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Abstract Adsorption is acknowledged as effective
for the removal of pollutants from drinking water
and wastewater. Biochar, as a widely available ma-
terial, holds promises for pollutant adsorption. So
far, biochar has been found to be effective for mul-
tiple purposes, including carbon sequestration, nutri-
ent storage, and water-holding capacity. However,
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its limited porosity restricts its use in water treat-
ment. Activation of biochars, when performed at a
high temperature (i.e., 900 °C) and in the presence
of certain chemicals (H;PO4, KOH) and/or gases
(CO,, steam), improves the development of porosity
through the selective gasification of carbon atoms.
Physicochemical activation process is appropriate
for the production of highly porous materials. As
well, the morphological and chemical structure of
feedstock together with pyro-gasification operating
conditions for the biochar production can greatly
impact the porosity of the final materials. The effec-
tiveness of activated biochar as adsorbent depends
on porosity and on some functional groups connect-
ed to its structure, both of these are developed dur-
ing activation. This study provides a comprehensive
synthesis of the effect of several activated biochars
when applied to the treatment of organic and inor-
ganic contaminants in water. Results show that high
aromaticity and porosity are essential for the sorp-
tion of organic contaminants, while the presence of
oxygen-containing functional groups and optimum
pH are crucial for the sorption of inorganic contam-
inants, especially metals. Finally, although activated
biochar is a promising option for the treatment of
contaminants in water, further research is required to
evaluate its performance with real effluents contain-
ing contaminants of emerging concern.

Keywords Biomass waste - Biochar- Activation -
Adsorption - Water treatment - Organic and inorganic
contaminants
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1 Introduction

Due to extensive anthropogenic activities, including
industrial operations (such as mining), agricultural pro-
cesses, and disposal of industrial wastewater materials,
the concentration of contaminants in water is progres-
sively increasing. A large number of anthropogenic and
natural substances are present in water, including phar-
maceuticals (prescriptions, over-the-counter drugs, and
veterinary drugs), personal care products (fragrances,
cosmetics, and sunscreens), steroid hormones, radioac-
tive elements, metals (e.g., Pb, Hg, and As), industrial
chemicals (hydrocarbons and solvents), and pesticides.
Most of these compounds have been recently defined as
contaminants of emerging concern (CEC) because they
are subject to critical action by regulatory agencies.
CEC refer to naturally occurring, manufactured, or
manmade chemicals or materials that have been recently
discovered, or persist in the environment for some time,
posing toxicity concerns for living organisms (Sauvé
and Desrosiers 2014). Potential leaching of organic
and inorganic CEC from poorly managed residual waste
sites (e.g., landfills, septic tanks) is also a concern. The
main challenge is that due to their very low concentra-
tions, most wastewater treatment plants are not specifi-
cally designed to eliminate such contaminants, although
they can have a chronic or long-term harmful impact on
the environment. Given their persistence and continuous
input, the CEC pass through treatment processes with-
out being affected. Consequently, they end up in the
aquatic environment and become dangerous to wildlife
and probably are of concern with regard to drinking
water (Sauvé and Desrosiers 2014; Petrie et al. 2015;
Fairbairn et al. 2016).

Several regulatory bodies (e.g., United States Envi-
ronmental Protection Agency, Health Canada, World
Health Organization, etc.) monitor the levels of contam-
inants in wastewater treatment plants, drinking water,
and effluent industries. Therefore, the discharge criteria
should be below a level at which there is no known or
expected risk to health. For example, according to
Health Canada, metals such as copper and iron can be
present in drinking water at maximum concentrations of
1.0 and 0.3 mg/L, respectively (Health Canada 2017).
To maintain such low levels of contaminants, several
methods are employed, such as chemical precipitation
(Li et al. 1999), ion exchange (Chiavola et al. 2012; Li
et al. 2015), reverse osmosis (Greenlee et al. 2009;
Vaneeckhaute et al. 2012), electrochemical treatment
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(Martinez-Huitle and Ferro 2006; Moriwaki et al.
2017), membrane processes (ultra-, micro-, and nano-
filtration) (Katsou et al. 2012; Sozen et al. 2016),
coagulation-floculation (Verma et al. 2012), flottation
(Rubio et al. 2002), ozonation (Wang et al. 2017), etc.
Likewise, the combination of methods such as electro-
Fenton process and chemical precipitation (Ghosh et al.
2011), membrane bio-reactor with reverse osmosis
(Dialynas and Diamadopoulos 2009), or flotation with
membrane filtration showed very high efficiency for
metals removal (Sudilovskiy et al. 2008). All these
methods have advantages but they also have disadvan-
tages, including the chemicals and energy required, the
increase in residual salinity of treated water, the gener-
ation of toxic sludge, high cost, and incomplete contam-
inants removal (Gaspard and Ncibi 2013).

One effective and widely used method for removing
toxic contaminants from aqueous solutions is adsorption
process. It is the most versatile process to remove con-
taminants due to its simplicity of design and ease of
operation; it also provides high removal capacity (Babel
and Kurniawan 2003; Anastopoulos and Kyzas 2015;
Hasan and Jhung 2015). The growing demand for ad-
sorbent materials for environmentally protective pro-
cesses (mining and metallurgy) calls for more research
on the production of activated carbons from inexpensive
materials (Gonzalez-Garcia 2018). The thermochemical
conversion of biomass feedstock (e.g., crop residues,
manure, wood, wastewater sludge) offers an efficient
means to produce gaseous (biogas), liquid (bio-oil), and
solid fuels (Fig. 1) compared to fossil fuel-derived ma-
terials. In various places, biomass waste thermochemi-
cal conversion is an economically feasible alternative to
deal with millions of tons of waste generated by
manufacturing activities in different industrial sectors
(Dufour 2016; Pandey et al. 2015). The solid fuels
produced are also called biochar, defined by the Inter-
national Biochar Initiative (IBI) as a solid material ob-
tained from the thermochemical conversion of biomass
in a zero- or low-oxygen environment (IBI 2012). In-
deed, there is growing interest in research communities,
biorefineries, and related industries in converting bio-
char into activated biochar due to (i) its low-cost avail-
ability, (ii) potential economic feasibility in large-scale
production, (iii) the increased profitability of existing
thermochemical conversion processes for the produc-
tion of diversified products (biochar, bio-oil, or syngas,
and activated biochar), and (iv) its effectiveness in sev-
eral applications such as the treatment (sorption) of
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drinking water and wastewater, energy storage, as elec-
trodes in batteries and supercapacitors, and as catalyst
support (Fig. 1) (Tan et al. 2017).

Activation is considered the most common method
for tailoring the pore structure of biochar. Different
pores sizes are created or developed by this approach:
ultramicropores (< 0.7 nm), micropores (between 0
and 2 nm), and mesopores (between 2 and 50 nm).
An appropriate pore size distribution is crucial in
order to adsorb molecules of different sizes. There
are three types of activation: (1) physical (in the
presence of gases: CO, or vapor water), (2) chemical
(biochars impregnated with solutions of acids, salts,
or bases), and (3) physicochemical (biochars impreg-
nated with solutions of acids, salts, or bases in the
presence of gases: CO, or vapor water) at high tem-
peratures (in an inert atmosphere), for the generation
of a selective gasification of carbon atoms and con-
sequently, the development of porosity (Marsh and
Rodriguez-Reinoso 2006). In physical activation, the

Fig. 1 Thermochemical
modification of biomass waste

mechanism involved is as follows: the physical
agents, CO, or steam, remove the carbon atoms from
the structure of the biochar according to Boudouard
reaction Eq. 1 and Eq. 2, respectively (Calo and
Perkins 1987). On the contrary, in chemical activa-
tion, different reactions occur simultaneously, de-
pending on the chemical used. In general, chemicals
such as acids (e.g., H3POy) can act as a dehydration
agent, whereas bases (e.g., KOH) can act as oxidant
agents (Ozoemena and Chen 2016). Acids (e.g.,
H3PO,) can also act as catalysts, favoring activation,
in the thermal treatment of biochar, whereas alkalis
(e.g., KOH) can decompose in the form of metallic
compounds (i.e., K, boiling-point elevation: 759 °C)
(Egs. 3 6). In addition, the metallic compounds can
be intercalated in the carbon lattice by thermal treat-
ment, while gases (CO, and CO) could form and act
as physical agents to the latter activation (Egs. 4 6),
thus favoring porosity development (Guo et al. 2002;
Lozano-Castell6 et al. 2007; Armandi et al. 2010).
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C + CO,—2CO, AH = 159 kJ/mol (1)
C + H,0—CO + H,, AH = 117 kJ/mol (2)
6KOH + 2C—2K + 3H,1 + 2K,COs (3)
K,CO3;—K,0 + CO,1 (4)
K,CO; + 2C—2K1 + 3CO1 (5)
K,0 + C—2K1 + CO? (6)

The limited surface area and porosity of biochars
restrain their potential to be applied in adsorptive pro-
cesses. Removal of atrazine (the active substance in a
pesticide) by KOH-activated biochar made from corn
straw yielded a maximum sorption capacity 47 times
higher compared to biochar due to its higher surface area
and higher aromaticity (Tan et al. 2016). Broiler litter
biochar and activated broiler litter biochar were applied
by Lima et al. (2010) as adsorbents for the removal of
metals (Cu®*, Cd**, Ni**) separately dispersed in water.
In all cases, activated biochar performed better in the
removal of metals, compared to biochars: 80% against
75% (Cu*), 85% against 22% (Cd**), and 96% against
10% (Ni**). Thus, porosity plays a major role in the
performance of carbonaceous adsorbents. Indeed, acti-
vated biochars have higher surface area and porosity
compared to biochars as well as fewer functional groups
connected to their carbonaceous structure. Thus, the
main mechanism involved in contaminant removal is
related to physical sorption (pores diffusion). However,
depending on the chemical structures, characteristics of
activated biochar, and the type of contaminants, addi-
tional mechanisms for adsorbent-contaminant interac-
tions may also be involved during contaminant removal.
In the case of inorganic contaminants, several interac-
tions (physical sorption, ion exchange, metals electro-
static attraction, and metal precipitation) may be in-
volved. Oppositely, in the case of organic pollutants,
the main mechanisms involved are partitioning or ad-
sorption and electrostatic interactions (Ahmad et al.
2014; Liu et al. 2015; Tan et al. 2017).

In the following sections, the contaminants removed
by activated biochars are discussed separately (inor-
ganics versus organics). A comprehensive list of such
contaminants, together with the type of wastewater used
(e.g., synthetic vs. real effluent), the biochar feedstock,
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the activation method used, as well as the corresponding
surface area of the activated biochar, is compiled in
Table 1. This table also includes the adsorption capacity
for contaminants by activated biochar (mg/g), their ex-
perimental conditions, and a summary of the relevant
results for each study.

2 Activated Biochar for Water Treatment
2.1 Organic Contaminants

Among the organic contaminants listed in Table 1 are
methylene blue, phenol, and dyestuff, which have been
extensively studied as contaminants removed through
adsorption by the use of activated carbons (Dabrowski
et al. 2005; Demirbas 2009; Rafatullah et al. 2010).
Other organic contaminants compiled in Table 1 are
relatively new structures that have been recently studied,
since they are part of the emerging contaminants con-
cern such as herbicides (Uchimiya et al. 2010) and
pharmaceutical compounds (Jung et al. 2013; Mondal
et al. 2016b). In liquid-phase systems, the adsorption
capacity of activated carbons for aromatic compounds
depends on a number of factors: (i) the nature of the
adsorbent (e.g., its porous structure, ash content, and
functional groups), (ii) the nature of adsorbate (e.g., its
pK,, polarity, functional groups, and molecular size),
and finally (iii) the solution conditions (e.g., pH, con-
centration, ion strength) (Haghseresht et al. 2002).

The greatest concern in water treatment is mixes of
contaminants. Probable competition can drastically re-
duce the adsorption capacity of adsorbents, even though
contaminants are easily removed from uni-component
solutions. Jung et al. (2015a) studied the removal of
single and multiple contaminants present in solution
such as diclofenac (DCF), naproxen (NPX), and ibupro-
fen (IBP) through NaOH-activated biochar made from
loblolly pine chips. The presence of several contami-
nants in the same environment caused lower contami-
nant adsorption due to a combination of a series of
mechanisms: lower binding energy, polarity, and 7-
energy (i.e., energy of molecular orbital of 7t electrons
present in conjugated hydrocarbon systems), and elec-
trostatic repulsion from the contaminants occupying
adsorption sites.

Furthermore, additional studies are needed for the
treatment of real effluents that usually contain several
classes of contaminants. The majority of scientific
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works cited in Table 1 examined single solutions pre-
pared in the laboratory and studied mostly in batch
sorption experiments. Ranitidine hydrochloride (RH),
however, was adsorbed from fixed-bed columns
(Mondal et al. 2016a). In this testing, the adsorbate is
in continuous contact with the adsorbent, a method that
has been widely used in industry for the removal of
organic compounds by carbon adsorption (Unuabonah
et al. 2010; Karunarathne and Amarasinghe 2013). This
contaminant is a medicine normally used for gastric and
intestinal problems, which is excreted through urine and
feces and therefore reaches a sewage system and ends
up in rivers because wastewater plants cannot complete-
ly remove it. Researchers also evaluated the influence of
parameters such as bed depths, initial concentration of
contaminant, and volumetric flow rates on the perfor-
mance of the adsorbent. The main findings of sorption
experiments with flow (column reactor type) were as
follows: (i) At the highest bed-adsorbent height (3 cm),
adsorption capacity was increased. A high amount of
adsorbent offered more binding sites, thus increasing the
adsorption and other interactions with RH molecules
(Gupta et al. 1998; Al-Degs et al. 2009). (ii)) At the
highest flow rate (6 mL/min), adsorption capacity de-
creased due to adsorbate residence time insufficient to
diffuse into the pores or interact with the functional
groups present in the adsorbent (Charumathi and Das
2012; Sadaf and Bhatti 2014). (iii) At the highest initial
concentration, the sorption of the column was enhanced
due to the increased driving force for the mass transfer
and RH loading rate (Han et al. 2007; Sancho et al.
2012).

In addition, the type of activation (physical,
chemical, or physicochemical), diversity of feed-
stock, and pyro-gasification operating conditions ap-
plied for the preparation of biochars have great
effect on the porosity of activated biochars
(Table 1). Steam-activated broiler litter biochar syn-
thesized after pyrolysis at 350 and 700 °C showed
that for both materials, the same surface areca of
335 m%/g was attained. The chemical composition
of broiler litter (high ash content) is completely
different from lignocellulosic precursors (low ash
content). However, higher adsorption capacity of
deisopropylatrazine (a herbicide) was reached by
applying high pyrolysis temperature and subsequent
activation (Uchimiya et al. 2010). Activated biochar
has higher aromaticity, which is an important param-
eter related to enhanced removal of organic

@ Springer

pollutants due to its higher hydrophobicity and 7t-7t
interactions (Boving and Zhang 2004; Moreno-
Castilla 2004; Park et al. 2013). The same findings
were observed for phenanthrene removal: faster ini-
tial sorption rate and higher equilibrium concentra-
tion for phenanthrene adsorption were reported
when using activated biochar prepared at low pyrol-
ysis temperature (300 °C; Sgpt = 1250 mz/g), where-
as stronger binding with the sorbate was noted with
the material pyrolyzed at 700 °C (Sgpr =57 m?/g).
The considerable decrease in surface area of the
activated biochar pyrolyzed at 700 °C was due to
the presence of condensed aromatic structures,
which were more stable and had fewer oxygen-
containing groups at the surface. Consequently, its
carbon framework was resistant to thermal degrada-
tion (even when impregnated with harsh chemicals,
e.g., NaOH) inhibiting the development of a porous
structure. Although the activated biochar pyrolyzed
at 700 °C presented higher aromaticity, the material
having the highest surface area (pyrolyzed at
300 °C) exhibited higher initial sorption efficiency
(156 mg/g) compared to a commercial activated
carbon NORIT (130 mg/g) (Park et al. 2013).

In summary, surface area and aromaticity of activated
biochars are the most important factors for enhancing
the sorption capacity of organic pollutants in water.
Physicochemical and chemical activation were found
to be highly effective in producing these properties in
activated biochars and, consequently, increased their
efficiency in the removal of organic compounds. Mate-
rials pore size distribution [e.g., highly microporous (@
< 2.0 nm) or even ultramicroporous (@ < 0.7 nm)] play
an important role on the sorption of differently sized
organic molecules. For example, iodine was successful-
ly adsorbed by activated biochars having smaller pores,
compared to methylene blue, which due to its high-size
molecule, was found by most studies to need to be
adsorbed by materials with larger micropores and
mesopores (Oh and Park 2002).

2.2 Inorganic Contaminants

Most of the compounds included in the inorganic con-
taminant group are present in mining effluents; they
include both cations and anions Fe?*, Fe**, Cu?*, Ni**,
Cd**, Zn**, As(1ll), and NH,*, as well as Na* and PO,°
" In fact, globally, the mining industry is responsible for
the generation of the largest amount of waste material.
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The main problem is the exposure of chemically reac-
tive minerals to air and water, leading to contaminated
mine drainage, either acid (AMD) or neutral (CND)
which generates pollution in surface water and ground-
water (Westholm et al. 2014; Rakotonimaro et al. 2017,
Calugaru et al. 2018). In inorganic contaminants remov-
al, in addition to the porosity of the adsorbent materials,
the presence of functional groups, such as carboxyl (—
COOH), phenol (~OH), and amino groups (—NH,) on
the surface of the adsorbents, may help in the removal of
metals. In addition, the majority of studies listed in
Table 1 reported that there is an optimal pH at which
activated biochars most effectively adsorbed inorganic
contaminants in water media.

The removal of Cu®* was reported through the use of
biochar and steam-activated biochar from the
Miscanthus plant (Shim et al. 2015). Surface sorption
occurs beginning at pH 5, but the pH level must be
maintained below 7.5, since surface precipitation
through Cu(OH), formation takes place at higher pH
levels. The surface area of the activated biochar doubled
compared to biochar (322 vs. 181 m?/g), while its po-
larity index [(O + N)/C] decreased. Cu”* adsorption was
better fitted to the Freundlich and Langmuir models by
using biochar and activated biochar, respectively, but
they presented almost the same adsorption capacity for
Cu?* in water (14 vs. 15 mg/g). The greater efficiency of
biochar for Cu®* could be because of the formation of
metal complexes or chelates due to the presence of more
oxygenated functional groups connected to it compared
to activated biochar. Cu®" may have been adsorbed
through different mechanisms in both materials: intra-
particle diffusion and 7t-cation interactions in activated
biochar, and surface complexation with the metal in
biochar.

The presence of several metals in the same environ-
ment may make the sorption of metal contaminants
quite complex once each metal is removed at different
pH ranges. The adsorption of three pollutants normally
found in mining water, i.e., Fe?*, Cu®*, and As(V)
within the pH range of 2—7, was reported by Banerjee
etal. (2016). At lower pH (equal to 3), Fe** was highly
adsorbed by the activated biochar, whereas at higher pH,
its adsorption decreased due to the formation of ferrous
species such as [Fe(H,0)s]** and [Fe(OH)(H,0)s]*, as
well as the precipitation of Fe(OH)3, resulting in less
adsorption of Fe* (Panday et al. 1985; Mohan and
Pittman Jr. 2006; Hove et al. 2007; Banerjee et al.
2016). In relation to the contaminants As(V) and Cu®*,

the maximum removals of 80 and 75%, respectively,
were reached at pH 5 and 6, whereas low contaminants
removal was found at low pH. In other cases, it was
reported that Cu®" was the most adsorbed metal ion in
single solutions but the adsorption capacity of the acti-
vated biochar was reduced when other metals (Cd2+,
Ni**, Zn**) were found in the same environment (Lima
et al. 2010). A probable metals competition may have
lowered the sorption of Cu®".

The type of pyro-gasification process and operating
conditions were also found to have an influence on the
porosity of activated biochars and, consequently, on the
removal of inorganic contaminants. The proper choice
of pyrolysis temperature (500 vs. 700 °C) may influence
the porosity of biochars (50 vs. 300 m*/g), and may have
been responsible for the presence of carboxylic and
phenolic groups at the surface of the material, improving
the cation-exchange and complexation properties of the
adsorbents for the removal of Fe>* and Cu*, in addition
to physical sorption (Bouchelta et al. 2012). These find-
ings were also confirmed by MgCl,.6H,O-activated
biochars prepared after first-step pyrolysis at 600 °C,
producing higher PO4>~ (102 mg/g) removal compared
to a material made at 400 °C (17 mg/g) (Takaya et al.
2016). Different biochars made from slow and fast
pyrolysis of the same feedstock also presented great
differences in relation to physicochemical properties
and consequently, in metal ion uptake (Lima et al.
2010).

The type of activation was also found to play a role in
the development of porosity of activated biochars for the
sorption of inorganic contaminants. For example, the
removal of NH,* from water through activated biochar
prepared at different types of activation using steam,
CO,, KOH, and NH; was reported by Rambabu et al.
(2015). By using NH4" solution at 260 ppm, the sorp-
tion capacity was found to be 55, 18, 149, and 57 mg/g,
respectively. Chemical activation was shown to be an
effective approach for the development of porosity for
the sorption of NH,*. However, the presence of minerals
(high ash content), the presence of oxygenated and
nitrogenated functional groups connected to the surface
of activated biochar, and the chemical surface of mod-
ified materials [e.g., Na,S-modified biochar (Tan et al.
2016), ZnCl,-activated biochar (Xia et al. 2016)] were
also found to be determinant for better heavy metals
adsorption. In activated biochars, the overall metal in-
teraction mechanisms with these surface functionalities
are electrostatic interactions, ion exchange, surface

@ Springer
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complexation, and metal precipitation in addition to
physical sorption.

3 Conclusions and Future Research Needs

The present study reviewed the pertinent literature ded-
icated to the application of activated biochars prepared
from various feedstock and different pyro-gasification
and activation operating conditions, for the sorption of
organic and inorganic contaminants in water media. The
main findings are outlined below:

i. The developed porosity (surface area and pore
volume) and higher aromaticity were important
properties of activated biochars for the enhanced
sorption of organic contaminants in water due to
higher hydrophobicity and 7t-7t interactions. For
inorganic contaminants, activated biochar surface
chemistry (e.g., the presence of oxygenated func-
tional groups, minerals) is an important property
for enhancement of the interactions with inor-
ganics in water by various mechanisms: electro-
static interactions, ion exchange, and surface
complexation.

ii. The pH of the solution may also affect the sorption
of organics and inorganics onto activated biochar.
Specifically, metals at precisely pH range can lead
to precipitation mostly in a form of hydroxides,
which may solubilize afterwards depending on the
pH conditions. Therefore, an optimization study on
the effect of the pH on the adsorption process is
recommended.

iii. The pyro-gasification conditions, reactor design, as
well as the quality of feedstock used for the prep-
aration of biochars have considerable influence on
the textural properties (porosity) of activated bio-
chars as well on the environmental remediation
applications. Optimization of operating conditions
and physicochemical characterization of biochars
are recommended for designing biochars for spe-
cific applications.

iv. The majority of studies on the application of
activated biochars for the removal of organic
or inorganic contaminants in water were based
on synthetic solutions in batch tests. Therefore,
further studies should investigate column tests
with real effluents characterized by a mixture of
contaminants of emerging concern (CEC), and

@ Springer

various heavy metals from mining industries,
pharmaceuticals, and pesticides, since they pose
an increasing concern to the environment, wild-
life, and drinking water systems.
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