. A description of the main
challenges in designing the biochar properties for its multifunctional application as
adsorbent is also discussed.

Keywords Biochar - Contaminants + Pharmaceuticals - Endocrine disruptors -
Pesticides + Agricultural runoffs

1 Introduction

Emerging contaminants (ECs) have recently been recognized as new and significant
environmental pollutants representing a wide group of chemicals, such as pharma-
ceuticals, personal care products (PPCPs), endocrine-disrupting compounds (EDCs),
and industrial effluents (Lei et al. 2015). Due to their rapidly increasing use in
industry, transport, agriculture, and urbanization, these chemicals are entering the
environment at elevated levels (Gavrilescu et al. 2015). The presence of ECs in
natural water systems and soils is a major concern worldwide as these substances,
even in very low concentrations, may have negative effects on human health, causing
environmental risks to animals and plants. EC originates from various anthropogenic
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sources and are distributed throughout the environmental matrices (Sehonova et al.
2018). The most significant source of hazardous substances are wastewaters and
effluents produced during anthropogenic activities. ECs, when released into the
environment, undergo biodegradation processes, causing contaminant transforma-
tion induced by the presence of specific constituents in matrix-like organic matter
and microorganisms. One of the major problems is that ECs found in industrial and
municipal wastewater treatment plants cannot be easily remediated through conven-
tional treatment technologies (Fan et al. 2018). Among all treatment methods that
have been developed, adsorption is the one most pertinent and promising one for
removing organic and inorganic micropollutants (Sophia and Lima 2018).

Many different materials have been investigated as ECs adsorbents, however, the
most attention has been paid to carbon-based materials like activated carbons, carbon
nanotubes, peat, or graphene. Recently, efforts have been made to propose an alterna-
tive carbon source for generating ECs sorbent at lower costs. Carbon production from
several wastes such as agricultural crop and forestry residues, biodegradable fraction
of municipal wastes or animal manure seems to be a win—win solution solving two
major environmental problems—of waste management and wastewater treatment.
Biochar is a highly stable material, having strong adsorption capabilities and natural
origin. In terms of microscopic structure biochar possess porous characteristics, large
surface area, and aromaticity, that can be designed by adjusting raw material type
and temperature of pyrolysis. In particular, while higher proportions of aliphatic
carbons and functional groups are typical of biochar pyrolyzed at low temperatures,
biochar obtained at higher temperatures contains mainly polyaromatic carbons and
has a higher microporosity, which enhances hydrophobic organic compounds adsorp-
tion (Chen et al. 2008). Many emerging organic micropollutants are more polar than
“conventional” contaminants (e.g., polycyclic aromatic hydrocarbons) and may have
numerous acidic and/or basic functional groups (Kim et al. 2016) that are able to
interact with bonding sites on biochar surface.

However, the mechanisms of ECs adsorption on biochar can be related to various
processes depending on multiple factors including, (1) structural properties of the
adsorbate, (2) physiochemical properties of the sorbent surface such as specific
surface area, pore size distribution, surface functionality, or ash content, and (3)
the conditions at which the sorption is carried out such as pH and the nature of the
matrix (Azhar et al. 2016; Peiris et al. 2017). In general, pristine biochar has lower
adsorption capacity than activated carbon (Kearns et al. 2019). Therefore, in the
recent years, a number of studies in the scientific literature have dealt with produc-
tion of the engineered or modified biochar having desirable properties. Majority of
these studies are focused on biochar modifications, enabling effective immobiliza-
tion of pesticides. The extensive and inefficient use over the last decades resulted in
serious soil and water contamination (Liu et al. 2018). Modulation of biochar prop-
erties, in order to obtain higher retention of particular chemicals, is very often based
on optimization of process engineering to improve its adsorption capacity and hence
to increase the economic benefits of its implementation. The simplest modifications
concern the pyrolysis route variables. One of them is temperature as either high or
low has both positive and negative effects on sorption of chemicals, one by larger
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surface area and the other by a large number of functional groups (Gaffar et al. 2021).
Nevertheless, in the recent years, biochar studies are mainly focused on designing a
sorbent with precisely defined properties, selective to the particular chemical class
of compounds. In order to obtain biochar with superior, carefully modulated, and
application-oriented properties, different modification methods of biochar are tested.
They refer to the pre-treating biomass using chemical reagent (so called—activators)
before or after the pyrolysis process (Tan et al. 2016) or activation with the use of
physical and chemical methods—to achieve the desired purpose (Liu et al. 2018).
The multifunctionality of biochar can also be enhanced by its coating with nanoparti-
cles (e.g., chitosan, graphene, graphene oxide, carbon nanotubes, ZnS nanocrystals,
layered double hydroxides, nanoscale zero-valent iron, graphitic C3Ny) (Tan et al.
2016). Such approach combines the advantages of biochar matrix and functional
nanoparticles, improving and modifying surface functional groups, surface area,
porosity, and thermal stability of biochar, which contribute to better performance of
contaminants removal (Leng et al. 2021).

As removal of emerging contaminants from aqueous and soil medium is a rela-
tively new application of biochar, in this chapter, we will summarize the state of the
art about its use in environmental decontamination.

2 Pharmaceuticals

The definition of a PPCP broadly includes any product that has healthcare or medical
purpose for humans or animals. These products are usually subdivided into categories
on the basis of their nature and use. Pharmaceuticals is a large group of chemical
substances, however, based on their use and occurrence in environment, these antibi-
otics and anti-inflammatory drugs are most frequently detected as water and soil
contaminants.

2.1 Antibiotics

Biochar has been extensively investigated as an effective sorbent of several groups
of antibiotics (tetracycline, sulfonamides, fluoroquinolones, macrolides) and many
different mechanisms of antibiotics adsorption have been described depending on
biochar and contaminant properties. In general, biochar is considered a good sorbent
for hydrophobic organic contaminants because of its relatively high hydrophobicity
and aromaticity (Lian et al. 2014). Unlike activated carbon (AC), biochar is gener-
ally not fully carbonized. As a result, both carbonized and non-carbonized domains
regulate its sorptive behavior (Chen et al. 2008). Sorption of antibiotics on biochar
can occur through a variety of mechanisms, including m—m electron—donor—acceptor
interaction, nucleophilic addition, electrostatic attraction, pore filling, partitioning
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into noncarbonized fraction, and formation of charge-assisted hydrogen bonding
(CAHB) with surface oxygen groups (Ahmed et al. 2017).

Biochar capacity for antibiotics can be modified by the specific interactions
between micropollutant and biochar surface groups. Presence of surface functional
groups on biochar (e.g., phenyl, amino, alcohol, and ketone) and moieties, acting
either as H donors (amino, amide carbonyl, and hydroxyl groups) or H acceptors
(carbonyl and dimethylamino groups), deliberately modifies the surface of biochar,
enhancing the sorption interaction (Jing et al. 2014). Ahmed et al. (2017) described
that hydroxyl groups on aromatic rings are stronger adsorbents for sulfonamides, in
comparison to the low-temperature biochar, containing more carboxyl groups acting
as 7 acceptors. The sorption magnitude depends mainly on the physicochemical
properties of the micropollutants (Li et al. 2019), type of solid matrices, surface
area, porosity, pore diameter, and environmental conditions (Pavlovié et al. 2014).
Preliminary research presented very divergent results of biochar capacity for antibi-
otics adsorption, however, in most cases, pristine biochar had significantly lower
adsorption rates compared to even simply modified biochar, e.g., by steam activation.

Steam activation and acid modifications are commonly used to introduce oxygen-
containing functional groups (e.g., carboxylic, carbonyl, ether, and phenolic hydroxyl
groups) onto biochar surfaces, increasing its hydrophilic nature. Opposite effects—
an increase in biochar hydrophobicity and aromaticity can be obtained during heat
treatments at high temperature >600 °C. In terms of designing a biochar with high
sorption capacity for pharmaceuticals, preparation of materials with aromatic struc-
ture and low content of volatile chemical is desired. This function can be obtained
either by high-temperature pyrolysis or heat activation of biochar obtained during
low-temperature processes. Biochar deashing by material acid-washing can also be
an efficient method of increasing biochar sorption capacity (Srinivasan and Sarmah
2015, Luo et al. 2018) for pharmaceuticals. Shimabuku et al. (2016) comparing
low and high ash biochar derived from wood wastes observed that high ash biochar
contains a surface rich in oxygen due to metal oxides, which weaken the sorption
capacity for sulphmetoxazole. In contrast, certain studies have reported an oppo-
site behavior, where the sorption capacity of low-temperature biochar was higher,
though this mechanism and the effect of pyrolysis temperature on antibiotics sorp-
tion efficiency is still uncertain and needs further investigation. Competition between
components for sorption sites is one of the major concerns when biochar is applied
to natural mediums.

Different matrix components present in natural waters and soil, e.g., humic acid
or metal cations can compete with the antibiotics for biochar sorption sites, resulting
in lower sorption efficiency. Antibiotic adsorption to soils depends on the chemical
species and soil properties including pH, clay minerals, and organic matter content,
but also on the concentration and type of divalent cations present in the soil solution
(Kim et al. 2011, Wang et al. 2018). Organic matter can strongly interact with the
polar fraction of BC through H-bonding and with hydrophobic fraction through 7 —m
EDA interactions (Lian et al. 2015). In general, humic acids are able to mitigate
antibiotics sorption on biochar, mainly due to sorption competition (Xie et al. 2014).
Sun et al. (2016) described that biochar sorption capacity for sulfamethoxazole can be
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greatly enhanced by interaction with low molecular weight organic acids (LMWOAs)
present in rhizosphere. Metal ions including K*, Cu?*, Cd**, or Pb** coexisting
in soil solution tends to have the opposite effect, enhancing antibiotic sorption on
biochar, due to formation of very stable complexes (Jia et al. 2013; Han et al. 2013).
Similarly in the presence of clay minerals, e.g., kaolinite in soil and water sediments,
antibiotics sorption capacity of biochar may increase what was described by Bair
et al. (2016). When antibiotic is entering soil it is primarily degraded by abiotic
rather than biotic processes, that is why most of the groups like suflonamides are not
readily biodegradable, but leachable (Rajapaksha et al. 2014b). It means that they
can be easily transferred from soil to groundwater or taken up by edible plants, due
to its low molecular weight (Rajapaksha et al. 2014a). Biochar application to soil can
directly or indirectly modify these conditions, mitigating the problem of antibiotics
transfer in the food chain by decreasing antibiotics bioavailability and leachability
(Vithanage et al. 2014). Large surface area and aromatic surface properties developed
during high-temperature pyrolysis as well as low ash content, tends to enable biochar
to effectively adsorb most of the antibiotic groups present in water and soils.

Indirectly biochar can modify soil properties like pH, cation exchange capacity,
or organic matter content, enhancing or reducing the sorption capacity of soil. In
general, ionizable molecules sorption process is pH depended. Solution pH affects
both the ionization of the pharmaceuticals and the surface charge of the biochar
which, in turn, influences the different mechanisms of pharmaceutical adsorption
onto biochar (Ndoun et al. 2021, Chen et al. 2018). Kahle and Stamm (2007)
described that antibiotic sorption on organic sorbents decreased with the increase
of pH. The highest sorption efficiency is usually observed in very narrow pH, e.g.,
5.5-7.0 or 4.0-4.25 depending on the testing speciation of the ionizable antibiotic
(Teixid6 et al. 2011; Ahmed et al. 2017). Similar findings were observed by Ndoun
et al. (2021) describing pH-depended adsorption capacity for sulfapyridine on two
different biochars derived from cotton gin waste and guayule bagasse. The removal
of sulfapyridine was approximately 70% at pH 10-11 but was significantly reduced
(40%) at pH 7. Biochar surface becomes negatively charged at lower pH, and the
adsorption capacity is improved due to cation-1t bonding and electrostatic attractive
force (Jiaetal. 2013, Qin at al. 2020). At pH > 6.0 negative charge-assisted hydrogen
bond (CAHB) dominates the adsorption as the antibiotics and biochar both have
negative surface charge (Masrura et al. 2020). As most pharmaceuticals charge is
pH depended, adjusting pH and dose of biochar used to achieve the highest sorption
capacity is very challenging in a natural system that has contaminants present in
mixture.

2.2 Anti-inflammatory Pharmaceuticals

Non-steroidal anti-inflammatory drugs (NSAIDs) are an extensive range of medica-
tion used to treat and alleviate pain as well as inflammation (Mlunguza et al. 2019).
NSAIDs are regarded as emerging pollutants in water bodies and they are among
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the most detectable organic pollutants in the aquatic systems. Long-term exposure
of NSAIDs has created an urgent need of finding a proper solution to minimize the
risk of NSAIDs transfer in the food chain. As this group of pharmaceuticals is repre-
sented in the environment by wide groups of chemicals (paracetamol, ibuprofen,
ketoprofen, diclofenac, aspirin) the removal of these substances from water and
soil by application of sorbents is challenging. The adsorption efficiency of NSAIDs
depends on their biodegradability and other physicochemical properties such as the
likelihood of immobilization by organic or mineral constituents, water solubility and
their tendency to volatilize (Quintana et al. 2005). However, various sorbents showed
different efficiency of the process depending mainly on their sorption capacity and
surface properties. The knowledge about biochar utility for NSAIDs removal from
wastewaters is still insufficient. Hence, very limited data suggest that biochar adsorp-
tion capacity for inflammatory drugs and their metabolites can be more compared
with often studied activated carbons (Yi et al. 2016; Luo et al. 2020).

Modified biochar application for NSAID removal from wastewaters is reported
in relatively high number of publications, nonetheless, studies of pristine biochar are
rare. Composite formation, coating, chemical or steam activation are commonly
studied methods that are employed for increasing biochar sorption capacity for
anti-inflammatory pharmaceuticals. These modifications increase carbon content
(Mondal et al. 2016), number of oxygen functional groups on biochar surface or
abilities of the material to adsorb negatively or positively charged ions (de Souza
dos Santos et al. 2020). In terms of inflammatory drugs mechanism of adsorption
on biochar is similar to the one of antibiotics. Nevertheless, substance molecular
size and partitioning, hydrophobicity, and porosity of the sorbent are crucial when
considering biochar as NSAIDs sorbents. Jung et al. (2015) studied competitive
sorption of diclofenac (DCF), naproxen (NPX), and ibuprofen (IBP) on loblolly pine
chip biochar and observed difference in adsorption capacity for these three pharma-
ceuticals, depending mostly on molecule size. Smaller molecules are able to occupy
smaller biochar pores making process of adsorption more efficient. In addition, chem-
ical properties of some inflammatory drugs, e.g., salicylic acid and the formation of
carboxylate anions increase the likelihood of H-bonding with phenolic hydroxyls
on biochar surface. Mechanisms of NSAIDs adsorption on pine wood biochar was
studied by Essandoh et al. (2015) showing higher efficiency of the process at low
pH. Increase of pH causes increased electrostatic repulsion of adsorbate carboxylate
anions, decreasing the adsorption capacity. Biochar adsorption strength is also depen-
dent on surface negative charge density. Nonetheless, this property for both biochar
and NSAIDs molecule is a complex function of pH, because surface carboxylic acids,
phenols, and aliphatic hydroxyls ionize at different pH ranges and their concentra-
tions also differ, that makes it very difficult to predict occurrence of optimum adsorp-
tion. Tran et al. (2020) observed that morphological characteristics (especially pore
size distribution) of the biochar should be also considered when designing a proper
sorbent for pharmaceuticals. In the study, two different kinds of biochar (spherical
and non-spherical) exhibited similar physicochemical properties, but their adsorption
affinities and behaviors toward paracetamol molecules in solution were remarkably
dissimilar due to differences in porosity.
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Chakraborty et al. (2018) studied pristine and steam-activated Aegle marmelos
(wood apple) fruit shell biochar that showed promising efficiency for ibuprofen
removal, pointing out that biochar surface modification and development of highly
porous biochar during high-temperature pyrolysis or steam activation increase the
sorption efficiency up to 95%. Similar findings were described by Show et al. (2020)
where tamarind seeds biochar showed high efficiency for ibuprofen removal from
an aqueous solution. Recently, a lot of attention has been paid to caffeine (1,3,7-
trimethylxanthine) that is used in cold and flu medicines and as a stimulant in bever-
ages. Alvarez-Torrellas et al. (2016) reported that natural organic matter has high
capacity for caffeine (CF) removal, while Keerthanan et al. (2020) confirmed that
biochar was successful in CF removal from wastewaters. Knowledge about biochar
efficiency for NSAIDs adsorption from soil is still very limited and there is an urgent
need to develop scientific projects dedicated to soil—biochar—NSAIDs interactions.

2.3 Antidepressants

Antidepressant pharmaceuticals are typical anthropogenic pollutants. The knowl-
edge about antidepressant medicine sorption on biochar is limited, however, some
data can be found on biochar sorption capacity for nitrazepam, diazepam, and fluox-
etine from aqueous solution. Fernandes et al. (2019) evaluated the use of twelve
biochars derived from different forest and agri-food wastes for removal of fluox-
etine. Raw material type had a great influence on sorption capacity and signifi-
cant difference between pine biochar (36% of efficiency) versus eucalyptus residue
(100% of efficiency) was found. This dissimilarity in behavior of biochar can be
related to different physical (particle fractionation and pore size distribution, specific
surface area) and chemical, e.g., abundance of surface functional groups and biochar
alkalinity, properties. Typical to other pharmaceuticals, removal of antidepressant
by biochar is pH-dependent and the maximum efficiency can be obtained at pH
between 4 and 6. Differences observed between sorption efficiency at different pH
values can be related to electrostatic interactions between chemical compounds and
biochar. According to various studies, biochar at pH ranging between 5.0 and 9.5
becomes positively charged, contributing to electrostatic repulsion. The other factor
that should be considered as antidepressant sorption mechanism on biochar is the role
of its surface functional groups, which become deprotonated when pH increases and
therefore negatively charged, thus favoring adsorption of ECs (de Souza dos Santos
et al. 2020). Nazal et al. (2021) studied the efficiency of macroalgae biochar for
nitrazepam removal from wastewaters presenting high efficiency of the process (up
to 98%). Similar results were obtained by Escudero-Curiel et al. (2021) describing
high efficiency of commercially available biochar on antidepressant sorption and
enhanced sorption capacity in the presence of Fe** cations in the solution.
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3 Personal Care Products Components

Recently a lot of attention has been paid to personal care and household products
containing endocrine-disrupting chemicals (EDCs). EDCs can mimic the biological
activity of natural hormones, occupy hormone receptors, or interfere in the transport
and metabolic processes of natural hormones (Danzo 1998; Diamanti-Kandarakis
etal. 2009). The main source of EDCs in the environment is municipal sewage sludge
and manure. As a result of this material usage in soil fertilization and irrigation of
agricultural lands from surface water reservoirs, EDCs enter soil and can be easily
leached to groundwaters (Sun et al. 2011). EDCs are relatively hydrophobic organic
compounds that’s why conventional biological wastewater treatment processes have
shown satisfying results for contaminant removal (Ahmed et al. 2018a). Adsorption
of EDCs on carbonaceous materials has been studied using mainly activated carbon,
while biochar studies are limited.

3.1 Synthetic and Natural Hormones

A lot of studies have been done recently to study on potential sorption of estro-
gens and estradiols (natural and synthetic) on biochar. Sorption mechanisms are
similar to other described ECs. Biochar can act as either an electron acceptor or
donor depending on the extent of functionalization and graphitization of its surface
(Peiris et al. 2017). Generally, EDA interactions take place in between the phenolic
moiety of estrogen and the electron-accepting moieties attached to biochar (Liu
et al. 2019b). H-bonding occurs between the phenolic and hydroxyl groups of the
estrogens and oxygen surface functional groups on biochar (Ahmed et al. 2018b).
Another mechanism that has been reported is the electrostatic force of attraction that
occurs between the phenolate ion of the estrogen and the positively charged surface
of biochar (Liu et al. 2019a). Estrogen adsorption capacity is pH dependent. Over
a wide range of pH (pH 3-12), the hydroxyl groups attached to the arene rings on
the biochar surface can function as electron donors, whereas the electron-deficient
carbon atom of the carbonyl groups can function as electron acceptors (Peiris 2020).
Sun et al. (2011) reported higher adsorption capacities for synthetic estrogen ethinyl
estradiol due to an increase in oxygen surface functional groups on the hydrochar
produced from poultry litter and swine solids. Alizadeh et al. (2018) demonstrated
that biochar could act as an efficient adsorbent in removing two manure-borne estro-
gens from sandy soil. As Guo et al. (2019) reported, biochar addition significantly
improved the adsorption rates and capacities for 17-ethinyl estradiol and perfluorooc-
tane sulfonate removal in sediments. Zhou et al. (2020) tested graphene-like magnetic
sawdust biochar showing that it is a promising adsorbent of 17-estradiol (E2) from
wastewaters. Sorptive uptake of estrogens from natural water systems is influenced
by the different matrix components such as natural organic matter (NOM). Organic
matter carries negative charge and a lot of carboxyl and phenolic moieties exhibiting
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competitive effect and significantly reducing removal of estrogens (Dong et al. 2018).
Regkouzas and Diamadopoulos (2019), reported that sewage sludge biochar can be
effectively used to remove organic micropollutants from water or treated wastew-
ater in realistic initial concentrations, with removal rates ranging between 35 and
99%. Bisphenol A (BPA) is one of the EDCs that widely occurs in the environ-
ment mainly due to plastic disposal and abiotic degradation. BPA has affinities to
human estrogen being called “environmental estrogen” (Takeshita et al. 2001). Little
is known about sorptive behavior of pristine biochar in BPA removal mechanism.
Recently, magnetic biochar or biochar obtained during hydrothermal carbonization
was used to assess the efficiency for BPA removal from water. Wang and Zhang (2020)
tested biochar prepared from discarded pomelo peels modified with FeSO4 and FeCl;
solution. Results suggested that magnetic biochar is easy to remove from solution
after adsorption of large amounts of BPAs. Heo et al. (2019) enhanced adsorp-
tion of BPA and sulphmethoxazole by magnetic CuZnFe,O4—biochar composite.
Wang et al. (2019) examined the adsorption behavior of BPA to peanut shell biochar
and effects of cationic, anionic, and nonionic surfactants. Results demonstrated that
many of the chemical substances present in wastewaters may affect the adsorption
behavior, inhibiting the process of BPA adsorption on biochar sorbents. Sengottian
et al. (2020) prepared biochar from Casuarina equisetifolia L. and Wrightia tinc-
toria showed that biochars obtained during hydrothermal carbonization have better
sorption capacity for PBA compared to activated carbon. This phenomena was also,
previously described by Sun et al. (2011) showing that hydrothermally produced
biochars are able to adsorb a wider spectrum of both polar and nonpolar organic
contaminants than thermally produced biochar.

3.2 Pesticides

Large group of more than an hundred pesticides widely used in agriculture and house-
holds can be listed as potential endocrine disruptors (Mnif et al. 2011). Use of modi-
fied biochar for pesticides sorption is widely recognized, showing very promising
application of these materials in soil and water remediation. Some of the proposed
biochar modification methods are based on the pretreatment of biomass and its
loading with different materials (Liu et al. 2018). A good example of such practice
is the work of Han et al. (2021), where different ways were identified to efficiently
convert biomass wastes into biochar with potential for organic contaminants reten-
tion. In this study, FeCl; and AlCl; were added to two typical biomass wastes (rice
straw and poultry litter) during pyrochar and hydrochar production. Results showed
that added metal activators significantly changed the properties of biochar. Al (III)
induced the carbonization pyrochar at 250 °C and Fe (IIT) stimulated the formation
of aromatic structures. Applied metal activators increased the stability and adsorp-
tion efficiency of both pyrochar and hydrochar for polar and nonpolar contaminants.
Yavari et al. (2020) aimed to synthesize chitosan-modified biochar with the objective
of producing an efficient biosorbent for removal of imazapic and imazapyr herbicides
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in soil. Such improvement resulted in increase of the cation exchange capacity of the
material, which evoked 76 and 84% sorption of imazapic and imazapyr, respectively,
in case of soil amended with chitosan-modified biochar.

An interesting example of physical modification of biochar is work of Kearns
et al. (2019), who tested biochar generated from updraft gasifiers under conditions
of simultaneous co-pyrolysis thermal air activation (CPTA). Adsorption of anionic
(2,4-D) and neutral (simazine) herbicides from surface water containing dissolved
organic matter were investigated. 2,4-D adsorption by >850 °C CPTA biochar was
10 times more in comparison with biochar generated from a conventional pyrolysis. It
was due to the increase in mesopores and removal of pyrolysis tars in CPTA biochar.

Many studies revealed that biochar produced through microwave-assisted pyrol-
ysis may be effective for the remediation of soil contaminated with organic pollutants,
including pesticides (Yavari et al. 2015; Lam et al. 2019; Li et al. 2016). Microwave-
based technology is an alternative heating method and, thanks to its fast, volumetric,
selective, and efficient heating, it has already been successfully used in biomass pyrol-
ysis for biochar and biofuel production (Li et al. 2016). Biochars generated via this
method are characterized with high yields (>60 wt%) and BET surface areas (450—
800 m?/g). Clay and Malo (2012) produced maize stover and switchgrass biochar,
under the temperature range of 350-670 °C using microwave. Based on their find-
ings, maize stover biochar shows a higher affinity for weak cationic pesticides such
as atrazine while the biochar made from switchgrass strongly retained anionic 2,4-D
herbicide. A group of Lam et al. (2019) combined a microwave-assisted pyrolysis of
palm kernel shells with steam activation and obtained a sorbent with a microporous
structure and high surface area (419 m?/g). The designed activated carbon was then
tested as an adsorbent of 2,4-D from surface water in agricultural land, indicating
high potential to remove the herbicide.

Klasson et al. (2013) utilized steam activation for preparation of almond shell
biochar at 800 °C. The biochar increased its specific surface area to 344 m? g’!
which resulted in 100% removal of dibromochloropropane from a municipal water
well. Removal of thiacloprid and thiamethoxam from water (ultrapure and from
natural reservoir in Brazil), using activated and magnetized biochars produced from
exhausted husk, and dry tannin from barks of black wattle was done by Matos
et al. (2017). The magnetized biochar was obtained by mixing dry input mate-
rial (dry tannin biomass) with the mixture of FeCls and FeCl,, followed by the
pyrolysis at 400 °C. The amount of thiacloprid and thiamethoxam adsorbed per
gram of biochar was maximum for activated adsorbent (1.02 and 0.97 mg/g, respec-
tively), while for the magnetized biochar it was found to be 0.73 mg/g (thiacloprid)
and 0.40 mg/g (thiamethoxam). Baharum et al. (2020) evaluated the adsorption of
organophosphorus pesticide—diazinon from aqueous solutions onto chemically acti-
vated coconut shell biochar. The carbonized coconut shell biochar (BC1), activated
using electrical muffle furnace (BC2), was further chemically modified with phos-
phoric acid (BC3) and sodium hydroxide (BC4) and tested in batch experiment
with diazinon. The modified BC3 and BC4 were reported with maximum diazinon
removal at pH 7 (84.55% and 87.93%, respectively).
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Deashing of biochar is another popular way of its chemical modification. Wheat
and rice biochars prepared at 400 and 600 °C and their deashed counterparts were
tested as potential sorbents of sulfonylurea herbicide-pyrazosulfuron-ethyl (Manna
et al. 2020). This chemical modification of both types of biochar, based on reaction
with a mixture of 10% HF 1 M HCI (v/v), resulted in enhanced and effective herbi-
cide adsorption by a factor of 2-3. Zhang et al. (2018) elucidated the sorption affinity
of biochar for neonicotinoid pesticides (midacloprid, clothianidin and thiacloprid)
on sorption mechanisms of 24 biochar samples, which were further deashed with
acids. This treatment increased the relative percentage contents of organic carbon,
bulk oxygen content, aromaticity and O-containing functional groups, surface area,
and pore volume of biochar. As a result, they efficiently adsorbed the studied neon-
icotinoids and multiple mechanisms were involved in sorption, indicating that the
ash can bind neonicotinoids by specific interactions playing a negative role in the
sorption process. Cederlund et al. (2016) studied the ability of thermally treated and
magnetized wood-based biochar produced by slow pyrolysis to adsorb bentazone,
chlorpyrifos, diuron, glyphosate, and MCPA to assess its potential use as a filter
material to prevent point source pollution in agriculture. They modified the biochar
by its heating (450 °C) which resulted in an increase of the specific surface area and
the wettability of the biochar, at the same time increasing the adsorption of bentazone
and MCPA. Additional treatment with iron salts, which partially coated the biochar
with an iron oxide (particularly, with magnetite), decreased the specific surface area
of the tested sorbent, but increased the adsorption of glyphosate. Mixing the modi-
fied biochar fractions allowed to optimize the sorbent properties and improved its
sorption abilities toward the studied agrochemicals.

Al Bahri et al. (2012) designed a sorbent fabricated in conventional wet, chem-
ical impregnation method of grape seeds with phosphoric acid and applied it for the
adsorption of diuron from water. In terms of physical properties of biochar the best
results (surface area of 1139 m? g! and mesopore volume of 0.24 cm?® g'') were
obtained for grape seeds to phosphoric acid ratio of 1:3 and a carbonization temper-
ature of 500 °C. Its utility to adsorb diuron was high and comparable to the one of
powdered activated carbon. Modification of biochar via slow pyrolysis of ammonium
di-hydrogen phosphate (ADP) pretreated biomass from corn straw was the subject
of the studies of Zhao et al. (2013). They compared ADP-pretreated biochar with
the same one produced conventionally, and observed the enhancement of specific
surface area, porosity, and the micropore volume of the modified biochar, which
significantly increased atrazine sorption.

3.3 Triclosan

Triclosan (TCS) is a broad-spectrum antibacterial agent present as an active ingre-
dient in some personal care products such as soaps, toothpastes, and sterilizers. It
is an endocrine-disrupting compound and its increasing presence in water resources
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as well as in biosolid-amended soils used in farming, its potential for bioaccumu-
lation in fatty tissues and toxicity in aquatic organisms are of concern to human
and environmental health, mainly due to its probable role in breast and hepatic
tumourigenesis (Olaniyan et al. 2016). Biochar application for triclosan removal
from aqueous phase was tested showing better efficiency for triclosan removal by
biochar obtained during high-temperature pyrolysis and preconditioning of biochar
using inorganic acids. Using such modified biochar, maximum adsorption of 872 p.g
triclosan/g biochar was achieved using biochar pyrolyzed at 800 °C, at pH between
5 and 9 (Tong et al. 2016). Kimbell et al. (2018) tested biosolid—biochar columns
that demonstrated high efficiency of triclosan removal from water and wastewa-
ters solutions, however, contaminant removal was reduced in the presence of other
organic pollutants and inorganic nutrients (ammonium and phosphates) in the solu-
tion. This finding can limit the carbonaceous materials application for wastewater
treatment. Use of municipal biosolids in agriculture present a concern with potential
uptake and bioaccumulation of pharmaceutical compounds from biosolids into agro-
nomic plants. Bair et al. (2020) studied the effects of biochar application to minimize
triclosan uptake by lettuce and carrots, showing even 67% reduction of triclosan in
carrot roots after soil amending with 100 t/ha walnut shell biochar. However, the
results of Phandanouvong-Lozano et al. (2018) determined that biochar applica-
tion to soil can reduce the bioavailability of triclosan to soil microbes, inhibiting
biodegradation process of the contaminant, which is an undesired mechanism during
soil remediation.

4 Organic Solvents and Dyes

Trichloroethylene (TCE), representing chlorinated hydrocarbons, has been widely
used as a solvent in industry, dry cleaning, and food processing, but also as an ingre-
dient in printing dyes, household care products like degreasers, spot removers, mold
release agents, paints and as a general anesthetic or analgesic (Bakke et al. 2007).
TCE is one of the most hazardous volatile organic (VOCs) compounds which has
been proven to be carcinogenic and mutagenic (Shukla et al. 2014). For the reme-
diation of contaminated soil or groundwater with TCE, biotic and abiotic methods
have been employed, however, abiotic methods like sorption seem to be more effi-
cient. Biochar has been recently tested as TCE sorbent from wastewaters showing
an increase of sorption capacity with increased temperature of pyrolysis (Dong et al.
2017). As nanoscale zero-valent iron (NZVI) has been widely used for the degrada-
tion of trichloroethylene (TCE) in contaminated water, NZVI impregnated biochar is
described as a win—win solution enhancing TCE adsorption from wastewaters miti-
gating the problem of NVZI aggregation due to its high surface energy and magnetic
interaction in solution (Lawrinenko et al. 2017; Li et al. 2017). Siggins et al. (2020)
studied pristine biochars (spruce wastes, herbal pomace and oak bark) pyrolyzed
at >600 °C. The results demonstrated that waste-derived biochars were capable of
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adsorbing >99.5% TCE, however, the efficiency of the process increases when very
fine biochar material is utilized in this process.

Similarly, to other ECs, high-temperature biochar is more effective in removing
TCE (Ahmad et al. 2014; Zhang et al. 2015; Puppa et al. 2020). The fate of TCE in the
environment depends on the medium (air, soil, or water) into which itis released. TCE
is not easily biodegradable and hydrolyzed as a hydrophobic substance. However,
different groups of microorganisms have been recently found to participate in TCE
biodegradation in soil (Shukla et al. 2014) and bioremediation strategies seem to
be more effective in contaminant removal than standard applications of adsorbents.
That is why trichloroethylene sorption studies on biochar in soil are rare. Sorption
of hydrophobic organic compounds in soil is depended on organic matter (OM)
content and probably (there is no study on the topic) biochar application, especially
to soils poor in OM will enhance TCE sorption process. Synthetic dyes are exten-
sively used in many fields of up-to-date technology, e.g., in various branches of the
textile industry, leather tanning, food technology, or cosmetics production. Due to
large wastewater yield, high concentrations of aromatic pollutants, dark color, weakly
biodegradable components, alkaline properties, and a variety of complex substances,
the dyeing industry wastewater caused serious water pollution (Forgacs et al. 2004).
Due to its high surface area and proper microporous structure, biochar proved to be
an effective adsorbent for both cationic and anionic dyes. Electrolytes in solution
effectively neutralized the negative charge of biochar and induced the dimerization
of cationic dyes, thus enhancing the adsorption of both ionic forms of dyes by biochar
(Qiu et al. 2009). Fan et al. (2016) studied methylene blue adsorption by municipal
sewage sludge and tea waste biochar. The results demonstrated that biochar adsorp-
tion capacity for dyes increased with the pyrolysis temperature and many different
mechanisms were involved in adsorption process, such as electrostatic interaction,
ion exchange, surface complexation, physical diffusion, and others, suggesting the
use of biochar as very promising for dyes removal from wastewaters. Similar findings
were described by Sumalinog et al. (2018) testing the efficiency of methylene blue
adsorption on biochar obtained from the slow pyrolysis of municipal solid waste
(MSW), suggesting that dye adsorption occurs mainly due to chemical reactions on
biochar surface in a wide range of pH values. Finally, Zhang et al. (2020b) presented
green biochar/iron oxide composite as an effective adsorbent for dye substances
removal from industrial effluents, showing that modified biochar has very good dye
removal capacity.

5 Nitrogen and Phosphorus Contaminants

Various agricultural chemicals, such as fertilizers are being used to increase the
output of crops. The risk posed by the contamination of water with excessively
posed phosphorus and nitrogen from agricultural runoff is of great concern (Salimova
et al. 2020). Also, wastewaters containing high concentrations of inorganic salts,
organic compounds including nitrogenous molecules (urea), and other metabolic
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waste components became a source of N, P, Kiin the environment. Agricultural runoffs
and natural surface water contamination with wastewaters lead to the process of
eutrophication, causing depletion of drinking water supplies. Numerous studies have
shown the applications of biochar for nutrient (ammonia and phosphate) recovery
from aqueous solutions and urine. Nutrient extraction from human urine is a sustain-
able option for waste disposal and an economically feasible way to produce soil
conditioner/fertilizer (Masrura et al. 2020). Raw materials and pyrolysis conditions
can influence different biochar properties, however, the affinity of pristine biochar
for the removal of oxyanions is relatively low due to the electrostatic repulsion by
negatively charged BC surface. Biochars activated by metals have a significantly
higher capacity to adsorb nitrate and phosphate than their unmodified counterparts.
For oxyanions such as NO3;~ and PO,3~, mainly positively charged metal oxides,
increasing the number of active sites in biochar and its surface charge, are respon-
sible for their sorption (Wang et al. 2020a, b). Its mechanism occurs mainly via
ion exchange and interactions with oxygen-containing functional groups on biochar
surfaces and is related to the catalytic action of the composite material (Wang et al.
2020a, b; Zhang et al. 2020a).

5.1 Nitrates

For NO3~, the sorption mechanisms are governed by multiple interactions. Electro-
static attraction and ionic bonds with exchangeable cations from the biochar is postu-
lated as a primary route of nitrates retention. Biochar is a potentially effective sorbent
for NO;~ in water treatment and soil applications. Fidel et al. (2018) evaluated
nitrates sorption rates to acid-washed biochar produced from red oak and corn stover
at different pyrolysis temperatures and pH range. Additionally, they quantified NO3 ™~
sorption, as well as C1~ displacement for corn stover biochar to examine the sorp-
tion mechanisms. Nitrates sorption was the maximum (1.4-1.5 mg N g~!) at 600 °C
and pH of 3.5-4. NO;~ displaced Cl~ from previously CaCl,-saturated corn stover
biochar, which supports the predominance of ion exchange mechanisms. ViglaSova
et al. (2018) fabricated a biochar/montmorillonite composite, using bamboo as raw
material and tested its utility in the adsorption studies for removal of nitrates from
aqueous solutions. Montmorillonite was distributed across the biochar surface which
resulted in enhancement of the maximum adsorption capacity of the composite to
9 mg of NO3 ™ per gram of the sorbent.

A variety of different activating agent solutions (HCI, NaCl, KCIl, MgCl,, ZnCl,,
AlICl;, FeCls, MgCl, with HCl) were added to the pristine corncob biochar, to
study its utility to remove NO3;~ in wastewaters (Long et al. 2019). Among the
studied variants, FeCl; modified biochar with the highest positive surface charge
was further tested to remove nitrates from aqueous solutions. Through the forma-
tion of iron nitrate hydrate (Fe(NO3)3-9H,0) on the biochar surface, higher nitrate
adsorption, than that of pristine biochar, was achieved. In the study of Hafshejani
et al. (2016), chemically modified biochar (developed from sugarcane bagasse) was
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used for the nitrate removal from aqueous solution. The results showed that the
maximum percentage of NO3; ™~ adsorption was achieved at equilibrium pH of 4.64,
after 60 min of contact time and with an adsorbent dose of 2 g L™!. Additionally,
competing anions (carbonate and chloride ions) have shown maximum and minimum
influence on the NO;~ adsorption of the studied BC.

5.2 Phosphates

Effective and economical phosphate removal from wastewater can be very often
achieved by magnetic modification of biochar. Precipitation by metal oxides in BC
is the primary mechanism for PO,  removal. Ajmal et al. produced magnetically
modified biochar by co-precipitation of Fe(Il) and Fe(IIl) ions in their presence,
from wood and rice husks. Its utility as PO,3~ sorbent in wastewaters was tested to
be twice as efficient (25-28 mg g~ ') than that of the unmodified biochar. According to
the results, the driving PO, sorption mechanism on magnetic biochar is simultane-
ously the electrostatic attraction, surface precipitation, and complexation, while for
the original biochar, the sorption mainly depends on electrostatic attraction. Some-
times, however, the input material itself can exhibit properties enabling it to effi-
ciently sorb the destined pollutant. One such example is sewage sludge that after
pyrolysis acts as an excellent PO4>~ sorbent (the maximum sorption capacity of
303.5 mg g~!) in the wide pH range of the studied eutrophic waters (Yin et al. 2019).
This ideal adsorption ability was mainly due to the abundance of metal oxides and
functional groups in sewage sludge that are capable of effectively removing phos-
phates. Magnetic modification of biochar was also used to study the phosphates
adsorption mechanisms in soil, under field conditions. Wu et al. (2019) pyrolyzed
peanut shells and modified them with MgO. Such activation of biochar resulted in
20% increase in phosphates adsorption than unmodified biochar. Electrostatic attrac-
tion, precipitation, and exchangeable anions contributed to the adsorption of phos-
phate and MgO-modified biochar, which possessed the greatest adsorption capacity
and its application in soil increased the available P content and resulted in higher
rice yields in the field experiments. Iron-modified corn straw biochar was used as
an adsorbent to remove phosphorus from agricultural runoff (Liu et al. 2015). The
surface of the activated biochar was covered by small iron granules, which were
identified as Fe;Oy4. The tested biochar was packed in a column and the agricultural
runoffs with a total phosphorus concentration of 1.86-2.47 mg L' were applied with
a hydraulic retention time of 2 h. The efficiency to remove the phosphorous from
effluent was 99% and its concentration was less than 0.02 mg L~!. At the studied
biochar-to-soil rate (5%), the stem, root, and bean of broad bean plants demonstrated
increased growth rates of 91%, 64%, and 165%, respectively.

Chemical modification of biochar with the use of polyethyleneimine (PEI) was
conducted to test the efficiency of amine-functionalized biochar to remove phos-
phates (Li et al. 2020). Biomass pyrolyzed in the study was bamboo. PEI was
successfully grafted onto biochar which enhanced P adsorption. The most optimal
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conditions for P adsorption were pH 3, low ionic strength, and low concentration of
coexisting ions, such as HCO3 ™, S0,42~, NO;~, and CI~. The electrostatic interac-
tion between P and surface functional groups of PEI-modified biochar served as the
primary mechanism controlling the adsorption process.

Ramola et al. (2021) prepared a biochar—mineral composite by using rice husk
and calcite as raw materials. Prepared biochar—calcite composite was an optimized
adsorbent for phosphate with maximum removal of 87.3% and adsorption capacity
of 1.76 mg/g. The optimized conditions of pyrolysis were—700 °C, 2.3 h, and 4.2:1
(w/w) of rice husk and calcite ratio. Introduction of calcite increased the efficiency
of biochar for phosphate removal that was mainly controlled by adsorption onto the
surface of biochar—mineral composite and electrostatic interactions. However, the
presence of other ions in the solution, reduced the amount of phosphate removal by
biochar—-mineral composite.

The cosorption of both oxyanions: NO3;~ and PO4*>~ was evaluated by Yin et al.
(2018) in the studies assessing the effectiveness of eutrophic waters remediation
by magnetically modified BC with different Al contents (i.e., 5, 10, 15, and 20 wt
%). Biochar with 15% Al content exhibited optimal NOs ™~ adsorption capacity (the
maximum sorption capacity of 89.58 mg g'!), whereas for PO,3~ it was the highest for
20% Al amendment (57.49 mg g'!). pH = 6 and pH < 6 were advantageous to NO3 ™~
and PO, adsorptions, respectively, which occurred mainly through chemisorption.
Lietal. (2016) also tested modified biochar for NO;~ and PO4>~ removal from water.
They produced biochar from wheat straw in low-temperature pyrolysis (450 °C),
activated with hydrochloric acid (HCI), and coated with different amounts of iron
(FeCls - 6H,0). Activation with HCI and coating with iron significantly increased
biochar adsorption capacity at the optimal ratio of iron to biochar for iron-coated
biochar (0.70). The active substance of the optimal-modified biochar (OMB) was
amorphous FeOOH. The maximum adsorption capacities were 2.47 at pH 3 and
16.58 mg g~ ! at pH 6, for nitrates and phosphates, respectively.

5.3 Ammonia

Ammonium (NH4") is one of the common forms of reactive nitrogen (N) in water
and wastewater. As biochar usually carries negative surface charge, its adsorption
capacity for NH4" cations is high. NH4* adsorption depends more on oxygen func-
tional groups and sorbent porosity and low-temperature biochar seems to be more
efficient in ammonium removal. Non-modified, low-temperature biochar (<400 °C)
can adsorb 60-79% of ammonia and up to 60% of phosphorus from aqueous solu-
tion (Chen et al. 2011; Xie et al. 2015). Oxygen-containing functional groups such
as C=0, -COOH, and —COC- contribute substantially to NH4* adsorption because
of hydrogen bonds and electrostatic interaction between NH,* and biochar (Cai et al.
2016). Nitrogen recovery efficiency by biochar increased with solution pH from 7 to
12. Athigh pH, the zeta potential of biochar decreased leading to enhanced adsorption
of positively charged ions (Yang et al. 2020). Tang et al. (2019) tested digested sludge
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biochar and demonstrated that the final amount of adsorbed ammonium increased
significantly (p <0.001) as the initial pH increased from 2 to 6, and decreased slightly
(p = 0.6) when pH increased to 8. These results also show that at acidic conditions,
ammonium removal capacity is low, mainly due to the competition between H* and
NH,4™ in the solution for adsorption to biochar surface functional groups. Significant
reduction of ammonia adsorption capacity was observed when pH reached 10, which
is due to the effects of pH on the form of ammonium, i.e., it converts to NH3 (Vu
et al. 2017). Designing a proper material for ammonia removal—type of biomass,
biochar production temperature, and residence time on NH4* adsorption are signifi-
cant. Salimova et al. (2020) demonstrated that orange tree biochar has a strong ability
to remove ammonia from water, while tea tree biochar did not develop proper prop-
erties during the same pyrolysis temperature and efficiency of this material for NH4*
was very low. Similar findings were described by Xue et al. (2019) testing seven
types of food waste-based biochar (meat and bone, starchy staples, leafy stemmed
vegetables, nut husks, fruit pericarp, bean dreg, and tea leaves) achieving even 92.6%
of ammonia nitrogen removal, depending on raw material. Raw materials like fruit
pericarp and nut husk indicated better effective adsorption, but starchy staples, meat,
and bone were least effective. Similarly with the increase of pyrolysis temperature the
adsorption capacity of biochar decreased. The efficiency of biochar for ammonium
adsorption also depends on initial ammonium concentration. Biochar deashing and
acid modifications with inorganic acids seems to be a sufficient method of enhancing
biochar sorption capacity for ammonium (Vu et al. 2017).

6 Microplastic

Although microplastic (MP) is not yet on the list of emerging contaminants, its
wide occurrence in aquatic and terrestrial ecosystem brings concerns about possible
impacts of this microcontaminant on living organisms, including human beings.
Biochar application for wastewater and water purification from microplastic seems
to be a good strategy to find cost-effective and efficient MP sorbent. The advantage
of MP removal is that the main mechanisms are based on physical sorption on the
porous structure of adsorbent and it is not necessarily important to obtain materials
with high surface area or large number of oxygen functional groups which makes the
biochar-based—microplastic sorbent production less expensive and easier to obtain
in standard pyrolysis reactors. Siipola et al. (2020) described low-cost spruce and
pine bark-derived biochar as good adsorbent for microplastic removal in water purifi-
cation process. As MPs is adsorbed mainly on biochar micropores, this microporosity
can be obtained during steam activation or ball-milling. The more micropores are
generated on biochar surface, the more efficient MPs removal is. Similarly, observa-
tion was described by Wang et al. (2020a, b) using biochar samples produced at three
different temperatures from corn straw and a hardwood biochar to compare retention
of spherical microplastics. Results of the study showed that removal efficiency was
higher than 95% when microporous biochar were used for trapping MPs.
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Limitations

Although biochar has proven to be one of the most efficient adsorbents in removing
ECs, certain disadvantages are making it a less attractive option for many applica-
tions. Numerous sorption mechanisms, mostly tested under very controlled condi-
tions in pure solutions or batch experiments will not be sufficient to extrapolate
on real soils and natural waters conditions. That is why obtained results should be
handled with care and further investigation are necessary to predict the efficiency of
biochar for the removal of EC in natural systems.

There is a lot of uncertainty about optimum parametric conditions of the process,
e.g., pH of medium, adsorbent dose, pharmaceutical concentrations, contact time,
or temperature. There are also doubts about the use of proper biomass for adsor-
bent production as the amount of the biochar necessary to clean wastewaters are
estimated in million tons. Finally, what to do with spent biochar waste? How to
separate biochar from soil or solution? These are the questions with no answer at this
moment. Pretreatments or post-treatments of biochar will be necessary in most of
the cases to enhance the adsorption capacity. However, these procedures may signif-
icantly increase the cost of biochar use for wastewater treatment. High costs due to
the activation process, lack of biodegradability of adsorbed ECs by microbes, and
high regeneration cost are some of the limitations of biochar used in this process.

7 Conclusions and Future Prospects

As the problem of emerging contaminants released to the environmental media occurs
globally with an unknown effect to human health, there is an urgent need to develop
new, cost-effective, and ecological-friendly methods of water and soil treatment to
mitigate potential risk related to presence of ECs in the food chain. In this context,
the presented review highlights the wide application potential of biomass waste
to become a precursor of biochar, i.e., highly efficient material for the removal of
emerging contaminants from wastewaters. The number of scientific papers describing
efficiency of different biochars for ECs removal from wastewaters and aqueous solu-
tions is gaining a growing interest for this material as an emerging contaminant
adsorbent. Designing a proper sorbent should ensure immobilization of high concen-
trations of contaminants present in media. Therefore, adsorption capacity and affinity
to micropollutants molecules should be enhanced by biochar surface modifications.
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