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HIGHLIGHTS

® Biochar composites for improved
water pollution abatement are re-
viewed.

® Metals and metal oxides have been
widely used in engineered biochar.

® Modification typically alters the sur-
face properties and functionalities of
biochar.
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ABSTRACT

Biochar (BC) exhibits a great potential as an adsorbent in decontamination of water. To improve the adsorption
capabilities and impart the particular functionalities of BC, various methods (chemical modification, physical
modification, impregnation with different materials, and magnetic modification) have been developed. As
compared to surface modifications, BC-based composites provide various technical and environmental benefits
because they require fewer chemicals, lesser energy, and confer enhanced contaminant removal capacity.
Therefore, this review focuses on BC composites prepared by the combination of BC with different additives
including metals, metal oxides, clay minerals, and carbonaceous materials, which greatly alter the physico-
chemical properties of BC and broaden its adsorption potential for a wide range of aquatic contaminants.
Techniques for the preparation of BC composites, their adsorption potentials for a variety of inorganic and
organic environmental contaminants, factors affecting BC properties and the adsorption process, and the me-
chanisms involved in adsorption are also discussed. Modification typically alters the surface properties and
functionalities of BC composites including surface area, pore volume, pore size, surface charge, and surface
functional groups. Hence, modification enhances the adsorption capacity of BC for most organic and inorganic
compounds and ions. Nevertheless, some modifications negatively affect the adsorption of certain contaminants
because of various factors including obstruction of pores due to over coating and development of same charge as


http://www.sciencedirect.com/science/journal/13858947
https://www.elsevier.com/locate/cej
https://doi.org/10.1016/j.cej.2019.04.097
https://doi.org/10.1016/j.cej.2019.04.097
mailto:yongsikok@korea.ac.kr
mailto:meththika@sjp.ac.lk
https://doi.org/10.1016/j.cej.2019.04.097
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2019.04.097&domain=pdf

contaminant on the surface of BC. However, the use of BC composites in environmental remediation is still in its
infancy, and further research and development is needed to reach scalability and commercialization of the new

technology.

1. Introduction

Biochar (BCs) is defined as a carbon-rich material obtained by the
thermal treatment of carbon neutral carbonaceous materials such as
wood, manure, or leaves under an oxygen free environment [1]. It has
garnered attention due to its genuine physico-chemical properties and
diverse applications in many sectors, including agriculture, climate
change mitigation, energy production, and environmental remediation
[2]. The addition of BC to soil improves soil fertility, enhances agri-
cultural productivity, increases soil nutrient levels and water holding
capacity, and reduces emissions of greenhouse gases due to its intrinsic
carbon negativity [1]. However, the use of BC as a sustainable medium
in such applications has only been studied scientifically in the last
decade [3]. Recent uses of BC involve as a carbon precursor for catalysts
and contaminant adsorbents, as a gas adsorbent, as an energy source in
fuel cell systems, and as a raw material in supercapacitor and activated
carbon production [3,4]. These high value applications are still in their
early stages, and further research and development is needed to achieve
their scalability and commercialization.

Biochar can be produced using various carbonaceous feedstocks,
many of which are considered organic wastes, thereby indirectly sup-
porting waste management. Because of its low production cost and
feasibility in many contexts [5], it has been used in wastewater treat-
ment as a low-cost adsorbent alternative to activated carbon (AC) for
the removal of various contaminants from water such as nutrients, trace

Table 1
Pathways for thermal conversion of biomass to biochar.

metals, pharmaceuticals, pesticides, dyes, metal(loids), volatile organic
compounds and polycyclic aromatic hydrocarbons [6-11].

The methods for producing BC from carbonaceous materials (mostly
biomass) are pyrolysis, and hydrothermal carbonization [2]. The yield
of BC from these processes differs based on operational conditions,
types of biomass, and reaction media [3]. The most frequently used
method is pyrolysis, which can be categorized into slow and fast pyr-
olysis depending on the pyrolysis temperature, heating rate, and re-
sidence time employed; each operation parameters impart different
characteristics to the final BC products (Table 1) [12,13].

Recent consideration for BC research was due to its close similarities
in performance capacity to AC in many uses. Generally AC has greater
Brunauer-Emmett-Teller (BET) surface area, surface activity, porosity,
and physicochemical stability than BC [14]. The BET surface areas of
AC produced from mill and forest residues via steam activation in a
rotary calciner at 815°C (1283.0m?*g~! and 575.9m?g™?, respec-
tively) were significantly higher than those of BC produced using the
same feedstocks using gasification system designed by Tucker En-
gineering Associates (TEA) (15.0m?g~ ' and 11.8 m? g, respectively)
[15]. Similar trend was shown regarding pore volume and total por-
osity. As a result of this, AC is being studied as the most prominent
environmental media for the removal of different environmental con-
taminants via adsorption (Fig. 1).

Despite the fact that AC is a successful adsorbent, one of the de-
merits for being used as adsorbent is its high production cost and

Thermal conversion process Temperature range (°C)

Heating rate

Residence time Biochar yield %

Slow pyrolysis 350-800 Slow, (< 10°Cmin~ %) Hours-Days 35

Fast pyrolysis 400-600 Very fast (1000 °Cs™ ') Seconds 10-15
Hydrothermal carbonization 180-250 Slow (< 10°Cmin™1) Hours 30-60
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Fig. 1. Science Citation Indexed publications on adsorption and adsorption related to activated carbon and biochar in SCOPUS (Accessed on 2018.01.10).
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difficulties with regeneration [16]. According to the literature, the es-
timated cost for BC and AC are USD 246t~ , and USD 1500t~ %, re-
spectively, which means that BC is approximately 1/6 less expensive
than AC [17], and the choice of the initial feedstock for biochar pro-
duction is more flexible than that of AC. In these respects, BC has been
vital as a low-cost adsorbent alternative to AC [16]. However, com-
pared to AC, it has not been promising in the context of sorptive re-
moval of contaminants because of its relatively low surface area and the
influence of abiotic and/or biotic processes on its properties and ad-
sorption capacity for contaminants [15]. Therefore, a great deal of re-
searches has focused on enhancing the surface area and mechanical
properties of BC through diverse modification methods, i.e. chemical,
physical and magnetic modification and impregnation with mineral
sorbents [18].

Engineered BCs prepared via impregnation with minerals are re-
ferred to as BC composites. These composites can be prepared by in-
corporating BC with metal oxides, clay minerals, organic compounds,
or carbonaceous materials such as graphene oxide (GO), poly-
saccharides, and carbon nanotubes (CNT), all of which greatly alter the
surface functionalities of the BC [19,20]. In these composites, BC acts as
a porous structure to support the distribution of modifier particles/
compounds within its matrix and enhances the adsorption capacity for a
wide range of contaminants [21]. In some instances, the unwanted
functionalities were imparted during the fabrication of BC composites
such as reduction of adsorption capacity via obstruction of pores
[22,23]. Hence, it is desirable to evaluate both the positive and negative
impacts of BC modification on adsorption of target adsorbates.

Production of BCs and the characterization of their properties and
adsorption capacities for various contaminants have been thoroughly
reviewed [5,12,24-26]. Although numerous studies have been pub-
lished on the adsorption efficiencies of BCs, attention to engineered/
“designer” BCs for contaminant remediation has not been fully matured
[2,18,19,27] (Table 2). Most reviews have focused on the removal ca-
pacities, while less (or no) attention was given to a mechanistic un-
derstanding of the removal, despite this being of equal importance since
adsorption is a micro-molecular level process. Therefore, the over-
arching objective of this review is to compensate the knowledge gap
surrounding pristine and engineered/designer BCs and their properties
and uses, by revisiting the literature published within the last decade
(2007 to 2018). This review provides a comprehensive summary of the
environmental applications of various BC composites and important
factors that influence the characteristics of BCs, as well as discusses the
factors influencing adsorption and mechanisms involved in the ad-
sorption process.

2. Pristine biochar: State-of-the-art adsorbent

Biochar is a carbon-rich material obtained by the thermal treatment
of carbon neutral carbonaceous materials such as wood, manure, or
leaves under an oxygen free environment Biochar is produced through
the dry carbonization or pyrolysis of biomass, differing from both
charcoal (complete carbonization) and hydrochar (which is produced as
slurry in water via hydrothermal carbonization of biomass under
pressure). Feedstocks used for the production of BC can be divided into
two categories: produced biomass and its by products, and waste bio-
mass [39,40]. Animal manure, municipal solid waste (MSW), woody
biomass, and crop residues are commonly employed as waste feedstocks
[5]. Waste materials are a very cost-effective feedstock because they are
abundant and easily collectable, and further indirectly support waste
management and carbon neutrality in urban/rural areas.

2.1. Factors influencing properties of biochar
The characteristics of BC are highly contingent on the types of

feedstock, pyrolytic temperature, heating rate, reaction media, and
residence time [19]. Biochar from animal litter and solid waste result in
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Table 2

Reviews published based on the applications of biochar in the removal of different types of contaminants available in aqueous media.

Reference

Agrochemicals

PAHs VOCs

Dyes

Pharmaceuticals

Cations

Anions

Title of review

Vithanage et al. [28]
Peiris et al. [25]

Interaction of arsenic with biochar in soil and water: A critical review

Biochar-based removal of antibiotic sulfonamides and tetracyclines in aquatic environments: A critical review

Biochar adsorption treatment for typical pollutants removal in livestock wastewater: A review

Environmental application of biochar: Current status and perspectives
Biochar as a low-cost adsorbent for heavy metal removal: A review

Deng et al. [29]

Oliveira et al. [30]

Patra et al. [31]

Inyang et al. [24]
Tan et al. [32]

Xie et al. [33]

E g

A review of biochar as a low-cost adsorbent for aqueous heavy metal removal
Application of biochar for the removal of pollutants from aqueous solutions

Characteristics and applications of biochar for environmental remediation: A review

Nartey and Zhao [34]
Mohan et al. [12]

Biochar preparation, characterization, and adsorptive capacity and its effect on bioavailability of contaminants: An overview

v

Organic and inorganic contaminants removal from water with biochar, a renewable, low-cost and sustainable adsorbent — A critical

review
Biochar as a sorbent for contaminant management in soil and water: A review

Ahmad et al. [5]

Gisi and Notarnicola [35]

Zhang et al. [36]

Characterization and adsorption capacities of low-cost sorbents for waste water treatment — A review

A review: Utilization of biochar for waste water treatment

Inyang and Dickenson [37]

Rosales et al. [38]

The potential role of biochar in the removal of organic and microbial contaminants from potable and reuse water: A review

Challenges and recent advances in biochar as low-cost biosorbent: From batch assays to continuous-flow systems




high yields and ash contents compared to those produced from crop
residues and wood [41], because of the high content of inorganic
constituents [5,42]. The presence of various innate metals in animal
litter also increases the BC yield by preventing the loss of volatile ma-
terial through changing the bond dissociation energies of organic and
inorganic carbon bonds [43]. Ash content is also affected by the com-
position of the feedstock; high ash contents were found in animal
manure and waste BCs owing to the high labile and volatile C contents
in these biomasses [41]. For example, BC from chicken manure contains
more than 17.5wt% of ash content [44]. Animal manure-derived BC
has a higher mineral content than that derived from plant matter [41].
Even at high pyrolysis temperatures (> 700 °C), BC produced from
animal excreta and solid waste exhibit relatively lower surface areas
than those produced from crop residues and woods [5]. This is due to
the extensive cross-linking that results from the lower C contents and
high molar ratios of H/C and O/C in crop residues and wood feedstocks
[45]. Moreover, the collapse of structural matrix of lignocellulose bio-
mass via the digestion system (i.e., acidic conditions and biological
fermentation) is one of the factors lowering the surface area of BC [46].

In general, the yield of BC decreases with increasing pyrolysis
temperature, which is likely due to the degree of carbonization [47]. At
400 °C, BC produced from wheat straw (WS-BC), corn straw (CS-BC),
and peanut shell (PS-BC) achieved yields of 32.4, 35.5, and 36.8 wt%,
respectively; upon increasing the temperature to 700 °C, these yields
decreased to 22.8, 24.9, and 25.8%, respectively [48]. The yield of BC
produced from vermicompost (VM-BC) also achieved higher yield at
400 °C (91.56 wt%) than at 700 °C (71.81 wt%) [49]. This was mainly
due to the destruction of cellulose and hemicellulose as well as the
thermolysis of organic materials at high pyrolysis temperatures [50]. At
higher pyrolysis temperatures, C and ash contents significantly increase
due to thermal cracking of volatile fraction in biomass and its sub-
sequent carbonization [51,52]. Ash content of bamboo based BC (BB-
BC) increased from 14.38 to 26.34 wt% on increasing the temperature
from 250 to 550 °C, and VM-BC exhibited a 18.23 wt% increase in ash
content when the temperature was increased from 300 to 700 °C
[49,52].

The low H/C molar ratio obtained at higher pyrolysis temperatures
is likely due to the aromaticity, which makes BC more chemically and
biologically stable [51]. The VM-BC and pine needle derived BC (PN-
BC) produced at 300 °C contained higher H/C molar ratios (0.13 and
0.62, respectively) than at 700 °C (0.03 and 0.08, respectively) [49,51].
Polarity and surface oxygen functional group density are indicated by
the O/C and (O + N)/C molar ratios [53]. The low O/C and (O + N)/C
molar ratios obtained at high pyrolysis temperatures reduced the po-
larity of BC surfaces because they contained fewer surface oxygenated
functional groups [49]. The highest O/C and (O + N)/C molar ratios
(0.46 and 0.55, respectively) in VM-BC were obtained at 300 °C, and the
lowest (0.02 and 0.07, respectively) at 700 °C; for PN-BC, the highest O/
C molar ratio (0.07) was also obtained at 700 °C [49,51]. An increase in
pH occurs at higher pyrolysis temperatures due to the retention of a
higher number of alkaline groups, the separation of alkali salts (K, Na,
Ca, and Mg) from organic compounds, and the removal of acidic
functional groups [54,55]. For example, the pH of VM-BC increased
from 7.37 to 11.31 upon an increase in temperature from 300 to 700 °C
[49].

Surface area and pore volume also increase with increasing tem-
perature [49,56] because of the recombination and crystallization of C
during the carbonization step [57]. The surface area of VM-BC in-
creased 3-fold, and the pore volume also increased from 0.092 to
0.19mL g~ ! when the temperature was increased from 300 to 700 °C
[49]. The total pore volume of PN-BC was eight times higher at 700 °C
than that at 500 °C [51]. Further, the average pore diameters in VM-BC
produced at 300, 500, and 700 °C were 15.05, 13.91, and 9.94 nm,
respectively, which suggested that the micro-pores are dominantly
formed during the carbonization step at temperature higher than 550 °C
[49].
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2.2. Adsorption properties of biochar

Biochars produced at higher pyrolysis temperatures (700 °C) exhibit
higher adsorption capacities for antibiotics as compared to those pro-
duced at lower pyrolysis temperatures, however, in some cases, even
trace metals adsorption have shown high at high temperature biochars
[7,54]. High aromaticity of the high temperature BCs lead to increase
the removal capacities of antibiotics, at the same time decrease in po-
larity supports at high temperatures support the same [54]. Adsorption
of trichloroethylene (TCE) mainly occurred via a pore-filling and hy-
drophobic partitioning mechanisms [51]. Adsorption of TCE was pre-
vented by the oxygenated functional groups left intact in BCs produced
at lower pyrolysis temperatures, which instead adsorbed water through
hydrogen bonding [58]. Pharmaceuticals typically interact with BC via
Van der Waals interactions, electrostatic interactions, and hydrogen
bonding [59]. Functional group density is higher in BC produced at low
pyrolysis temperatures, of which mechanisms for adsorption are mainly
explained by electrostatic interactions and hydrogen bonding between
BC and the functional groups of target compounds [32]. Biochar pro-
duced at higher pyrolysis temperatures has been shown to retain a
higher quantity of anionic dyes and a lower quantity of cationic dyes
[49]. Adsorption of cationic and anionic dyes occurred via cation ex-
change and ni—x interactions, respectively [49]. Adsorption capacity for
pesticides was also increased with increasing pyrolysis temperature
[56]. Pesticides interact with BC via strong s—n electron-donor—
acceptor (EDA) interactions, acid-base interactions, amide bond for-
mation, electrophilic addition, covalent bond, ionic and hydrogen
bonding, van der Waals forces and hydrophobic interactions [56].

Adsorption of both organic and inorganic compounds on BC is pH-
dependent, because the BC surface charge varies according to the point
zero charge (pHp,.) of BC. At pH < pHy,, the surface is negatively
charged, which expedites adsorption of positively charged con-
taminants due to the electrostatic interactions. At pH > pH,,, the
surface is positively charged which prevents adsorption of positively
charged compounds due to the electrostatic repulsion [60]. Antibiotics,
pesticides and many organic compounds exhibit different pK, values,
and thus, depending on the pH of a given medium, the antibiotic can
predominantly exist in its cationic, anionic, or neutral forms [61,62]. At
higher pH values, anionic species become the dominant form of some
antibiotics such as tetracycline, sulfamethazine, ciprofloxacin etc. The
electrostatic repulsion between the negatively charged BC surface and
anionic species of antibiotics would thus increase, resulting in de-
creased adsorption at higher pH values [63]. However, high pH also
facilitates weaker si— EDA interactions between the antibiotic and BC
surface [63]. At lower pH conditions, anionic dye adsorption mainly
occurs via electrostatic interactions between the negatively charged
anionic dye and protonated hydroxyl and carboxylic acid groups of BC
[64]. However, adsorption of cationic dyes decreases due to repulsive
forces occurring between cationic dyes and positively charged func-
tional groups of BC [49]. At higher pH, protonated functional groups of
BC gradually deprotonated, as a result electrostatic interaction
weakens, leading to a decrease in the adsorption of anionic dyes but an
increase in the adsorption capacity for cationic dyes [49].

3. Engineered biochar composites: preparation methods/
synthesis

This section mainly focuses on the production processes of several
key BC composites (Fig. 2).

3.1. Biochar composites prepared with clay minerals

In recent years, clay minerals have been widely employed in med-
icine, pharmacy, agriculture, and the manufacturing of cosmetics,
paint, and ink [65]. Due to their lamellar structures, high surface area,
and high ion-exchange capacities, clay minerals have been effectively
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Fig. 2. Engineered biochar composites preparation pathways.

used as adsorbents for the removal of different types of antibiotics,
polymers, and heavy metals/metalloids [66-70]. However, exclusive
use of clays as adsorbents does not appear to be prospective due to the
regeneration issues as well as the volume of residue after adsorption.
Clay-BC composites prepared by mixing of small amount of clay with
BC has demonstrated promising results and high sorption capacities in
removing different contaminants [21]. Although various methods have
been used to produce clay-BC composites, the most common ones in-
volve the preparation of a clay-BC slurry for pyrolysis [21,22]. In brief,
the feedstock is dipped in a stable clay suspension which is prepared by
adding the powdered material to deionized (DI) water or another sui-
table solvent and pyrolyzed under oxygen-limited conditions in a
muffle furnace at the relevant temperature [21]. Alternatively, BC can
also directly be soaked in a slurry prepared with clay minerals, deio-
nized water, and acetic acid, stirred overnight, and then oven-dried at
60 °C for 24 h. The most commonly used weight ratios of clay:biomass/
BC for both procedures were 1:5, 1:4, 1:2, and 1:1 [21,22,71-73].

3.2. Biochar composites prepared with metals and metal oxides

In BC-metal/metal oxide composites, BC acts as a porous carbon
platform upon which metal oxides precipitate, thus increasing the
surface area available for adsorption. Generally, impregnation with
metal oxides is performed by soaking BCs or their feedstocks in solu-
tions of metal nitrates or chlorides. The most frequently used impreg-
nation agents described in the literature are FeCls;, Fe;O3, Fe(NO3)s,
and MgCl, [74-76]. Preparation of metal oxide composites of BC was
done by two methods: pre-pyrolysis treatment, soaking of the biomass
followed by pyrolysis; or post-pyrolysis treatment, pyrolysis of the
biomass followed by soaking in metal ion solution [18]. In the pre-
pyrolysis method, the feedstock is soaked in a metal salt solution and
then pyrolyzed under an oxygen-free environment [23]. In the post-
pyrolysis method, pyrolysed feedstock is soaked in a metal salt solution
[74,77].

3.3. Biochar composites prepared with carbonaceous materials

Biochar can be combined with carbonaceous materials that have
functional groups capable of creating strong bonds with both the BC
surface and the pollutants present in aqueous medium. Polysaccharides,
amines, carbonaceous nanomaterials, and CNTs are the most commonly
used agents [78-80]. Such modification can be achieved either through
simple chemical reactions or by mixing BC with polymers rich in amino
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groups such as polyethylenimine or chitosan [81]. Among bulk carbon
materials, graphene (G) and carbon nanotubes (CNT) are commonly
used in composite synthesis due to their great binding affinity through
functionalization with —OH and —COOH groups via chemical oxidation
methods [82]. Since the porous structure and relatively high surface
area of BCs, it can be used as a host to distribute and stabilize carbon
nano-materials and expand the range of potential applications [26].
Modification can further enhance the adsorption capacities of BCs for
different toxic pollutants [73,83].

4. Characteristics of biochar composites and their influencing
factors

Biochar composites are prepared by combining the carbon neutral
feedstock with different types of materials. For the preparation of BC,
different feedstocks from a range of agricultural and carbonaceous
materials have been used [1]. Characteristics of BC composites mainly
depend on characteristics of the feedstock, combining agents and pyr-
olysis conditions [19]. Table 3 summarizes the characteristics of BC
composites produced from different feedstocks under different pyrolysis
conditions.

High BC yield may be related to a higher composition of inorganic
constituents in feedstock materials [5]. It is suggested that various
metals present in animal litter may protect against the loss of volatile
material by changing the bond dissociation energies of organic and
inorganic carbon bonds [43]. For example, the enhanced dehy-
drogenation in the presence of inorganic constituents (catalytic effects)
generally expedites crystallization, thereby resulting in the high yield of
BC. Generally, biomass with high lignin content results in high BC yield
[42]. The yield and elemental contents of BC composites decrease with
increasing pyrolysis temperature due to greater loss of volatile com-
ponents [52]. The yield of some BC is generally increased up to a
heating rate of 5°Cmin~!, but further increases result in decreased
yields. With the increase of heating rate, production of bio-crude and
bio-gas dominate, resulting in low BC yield due to the breakdown of
organic compounds [84]. An increase in residence time slightly de-
creases BC yield due to greater volatilization during longer pyrolysis
conditions [84]. Therefore, clay minerals, metal/metal oxides and
carbonaceous modifiers have exhibited strong influence on the yield of
BC [52,79]. The ash content of BC is proportional to the pyrolysis
temperature [48,83]. The ash content is also varied with the types of
biomass feedstocks. Hence, both metal oxide and clay modifications
slightly increase the ash content in BC composites compared to raw
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samples due to the thermal stability of metal oxide and clay minerals
[73,75,83].

A slight decrease in the C content of BC composites resulting from
metal and clay modification [74,83] may occur due to the introduction
of metallic elements. For instance, some elements in modifiers may play
arole of a catalyst that results in the different contaminant degradation
mechanisms. However, feedstock and temperature are the main factors
determining C content. At high pyrolysis temperature, C content in-
creases [52] due to high carbonization and dehydrogenation, and a
high amount of C exists within aromatic structures [85]. High C content
in the feedstock produces BC composites with higher C contents due to
the insufficient amount of hydrogen in its structural matrix [86].

The pH of the BC composite can be varied according to the acidity
or basicity of the combining material as well as the pyrolysis tem-
perature [75,89]. Depending on the level of O in the clay minerals, clay
modification of BC can alter the O content and may introduce addi-
tional oxygen-containing functional groups to the BC surface [83].
However, chemical modification results in slight decrease in the H, O,
and N contents [88]. Furthermore, surface functional groups determine
the surface acidity/basicity, which is a crucial factor affecting the ad-
sorption capacities and selectivity of clay-BC composites. Most of the
clay minerals used in BC composites mainly consist of metals such as
Ca, Na, Al, Mg, Fe, Zn, and Si [90]. As such, metal concentrations are
higher in clay BC composites than in pristine BC [21,77,83].

The electrical conductivity (EC) of BC significantly increases when it
is pyrolyzed at high temperatures [43,48,83], due to the loss of volatile
material at high temperatures and the different crystalline structural
matrix of C. Modification with metal oxides increases the soluble salt
content within composites, thus increasing the EC of BC composites
[75]. However, modification with metals otherwise reduces the EC of
modified BC [74].

Clay-modified BC exhibits comparable thermal stability to that of
unmodified BC [21]. Conversely, BCs modified using carbonaceous
materials exhibit higher thermal stability than unmodified BC [78,79].
If the modifying agent has magnetic properties, the composite may
exhibit permanent magnetic properties after pyrolysis [78].

Upon chemical modification, the surface of BC becomes rough as a
result of adherence of fine particles of the modifier [77]. Scanning
electron microscopy (SEM) allows the clear visualization of fine parti-
cles adhered on BC surfaces [74,79,83], which mostly act to increase
surface area as well as adsorption capacity. However, the surface area
can be decreased if pores are clogged as a result of excessive coating
[74]. Increases in pyrolysis temperature and residence time also in-
crease specific surface area, pore volume, and pore size of BCs due to
the thermal destruction of H and oxygen-containing functional groups
including aliphatic alkyl, ester, and phenolic groups.

5. Sorptive removal of inorganic contaminants by biochar
composites

5.1. Nutrients

The release of nutrients such as nitrate, ammonia, and phosphate to
the natural ecosystem increases the level of growth-limiting nutrients in
natural water bodies, and promotes the growth of photosynthetic or-
ganisms, which can ultimately lead to eutrophication of aquatic eco-
systems. Although phosphate can be removed by many adsorbents, the
parallel process for nitrate is rather difficult. However, BC is able to
remove phosphate, nitrates, and ammonium from aqueous media [91].
In some instances, BC is unable to remove nitrate, and some BC itself
releases nitrate and phosphate into the solution [48]. At high pH values,
phosphate adsorption capacity decreases because the surface of BC is
negatively charged.

Nevertheless, compared to raw BC, modified BCs have demonstrated
high potential in removing nutrients from aquatic systems. Table 4
summarizes the applications of modified BCs in the removal of
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contaminants present in water. In some cases, modifications of BC can
cause differential adsorption effects for the same contaminant, possibly
due to the influence of feedstocks [23]. The SBT-BC has shown a very
low phosphate removal rate (approximately 10%) [91] compared to
SBT-MgO-BC (66.7%), which is explained by the strong affinity of MgO
for phosphate in aqueous medium due to its high general affinity for
anions through mono-, bi-, and tri-nuclear complexation [92]. How-
ever, the complexation mechanism depends on the amount and dis-
tribution of MgO particles on the BC surface as well as the size of MgO
particles. Interestingly, PW-MgO-BC achieved a much lower phosphate
removal rate (0.5%) [23]. Electrostatic repulsions between the BC
surface and phosphate in solution was the reason for the low adsorption
of phosphate by PW-MgO-BC [93]. Nitrate removal by PS-MgO-BC and
SBT-MgO-BC was found to be 11.7% and 3.6%, respectively [23], which
might be due to differences in the adsorption mechanisms involved.

Chitosan-modified BC had not achieved promising results in the
removal of phosphate from solution because of net negative charge of
the modified BC surface [78]. In contrast, zerovalent iron (ZVI)-mod-
ified BC removed high concentrations of phosphate, and removal effi-
ciency was found to increase from 56% with increasing amount of Fe.
The pH of the medium (5.7) was lower than the pH,,. (7.7) of ZVI, and
thus, the cationic form predominantly existing in this solution might
have promoted the binding of phosphate [94].

The enhanced adsorption capacities exhibited by BB-MMT-BC
composite for ammonium and phosphate were due to enhanced surface
area of BC and increased number of binding sites resulted from the clay
modification [73]. Adsorption of phosphate and ammonium on the BB-
MMT-BC composite at low concentrations was mainly controlled by
monolayer adsorption (chemical adsorption), while at higher con-
centrations both chemical and physical adsorption were involved, al-
though multilayer adsorption also played an important role [73].

5.2. Trace metals

Presence of elevated trace metals concentrations in natural eco-
system potentially leads to severe environmental concerns [37]. Most
commonly found trace metals in aquatic ecosystem are Pb, Hg, Cr, As,
Cd, Zn and Cu. The United States Environmental Protection Agency
(EPA) has set the maximum allowable limit of above metals in drinking
water and waste water. Therefore, various methods were developed,
such as chemical precipitation, reverse osmosis, ion exchange, solvent
extraction, electro-dialysis and adsorption for removing trace metals
from contaminated water. Due to relative expensiveness adsorption is
considered as economically feasible method for the removal of trace
metals from aqueous media (Table 4).

The adsorption capacities of bentonite-BC composites for Cr(VI)
and Zn(II) were lower than that was achieved with raw BC and ben-
tonite [22], and it was suggested that the binding of anionic functional
groups of the BC with the cationic compounds of the bentonite (and
vice versa) may have reduce the available adsorption sites.

The adsorption of As(V) onto the hematite-modified BC was roughly
double than that of the pristine BC at all concentrations, further sug-
gesting that iron oxide particles served as adsorption sites with a higher
affinity than the unmodified BC for As in aqueous solution [87]. The
adsorption of As(V) onto a solid surface is mainly controlled by As
speciation and the charge of the sorbent surface [95].

Among three BC composites prepared by combining with different
weight percentages of Mn, the highest adsorption efficiency for Pb(II)
(98.9%) was shown by BC composite loaded with 3.65% Mn. However,
BC composite coated with excessively high amount of Mn exhibited low
Pb(II) adsorption efficiency because of coating leading to reduction of
surface area via blockage of pores [77]. Solution pH influenced both Pb
(II) species and net surface charges on the BC composite, which directly
influenced Pb(II) adsorption [77].

Removal of mercury increased with an increase in G content from
0.1 to 1.0% in a WS-G-BC composite [79]. The removal of Hg was
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facilitated by the large surface area, allowing surface complexation
between Hg and the increased oxygen-containing functional groups
(—OH, 0=C—0) and C=C groups on the surface of the composite
containing 1% G [96].

In novel adsorbents prepared by combining BC with chitosan and
ZV1, chitosan acted as a dispersing and soldering agent to attach ZVI
particles to the BC surface [78]. Chitosan-modified BC increased the
removal of Pb(II) compared to the unmodified BC because the amine
functional groups of chitosan had strong affinities to cationic metal ions
in the aqueous solution [81]. The presence of both ZVI and chitosan
increased the removal of Pb(II) up to 93%, which is exempted from the
amount of ZVI present in the composite. However, removal of Cr(VI)
increased with an increasing amount of ZVI in the composite; the
highest removal rates observed were 35 and 40% (for BB:chitosan:ZVI
1:1:3 and 1:2:3, respectively), indicating that both chitosan and ZVI
particles conferred enhancement to the removal of cationic heavy me-
tals [78]. Unmodified BC and chitosan-modified BC did not achieve
significant removal of anionic As(V) from solution [78], which might
have been due to their surfaces having net negative charges [81].
However, ZVI-modified BC removed between 23 and 95% of As(V), and
increasing the Fe level in the composite further improved removal of As
(V). The pH,,. of ZVI is reported around 7.7 [94]. As the pH of the
medium (5.7) was lower than the pHp,., ZVI particles were positively
charged and could have assisted the adsorption of the anionic As(V).

Both Ca and Fe modified BCs exhibited high As(V) removal capa-
cities (95%), except for that produced using a RH feedstock im-
pregnated with Fe®, which removed only 58%. However, the Cr(VI)
removal rate was not as high as expected; the highest removal rate
(95%) was achieved by RH-BC impregnated with Fe3* [98].

Engineered BCs (EBC) produced using stillage residue collected
from a biofuel pilot plant, which manufactures ethanol, were used for
the removal of Ag(I) from an aqueous medium. The removal percentage
of Ag() reached 97.4%. Adsorption of Ag(I) on EBC occurred via
multilayer sorption, and that the process could be governed by multiple
mechanisms [100].

Both GO-BC and CNT-BC composites prepared from sweet gum
feedstock achieved higher adsorption capacities for Pb(II) and Cd(II)
than the pristine BC. The GO-BC composite exhibited higher adsorption
of Pb(II) and Cd(II) than the CNT-BC composite [82]. Adsorption of
both metals could be governed via complexation with oxygen-con-
taining functional groups of the carbon nano-materials, electrostatic
attractions, cation exchange, and surface adsorption onto the CNTs, GO,
and BC surfaces [101].

Pine bark waste was impregnated with CoFe,O4 has shown low
removal percentage for both Pb(Il) and Cd(II), and removal was clearly
pH-dependent, and removal percentage increased with increase of pH
from 2.0 to 8.0. At acidic pH due to the presence of high concentration
of H* on the BC composite, BC surface was protonated and became
positively charged. It therefore reduced the adsorption of metal ions
due to electrostatic repulsion. At high pH, BC composite surface
charged negatively, thus adsorption of metal ions increased.

The Cu(Il) adsorption capacity of nano MnO, BC composite en-
hanced with the increase of pH between 3.0 and 6.0, and comparatively
higher than that of nano MnO,. Formation of complexes between Cu(II)
and oxygen-containing functional groups present on BC composite
surface was the major mechanism involved in the metal adsorption
[102].

Magnetic BC prepared via impregnating with different mass ratios
of FeSO, and NaBH, was showed affinity for Cu(II), and the adsorption
affinity increased with the increase of molar ratio of FeSO4 and NaBH,
in the BC composite. Sorption capacity increased with the long stirring
time, and decreased with the higher initial concentration of Cu(Il) in
the solution. Main functional groups contributing to the coordination of
Cu(Il) on the BC surface were carboxyl, hydroxyl and phenolic groups.
Partial deprotonation of the functional groups under acidic conditions
promoted the adsorption of Cu(Il) via exchanging Cu(II) with hydrogen
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ions [103].

Hydrogel BC composite was synthesized by embedding RH-BC into
poly(acrylamide) hydrogel with N.N’-methylenebisacrylamide (MBA)
as cross linker. Removal of As increased with the increase of pH from
4.0—6.0, and decreased beyond pH 6.0-10.0. High As adsorption at pH
6.0 facilitated by electrostatic interactions occurred between oxyanion
species of As and positively charged BC surface because at pH < pHpyc
due to protonation of surface-active sites BC surface became positively
charged. At pH > pHpyc, BC surface was negatively charged, and de-
creased the adsorption of As due to repulsive effect. Alternatively, in-
crease of hydroxyl ions in the solution competing with As species re-
duced the adsorption of As at high pH [104].

Higher removal efficiency of Pb(II) was demonstrated by magnetic
ZnS-BC composite compared to magnetic BC, however it was pH de-
pendent and beyond pH 6.0 Pb(II) precipitated as hydroxide [105]. The
adsorption of Pb(II) was suggested as an endothermic and spontaneous
process. In a different study, adsorption of Pb(II) by MgO-BC composite
was reported to be rapid, and reached 99.9% within 10 min. Adsorption
capacities remained constant at the pH range of 3.0 to 7.0 dominated by
ion-exchange between Pb?>* and Mg>*[106].

6. Sorptive removal of organic contaminants

The main organic contaminants in aqueous bodies are pesticides,
pharmaceuticals, antibiotics, and polycyclic aromatic hydrocarbons.
For the adsorption of organic contaminants, modified BC has been
widely used. Attapulgite-BC composites derived from lotus stalk bio-
mass and natural attapulgite adsorbed more than 80.1% of NOR from
aqueous solution over a wide range of pH values (2.0-11.0), because pH
had a major impact on the molecular form of NOR, and the surface
charge of the BCs [107]. The removal capacity of NOR by the composite
was very high compared to that of the unmodified BC. This might be
due to the high adsorption capacity of attapulgite particles for NOR
[83].

Acid pretreated titanium dioxide (TiO5)-reed straw BC (TiO,-pBC)
and acid pretreated reed straw BC (pBC) were produced via a sol-gel
method [99]. TiO, particles covered the surface and filled internal
pores of the pBC, reducing the surface area of the adsorbent. Thus, the
adsorption capacity of TiO,-pBC produced at 300 °C for SMX was lower
than that of pBC. The degradation of SMX was significantly higher by
TiO2-pBC produced at 300 °C compared to its degradation under si-
mulated sunlight and UV light. Furthermore, the SMX degradation ef-
ficiency of TiO,-pBC produced at 300 °C reached 91.27%, which was
much higher than that achieved with pure TiO, (58.4%). Therefore, the
composite TiO»-pBC structure strengthened the photocatalytic activity
of TiO, [108].

Liquid phase reduction method was used for the production of BC
composite (Co/Fe/MB) under anaerobic conditions. The BC composite
was shown the highest cefotaxime removal efficiency of 82.48% and it
decreased slightly with increased pH from 4.0 to 9.0, but significantly
decreased at neutral and alkaline conditions [109]. Electrostatic at-
traction supported the adsorption because of that the surface of com-
posites was positively charged below pH 6.0. The catalysis of produced
atomic hydrogen further enhanced the removal efficiency of cefotaxime
(CFX). Nevertheless, the CFX removal efficiencies were equal at pH 4.0
and 5.0, which indicated that the hydrogen ion concentration was still
enough for the formation of atomic hydrogen at pH 5. The CFX removal
efficiency decreased significantly with the increase of pH (alkaline and
neutral conditions) as a result of passivation of layers and less atomic
hydrogen production on the surface of Co/Fe/MB [110,111].

Phenanthrene removal efficiency increased from 63.3 to 94.9% with
an increase of G percentage of BC from 0 to 1%. Adsorption occurred
via partitioning, mi— interaction, surface adsorption, pore-filling, and
electrostatic attractions [48]. The coating of G on the surface of BC
resulted in greater surface area, pore size, pore volume, stronger vi-
bration of C=C bonds, an increasing negative surface charge, and more



oxygen-containing groups. Therefore, G-modified BC more effectively
removed phenanthrene than raw WS-BC (Table 4).

Raw BG-BC, BB-BC, and HC-BC all demonstrated very low MB re-
moval rates. Upon surface modification with MMT and KLN, MB ad-
sorption capacities increased. However, such modification slightly re-
duced the removal of MB by the BB-MMT-BC and BB-KLN-BC, possibly
due to obstruction of pores by clay particles [21]. (Table 4).

Chitosan- and ZVI-BC composites achieved higher removal of MB
from aqueous solution than unmodified BC. Among all the iron-mod-
ified BCs, the BC composite with the highest amount of Fe achieved the
highest MB removal rate. This enhanced removal can be due to both
surface adsorption and chemical reduction mechanisms [112].

The adsorption efficiency of MO by ZVI-modified RH-BC was stu-
died in composites prepared with ZVI:BC ratios of 1:3, 1:5, and 1:7. The
highest MO adsorption efficiency for ZVI-BC composites was shown at
1:5 ratio (98.5%), and further increase of ratio to 1:7 slightly decreased
the MO adsorption efficiency (95.2%) [113]. The MO is an anionic dye,
and its adsorption was favored by the positively charged ZVI particles,
as its pH,,. was 8.0, which was higher than the pH of the solution (5.6)
[94].

Magnetic BC and activated BC were prepared using tannin BC and
exhausted husk obtained by black wattle. The adsorption capacities of
activated BC and magnetic BC for thiacloprid (TCL) and thiamethoxam
(TMX) were 1.02, 0.97mgg~' and 0.73, 0.40mgg~ ", respectively.
Adsorption of pesticides on to activated BC mainly occurred via m—m
EDA interactions due to the presence of aromatic rings in BC, while
magnetic BC had more polar groups (—OH).

7. Factors influencing adsorption

The factors governing the adsorption rate are the BC’s surface area,
nature and initial concentrations of adsorbate, solution pH, tempera-
ture, interfering substances, properties and amount of adsorbent.
Adsorption is proportional to the surface area available for adsorption
in general however, the magnitude differs [114]. Hence, materials with
more pores and higher surface area usually increase adsorption due to
the enhanced mass transferring mechanisms, however, this depends on
various other factors such as chemical composition of the adsorbate,
size and its speciation. In case of a composite preparation, excess
coating of a material may leads to obstruction of pores, resulting in
significant decrease in the pore volume, and hence it reduces the ad-
sorption capacity [22]. This was apparent in excessive hydrous man-
ganese oxide incorporated BC [77].

The physicochemical nature of the adsorbent strongly impacts on
adsorption rate and adsorption capacity. Fine powder adsorbents have
higher adsorption capacity than those consisting of large particles due
to the increase in surface area [115]. The presence of surface functional
groups promotes chemical interactions, and thus the adsorption capa-
city can be enhanced by increasing the concentration of appropriate
functional groups, however, this may influence negatively based on the
composition of the functional group. The presence of cations or anions
on the surface of the adsorbent may enhance its ion-exchange capacity,
which is an important mechanism in the removal of heavy metals.

Adsorption occurs within pores of the adsorbent, so molecular size
of the adsorbate is also related to adsorption rate and capacity. If the
rate is controlled by intra-particle transport, adsorption rate will in-
crease with decreasing molecular weight of the adsorbate molecules
[116].

Further, pH has a major impact on the adsorption process as it di-
rectly influences both the chemical form of the contaminant and the
surface charge as well as ionization or speciation of the adsorbate [83].
Incorporation of a material in preparation of a composite may influence
the change in pHp,. [72].

Adsorption reactions are exothermic reactions; thus adsorption, is
temperature dependent, typically increases with increasing tempera-
ture. Furthermore, adsorption may be influenced positively or

546

negatively by the presence of interfering organic or inorganic com-
pounds. At the same time, the presence of natural organic matter may
impact on adsorption which could be positive or negative depending on
the adsorbate properties. A study reported the influence of cadmium
ions (Cd**) on the adsorption of SMX by Cd*>* neutralizing the surface
of BC [117]. Competitive adsorption between different chemicals gen-
erally occurs at the solid-water interface and can generate an impact to
the sorption characteristics and affinity of the adsorbent for each con-
taminant. The presence of oxytetracycline (OTC) significantly inhibits
the adsorption of carbaryl (CBL) on the original BC (produced at 600
and 700 °C) indicating a competing effect between OTC and CBL ad-
sorption [56].

8. Mechanisms involved

Several mechanisms are responsible for the removal of con-
taminants from aqueous solutions using BCs and modified BCs, in-
cluding electrostatic interactions, ion-exchange, hydrogen bonding,
surface complexation, pore-filling mechanisms and s EDA interac-
tions may occur simultaneously [118]. Fig. 3 illustrates the major me-
chanisms involved in adsorption of contaminants on modified BC.

The surface of BC composites can be positively or negatively
charged depending on the pH of the medium. When pH is higher than
pHp., the surface of the adsorbent is negatively charged, and when pH
is lower than pHy,., the surface is positively charged [119]. This can
facilitate electrostatic attraction between the BC surface and the ca-
tionic or anionic forms of contaminants. Such electrostatic attractions
have been reported in many studies i.e. on the adsorption of NOR by
PSt-attapulgite-BC composite [83], adsorption of phosphate by a BB-
MMT-BC composite produced at 400 °C [73], and adsorption of As by a
magnetic BC composite prepared from PW and natural hematite [87].
Positively charged metal ions attached to the BC surface also encourage
adsorption of anionic compounds via electrostatic interactions [73],
and can further promote adsorption of metals via ion-exchange me-
chanisms [19] Adsorption via ion-exchange mainly depend upon the
size of metal and the available functional groups on the BC surface [37].
Also the presence of a clay mineral with a high ion-exchange capacity
on the BC surface stimulates adsorption of contaminants such as organic
dyes and antibiotics via ion-exchange mechanisms [21]. In additional
contaminants can exchange with ions available in the interlayer spaces
of combined clays, which is referred as intercalation interactions [66].

The presence of oxygen-containing functional groups promotes ad-
sorption of toxic organic compounds via hydrogen bonding and com-
plexation between BC and the contaminant [107]. Meanwhile, cationic
metals and anionic metals/metalloids can be bound by these oxyge-
nated functional groups via electrostatic attraction [19]. However, the
presence of a large number of functional groups and mineral compo-
nents on the surface can negatively affect this adsorption mechanism by
blocking the trajectories to pores on the BC surface [25,120].

The porous structure of BC surfaces facilitates adsorption of organic
compounds via a pore-filling mechanism [51]. During modification, the
deposition of modifying materials on the BC increases the surface area
of BC, thereby enhancing the number of adsorbates which can be ad-
sorbed on the surface [83].

In some cases, adsorption is based on physical bonding/inter-
molecular forces such as van der Waals and dipole-dipole interactions.
Ammonium adsorption onto BB-MMT-BC composite produced at 400 °C
was suggested to be primarily controlled by van der Waals forces and to
a lesser extent by a cation-exchange process [73].

Adsorption of organic pollutants can be further governed by n—mn
EDA interactions between BC and aromatic groups of organic com-
pounds. Removal efficiency of phenanthrene is dominated by - EDA
interactions as well as surface adsorption, partitioning, and electrostatic
attractions [79]. Mostly, adsorption of trace metals occurs via surface
complexation mechanism, i.e., via diffuse double layers. Mercury ad-
sorption occurs via surface complexation between mercury and the



oxygen-containing functional groups (—OH, O=C—O0) and alkene
(C=C) groups on the surface of a BC composite containing 1% Gra-
phene [96].

9. Future perspectives

This review highlighted the utilization of engineered BC for the
management and removal of frequently encountered inorganic and
organic pollutants in the aquatic systems. Modification tailors surface
properties of BC (surface area, pore volume, pore size, surface charge,
and surface functional groups). A range of modifiers has been used
combining with BC, such as clays, metals, metal oxides, zero-valent ion
and organic compounds (polymer, graphene, graphene oxide). Overall,
the modifying agents exert promising improvement in adsorption ca-
pacities, but sometimes show negative effects on the adsorption capa-
city of target contaminants. Hence, further investigations require to
identify compatible modifiers for targeting specific contaminants. It can
be done via changing the nature of adsorbents including the physical
and chemical properties. Environmental conditions can also be altered
to improve the adsorption efficiency including maintaining temperature
and pressure. In addition, high-end instruments such as HPLC and ICP
can be used to achieve high detection limit of contaminants.

Among modified BCs, role of clay-BC composites as adsorbents in
waste water remediation has not been extensively studied.
Nevertheless, the limited published data offer adequate proof for the
effectiveness of clay-BC composites as adsorbents for the removal of
nutrients, metals and dyes. Even though surface area is often reduced
due to blockage of pores, the combined effect of BC and clay minerals
improves the adsorption capacity of clay-BC composites significantly,
especially when layered clays are combined with BC. Hence, further
studies will be essential to enhance the knowledge regarding surface
chemistry, adsorption mechanisms and the factors influencing the ad-
sorption capacities of clay-BC composites prepared by clay minerals.
Furthermore, employing waste clay materials such as red mud and steel
slag with biochar application can be a desirable end use.

Modification of BC with metals or metal oxides has been studied in
relation to several contaminants. Certain modifiers negatively impacted
the adsorption of a given contaminant, justifying further investigation.
Neither pristine BC nor BC composites have been demonstrated to

PH>pH,,

1¢t-1 electron donor
acceptorinteraction

Metalions present on BC Surface

improve adsorption of nutrients (phosphates and nitrates) which are the
main compounds responsible for polluting fresh water ecosystems and
causing eutrophication. Thus, further research is necessary to develop
or identify a suitable adsorbent for the control of these nutrients.

Recently, functionalized biochar has been successfully applied for
various applications. Functionalization process of biochar allows tuning
of its surface properties and functionality [26], hence can be applied for
various sustainable processes. Design of functionalized biochar based
composites is suggested in order to further enhance performance of
different applications.

Most adsorption studies were conducted under laboratory condi-
tions. However, the natural environment often differs significantly from
the laboratory environment, especially concerning continuous fluctua-
tions in pH and temperature, each of which exert substantial influence
on the adsorption of most adsorbents studied. Hence, pilot-scale testing
will be essential for determining the stability and efficacy of BCs and
their composites in environmental remediation. Furthermore, long-
term investigations are mandatory to assess the stability of BC com-
posites and ensure their environmental friendliness. In addition, in-
formation regarding large-scale production of engineered BC is limited
and should be documented. A production cost analysis is another key
undertaking that will allow the estimation regarding the profitability of
BC-based remediation compared to other techniques available. The
increasing quantity of municipal solid waste can be combined with
naturally abundant clay materials via simple pyrolysis process to make
clay-BC composites. Bio-oil and gases produced during the pyrolysis
process can be utilized for the energy production.

In recent decades, the environment has been exposed to a diverse
group of emerging contaminants such as pharmaceuticals, personal care
products, endocrine disrupters, hormones, and toxins, owing to rapid
industrialization and anthropogenic activities. Because BC composites
have been used as adsorbents for the elimination of both organic and
inorganic contaminants, they should be considered as candidate ma-
terials for use in efforts to mitigate the spread and effects of such
emerging contaminants.

Other than adsorption, removal of contaminants via degradation
using metal oxide BC composite was achieved. Therefore, the BC
composites showed evidence of strengthening the photocatalytic ac-
tivity of catalysts. Thus, future research should focus on the generation
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Fig. 3. Possible mechanisms of adsorption of inorganic and organic compounds on modified biochar.



of engineered BCs, which can be used for complete and long-term re-
moval of emerging contaminants.
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