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1. Introduction

Incessant urbanization and industrialization have resulted in the
development model of “high energy consumption, high emissions, and
high pollution” triggering ever-growing environmental concerns.
Huge amounts of industrial effluents containing heavy metals remain
a disquieting global environmental problem because of their toxicity,
2

nonbiodegradability, and even the risk of biomagnification through
the food chain (H. Wang et al., 2015).

Tomeet the EPA standards, various treatment approaches have been
applied for removing numerous heavy metals from industrial effluents
viz. coagulation, electrochemical methods, flocculation, ion exchange,
precipitation, and membrane-related processes viz. ultrafiltration,
nanofiltration, etc. (Llanos et al., 2010; Malaviya and Singh, 2011),
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however, most of these technologies have some shortcomings. The use
of expensive chemicals is a prerequisite in some of thesemethods in ad-
dition to the huge quantity of toxic sludge generation and high energy
requirement (Wang and Chen, 2009). Consequently, finding new,
green, and cost-effective technologies is vital for the remediation of dif-
ferent pollutants from aquatic matrices that will diminish these draw-
backs (Malaviya and Singh, 2016; Singh et al., 2016; Malaviya et al.,
2020).

Discussions on sustainability, budding non-exhaustible resources,
and potential green infrastructure technologies present an area of re-
search focus in recent years (Tiquia-Arashiro and Pant, 2020; Sharma
and Malaviya, 2021). Biosorption of heavy metals and other pollutants,
using natural substances of biological origin become a promising substi-
tute for conventional treatment technologies, which offers an ecologi-
cally benign, economic, and efficient option to eliminate pollutants
from industrial wastewaters (Singh andMalaviya, 2019). In comparison
with different physico-chemical treatmentmethods, biosorption can be
contemplated as a quick, reversible, cost-effective, and eco-friendly
means for the reduction of environmental pollution (Vijayaraghavan
and Balasubramanian, 2015). Novel adsorbents with high adsorption
capacity have been developed in recent times with great efforts. How-
ever, the use of these biosorbents is still restricted in practical
application.

In absence of oxygen or hypoxic conditions, thermochemical pyrol-
ysis results in biochar production. Biochar has gained attention for its
eco-friendly nature, cost-effectiveness, and high efficiency for contami-
nant remediation (Dawood et al., 2017). The word “biochar” is a combi-
nation of two words “bio” meaning “biomass” and “char” meaning
“charcoal”. Biochar is characterized by a large specific surface area,
spongy structure, alongwith abundant functional groups (like carboxylic,
carbonyl, ester, hydroxyl, phenolic, pyridine-N, pyrrole-N, quaternary-N),
which makes it an apt adsorbent for contaminant remediation from
wastewaters (Zhu et al., 2018). Currently, many raw materials have
been used for biochar preparation, such as bamboos (Fan et al., 2010);
wood (Vaughn et al., 2013); safflower seeds (Angın, 2013); pine-wood
(S.S. Wang et al., 2015); rice straw (Qian et al., 2017), sawdust (Zhou
et al., 2017) and various other lignocellulosic plant materials (Sun et al.,
2020). Biochar is a renewable resource and is an ideal resource for the
treatment ofwastewaters owing to its environmental aswell as economic
benefits. However, finding economical biomaterials with an advanced
performance of biochar is a great challenge in wastewater remediation
(Inyang et al., 2016).

In recent times, scientists and environmental engineers are exploring
renewable and sustainable technologies all over the world, and in this
context, aquatic biomass has attained significant attention being an
environment-friendly and rich source of energy (Abbasi and Abbasi,
2010). Algal biomass is mainly exploited for producing renewable energy
sources (Sevda et al., 2019) and treatment of wastewaters (Mishra et al.,
2019). Although, some brief reviews linked to the production and
characterization of algal biochar are available (K.L. Yu et al., 2017a;
Chen et al., 2020), however, a comprehensive study regarding differ-
ent aspects of algal biochar for contaminant remediation is still
lacking. In this context, the present review provides an insightful
discussion regarding production strategies, characteristics, modifi-
cations, and remediation potential of algal biochar for inorganic
and organic contaminants along with its associated mechanisms.
Additionally, the application of biochar with potentially enhanced
electroactive properties (e-biochar) for contaminant remediation is
also discussed separately. Therefore, this review critically synthe-
sizes state-of-the-art advancements and innovations in the adsorp-
tion of various contaminants by algal biochar.

2. Biochar

Aporous and carbon-containing organic solidmaterial having strong
anti-decomposition properties and a high degree of aromatization,
3

produced during pyrolysis of lignocellulosic biomass under poor oxygen
conditions is known as biochar. It finds its application in environmental
remediation for the elimination or reduction of noxious heavy metals,
dyes, antibiotics, and other organic and inorganic pollutants from
aquatic environments (Ahmad et al., 2014; Inyang et al., 2016). Biochar,
a novel adsorbent, is also used to improve environmental and agricul-
tural sustainability as well as that of energy. The mounting interest in
biochar has further induced researches in multidisciplinary areas of sci-
ence and engineering aspects. Pyrolytic biochar enhances soil fertility
and owing to its chemical stability, also mitigates global warming by
acting as a long-lasting sink of atmospheric carbon dioxide. Advantage
of developing biochar for mitigating global warming (Koga et al.,
2017), as a soil amendment (Liu et al., 2018), producing bioenergy
(Field et al., 2013), and for the treatment of wastes (Mohan et al.,
2014a) has been displayed in many studies.

In the last decade, a significant rise in research on biochar has been
observed that can be evaluated by further publications on the same.
Various publications conducted recently have confirmed the biochar's
tremendous capacity to manage and control the toxicity of different or-
ganic compounds in soil and aqueous systems viz. hydrophobic organic
compounds, pesticides and antibiotics, and many inorganic pollutants
(Inyang et al., 2014; Lattao et al., 2014; Meng et al., 2014; Mohan
et al., 2014b; Rajapaksha et al., 2014).

Biochar can be prepared by thermal pyrolysis of almost all kinds of
biomass. However, biochar made from waste biomass is comparatively
eco-friendly and more cost-effective as suggested by the life cycle as-
sessment of pyrolysis-biochar systems (Cowie et al., 2012). Biochar ele-
mental composition reflects almost the original composition of raw
biomass from which the biochar is prepared which also determines its
physical characteristics (Laine et al., 1991). Biochar properties are con-
trolled by temperature and type of feedstock; like pH, recalcitrance, vol-
atile matter and yield depend on temperature while C content, cation
exchange capacity (CEC), carbon storage capability, mineral composi-
tion, and ash content are governed by the latter (Zhao et al., 2013).

Innate properties of biochar determine its utility for particular envi-
ronmental applications, for instance, biochar with the larger specific
surface area are used as sorbent material and those with higher recalci-
trance are used for carbon-sequestration (Zimmerman, 2010). Biochars
having better water holding capacity (WHC) and a large concentration
of nutrients and minerals can be successfully applied to soil as amend-
ments (Graber et al., 2010) and improve its fertility. Thus, engineered
biochar can be potentially utilized for diverse applications including
carbon sequestration, environmental remediation, as a catalyst for bio-
fuel production, waste recycling, and energy storage (Tan et al., 2017)
(Fig. 1) all of which are discussed below.

2.1. Environmental remediation using biochars

2.1.1. Water treatment
Biochars can efficiently adsorb heavy metal ions like As(III), As(V),

Pb2+, Hg2+, Cd2+, Cu2+, Cr(VI) and other inorganic pollutants viz. phos-
phate and nitrate from the aquatic environment (Zhang and Gao, 2013;
Xue et al., 2016). Biochar's properties viz. greater surface area, degrada-
tion resistance, and negative chargemakes it an excellent adsorbent and
thus, provide sustainable means to remove phenolics, halogenated
compounds, polar organic molecules, and various cations from waste-
waters via complexation, electrostatic interactions, ion-exchange, pre-
cipitation, and different sorption methods (Tan et al., 2015; Sizmur
et al., 2016).

2.1.2. Soil remediation
Biochars can stabilize different heavy metal ions in soil owing to

their larger surface area, higher CEC, and the occurrence of oxygen-
containing functional groups. Biochars reduce the bioavailability of
these heavy metals to terrestrial floras and hence, the resultant toxicity
is also reduced (Beesley et al., 2011; Park et al., 2011).



Fig. 1. Engineered algal biochar (EAB) for environmental sustainability.
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2.2. Carbon sequestration

The role of biochars in mitigating climate change effects at a global
scale has scientific recognition (Molina et al., 2009). The International
Biochar Initiative credits biochar for its global warming mitigation po-
tential as it absorbs approximately 3.67 Gt of CO2 per year.

Approximately 12% of greenhouse gases can be potentially seques-
tered by biochars (Ennis et al., 2012). Biochars have long (>1000 years)
residence time in soil thatmakes themaperfect tool for carbon sequestra-
tion (Liang et al., 2008).

2.3. Agricultural sustainability

2.3.1. Improvement in soil properties
Biochar significantly improves theWHCof soil, influences nutrient re-

tention in soil, and affects nutrient cycling by indirectly affecting different
biogeochemical mechanisms taking place in the soil (Liang et al., 2006;
Abel et al., 2013). Biochar's WHC is ascribed to its highly porous nature,
specific surface area, the occurrence of functional groups on its surface,
and total pore volume (Mohamed et al., 2016). Crop productivity can
be increased by applying biochar integrated with fertilizers or different
types of compost in fields. The addition of biochar changes or enhances
4

different variables viz. soil pH, soil microfauna, carbon percentage, bulk
density, nutrient holding capacity (NHC), CEC and WHC of soil, etc.

Application of biochar to soilsmay enhance the abundance ofmicro-
organisms, and thus alters themicrobial community profile in amanner
that both reduce the microbial diversity and selectively enrich specific
taxa viz. bacterial, archaeal and fungal populations (Khodadad et al.,
2011). Such alterations in the microbial community are the outcome
of an additional supply of nutrients from the labile carbon of biochar.
This adds to the fact that biochar facilitates the living conditions of the
microorganisms and subsequently protects them from the grazers or
competitors in biochar pores (Lehmann et al., 2011). Such environ-
ments favouring microbial growth may encourage the biodegradation
of organic contaminants (Kong et al., 2014). Biochar affects the activity
of microorganisms variably. The following mechanisms are reported
that are classified as direct and indirect impacts (Zhu et al., 2017).

2.3.1.1. Direct impacts.
(1) With its pore structures and surfaces, biochar provides shelter for

soil microorganisms (Quilliam et al., 2013).
(2) Biochar contains essential nutrients and ions adsorbed to its sur-

face and these are essential for the growth of soilmicroorganisms
(Joseph et al., 2013).
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(3) Biochar is also known to trigger the potential toxicity associated
with volatile organic compounds (VOCs) and persistent free rad-
icals (Fang et al., 2014).

2.3.1.2. Indirect impacts.
(1) Improvement in soil properties essential for microbial growth

(aeration, pH, and water content), thus, biochar positively al-
ters the microbial habitats (Quilliam et al., 2013).

(2) Inducing variations in enzyme activities, impacting soil elemen-
tal cycles vis-à-vis microbial activities (Lehmann et al., 2011).

(3) Interruption in intra- and inter-specific communication be-
tween microorganisms via a combination of sorption and hy-
drolysis of signaling molecules (Gao et al., 2016).

(4) Biochar can also reduce soil contaminants through sorption
and degradation, thereby protecting residing microbes from
their toxic effects (Beesley et al., 2010).

Minerals, VOCs, and free radicals (Spokas et al., 2011) present in
biochar can reshape the soil microbial community, influence micro-
bial activity, and change the activity of soil enzymes. Soil enzymes
catalyze various biogeochemical processes including elemental (N,
P, and S) cycles and soil organic matter turnover (Paz-Ferreiro
et al., 2014). Therefore, biochar impacts the edaphic processes
potentially.

Certain compounds in biochar (viz. benzene, methoxy phenols, phe-
nols, carboxylic acids, ketones, furans, and PAHs) andpersistent free rad-
icals (PFRs) (cyclopentadienyls, phenoxyls, phenols, and semiquinones)
are known as microbial inhibitors (Truong et al., 2010; Spokas et al.,
2011; Lyu et al., 2016; Ghidotti et al., 2017; Zhuet al., 2017). Free radicals
can impede the metabolism of exogenous organic substrates, interfere
with cytochrome P450s, decrease the cell membrane integrity, reduce
the concentrations of cellular glutathione (GSH), glutathione peroxidase
(GPx), and superoxide dismutase (SOD), and induce oxidative stress in
the microbial cells. In response, free radicals (specially semiquinone)
can then generate reactive oxygen species (ROS) like hydroxyl radicals
(OH), superoxide radical anion (O2

−), and hydrogen peroxide (H2O2)
(Liao et al., 2014). The formation of ROSs then initiates Fenton reactions
which can lead to DNA strand break and damage (Zhu et al., 2017).
Mechanisms behind interactions between biochar and microbes need
further research. Moreover, the environmental effects of biochar also
need further experimental verification.

2.4. Energy storage

2.4.1. Supercapacitor
Biochar has also been exploited for the manufacture of

supercapacitors (Cha et al., 2016; Zhao et al., 2016). Different studies
report that supercapacitors containing carbon electrodes can be produced
from biomass of different feedstocks like seaweed biopolymers
(Raymundo-Pinero et al., 2006), banana fibers (Subramanian et al.,
2007), coffee seeds (Rufford et al., 2008), cotton straw (Chen et al.,
2013), etc.Modification conditions and carbon precursor controls electro-
chemical characteristics of biochar-based double-layer capacitors, and
also affect their working efficiency, electrochemically active functional
groups present on their surface, their large specific surface area, electrical
conductivity, pore-size distribution (Koutcheiko and Vorontsov, 2013).

2.4.2. Fuel cell
Biochar based cathodesfind application in fuel cell systems. The high

reversible capacity and high-power charge and discharge potential of
biochars can be attributed to their large specific surface area, good con-
ductivity, and permeability. Owing to their high electrical conductivity,
chemical stability, and improved mass transportability; many carbon-
rich substances can act as cathode catalysts in fuel cells (Huggins
et al., 2014; Yuan et al., 2014).

A. Singh, R. Sharma, D. Pant et al.
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2.5. Catalyst

Biochar-based catalysts are more advantageous than other catalysts.
Biochar contains abundant heterogeneous functional groups that act as
catalysts during pyrolysis, and small amounts of inorganic metal min-
erals in its biomass that further affect the pyrolysis pathway (Shen
et al., 2014; Cao et al., 2021). Alkaline and alkali earthmetal ions in con-
currencewith functional groups (especially hydroxyl and aldehyde) can
form a metal ion-water complex that induces dehydration reaction in
pyrolysis. Seaweeds like Enteromorpha clathrate contain a high concen-
tration of potassium and sodium due to their marine growth environ-
mental conditions, which provide a bonus advantage for the
preparation of highly effective biochar-catalysts from them (C. Chen
et al., 2019). In context to the performance of biochar based catalysts,
various studies have been conducted viz. Taghavi et al. (2018); C.
Chen et al. (2019); Anto et al. (2021); Cao et al. (2021).

3. Mechanisms of contaminant removal in biochar

The heterogeneous surface of biochar makes the sorption processes
feasible. Adsorption depends upon the nature of pollutants and the
chemical characteristics of the biochar surface (Rosales et al., 2017). Re-
movalmechanisms in biochar for heavymetal ions and organic contam-
inants are described in the below-mentioned subsections.

3.1. Metal removal mechanisms in biochar

Removal of heavy metal ions from wastewater by biochar can be
achieved through various mechanisms like ion exchange, precipitation,
complexation, electrostatic interaction, sorption (Fig. 2). Biochars have
a uniformly distributed network of pores includingmicropores (with di-
ameter< 2 nm),mesopores (2–50nm), andmacropores (>50 nm), and
this distinguishing feature of the char helps heavy metals to be physi-
cally sorbed onto them (Kumar et al., 2011; Mukherjee et al., 2011).
Metal pollutants can be removed through various processes like electro-
static attractions in which negative charges on surfaces of biochars bind
positively chargedmetal ions with them, and complexation in which li-
gands and functional groups present on biochar surface form complexes
by interacting with various metals (Niu et al., 2017).

3.1.1. Physical sorption
It is a simple phenomenon that involves the diffusion of ionic forms

of heavy metals into pores of sorbent biochar and thus, removes toxic
ions easily without forming chemical bonds even.

3.1.2. Ion exchange
The mechanism in which protons and cations present on biochar

surfaces are exchanged with heavy metal ions dissolved in aqueous so-
lutions is named ion exchange. Various functional groups like carbox-
ylic, hydroxylic, phenolic groups present on biochar surfaces facilitate
chemical sorption and ion exchange (Liang et al., 2006). CEC is conferred
to biochars by all these functional groups, subjected to the nature of
feedstock and temperature at which pyrolysis is carried out. The maxi-
mum of CEC is observed between 350 and 400 °C which is probably be-
cause oxygenated functional groups are lost above 400 °C. Release of Ca,
Mg, Na, K (base cations) from biochar influences the rate of chemical
sorption of cations into biochar (Uchimiya et al., 2010).

3.1.3. Electrostatic interactions
Interactions between protons and cations present in an aqueous

phase and delocalised electron cloud concomitantwith aromatic groups
present on the surface of carbon-rich biochars are termed electrostatic
interactions. Electrostatic interactions are simply the interactions be-
tween C_C aromatic bonds and cation-π and C_C (Harvey et al.,
2011). Graphene structures are formed in biochars at high temperatures



Fig. 2.Mechanisms for metal removal by biochar.
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(>400 °C) that further favors electrostatic attractions (Keiluweit and
Kleber, 2009).

3.1.4. Complexation
This mechanism involves multiatomic structure formations due to

interactions between ligands and specific metal ions. Complexation is
simply a binding mechanism that mainly removes those heavy metal
ions that have a high affinity for ligands because of the presence of par-
tially filled d-orbitals in their structure (Crabtree, 2009). Carboxylic,
phenolic, and lactonic are the principal functional groups in biochars
that are produced at low temperatures and form complexes with
metal ions (Liu and Zhang, 2009).

3.1.5. Precipitation
The process of formation of solid complexes during sorption, in an

aqueous solution or on the biochar surface is called precipitation. Rare
earth elements and those metal ions that have ionization potential
values between 2.5 and 9.5 can be precipitated out on biochar surface,
comparatively more easily than other elements. Alkaline biochars are
produced by thermal degradation of the plants containing cellulose
and hemicellulose, at a temperature >300 °C (Cao and Harris, 2010).
Since biochars cause a rise in solution pH, this can cause precipitation of
metal oxides/hydroxides. For instance, digested bagasse biochar (with
pH 10.93) can separate Pb from solutions by forming hydrocerussite
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[(Pb3(CO3)2(OH)2)] precipitates on biochar surface (Inyang et al., 2011).
Gurav et al. (2021) reported that certain mechanisms like electrostatic-
interaction, hydrogen-bonding, ion-exchange, and metal-complexation
govern the adsorption of red 120 dye by biochar prepared from biomass
of macroalgae Eucheuma spinosum.

3.2. Removal mechanisms for organic pollutants in biochar

The major adsorption routes for organic contaminants are
the physical route, precipitation route, and pore-filling route
(Pignatello, 2011; Enaime et al., 2020). In the physical route, adsor-
bate settles down on the surface of the adsorbent, while in the pre-
cipitation route, the adsorbate form layers on the adsorbent's
surface and condensation of adsorbate into the pores of adsorbent
occur in the pore-filling route. Adsorption is facilitated by coulom-
bic interactions, hydrogen bonding, π-interactions, dipole interac-
tions, and hydrophobic interactions (Fig. 3; Tong et al., 2019).
All these mechanisms are discussed in the below-mentioned
subsections.

3.2.1. Covalent bonding
Covalent bonding that occurs through shared electron pairs is an ir-

reversible sorption process and stronger than non-covalent intermolec-
ular forces (Tong et al., 2019). The functioning of carbon-containing



Fig. 3. Biochar-based remediation mechanisms for organic contaminants (modified from Tong et al., 2019).
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biochar is achieved via free radical chemistry, and amidation, carboxyl-
ation, and fluorination reactions (Yang and Xing, 2010).

3.2.2. Coulombic interaction
Coulombic interactions exist in aquatic solutions between oppo-

sitely charged adsorbate and adsorbent. These interactions correspond
to separable functional groups of organic compounds (adsorbate) and
sorption on biochar's surface (adsorbent). Water pH and ionic strength
influence the dissociation of functional groups for adsorption in an
aqueous medium (Tong et al., 2019).

3.2.3. Hydrogen bonding
Hydrogen-bonding is a strong dipole interaction between hydrogen

donor and acceptor. Hydrogen donor is bonded to nitrogen, oxygen, or
fluorine atoms (acceptor) present within a functional group like
\\NH2,\\OH,\\COOH, and electron-rich π-systems, and this interac-
tion is known as hydrogen-bond. Adsorption due to hydrogen-
bonding is stimulated in response to electrostatic repulsion between
biochar and organic compounds. Lack of hydrogen bonds between
water and oxygen-containing functional groups makes the diffusion of
non-polar pollutants into the hydrophobic sites more distinct (Ahmad
et al., 2014). For instance, sludge-based biochar shows a high affinity to-
wards atrazine's amino group due to the presence of hydroxyl groups
(Zhang et al., 2015).

3.2.4. π-Interaction
π-Interaction is a weaker dipole attraction than hydrogen-bonding.

These interactions mainly exist between electron-rich π-systems and
neutral organic molecules. π-system is simply a functional group-
containing π-bonds (like C_C double bonds, aromatic rings), a bond
that forms when diffusive electron orbitals overlap. π-systems are at-
tractive to other π-systems and polar molecules (Tong et al., 2019).

3.2.5. Other dipole interactions
Intermolecular forces including permanent dipole interactions,

dipole-induced dipole interaction, and fluctuating dipoles are some
other dipole interactions that are mainly found between adsorbent
and adsorbates containing polar functional groups (Kah et al., 2017).

3.2.6. Hydrophobic interaction
Entropy-driven non-specific interactions occurring in water are

known as hydrophobic interactions. These interactions occur when
non-polar groups aggregate in water for reducing their contact with
water molecules to a minimum. Soluble pollutants can precipitate on
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alkaline biochar surfaces or get attach to biochars containing hydropho-
bic functional groups (Enamie et al., 2020).

3.2.7. Pore filling
Pore-filling is the sorption of organic pollutants into the pores of bio-

char. Pore-filling is influenced by total micropore and macropore vol-
umes. The low ionic-radius of biochar adds to its adsorption capacity
and promotes the penetration of contaminants into its structure
(Rosales et al., 2017).

4. Algal biochar

Due to the discharge of environmental pollutants in the marine en-
vironment from different industrial activities, the excess macroalgal
blooms have become a grave crisis in the coastal areas of the entire
globe (Norouzi et al., 2017; Xiao et al., 2017). Consequently, consider-
able efforts have been made for using marine macroalgae as an energy
crop (Safari et al., 2016). During pyrolysis of marine macro-algae, a
huge quantity of carbon-rich porous solid is obtained (which is known
as algal biochar) along with biofuels and other chemicals (Salimi et al.,
2017). For biochar production, algal biomass is a suitable feedstock
owing to its high growth rate and ability to tolerate varied climatic con-
ditions thus, available at all seasons (Astals et al., 2015). Marine algae
(like green tide algae) are more advantageous than those inhabited in
freshwater owing to their much faster growth and capability to grow
in saline water (Bird et al., 2011; Miao et al., 2012). The main reasons
for selecting algae for preparing biochar are as follows:

(i) Algal biomass can be converted to biochar in just a few days
owing to its thermochemical characteristic. Moreover, algae cul-
tivation does not require vast lands (Xu et al., 2014; Lee et al.,
2020).

(ii) Solid, liquid, as well as gaseous types of biofuels, can be recov-
ered from algal biomass (Bird et al., 2011).

(iii) Their cultivation process is flexible, the growth rate is higher
than terrestrial plants, and harvesting and processing stages are
very simple (Neveux et al., 2014; Xu et al., 2014; Huang et al.,
2017).

On processing of algae, lipid content generates biocrude, and pyrol-
ysis of carbohydrates and protein-containing algal biomass yields bio-
char. Algal polysaccharides are also very useful (Lawton et al., 2013;
Nagappan et al., 2019). The advantages and importance of algae bio-
mass over terrestrial biomass is given in Table 1.



Table 1
Comparison of algal biomass with terrestrial biomass (Karthik et al., 2020).

Role Algal biomass Terrestrial biomass Reference

Photosynthetic efficiency 6–8% 1.8–2.2% Lee et al. (2020)
CO2 fixation High Comparatively low Lee et al. (2020)
Volatile matter More Less K.L. Yu et al. (2017a, 2017b), S. Yu et al. (2017)
Farmland Not necessary Necessary Xu et al. (2014)
Carbon capturing capabilities High Low Yu et al. (2011)
Growth cycle Shorter Longer Yu et al. (2011)
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Algal biochar, owing to its unique physical and chemical properties,
can be appropriately used in different research and practical applica-
tions. Particularly, based on their high specific surface area, oxygenated
functional groups attached on their surfaces, hydrophilic character, po-
rous surface, and low cost; algal biochars are a good substitute to some
nanocarbon used in electrode materials (carbon nanotubes (CNTs) and
graphene) (Gao et al., 2017; Pourhosseini et al., 2017). Mostly used
microalgal species for biochar preparation are Arthrospira platensis,
Desmodesmus communis (K.L. Yu et al., 2017a), Dunaliella salina (K.L.
Yu et al., 2017b), Nannochloropsis oculata (Placido et al., 2019), etc.
Among macroalgae, species mainly used are Caulerpa taxifolia,
Chaetomorpha indica, Chaetomorpha linum, Cladophora coelothrix,
Cladophora patentiramea, Cladophora vagabunda (Anto et al., 2021). Ma-
rine macroalgae are comparatively more useful in removing heavy
metals (Poo et al., 2018). The specific surface area of marinemacroalgae
based biochars is 320 times lower than pinewood sawdust biochar but it
is economically beneficial because this feature helps in higher yields of
products. Furthermore, after pyrolysis, these macroalgae produce
more biochar from the same amount of biomass than wood-derived
materials which also add to economic viability. It is so because marine
macroalgae contain lower lignin content which causes lesser volatiliza-
tion and hence, lesser weight loss. Moreover, biochar prepared from
Saccharina japonica has eleven times more removal efficiency for Cu2
+, twelve times higher for Cd2+, and sixteen times greater for Zn2+

than biochar produced from pinewood sawdust (Poo et al., 2018).
Until now, limited literature is available on algal biochar and its en-

vironmental applications (Shukla et al., 2017). Algal biochars have com-
paratively high exchangeable nutrient content (N, P, K, Ca, Mg and Mo)
than biochars produced from wood-based materials and thus, can add
essential nutrients directly to soils (Bird et al., 2011). In general, algal
biochars have high pH but low CEC, specific surface area, and carbon
content (K.L. Yu et al., 2017b). Algal biochars with high pH values can
neutralize acidified soils, and those with higher nutrient content con-
taining nitrogen, inorganic elements, and ash can be utilized as a soil
amendment (Kołtowski et al., 2017; Sun et al., 2017). Because of these
advantages, algal biochar has been used as a fertilizer in agriculture in
most of the studies (Torri et al., 2011) however; little consideration
has been given to the adsorption potential of algal biochar.

Biochar prepared from algal biomass can perform better than ligno-
cellulosic and wood-derived biochar when used as a soil amendment in
mine rehabilitation projects (Bird et al., 2012). For instance, biochar pre-
pared from macroalgae grown in wastewater under slow pyrolysis en-
hanced the yield of radish by 30–40% when added to poor quality soil
(Roberts et al., 2015a).

Biochar produced from Oedogonium, freshwater macroalgae can be
applied for the rehabilitation of ferrosol and sodosol (two types of
stockpiled soil) from nearby coal mines and the growth of native plants
in both the soils (Roberts et al., 2015b). Although algal biomass culti-
vated in wastewater has very high concentrations of few heavy metal
ions, the biochar does not leach those metals into soil pore water-
biochar mixture; instead, it contributes essential elements (particularly
K) to water trapped in soil pores. Furthermore, biochars produced from
several species of macroalgae at a pyrolytic temperature of 450 °C are
characterized by high pH, presence of certain elements viz. C, H, N, TP,
extractable nutrients (Ca, P, K, Na, Mg), and low carbon content, surface
area, and CEC (Bird et al., 2011).
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A hypothesis about the application of algal biochar as an adsorbent is
postulated keeping in view that the algal cell wall comprises of many
functional groups viz. hydroxyl, carboxylic, aldehydic, ketonic, phenolic,
that serve as potential binding sites for adsorption of different pollut-
ants (Nautiyal et al., 2016). High-quality biochar adsorbents can be pro-
duced by thermal pyrolysis of three freshwater algae viz. Spirulina,
Spirogyra, and Cladophora (Chaiwong et al., 2012). Basic constituents
of the biochar obtained from Spirulina sp. are similar to those of other
algal biochars. However, carbon content was found to be higher in Spi-
rulina sp. indicating that biochar from different species may have differ-
ent properties (Chaiwong et al., 2013). Conversion of algal biomass into
biochar, owing to all such advantages of algal biochar, is thus economi-
cally feasible in the field of biochar production (Bryant et al., 2012).

4.1. Production of algal biochar

By thermochemical conversions, viz. pyrolysis, hydrothermal car-
bonization, and torrefaction, algal biomass is transformed into bio-
char. Slow pyrolysis is the conventional process of synthesizing
biochar that gives a higher yield of biochar. Hydrochar is a carbona-
ceous material produced by hydrothermal carbonization. Further-
more, a pre-treatment method viz. torrefaction can also convert
living algal biomass into biochar, a carbonaceous solid fuel (Chen
et al., 2015a; Kumar et al., 2017). Different methods employed for
synthesizing algal biochar are explained in the following subhead-
ings and are depicted in Fig. 4.

4.1.1. Pyrolysis
For converting biomass into important biofuels and biochars, the

process of pyrolysis is considered one of themost potential technologies
owing to its simplicity and speed. The pyrolysis process is classified into
slow and fast or flash type, catalytic, hydrolytic, andmicrowave-assisted
type on basis of differences in operating conditions. Biochar, bio-oil, and
non-condensable biogases are mainly derived from microalgae pyroly-
sis (Sekar et al., 2021).

4.1.1.1. Conventional pyrolysis. The process of heating biomass in anaer-
obic conditions at a particular range of temperature around 300–700 °C
is called pyrolysis and can be used for makingmicroalgal biochar (Chen
et al., 2015b). Slow, fast, and flash pyrolysis is based on the residence
time of vapors, temperature, and heating rate (Lee et al., 2020). An in-
crease in biochar production is observed with increased residence
time, reduction in pyrolytic temperature, and low heating rate. Further-
more, the properties of raw biomass like moisture content and size of
the particle also affect the biochar production via pyrolytic procedures
(Tripathi et al., 2016). The maximum yield of biochar from different
sources of biomass is obtained through slow pyrolysis than gasification
methods and fast pyrolytic procedure (Mohan et al., 2014a). Through
pyrolysis, approximately 50% carbon present in algal biomass can be
contained in stable biochar (Bird et al., 2011).

Slow type pyrolysis is characterized by slow temperature increase
and slow heating rate (ranging between 0.1 and 1 °C/s). A high amount
of biochar and a smaller amount of liquid and gaseous products are
mainly obtained after the termination of the process (Canabarro et al.,
2013; Azizi et al., 2018). Biomass is decomposed at temperature inter-
vals of 400–500 °C at different stages. Firstly, bonds break and moisture



Fig. 4. Thermochemical conversion technologies for biochar production from algal biomass.
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is removed; then carbohydrates, lipids, and proteins decompose; and at
the final stage carbonaceous residues are formed. Various studies being
conducted on biochar production from algal biomass through slow
pyrolysis included Grierson et al. (2009), Bordoloi et al. (2016) and
Akhtar et al. (2019).Widely studiedmicroalgae are Chaetocerosmuelleri,
Chlorella vulgaris, Dunaliella tertiolecta, Synechococcus, and Tetraselmis
chui.

Fast or flash type pyrolysis ensues at a very higher heating rate (of
1000 °C/s), lesser residence time, and a high transfer rate. The process
is characterized by the rapid cooling of vapors formed during the pro-
cess and >0.2 mm biomass particle size (Miao et al., 2004; Canabarro
et al., 2013; Marcilla et al., 2013). This process produces 10–20% of gas-
eous products, 15–25% of biochar, and 60–75% of bio-oil (Andrade et al.,
2018).

4.1.1.2. Microwave-assisted pyrolysis (MAP). In MAP, the heating source
for pyrolysis is microwave irradiation, and operating temperature
ranges between 400 and 800 °C. Microwaves are electromagnetic radi-
ations in radio frequency ranging from 0.3 to 300 GHz, and wavelength
ranging between 1 m to 1 mm.

Some of the benefits of this process are the high yield of biochar, low
content of harmful chemicals in bio-oil, economic-feasibility, energy-
saving, etc. The significant merit of MAP is speedy and uniform heating
of large-sized biomass in a controlled way. Owing to high heating value,
MAP yields comparatively more bio-syngas and bio-oil than the con-
ventional type (Sekar et al., 2021). Application of MAP technique is
still limited despite the above pluses because microwave irradia-
tion is poorly absorbed. However, this drawback can be overcome
by mixing algae with absorbers (like activated carbons, chars, me-
tallic oxides) that will aid in achieving high temperature during
MAP (Ellison et al., 2020). For example, Hong et al. (2017) carried
MAP of Chlorella, Porphyra, and Spirulina at variable temperatures
(400, 500, and 700 °C) in presence of catalyst SiC and model com-
pounds (viz. cellulose and ovalbumin). L. Chen et al. (2019) used
Chlorella vulgaris, added activated carbon and silicon carbide to it,
and achieved an increased output of recoverable products.
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4.1.2. Torrefaction
A thermochemical conversion process performed at a temperature

range of 200–300 °C under atmospheric pressure in an anaerobic envi-
ronment is called torrefaction (Chen et al., 2014a; Chen et al., 2015c).
During torrefaction, a partially decomposed solid biomass with high
carbon content called torrefied biomass or char is obtained. The process
of torrefaction refers to thermal pre-treatment of biomass that leads to
removal of volatiles through different decomposition reactions thereby
upgradingbiomass quality and alteration in its combustion behaviour as
well (Nhuchhen et al., 2014).

Hydrothermal torrefaction/carbonization is the thermal pre-
treatment process of torrefaction. There are further two types of this
pre-treatment process: dry andwet (Chen et al., 2015a). Manufacturing
of products with high energy-densification and that too within short
residence time duringwet torrefaction, owing to high rate of heat trans-
fer in the liquid phase is an important advantage of this process
(Coronella et al., 2012). Microalgae treated under hot compressed
water duringwet torrefaction canproduce a solid productwith high cal-
orific value, lower ash content, and better hydrophobicity (Bach et al.,
2017a). Approximately 62% of energy still retains inmicroalgae biomass
even after wet torrefaction (Bach et al., 2017b). During the wet process,
also the calorific value intensifies up to 21% and ash content reduces.
The yield of biochar can be enhanced by carrying out torrefaction at
low temperature and heating rate for short residence time (Nhuchhen
et al., 2014).

Effect of range of torrefaction temperature on yields of solid, liquid,
and gaseous components of Laminaria japonica reveals that an increase
in temperature decreases solid yield due to decomposition of alginate
and mannitol present in the plant, and increases liquid and gaseous
yield (Uemura et al., 2015).

A solid yield of 51.3–93.9% can be achieved in themicroalgae residue
after torrefaction at 200–300 °C and residence time between 15 min to
1 h (Chen et al., 2016). A yield of 50.8–95.7% in solid components of
torrefied microalgae Chlamydomonas sp. JSC4 residue can be accom-
plished, if the process occurs at 200–300 °C for 15–60 min (Mwangi
et al., 2015). Thus, it is suggested that an optimum temperature of
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≤250 °C is appropriate for torrefaction of microalgae residue with
supplementary benefits like high energy-densification with less
weight-loss. Isothermal and non-isothermal torrefaction characteristics
also affect the features of Scenedesmus obliquus CNW-N (Chen et al.,
2014b).

4.1.3. Hydrothermal carbonization (HTC)
An eco-friendly and economically-feasible thermochemical tech-

nique i.e., HTC has gained much attention in recent times (Erlach
et al., 2012; Xiao et al., 2012). Hydrothermal carbonization is the pro-
duction of carbon-rich biochar from carbohydrate components of bio-
mass, a process being carried out at lower temperatures (180–260 °C)
and elevated water pressures. The biochars thus produced are called
hydrochar (Libra et al., 2011).

HTC process is more advantageous than the conventional carboniza-
tion process due to more products yielded towards the end of the pro-
cess, and the low energy and time required for product formation
(Tekin et al., 2014). Hydrochars differ from other chars in respect of
their unique properties like uniform spherical particles, presence of
functional groups (e.g., hydroxyl, carbonyl, carboxyl), electronic proper-
ties, and controlled porosity (Titirici et al., 2012). Microalgal hydrochar
is also unique in its composition and is comparable to bituminous coal
(Heilmann et al., 2010). Usually, biochar from the hydrothermal lique-
faction is very porous due to the volatilization of organic matter from
the feedstock, which consequently creates voids and ultimately leads
to porous structure (Son et al., 2018).

In addition to the 3 techniques discussed above, there are other bio-
mass transformation methods also including flash carbonization, laser,
and plasma cracking technologies (Yang et al., 2019). These new tech-
nologies are less popular due to higher cost and energy consumption.
Sol-gel, co-precipitation, solvothermal, succinylation are some addi-
tional methods that are adopted nowadays for biochar formation
(Gupta et al., 2020). In the flash carbonization process, flash fire is ig-
nited at a pressure of 1–2 MPa on an algae-packed bed, and biomass is
then converted into biochar and other useful products (Cha et al.,
2016). 40% of biomass is reported to be converted into biochar at
1 MPa (Mochidzuki et al., 2003). Laser pyrolysis is not widely applied
(Metz et al., 2004) while plasma technique is applied in the generation
of coke and syngas (Tang and Huang, 2005).

4.2. Characterization of algal biochar

Characterization of physico-chemical properties of biochar is neces-
sary to determine the areas where it can be applied. The type and com-
position of algal biochar depend on certain factors like algal species,
pyrolysis techniques, operating conditions, and activation methods
(Chen et al., 2020). Biochar is generally alkaline whether derived from
microalgae or macroalgae.

Differences exist between the properties of seaweed biochar and
biochar produced from lignocellulosic biomass. For instance, biochar
prepared from macroalgae exhibits properties like high nitrogen, hy-
drogen, and ash content, high electrical conductivity, low carbon con-
tent, and low cation-exchange capacity (Anto et al., 2021; Maddi et al.,
2011). These properties are dissimilar to properties of biochar produced
from lignocellulosic biomass (Table 2). Furthermore, differences also
exist in terms of heating value which is higher for algal biochar than lig-
nocellulosic biochar.

The yield of biochar and fixed carbon content is dependent on algal
species. For example, for microalgae and macroalgae, biochar yield is
20–63% and 8.1–62.4%, respectively, and fixed carbon content is
4.9–29.10% and 1.7–27%, respectively (Karthik et al., 2020). The per-
centage of volatile matters produced by both types of algae is calculated
as high as 44.80%. Ash content in macroalgae is twice the content pres-
ent in microalgae. Ash contains elements like K, Ca, Na, Fe, Zn, Cu, and
Mn (Lee et al., 2020).Moreover, macroalgae-based biochar has a greater
porous structure in comparison to microalgae-based biochar because
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macroalgae have higher carbohydrates than microalgae (K.L. Yu et al.,
2017b; Lee et al., 2020).

Usually, algal biochar has a small surface area but it increases on in-
creasing the pyrolysis temperature (Bird et al., 2011). The pH range of
macroalgae biochar rises from 7.6–13.7 to 8.7–3.7, when pyrolysis tem-
perature increases. Biochar formed through hydrothermal carbonation
contains numerous polar groups including oxygen-containing func-
tional groups.

CECmeasures the capacity of algal biochar to adsorb the cationic nu-
trients. A higher value of CEC of algal biochar is obtained by varying the
pyrolysis temperature (K.L. Yu et al., 2017a). Various such properties of
both macroalgae and microalgae-based biochars are discussed in the
next sections.

4.2.1. Physical properties

4.2.1.1. Biochar yield. The biochar yield produced from microalgae and
macroalgae ranges from 20 to 63% and 8.1–62.4%, respectively (K.L. Yu
et al., 2017b). As pyrolysis temperature increases from 300 to 750 °C
and residence time from 10 min to 1 h, biochar yield decreases. These
differences in results are ascribed to differences in the chemical struc-
ture of feedstock biomass, in particular, that of their cell wall (Tag
et al., 2016).

Biochar produced from Cladophora glomerata (at 550 °C) was re-
ported to be 31% Chaiwong et al. (2012). In a study by Poo et al.
(2018), an increase in temperature by 250, 400, 500, 600, and 700 °C
led to a reduction in biochar yield by 47.1, 37.3, 31.5, 29.7, 25.9%, respec-
tively when Saccharina japonica was put to pyrolysis, and 58.4, 44.6,
38.3, 35.0 and 32.8%, respectively in case of Sargassum fusiforme. This
trend of decreasing biochar yield with increasing pyrolysis temperature
was also reported in marine microalgae Undaria pinnatifida (Jung et al.,
2016). Likewise, Michalak et al. (2019) also stated an inverse relation
between algal biochar yield and temperature (63% for 300 °C and 47%
for 450 °C). Furthermore, Gurav et al. (2021) also reported a 53.98,
45.56, 38.95, and 34.02% decline in yield of biochar prepared from
Eucheuma spinosum when pyrolysis temperatures were increased by
300, 400, 500, and 600 °C, respectively.

At low temperature during pyrolysis, moisture and volatiles evapo-
rate, de-polymerization occurs, and cellulose and hemicellulose content
is fragmented. All this contributes to weight loss (Michalak et al., 2019;
Yek et al., 2020).

4.2.1.2. Surface properties. In comparison to different lignocellulosic
biomass, the surface area of algal biochar is low; however, it can be
enhanced by increasing pyrolytic temperature (Bird et al., 2011).
Macroalgal biochar derived from Eucheuma sp. has a significantly
higher surface area (30.03–34.82 m2 g−1) in comparison to that of
other species (1.29–8.87m2 g−1) (Roberts et al., 2015c). Biochar par-
ticles derived from microalga, Chlorella vulgaris, were found to be
compact and irregular, quite different from the feedstock structure
(Wang et al., 2013). These results are similar to the results of Torri
et al. (2011), where biochar was produced from Chlamydomonas
reinhardtii. On the contrary, lignocellulosic based biochars normally
retain their feedstock's structural properties.

Whenpyrolysis temperature increases from600 to 800 °C; total pore
volume, phosphate sorption capacity, and surface area of marine
macroalgal biochar decreases which is ascribed to blockage of pore
structures and their breakdown during pyrolysis (Paethanom and
Yoshikawa, 2012; Jung et al., 2016). For instance, biochar that is pro-
duced from Chlorella vulgaris has a surface area (2.4 m2 g) lesser than
lignocellulosic-based biochar (Wang et al., 2013).

4.2.2. Chemical properties

4.2.2.1. Composition of inorganic elements. An abundance of inorganic el-
ements has been reported in biochars derived fromalgal species. Carbon



Table 2
Physico-chemical characteristics of modified biochars produced from algal biomass in comparison to biochars produced from other biomass.

Biomass Pyrolysis
temperature

Volatile
matter

Yield Ash pH C H O N S References

°C % % % % % % % %

Biochar from algal biomass
Ulva sp. 450 – – 42.6 10.0 22.6 1.2 – 2.7 – Bird et al. (2010)
Cladophora coelothrix 450 – – 32.1 8.72 34.6 1.5 – 3.3 –
Cladophora patentiramea 450 – – 47.0 9.12 20.3 1.2 – 1.7 –
Chaetomorpha indica 450 – – 73.5 7.83 10.2 1.2 – 1.1 –
Chaetomorpha linum 450 – – 16.0 9.61 23.6 1.3 – 2.4 –
Cladophoropsis sp. 450 – – 46.5 10.07 23.6 1.5 – 2.8 –
Caulerpa taxifolia 450 – – 20.9 9.65 21.8 1.2 – 2.4 –
Cladophora vagabunda 450 – – 54.2 9.87 21.8 1.2 – 2.0 –
Chlorella sp. 630 68.4 25 7.8 – 10.1 – – – – Du et al. (2011)
Cladophora sp. 750 64.1 25 13.3 – 16.7 – – – – Maddi et al. (2011)
Lyngbya sp. 600 55.6 40 25.7 – 16.3 – – – –
Microcystis sp. 600 40 6.7 – 14.1 – – – – Miao et al. (2004)
Nannochloropsis 550 70.1 25 5.0 – 10.6 – – – – Borges et al. (2014)
Dunaliella tertiolecta 600 79.7 29 8.6 – 11.8 – – – – Francavilla et al. (2015)
Chlamydomonas reinhardtii – – – 45 – 40 1.4 9.3 5.3 Bordoloi et al. (2016)
Scenedesmus dimorphus – – – 39.6–44.2 – 46.8–53.2 7.9–8.5 31.4–39.5 5.6–6.5

-
Rhizoclonium sp. 700 75.5 38 8.0 – 16.5 – – -

-
Casoni et al. (2016)

Algae-dairy-manure slurry 500 – – 33.56 10.07 46.96 2.47 48.44 1.68 0.45 Jin et al. (2016)
Vermiculite treated algal biochar 500 – – – – – – – – – Wang et al. (2016)
Cladophora vagabunda – – – 74.7 – 11.6 0.7 11.7 1.32 Huang et al. (2017)
Gracilaria sp. – – – 43.2 – 30.9 2.2 16.5 2.8
Saccharina japonica 500 – – – 11.29 62.3 2.1 31.3 2.7 1.6 Poo et al. (2018)
Sargassum fusiforme 500 – – – 8.01 64.9 2.2 28.4 2.4 2.1
Spirulina – – – 7.4 46.2 7.24 34.28 10.53 Simão et al. (2018)
Hijikia biomass 500 – – – – 68.03 2.28 23.41 3.14 3.14 Son et al. (2018)
kelp biomass 64.35 2.05 27.46 3.07 3.07
Brown macroalga 375 – 56.08 – – 30.67 2.72 64.53 2.09 – Choi et al. (2017)
Lipid extracted Dunaliella tertiolecta
residues

– – – – – 60.8 4.7 14 11.4 0.2 Ryu et al. (2018)

Microalga residue 200–275 – – – – 36.49 6.12 – – – Zhang et al. (2018)
Cladophora glomerata 450 – 47 40.1 – 46.3 – – – – Michalak et al. (2019)
Chlorella 550 – – 56.5 8.7 10.00 3.6 28.1 0.9 0.9 Amin et al. (2020)
High-salinity Spirulina residue 500 – – – – 21.02 29.39 12.75 – Tan et al. (2020)
Enteromorpha prolifera 400 – 45.75 42.77 4.5 50.51 4.48 37.75 6.38 0.87 H. Wang et al. (2020), Y. Wang

et al. (2020), B. Wang et al. (2020)Magnetically modified Enteromorpha 400 – 66.29 22.93 4.68 45.36 3.06 46.58 4.12 0.89

Biochar from lignocellulosic biomass
Dairy waste 600 – – – 10.0 65.42 0.68 – 3.63 – Inyang et al. (2012)
Whole sugar beet 600 – – – 9.0 20.15 1.07 – 0.43 – Inyang et al. (2012)
Peanut hull 100 – – – – 64 – – 2 0.14 Kastner et al. (2012)
Pine cone 500 – – 2.1 4.0 71.2 3.0 20.4 0.5 – Van Vinh et al. (2015)
Invasive plant 700 – – 70.7 11.7 50.6 1.7 44.9 2.5 – Rajapaksha et al., 2015
Pine cone 500 – – 2.1 – 68 3.8 22 0.55 – Van Vinh et al. (2015)
Zn-loaded pine cone 500 – – 2.1 – 71 3.0 20 0.51 –
Corn straw 600 – – 10 – 85 1.8 5 0.80 – Z. Yu et al. (2015)
Mn modified corn straw 600 – – 12 – 73 0.33 11 0.72 –
Sunflower seed hull 700 79.8 25 2.1 – 18.1 – – – – Casoni et al. (2016)
Rice husk 550 – 38.86 – – 44.73 1.80 7.69 0.73 – Zhang and Xiong (2016)
Biogas residue 700 – 0.20 58 – 29 0.96 59 1.3 – Liu et al. (2016)
ZnCl2-activated biogas residue 700 – 7.5 78 – 34 1.0 43 1.8 –
Corn stem 620 – – 10 – 85 5.2 5 0.80 – Lin et al. (2017)
Fe/Mn modified corn straw 620 – – 18 – 67 2.4 7 1.8 –
Pinewood sawdust 500 – – 4.46 87.4 2.8 9.4 0.4 0.1 Poo et al. (2018)
Corn stalk 600 73.8 24 5.8 – 15 – – – – Muneer et al. (2019)
Coconut shell 500 71.5 31 1.3 – 19.3 – – – – Samsudin et al. (2019)
Coffee husk 350 – 39.82 – – 69.96 3.63 – 3.58 0.24 Setter et al. (2020)
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(C), Hydrogen (H), Nitrogen (N) and Sulphur (S) content present in
algal biochar is 28.5%–59.2%, ~7%, 2.5%–11% and 0.5%–1.5%, respectively
(Chen et al., 2020). For instance, biochars derived from lignocellulosic
biomass contain lower concentrations of Ca, Mg, P, and K than algal bio-
char derived from Chlorella vulgaris (Wang et al., 2013) and high con-
centrations of N (0.3–2.8%), P (0.5–6.6 g/kg), and K (5.1–119 g/kg) are
present in algal biochars derived from red and brown seaweeds
(Roberts et al., 2015c).
11
4.2.2.2. pH.Macroalgal biochar shows thepH in the range 7.6–13.7, how-
ever, the literature on pH values of biochar derived from microalgae is
scant. It was reported that values of biochar pH vary with the type of
algae and pyrolysis temperature. For instance, the pH of biochar derived
from algae (8.7–13.7) rises with an increase in the pyrolytic tempera-
ture (250–600 °C) (Tag et al., 2016). A rise in biochar pH is ascribed to
a rise in relative ash content of biochar formed under severe pyrolysis.
The pH of biochar is also correlated with oxygen-containing functional
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groups present on its surface (Ronsse et al., 2013). At lower tempera-
tures (200–300 °C), cellulose decomposes and phenolic substances
and organic acids are produced. While beyond 300 °C, alkali salts
dissociate from organic matter which increases pH (Poo et al.,
2018).

In a study led by Gurav et al. (2021) a rise in the pH of biochar pre-
pared from biomass of macroalgae Eucheuma spinosum was observed
from 3.93 at 300 °C to 11.8 at a higher pyrolysis temperature of
600 °C. Macroalgae BCs showing higher pH values at higher tempera-
tures were attributed to exclusion of acidic functional groups, separa-
tion of alkali salts (such as Ca, K, Mg, Na, P), and retention of alkaline
groups.

4.2.2.3. Cation exchange capacity (CEC). CEC of biochar shows its capac-
ity for the adsorption of cation nutrients. Thus, biochar having high
CEC is beneficial as it prevents leaching of nutrients in the soil. A neg-
ligible amount of Al and high concentrations of exchangeable cations
(like Ca, Mg, Na, K) are present in biochar prepared from seaweed
(Roberts et al., 2015c). In comparison to biochar derived from vine
pruning and orange pomace, algal biochar shows higher values
(25.6–52.6 cmol/kg) of CEC at different pyrolysis temperatures
(Tag et al., 2016).

4.2.2.4. Types of functional groups. Spectral analysis of disruptedmacro-
molecular crystal structure of algae by Fourier transform infrared
spectroscopy (FTIR) identifies different functional groups present
in it and its products like algal biochar and bio-oil produced after
hydrothermal liquefaction (Biswas et al., 2017). Various oxygen-
containing (\\COOH,\\OH, C_O) and nitrogen-containing (pyri-
dine-N, pyrrole-N, graphitized-N, oxidized-N) functional groups
are present in algal biochar (Chen et al., 2020).

4.3. Factors affecting algal biochar properties

Physico-chemical properties of algal biochar are determined by the
pyrolytic procedure, the temperature at which the process occurs,
chemical activation, residence time, heating rate, and reaction vessel
(Mukome et al., 2013; Jindo et al., 2014). Biochar prepared from
C. vulgaris at 450–600 °C has a higher concentration of C, H, and N in
comparison to the biochar derived at low temperatures (Palanisamy
et al., 2017). Seaweed can yield 84% biochar when pyrolyzed at 250 °C
at a heating rate of 5 °C/min and holding time of 30 min (Tag et al.,
2016).

There is a difference in the elemental composition of biochars de-
rived from diverse macroalgae. For instance, red microalga has a
greater proportion of sulphur and potassium and a lower fraction
of carbon and hydrogen in biochars derived from them than those
prepared from brown seaweeds. Furthermore, species collected
from different locations also show variations in many physicochem-
ical properties of the biochar derived from them, especially CEC. Dif-
ferences in concentrations of exchangeable K in Undaria sp. and
Kappaphycus sp. (ranges: 13–420 cmol/kg and 26–210 cmol/kg, re-
spectively) are attributed to the location (Roberts et al., 2015c). Sim-
ilarly, variations in yield and value of ash content of Cladophora
vagabunda are also observed with varying locations (Bird et al.,
2012).

Differences in biochar yield and properties are allied to the composi-
tion of the feedstock, processing technique, andpyrolyzing conditions. A
mixture of algae (Cladophora coelothrix, Chaetomorpha indica, Ulva
flexuosa) yields higher (74.5% on a dry weight basis) biochar than
Derbesia tenuissima (8.1%) (K.L. Yu et al., 2017a).

Functional groups (especially oxygen (O)-containing) present at the
surface of biochar changes with changing pyrolysis temperature. Car-
boxyl group in O-containing groups is important in typifying biochar
(K.L. Yu et al., 2017a). For example, when marine algae are subjected
to pyrolysis, cellulose present in it is changed to a carboxyl group or
12
esters (oxygenated functional group). But when the temperature rises,
carbonization of carboxyl groups occurs and oxygenated functional
groups disappear (Poo et al., 2018). Thismay result in the decreased po-
tential of biochar for heavy metal adsorption because active sites
(i.e., carboxyl groups) are no more. Therefore, it is necessary to define
suitable pyrolysis temperature at which O-containing functional groups
exist in abundance.

Ge et al. (2020) while studying HSR (high-salinity Spirulina resi-
due) derived biochar reported that when carbonization temperature
increased from 350 to 700 °C and time rose from 90 to 540 min; aro-
maticity, porosity, and positive charge of biochar enhanced but O-
containing functional groups and C\\N bonds cracked. Moreover,
sorption of Hg(II) was also decreased. Furthermore, Poo et al.
(2018) reported that when pyrolysis temperature increased and
carbonization proceeded, the honeycomb structure of macroalgae
warped and pore size enlarged. Hammes et al. (2008) observed
that above 900 °C, biochar walls deteriorated and the size of pores
increased.

5. Engineered biochars

Biochars show numerous advantages, still, pristine biochars are not
proficient in the removal of different pollutants and heavy metals
owing to lower pore volume and lesser surface area. Consequently, it
becomes very essential to improve this innovative material by activat-
ing it through various modifications. Biochar engineering deals with
the creation of modified or activated biochar (Ok et al., 2015).
Engineered biochar is derived from the physical, chemical, and biologi-
cal modification of pristine biochar that improves its surface properties
viz. porosity, pH, CEC, functional groups, specific surface area, and ulti-
mately higher adsorption than basic pristine biochar (Mohamed et al.,
2016; Rajapaksha et al., 2016).

Adsorption characteristics of engineered biochar are affected by py-
rolysis temperature because when temperature changes; surface area,
surface functional groups, distribution of pores, and mineral composi-
tion of the biochar also changes (Ahmad et al., 2012). Biochar produced
between temperature ranges of 300–400 °C contains diversified ali-
phatic and cellulose structures and other organic characters (Novak
et al., 2009) while biochars formed at high temperatures (600–700 °C)
undergo dehydration and deoxygenation and thus left with only H
and O functional groups in their structure, however, such biochars
have well-organized carbon layers and highly aromatic characteristic
(Uchimiya et al., 2011).

The yield of biochar declines by about 10% with a rise in pyrolysis
temperature by 100 °C (Fletcher et al., 2014). Accordingly, higher pyrol-
ysis temperatures produce biochars with less oxygenated functional
groups, high pH, and higher concentrations of carbonates and base cat-
ions (including total, soluble and exchangeable) (Qian et al., 2013).
Hence, by increasing the pyrolysis temperature, alkaline biochars capa-
ble of precipitating a maximum of metal cations are created (Kim et al.,
2013).

Both O-containing and N-containing functional groups in algal bio-
char show significant properties for removing pollutants (Cho et al.,
2013; Chen et al., 2017). Phenolic (\\OH) and amino (\\NHx) groups
containing abundant unpaired electrons also play a vital role in remov-
ing pollutants. Moreover, the addition of N-functional groups and or-
ganic/inorganic N-precursors (NH4Cl, urea, thiourea, NH3) improves
the alkalinity of biochar.

Ash of biochar comprises of metallic and non-metallic elements and
its concentration ranges between 18.6%–58%. Inorganic element con-
tent increases with increasing pyrolysis temperature. Metal ions help
in increasing CEC for the adsorption of heavy metals (Ho et al., 2017).

Different pyrolysis processes influence the characteristics of biochar
differently. Thus, specifically ‘designed algal biochar’ is used for specific
applications. Various physico-chemical and biological methods used for
creating activated biochar include treatment of feedstockwith different
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acids, bases, clayminerals, metal oxides, steams, biofilms, carbonaceous
materials, etc. (Rajapaksha et al., 2016). Fig. 5 shows all those treat-
ments that serve the purpose of increasing surface area and surface
properties of biochar and using the surface of biochar as a platform for
embedding additional materials/organisms having beneficial surface
properties. Different modifications methods for biochar are described
below.

5.1. Biological modification

Biochar produced from pretreated feedstocks by anaerobic digestion
after biological engineering is indeed a biologically modified biochar
(Yao et al., 2015; Yao et al., 2018). Pyrolysis and anaerobic digestion
produce activated biochar with higher values of surface area, anion ex-
change capacity (AEC), CEC, and pH. Activated biochars are hydrophobic
in nature and have amore negative charge on the surface in comparison
to pristine biochars because biological modification leads to alterations
in redox potential aswell as pHof feedstock (Inyang et al., 2010). Owing
to higher values of CEC and AEC, biologically activated biochar can be
used as ion exchangers for sequestering both cations and anions from
wastewater.

5.2. Physical activation

Physical modification of biochar comprises steam or gas (CO2) acti-
vation, ball milling, magnetic and microwave modification. It is a two-
step procedure in which biomass firstly undergoes charring through
any thermochemical process and in the second step it activates to
Fig. 5. Different modification methods and their
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form a spongy structure (Anto et al., 2021). Activated biochar produced
by physicalmodification leads to improvement of pore structure, the in-
troduction of oxygenated functional groups, and is a clean method in
comparison to chemical modification (Qian et al., 2015).

5.2.1. Steam
In steamactivation, after the initial pyrolysis reaction, a second stage

treatment of resulting biochar by subjecting it to partial gasification
with steam is carried out. This process increases devolatilization and
formation of crystalline C in the resulting activated biochar (Chia et al.,
2015). Properties of biochar are changed after steam application due
to the removal of the trappedproducts of incomplete combustion. C sur-
face sites are oxidized by steamwith the generation of H2 and CO2 that
causes activation of biochar surface. Additionally, new porosities are
created and smaller pores are enlarged during steam activation (Lima
et al., 2010).

5.2.2. Microwave modification
In comparison to the conventional pyrolysis process, biochar modi-

fied by microwaves has a higher surface area and more surface func-
tional groups (Wan et al., 2009). Also, the addition of a few target
chemicals to biochar activated by microwaves yields superior results
(Menendez et al., 2004).

5.2.3. Ball milling
Grinding of biochar into powder during ball milling leads to a reduc-

tion in particle size with an increase in specific surface area that further
increases the adsorption sites for various ions present in wastewater
effects on properties of engineered biochars.



A. Singh, R. Sharma, D. Pant et al. Science of the Total Environment 774 (2021) 145676
(Lyu et al., 2018). Owing to nanoparticle sizes of biochar modified by
ball milling, its performance is equivalent to carbon nanotubes. How-
ever, due to the easy dispersion and transportation of ball-milled bio-
char in water, its use in water, as well as soil remediation, is restricted.

5.2.4. Magnetic modification
Biochar activated by magnetic modification (a sort of magnetic ma-

terial) shows controlled movement under influence of external mag-
netic fields and thereby, enhanced adsorption and easy to separate
properties. Magnetically modified biochars are supplemented with ox-
ides of iron like Fe(O), γ-Fe2O3, Fe3O4, CoFe2O4 which leads to strong
metal binding (Zhang et al., 2013; Zhou et al., 2014).

For instance, residues from Oedogonium spp. (Roberts et al., 2013;
Ellison et al., 2014; Roberts et al., 2015e) and Gracilaria spp. (Roberts
et al., 2015d) left after agar extraction has shown to be efficient in pro-
ducing Fe-based biosorbent. Another macroalga Enteromorpha prolifera
was used for the production of magnetic biochar (Chen et al., 2018a).
However, there was a reduction in the specific surface area activated
algal biochar in comparison to the pristine biochar owing to the loading
of iron oxide particles over the surface of biochar that caused blockage
of pores. Further, Lalhmunsiama et al. (2017) studied the elimination
of Cd(II) and Pb(II) by the magnetic biomaterial which was prepared
by impregnating iron oxide nanoparticles with the Chlorella vulgaris.

Biochar derived usingwastedmarinemacro-algae (kelp and hijikia)
and doped with iron oxide particles (Fe2O3, γ-Fe2O3, and Fe3O4) on its
surface, impart magnetism to it (Son et al., 2018). Magnetic biochar,
thus developed, have a low surface area, and high removal efficiency
for heavy metals in comparison to the conventional pinewood sawdust
biochar. Increased efficiency is ascribed to oxygenated functional
groups present onmagnetic biochar. Thoughmagnetic biochar presents
advantages of easy separation, biochar's surface pores become plugged
with iron oxide particles causing a reduction in its sorption efficiency.
Therefore, to prepare magnetic biochar, the optimum concentration of
the iron-loaded solution is resoluted to be 0.025–0.05 mol/L (Son
et al., 2018).

5.2.5. CO2 activation
In this endothermic process, CO2 acts as an oxidizing agent function

between 200 and 900 °C and results in the formation of new pores and
widening of existing pores. CO2 is less reactive and hence used instead
of steam to promote steer oxidation reaction and produce the same
pore-sized biochar (Anto et al., 2021). However, steam-activated bio-
char ismore active than CO2-activated biochar because steam is capable
of forming a greater number of oxygenated functional groups on bio-
char (Feng et al., 2016).

5.3. Chemical activation

For producing chemically modified biochar, different chemicals are
added during the pyrolysis process (Rajapaksha et al., 2016). Chemically
modified biochars have high sorption capacity owing to their increased
surface area, surface complexation, surface precipitation, and creation of
abundant sorption sites.

5.3.1. Modification by altering the oxidation process and treating biochar
with acids and bases

Chemical modification of biochar is done by treating it with acids or
bases such as phosphoric acid (H3PO4), sulphuric acid (H2SO4), nitric
acid (HNO3), and hydrochloric acid (HCl) that modify the porous struc-
ture and enhances surface acidities of biochar (Lin et al., 2012). Further,
modification of surface functional groups is carried out by oxidation
with ozone (O3), hydrogen peroxide (H2O2), ammonium persulfate
[(NH4)2S2O8], and potassium permanganate (KMnO4) (Cho et al.,
2010; Uchimiya et al., 2011).

Among many, phosphoric acid (H3PO4) is an environmental-
friendly activating agent that decomposes aliphatic, aromatic, and
14
lignocellulosic compounds (Sun et al., 2011). H3PO4 forms
polyphosphate and phosphate cross bridges that prevent shrinkage of
biochar during the development of porous structures (Fierro et al.,
2010; Yang et al., 2011). However, HNO3 treatment, owing to its erosive
nature shows micropore wall degradation, thereby causing a reduction
in the surface area of biochar (Stavropoulos et al., 2008). On the
contrary, organic acids like oxalic acid undergo ligand- and proton-
promoted processes that result in increased sorption capacity of biochar
(Vithanage et al., 2015). Acid treatment of biochar is harmful to the en-
vironment owing to the disposal of the activation media and also not
cost-effective. In comparison, H2O2 is a low cost and cleaner agent for
modifying and improving the sorption capacity of biochar.

The rise in O content and surface basicity of biochar modified using
alkalies like potassium hydroxide (KOH) and sodium hydroxide
(NaOH) has been reported (Fan et al., 2010). Treatment with KOH or
NaOH was reported to generate activated biochar with a very high
surface area (Chia et al., 2015). NaOH has been considered more cost-
effective as well as corrosion-resistant for activation of biochar in com-
parison to KOH (Cazetta et al., 2011).

5.3.2. Carboxylation and amination (modification of functional groups)
Carbonyl, carboxylic, lactonic, and phenolic are oxygenated func-

tional groups that are created over chemically activated biochar surface
by using acids like nitric acid (HNO3), sulphuric acid (H2SO4), H3PO4,

and other compounds like potassium permanganate (KMnO4), hydro-
gen peroxide (H2O2) (Li et al., 2014; Qian et al., 2015). On the contrary,
amide, imide, pyrrolic, pyridinic, and lactame (N-containing functional-
ities) show strong affinities for complexationwithmetal cations like Cu,
Zn, Cd (Shafeeyan et al., 2010). Biochars produced between the temper-
ature range of 250–400 °C have comparatively more C\\H and C_C
functional groups than the chars produced at high temperatures
(Novak et al., 2009).

Functional groups containing nitrogen can be introduced on bio-
char surfaces by two processes: nitration and reduction; nitration
being followed by reduction. It is the surface of biochar where
HNO3 disintegrates into highly active nitronium ions and these ions
convert into nitrated products after reacting with aromatic rings.
Furthermore, the addition of reducing agents like sodium dithionite
(N2S2O4) subsequently reduces nitro-groups into amino groups and
provides basic properties to the biochar surface (Yang and Jiang,
2014).

5.3.3. Surfactant modifications
By modifying the surface properties of bentonite and zeolite with

help of surfactants, more efficient biochars can be produced. Cationic
surfactants like cetylpyridinium chloride (CPC), cetyltrimethyl ammo-
niumbromide (CTAB) can be easily captured by negatively charged sur-
face of biochar by processes like electrostatic attraction, and
replacement with different cations (Mg2+, Na+, K+) present in biochar
that finally leads to the formation of “surfactant-biochar” complex
(Erdinç et al., 2010). Nonionic surfactants are sorbed by charcoal via
physisorption (Santhanalakshmi and Balaji, 1996), however, micellar
and monomolecular anionic surfactants are not sorbed on biochar sur-
face due to electrostatic repulsion.

5.3.4. Modifications by treating with organic solvents
In comparison to pristine biochar, biochar modified with metha-

nol has the presence of ester and hydroxyl groups. These function-
alities ease the development of electron-donor-acceptor (EDA)
interactions between organic contaminants and biochar surfaces
(Jing et al., 2014).

5.4. Biochar coating

Biochars coated with metal oxides have enhanced sorption capacity
(Wang et al., 2012).
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5.4.1. Modifications by coating with oxides of metal
By inserting positively charged metal oxides on the negatively

charged high surface area of biochars, biochar-based composites are
prepared. Coating biocharswith oxides ofmetals is done by soaking bio-
char in metal and salt solutions mainly containing nitrates and chlo-
rides, respectively. These modified biochars can remove oxyanions
from aqueous solutions proficiently (Beesley et al., 2015).

Biochars can also be modified by impregnating them with minerals
(Yao et al., 2014). Biochars impregnated with hydrous aluminium
phyllosilicates (clay minerals) have been widely exploited for pollutant
removal due to their distinctive surface charge, CEC, and mineralogical
structure. Some clayminerals used as low-cost adsorbents aremontmo-
rillonite and kaolinite (Rajapaksha et al., 2012).

5.4.1.1. Use of carbon nanotubes (CNTs) coatings for modifications. CNTs
are highly efficient in the removal of pollutants owing to their nano-
structure and high surface area but their application in wastewater
treatment is still limited due to their expensive nature. To overcome
this drawback, biochars are used as a porous (micro-andmacro-) carrier
of CNTs to generate recyclable and efficient sorbents for contaminant
removal. On the surface of biochar, coating of functional nanoparticles
is carried out to generate a compositematerial that shows improvement
in properties like thermal stability, porosity, surface functionalities, and
surface area of biochar (Inyang et al., 2015; Wang et al., 2017).

Although nanoparticles-based-biochar composites have advan-
tages like increased biochar yield and specific surface area, the po-
tential risk on the environment due to biological toxicity of metal
oxide nanoparticles (ZnO, TiO2, CuO, MgO, MnOx, etc.) should also
be considered (Tan et al., 2016). Thus, physico-chemical interac-
tions of these biochars with environmental media, their potential
eco-toxicity, and economic aspects should be studied before their
applications.

5.4.2. Coating with graphene
Graphenehas a special two-dimensional structure in addition to cer-

tain distinctive properties viz. thermal- and electro-conductivity, me-
chanical strength, and surface area (Chen et al., 2010). However, like
CNTs, difficulty in separation and recovery for reuse explains its re-
stricted use in wastewater treatment. By using a composite of graphene
covering particles (that are derived using biochar as graphene carrier),
the above-discussed drawbacks can be overcome. Macroalgae are very
rich in proteins, thus they can directly form typical nitrogen-doped bio-
chars in situ without any additional modifications (Jung et al., 2016).
The sorption of polyaromatic hydrocarbons (PAHs) is supported by
graphene structure and facilitated by the presence of N as N enhances
π-π electron donor-accepter interaction with benzene rings. Due to
lack of lignocellulose, specific surface area, pore structure and pore vol-
ume of corresponding biochars are always scarce (Poo et al., 2018; Xiao
et al., 2018).

5.5. Other modification methods

Some other modification methods such as low-temperature plasma
(Bird et al., 2010; Wu et al., 2012), organic matter grafting (S. Wang
et al., 2018), and ozone oxidation (Jimenez-Cordero et al., 2015) have
also been studied. Due to their expensiveness and complicated operation,
these methods are not applied widely. In the low-temperature plasma
method, plasmas are generated by glow, microwave, and corona which
then colloid with C_C on biochar surface, and get oxidized to form oxy-
genated functional groups. Biochars prepared by this method have in-
creased polarity (Yang et al., 2019). In another study, magnetically
recoverable biochar supported ternary g-C3N4/Bi2O2CO3/CoFe2O4

heterojunction was fabricated that showed a high visible photoactivity
(Kumar et al., 2018). A high degradation of pesticide paraquat (99.3%)
was achieved under visible radiation in 90 min and 92.1% under solar
light in 120 min.
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A novel concept of e-biochar (i.e., electroactive biochar), to improve
electrochemical interactions withmicroorganisms has emerged in recent
times (Schievano et al., 2019). Biochars are also called “geobatteries” be-
cause they act as rechargeable reservoirs of bioavailable electrons. e-
biochar is perfect to be used as bioelectrode for wider microbial electro-
chemical technologies (METs) applications in comparison to traditional
carbon conductors owing to itswide availability, biocompatibility, and re-
cyclable nature.

6. Application of engineered algal biochar in contaminant
remediation

Amongdifferent biomaterials, research onmacroalgaehas drawn in-
terest during recent times for creating carbon nanostructure with high
adsorption potential, owing to its high carbon content and reproduction
rate alongwith economic nature. To study the sorption potential of algal
biochar, various studies have been carried out recently on different algal
species for removal of different pollutants viz. Porphyra tenera for Cu(II)
(Park et al., 2016); Spirulina platensis for Congo red dye (Nautiyal et al.,
2016); Enteromorpha prolifera for polycyclic aromatic hydrocarbons
(PAHs) (Qiao et al., 2017); and Scenedesmus dimorphus for Co(II)
(Bordoloi et al., 2017). In all the above studies, sorption capacities of bio-
char ranged between 0.05 and 23.00 mg g−1, showing low values in
comparison to the biochar derived from lignocellulosic feedstock.

Therefore, there is an immediate need to search for technologies for
the improvement of the adsorption capacity of biochars derived from
algae. Table 3 shows different modification methods of algal biochars
and their impact on pollutant removal. Biomass of marine macroalgae,
particularly, Porphyra tenera, Laminaria japonica, andUndaria pinnatifida
show significant prospective for biochar fabrication (Jung et al., 2016).
The high adsorption potential of L. japonica-based biochar is exploited
to produce amodified form of biochar, i.e., granulated biochar ensnared
in calcium-alginate beads named L. japonica-derived biochar calcium al-
ginate beads (LB-CAB). LB-CAB shows the highest value of adsorption
capacity for aqueous phosphate remediation than any other type of bio-
char (Table 4). The high adsorption potential of LB-CAB is due to its large
surface area, and a mature and complex mesopores network.

Seaweed-derived biochar showed high adsorption capacity for phe-
nol with 98.31% removal (Rathinam et al., 2011). Sargassum sp. derived
biochar modified by lanthanum is also capable of fluoride removal by
adsorption process (Y. Yu et al., 2015). Furthermore, S. platensis biomass
can remove Congo red dye from textile wastewater by 82.6% (Nautiyal
et al., 2016). Halide-modified biochar derived from seaweeds can
remove elemental mercury (Hg) from flue gas (Liu et al., 2018). Like-
wise, biochar derived from Chlorella sp. is highly efficient in p-
nitrophenols removal from wastewater (Zheng et al., 2017).

A modified form of carbonized kelp biochar (AKB) is found quite
efficient in the removal of dyes. The modification was done by im-
pregnating AKB with KOH and photocatalytic Bi2MoO6/AKB compos-
ite (BKBC) nanomaterials (Zhou et al., 2018). The authors reported
61.39% and 94.12% removal of methylene blue (MB) for BKBC and
AKB, respectively. When compared with pure Bi2MoO6, the MB re-
moval was 13 times and 20 times higher and was ascribed to the
large specific surface area of AKB and rich presence of surface func-
tionalities such as\\OH and _C\\H.

Innovative Fe-biochar can be created from Gracilaria sp. and
Oedogonium sp. by treating them with a 12.5% w/v Fe3+ solution,
followed by slow pyrolysis. Activated biochar derived from Oedogonium
sp. shows greater sorption potential for different elements (As, Mo, and
Se) in comparison to the Gracilaria derived biochar (Johansson et al.,
2016). Magnetically modified biochar produced from Enteromorpha
prolifera is less porous, however, γ-Fe2O3 encumbered on it helps to re-
move Cr(VI) effectively (Chen et al., 2018a). After adsorption of Cr(VI)
on biochar surface, alterations occur in\\OH groups which suggests
that the most probable mechanism for Cr(VI) removal is electrostatic
interactions.



Table 3
Impact of different modification methodologies on algal biochars and their effect on contaminant remediation.

Modification method Biochar feedstock Production
temperature

Target sorbate Effect Mechanism Reference

Alkaline modification by 2 M
KOH

Anaerobically
digested
algae-dairy-manure
slurry

500 °C Cu(II) Alkali activation enhanced the
Cu(II) adsorption capacity of
biochar which was >3.36 times
of pristine biochar.

Total pore volume showed
significant increase (~5 times
higher) after alkali activation.
After modification, alcoholic or
phenolic (\\OH), aromatic
(\\CH), carboxylic (C_O),
aromatic (C\\C), and alkene
(_C\\H) groups increased on
biochar surface, that participated
in Cu(II) adsorption

Jin et al.
(2016)

Modification with FeCl3 to
form Fe biochar

Gracilaria waste and
Oedogonium

400 °C Mo, As, Se Gracilaria modified Fe biochar
showed highest biosorption for
Mo (78.5 mg g−1), followed by
As (62.5 mg g−1) and Se
(14.9 mg g−1). Oscillatoria
modified Fe biochar showed
highest biosorption capacity for
As (80.7 mg g−1,), followed by
Mo (67.4 mg g−1) and Se
(36.8 mg g−1).

Fe-biochar produced at 400 °C
tends to have a larger average
pore size than Fe-biochar
produced at 250 and 700 °C,
which plays role in metal
sorption

Johansson
et al.
(2016)

Formation of SiO2-biochar
nanocomposite by using
vermiculite treated algal
biomass

Algal spp. 500 °C PO4
3− SiO2-biochar nanocomposite

showed very high adsorption
capacity for PO4

3−

SiO2 particles on the carbon
surface served as sorption sites
through electrostatic
interactions. The BET surface
area, pore diameter, and total
pore volume of modified biochar
were 42.43 m2 g−1, 5.17 nm, and
0.055 cm3 g−1, respectively;
while those of pristine biochar
were 8.07 m2 g−1, 11.70 nm, and
0.024 cm3 g−1. respectively. This
increased PO4

3− adsorption
process.

Wang
et al.
(2016)

N-doping Ulva prolifera 200 °C Bisphenol A The adsorption capacity for BPA
was 33.33 mg g−1, which was
much higher than that of many
adsorbents

Biochar had large BET specific
surface area and plenty of pores,
indicating its high adsorption
potential. The FTIR spectra
indicated the abundance of basic
nitrogen-containing groups

Lu et al.
(2017)

Microalgal-biochar
immobilized complex

Chlorella – Cd(II) The Cd(II) adsorption capacity of
modified biochar
(217.41 mg g−1) was higher
than that of pristine biochar
(95.82 mg g−1).

Electrostatic adsorption was the
mechanism. Negative charges on
the surface of biochar boosted the
magnetic intensity surrounding
the microalgae, which enhanced
the surface potential of modified
biochar.

Shen et al.
(2017)

Magnetic modification with
FeCl3

Enteromorpha
prolifera

600 °C Cr(VI) Maximum adsorption capacity of
Cr(VI) by the magnetic biochar
(91.5 mg g−1) was far greater
than that of pristine biochar.

Change in the\\OH groups on the
surface after adsorption
confirmed that electrostatic
interaction was the mechanism
for Cr(VI) adsorption

Chen et al.
(2018a)

Magnetic modification
(doped iron oxide
particles)

Saccharina japonica
(kelp) and
Sargassum fusiforme
(hijikia)

500 °C Cd2+

Cu2+

Zn2+

Showed high selectivity for Cu2
+, two-fold greater removal
(69 mg g−1 for kelp magnetic
biochar and 63.52 mg g−1 for
hijikia magnetic biochar) than
Zn2+ and Cd2+.

High heavy metal removal
performance was due to
abundant presence of various
oxygen-containing functional
groups (\\COOH and\\OH) on
the magnetic biochar

Son et al.
(2018)

Algal biochar reinforced
trimetallic nanocomposite
(AlBc TNC)

Algal spp. 400 °C malachite green dye 94% of MG dye was remediated
using the
adsorptional/photocatalytic
process.

Modified biochar has high surface
area of 107.2 m2 g−1 with a pore
size of 13.23 nm and pore
volume of 0.763 cm3 g−1.
Photo-degradation of MG was
through production of
superoxide anion radicals or
hydroxyl radicals.

Sharma
et al.
(2019)

Composite beads obtained
by interaction of algal
biomass with PEI, followed
by ionotropic gelation and
crosslinking processes
using
CaCl2/glutaraldehyde

Laminaria digitata 90 °C As(V) Quaternization of algal/PEI beads
increased the sorption
properties of the composite
beads

Anion-exchange of chloride ions
with H2AsO4

− in acidic conditions.
Hamza
et al.
(2020)

Magnetic algal carbon
supported flower-like

Ulva prolifera 180 °C Bromate (BrO3
−) More than 98% of bromate

removed within 48 min by the
Chemical reduction by S-nZVI
nanoparticles supported on algal

Lu et al.
(2020)

A. Singh, R. Sharma, D. Pant et al. Science of the Total Environment 774 (2021) 145676

16



Table 3 (continued)

Modification method Biochar feedstock Production
temperature

Target sorbate Effect Mechanism Reference

sulfidated nanoscale
zerovalent iron
(S-nZVI/AC)

S-nZVI/AC composite carbon was the main removal
process for BrO3

−. Specific surface
area of S-nZVI/AC (56.3 m2 g−1)
was higher than pristine biochar
(25.7 m2 g−1)

Acid treated biochar Spirulina 350–700 °C Dyes; rhodamine B,
methylene blue, Congo
red, and methyl orange

Compared to acid-treated
biochar, pristine biochar showed
high sorption potential due to
high content of inorganic
minerals.

Compared to acid-treated
biochar, pristine biochar has a
high content of Ca2+ and Na+.
Due to acid washing various
functional groups were removed
from modified biochar.

Tan et al.
(2020)

Magnetically modified by
γ-Fe2O3 particles

Enteromorpha
prolifera

800 °C Cr(VI) Magnetic biochar had higher
surface polarity, specific surface
area, exhibited higher sorption
capacity (95.23 mg g−1)
compared with pristine biochar.

Modified biochar has more
oxygen-containing functional
groups. Main mechanisms were
chemisorption and monolayer
electrostatic adsorption

Y. Wang
et al.
(2020)

Fe3O4
− modified biochar Microcystis

aeruginosa
200 °C U(VI) The maximum sorption capacity

of pristine biochar was higher
than that of Fe3O4/MB.

U(VI) sorption on both pristine
and modified biochar was
ascribed to surface complexation
between U(VI) and
oxygen-containing functional
groups. Fe3O4 particles on surface
of modified biochar didn't
provide extra active sites for U
(VI) sorption

B. Wang
et al.
(2020)

Magnetic U. prolifera
biochar/sulfidated Fe0

composite (S-Fe0/BC)

Ulva prolifera 180 °C Tetrabromo-bisphenol
A

Removal efficiency by S-Fe0/BC
composite within 24 h was
88.2%, higher than that in
pristine biochar (55.3%)

The removal process of TBBPA by
modified biochar was chemical
adsorption by S-Fe0/BC
composite, reduction
debromination by S-Fe0 and
enhanced electron transfer.

Zhang
et al.
(2020)
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N-doped algal biochar prepared from U. prolifera is featured with a
high specific surface area (25.43 m2 g−1) and a huge number of pores
in comparison to other algal biochars (<5 m2 g−1) (Bird et al., 2011;
Lu et al., 2017). FTIR spectral studies reported that functional groups
containing nitrogen are present on the surface of activated biochar. As
high temperature increases the adsorption of Bisphenol-A on the sur-
face of biochar, adsorption is suggested to be an endothermic process.

Modification of biochar prepared from anaerobically digested algae-
dairy-manure slurry by adding alkali (2 M potassium hydroxide) re-
ports an increase in Cu(II) sorption capacity of activated biochar by
3.36 times in comparison to pristine biochars (Jin et al., 2016). The en-
hanced sorption capacity of activated biochar is due to its increased sur-
face area, changed porous texture, and surface functionalities. On the
contrary, KOH activated red macroalgae, Porphyra tenera, despite high
surface area and greater pore volume reduces only a little of copper
(Park et al., 2016). A rise in solution pH during adsorption accelerates
the hydrolysis of Cu(II) to form Cu(OH)+ and Cu(OH)2, which further
leads to easy adsorption and precipitation of Cu(II) (Tong et al., 2011).

On the evaluation of the pH effect, Kim et al. (2016) reported maxi-
mum Cu(II) sorption capacity of activated biochar derived from
Enteromorpha compressa at pH ~ 5.5. Following the speciation diagram,
at pH below 5.5, the dominance of Cu2+ prevails, however, with an in-
crease in pH over 6, Cu2+ is converted into Cu(OH)+ and finally precip-
itates as Cu(OH)2.

Structure and morphology analysis of the SiO2-biochar nanocom-
posites derived from vermiculite treated algal biomass sample reveals
the uniform distribution of nanosized SiO2 particles on biochar surface
(Wang et al., 2016). These SiO2 particles serve as sorption sites through
electrostatic interactions thus showing greater removal of phosphate
from solution in comparison to pristine biochar. Oxygenated functional
groups enhance the removal of Cu2+ by algal magnetic biochar (Cho
et al., 2013). Biochar prepared from Saccharina japonica and Sargassum
fusiforme contains a large number of oxygenated functional groups
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and has a high pH value, therefore they can efficiently remove Cu, Cd,
and Zn by adsorption from an aqueous solution (Poo et al., 2018).
Chen et al. (2018b) reported a the highest dye removal capacity at
800 °C using algal biochar. At neutral pH, cationic malachite green and
crystal violet dye were found to be adsorbed more than Congo red
anion owing to electrostatic attractions. At low pH, p-p donor-
acceptor interaction remained the adsorption mechanism, and at high
pH, negative charge-assisted H-bond was found to be the adsorption
mechanism. Biochar prepared from Chlorella sp. has a higher adsorption
capacity for p-nitrophenol due to the presence of abundant oxygen-
containing functional groups (Zheng et al., 2017; Chen et al., 2020).

Furthermore, Hung et al. (2020) used biochar synthesized from red
algae-Agardhiella subulata and performed remediation of 4-
Nonylphenol (4-NP). They found that sufficient catalytic sites (having
Ca2+ ions) provided by themineral phase of CaO, facilitated the electron
transfer reaction at the RAB surface towards catalytic 4-NP decomposi-
tion. Further, FTIR analyses of RAB revealed the presence of different
oxygen-containing functional groups (OFGs) viz. O\\H, C\\O\\C, C\\O
bonds, and\\COOH,\\COO\\groups. OFGs were found as active cata-
lytic sites and electron acceptors for 4-NP oxidation. Also, OFGs pres-
ence on the RAB surface enhanced the generation of HO according to
the following reactions, which further enhanced 4-NP degradation
(Hung et al., 2020).

RAB−OHþH2O2 ! RAB−O˙þHO˙þH2O ð1Þ

RAB−OOHþH2O2 ! RAB−OO˙þHO˙þH2O ð2Þ

RAB−OOHþH2O2 ! RA−OHþ H2Oþ O2 ð3Þ

Biochars have also been manufactured from C-phycocyanin ex-
tracted (C-CP) Spirulina residue (SDBC) via thermal pyrolysis (Ho
et al., 2019). Concurrently, N-doping was attained from the protein in



Table 4
Maximum biosorption capacity of algal biochars/engineered algal biochars for diverse contaminants.

Algal biochar Contaminant Biosorption capacity Reference

Undaria pinnatifida Cu2+ 125.85 mg g−1 Cho et al. (2013)
Anaerobically digested algae-dairy-manure
slurry

Cu2+ 50.71 mg g−1 Jin et al. (2016)

Gracilaria modified biochar (GMB)
Oedogonium modified biochar (OMB)

Mo
As
Se

GMB
Mo: 78.5 mg g−1

As: 62.5 mg g−1

Se: 14.9 mg g−1

OMB
Mo: 67.4 mg g−1

As: 80.7 mg g−1

Se: 36.8 mg g−1

Johansson et al.
(2016)

Laminaria japonica-derived biochar calcium
alginate beads

PO4
3− 157.7 mg g−1 Jung et al. (2016)

Enteromorpha compressa Cu2+ 137 mg g−1 Kim et al. (2016)
Spirulina platensis Congo red dye 51.28 mg g−1 Nautiyal et al.

(2016)
Ulva prolifera Bisphenol A 33.33 mg g−1 Lu et al. (2017)
Chlorella Cd 169.92 mg g−1 Shen et al. (2017)
Chlorella p-Nitrophenols 204.80 mg g−1 Zheng et al.

(2017)
Magnetically modified Enteromorpha prolifera Cr(VI) 88.17 mg g−1 Chen et al.

(2018a)
Ulothrix zonata Malachite green, Congo red, crystal violet 5306.20, 1222.50,

345.20 mg g−1
Chen et al.
(2018b)

Saccharina japonica
Sargassum fusiforme

Cu
Cd
Zn

98.60, 60.70, 84.30 mg g−1

94.10, 37.20, 43.00 mg g−1
Poo et al. (2018)

Marine macroalgae
Kelp
Hijikia

Cd2+

Cu2+

Zn2+

Kelp
Cd2+: 23.16 mg g−1

Cu2+:55.86 mg g−1

Zn2: 22.22 mg g−1

Hijikia
Cd2+: 19.40 mg g−1

Cu2+: 47.75 mg g−1

Zn2: 19.13 mg g−1

Son et al. (2018)

Vermiculite-modified algal biochar PO4
3− 159.4 mg g−1 Wang et al.

(2016)
Carbonized kelp biochar modified by KOH
impregnation

Methylene blue 324.1 mg g−1 Zhou et al. (2018)

Caulerpa scalpelliformis Remazol brilliant blue R, Remazol brilliant orange 3 R, Remazol brilliant viole
5 R, Remazol black B

0.178, 0.231, 0.217,
0.228 mmol g−1

Gokulan et al.
(2019)

Cladophora glomerata Cr(III) 87.1 mg g−1 Michalak et al.
(2019)

Spirulina sp. Tetracycline 132.8 mg g−1 Choi et al. (2020)
High-salinity Spirulina residue Hg(II) 12.7 mg g−1 Ge et al. (2020)
High-salinity Spirulina residue rhodamine B methylene blue Congo red methyl orange 421.93 mg g−1

370.24 mg g−1

287.89 mg g−1

177.32 mg g−1

Tan et al. (2020)

Enteromorpha prolifera Cr(VI) 95.23 mg g−1 Y. Wang et al.
(2020)

Chlorella Methylene blue
Congo red

113.00 mg g−1

164.35 mg g−1
Yu et al. (2020)

Magnetic Ulva prolifera biochar/sulfidated
Fe0 composite

Tetrabromobisphenol A (TBBPA) 27.4 mg g−1, Zhang et al.
(2020)

Eucheuma spinosum Red 120 dye 331.97 mg g−1 Gurav et al.
(2021)
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the algae for gaining a high-performance carbon catalyst for
peroxydisulfate (PDS) activation. The SDBC yielded large specific surface
areas, nitrogen loading, and good conductivity, with outstanding oxida-
tion efficiencies to widespread aqueous microcontaminants.

Three-dimensional graphene-like biochar derived from
Enteromorpha (EGB) was manufactured as a persulfate (PS) activator
for sulfamethoxazole (SMX) degradation (Qi et al., 2020). The graphitic
N in the EGB samples not only endowed the superior binding energy to-
wards SMX adsorption but also promoted the PS binding with the EGB,
whichwas crucial to the catalytic degradation of SMX in the EGB/PS sys-
tem. In another study, enhancedmacroalgal biocharswere fabricated by
co‑carbonization of macroalgae (Enteromorpha prolifera and Ulva
lactuca), ferric chloride, and zinc chloride (PGNBC). These hydrophobic
biochars possess large specific surface areas (up to 399 m2 g−1), high
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nitrogen doping (up to 6.14%), and a partly graphitized structure
(Cheng et al., 2020). This study described the sorption process as;
PAHs first sorb onto PGNBCs surface by pore filling, π–π stacking and
partition effect, and then transferred into interspaces of PGNBC through
same mechanisms.

H. Wang et al. (2020) synthesized an innovative biochar composite
infusedwithα-Fe2O3 in Fe(III)-ABC-20 (a hierarchical porous structure)
from Taihu blue algae through KOH combined pyrolysis. This novel bio-
char had a high specific surface area of 1657.8 m2 g−1 and abundant O-
containing functional groups on its surface. This biochar composite also
displayed 98.87% removal of chelated nickel from electroplating
wastewater.

The algal biochar reinforced trimetallic nanocomposite (AlBc TNC)
was fabricated using the facile greener microwave technique (Sharma



A. Singh, R. Sharma, D. Pant et al. Science of the Total Environment 774 (2021) 145676
et al., 2019). AlBcTNC was considered as a suitable adsorbent/
photocatalyst designed for the exclusion of malachite green (MG). The
study showed that the fabricated AlBcTNC has good adsorptional/pho-
tocatalytic potential towards the remediation of MG. 94% of MG dye
was removed by the adsorptional/photocatalytic process.

In a study conducted by Ge et al. (2020) for Hg(II) removal, calcium
and chloride minerals were observed to be formed in high-salinity Spi-
rulina residue (HSR) derived biochar (HSRBC). Based on dual-mode iso-
therm, surface sorption and precipitation of Hg(II) accounted for
75–88% and 12–25% uptake, respectively. Also, C\\O, C_O, and C_C
groups induced monodentate/bidentate complexation and reduction,
while Cl− triggered Hg2Cl2 precipitation.

7. Bioelectrochemical systemsusing engineeredand/or algal biochar

In some studies, it has been reported that biochar shows immense
compatibility in the promotion of interspecies electron transfer as well
as the formation of colonies by functional microorganisms (Luo et al.,
2015). On the same line, algal bloom derived biochar can be used as
an anode for extracellular electron uptake in Bioelectrochemical sys-
tems (BESs) and where Shewanella oneidensis act as a model
electricity-producing strain (Y.S. Wang et al., 2018). This biochar-
derived anode efficiently exploits both direct as well as mediated elec-
tron transfer pathways (ETPs). Furthermore, biochar-derived anode
shows high adsorption of the redoxmediator and amore powerful elec-
trochemical response in comparison to graphite plate electrodes.

Two differentmechanisms are speculated for higher biocurrent pro-
duction with biochar electrodes derived from an algal bloom. Firstly,
bacterial cells that attach onto the electrode surface under the facilita-
tion of algal biochar, contribute towards the direct transfer of electrons
between c-type cytochromes through redox reactions. Secondly, algal
biochar shows tremendous sorption capacity and electrochemical re-
sponse for redox mediator that in turn lead to indirect transfer of elec-
trons between electrodes and riboflavin during current generation
(doesn't matter whether following direct or indirect electron transfer
pathways) in comparison to graphite plate electrode (Y.S. Wang et al.,
2018).

A novel and innovative class of biochars i.e., e-biochar having tai-
lored conductivity and electron transfer properties are suggested for
Microbial electrochemical technologies (METs) application, owing to
its wide availability, biocompatibility, and complete recyclability at
end-of-life to be used as a soil amendment. e-biochar is also defined as
an environmentally-sustainable electron acceptor or donor in biogeo-
chemical oxidation-reduction reactions (Yuan et al., 2017). However,
long-term biochar remediation could decrease the functional microbial
community species. In such cases, the wasted biochar electrodes can be
used for soil-based application for possible improvement in the quality
of the soil. The direct interspecies electron transfer (DIET) also enables
microbial communities to gain energy from reactions that no microbe
can catalyze, a mechanism for substituting electrons during syntrophic
metabolism. Additionally, the anode biofilms will form electrically con-
ductive aggregates which can further enhance the bioelectrochemical
response of the e-biochar based system (Ramírez-Vargas et al., 2018).

The conductivity of e-biochar depends upon its structural order, like,
if the range of crystalline order is longer, the π-electrons are more
delocalized leading to high electrical conductivity. Similarly, electron-
donating O\\, N\\andmetals functionalities and high aromatic content
of the biomass increases the conductivity of e-biochars. Conductivity is
also increased by high temperatures (>600 °C), slow rates of heating,
and longer treatments owing to improvement of structural order
(Berenguer et al., 2016). Biochar can stimulate electron transfer more
effectively than highly conductive carbon materials viz. graphite and
coke and thus show increased removal of pollutants from polluted
water in electroactive biofilters (Prado et al., 2019).

To date, four different cell-surface redoxproteins are recognized that
are accountable for electron transfer across cell-surface of electroactive
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organisms. Out of four, cell-surface exposed cytochromes are prime cel-
lular components that interact with solid conductors. Exchange of elec-
trons with solid electron donors or acceptors outside the cell is allowed
with redox proteins that form conductive ET chains (Costa et al., 2018).
Also, various electroactive microorganisms utilize cellular structures,
like nanowires or pili to improve ET (Gorby et al., 2006).

Bioelectrodes can be fabricated by carbonization of lignocellulosic
biomass; their original 3-D shape is to be preserved during the
manufacturing process. Wild mushrooms, marine loofah sponges, corn
cobs are suitable for bioanode formation (Yuan et al., 2013; Li et al.,
2014). Air-breathing biocathodes can be derived from giant sugarcane
stems that act as microporous air-water separators; their original
shape is to be maintained.

Electroconductive granules can act as planktonic electrodes in a bio-
reactor. Electroconductive granules are fluidized in bioreactor and they
support microbial electroactivity there (Tejedor-Sanz et al., 2017). Elec-
trons are accumulated on the material from where they are discharged
to a collector site periodically by contact. Such a design in which
electroactivematerial is used and is conceptualized on constructedwet-
land is applied to the large-scale application of microbial electrochemi-
cal technologies (MET). This concept is called ‘METland’ in which
electroconductivematerial replaces the classical bed biofilter composed
of inert materials (Aguirre-Sierra et al., 2016).

Magnetic biochar (MBC) having olive-shaped pores, and functional
biochar (FBC) having a three-dimensional pore network can be derived
from Cladophora glomerata through activation by FeCl3 and KOH and
these biochars act as electrodes in supercapacitors. On treating FBC
with HNO3 and H2SO4, Fe composite biochar (FCBC) is obtained that
serve as electrodes in supercapacitors and shows significant electro-
chemical behaviors, demonstrating excellent cycle stability and high
specific capacitance. Furthermore, by using FBC as anode and iron
oxide/carbon composites as a cathode in 3 M KCl electrolytes, an asym-
metrical supercapacitor having elevated power and energy densities
can also be fabricated (Pourhosseini et al., 2018).

8. Conclusion and future challenges

An escalating curiosity in valuable biochar applications has created
multidisciplinary areas for scientific research and engineering.
Engineered biochar can be successfully applied in multiple areas such
as carbon sequestration, improvement of soil fertility, remediation of
water/soil environment, and storage of energy. Owing to its large sur-
face area and special structure, biochar has been efficiently used as a
sorbent for removing different contaminants, organic as well as
inorganic.

Costs for algal biochar production and its applications in removing
pollutants, being a sorbent depend upon various factors. These factors
comprise of type and availability of the feedstock; rawmaterial prepara-
tion; pyrolysis conditions and regeneration of biochar after its use
(Alhashimi and Aktas, 2017). Thus, a major challenge for future optimi-
sation of biochar use is, reduction of the number of chemicals used for
activating biochar means optimising biochar: modifying agent ratio
thereby minimizing production costs. Besides, strong oxidants like
acids, and alkalis used for modification during the production of
engineered biochars, impose a risk of secondary pollution to the envi-
ronment. As a solution, organic acids like tartaric acid, acetic acid, and
citric acid can be used as modifiers in a cleaner and greater production
of engineered biochars (L. Sun et al., 2015). Therefore, in near future,
the development of economic and environment-friendly chemical re-
agents for algal biochar modification needs further research in
relevance.

The impacts of engineered biochar on the chemical properties of soil
have been still studied but its effects on soil microorganisms have re-
ceived very low attention (Lehmann et al., 2011). Also, the application
of biochar as a soil conditioner changes the native microbial population
of soil. Engineered biochar also consist of clay minerals, nanomaterials,
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and graphenes that kill soil microbiota and causes toxicity to ecosys-
tems. Certain compounds in biochar are known as microbial inhibitors,
viz. benzene, methoxy phenols and phenols, carboxylic acids, ketones,
furans, and PAHs (Spokas et al., 2011; Lyu et al., 2016; Ghidotti et al.,
2017; Zhu et al., 2017). PFRs (including semiquinones, phenoxyls,
cyclopentadienyls, and phenols) generatedduring pyrolysis, also induce
toxicity to microorganisms (Truong et al., 2010). Thus, further evalua-
tion of risk management of engineered algal biochar composites is re-
quired before its large-scale environmental applications. e-biochar can
realize the promises of MET applications more interestingly. To attain
this objective, all the existing information on biochar such as its abi-
otic electrochemistry, surface material chemistry, and nanotechno-
logical information should be strictly in coherence with concepts of
bioelectrochemistry, molecular studies on electron transfer, and bio-
film ecology. In recent times, vast research has been carried out on
engineered biochars, still, these explorations are restricted in labora-
tories and field theoretical stage. Only a few studies are available on
the significant and extensive applications of engineered algal bio-
chars. Fabrication of engineered biochars at an industrial-scale and
processes of their specific applications are still in their infancy and
hence, need more engineering support and research in future times.

For the practical application of algal biochar, its production cost is
a key aspect that hampers its field application (Li et al., 2018). Thus,
novel investigations should search for compromises between the
biochar feedstock, methods used for modifications, and sorption ca-
pacities that reduce costs and enhances its technical applicability.
Algal biomass obtained from aquaculture, eutrophied natural water-
ways, marine resources can be employed as a feedstock for low-cost
biochar fabrication. The algal biochar thus produced could provide a
major stream for revenue generation shortly through carbon seques-
tration, energy generation, use as biosorbent, and soil amendment
(Bird et al., 2012).

To understand the physicochemical properties of algal biochar, its
characterization is imperative, as it will help determine its prospects.
For instance, in comparison to biochar generated at high temperatures
(>400 °C), one that generates at a temperature between 300 and
400 °C have high toxicities for PAHs, polychlorinated dioxins, and furans
(Lyu et al., 2016). The diversified VOC species adsorbed on biochar can
be the key reason responsible for many responses of soil microorgan-
isms to biochar. When present in optimum concentrations in fresh bio-
char, VOCs serve as a carbon source and support the survival of some
microorganisms (Bacillus mucilaginosus) (D. Sun et al., 2015), but
when the concentration exceeds the optimum limit, they can bring po-
tential toxicity to microorganisms (not species-specific) (Ennis et al.,
2012). Thus, the changes in the structure of the microbial community
triggered by biochar require additional study to assess the environmen-
tal risks and benefits of biochar application.

Future research work will primarily deal with optimization of feed-
stock type, pyrolysis temperature, type of modification that will furnish
a versatile group of engineered algal biochars suitable for remediating
an array of contaminants under diverse conditions. Furthermore,
microwave-assisted technology is also a potential approach in the pro-
duction of algal biochar that deservesmore consideration in near future.

While considering algal feedstock used for the production of
biochar, microalgae seem to be comparatively more potential can-
didate than macroalgae, given their ease of cultivation and harvest-
ing, and rapid growth. Thus, extensive research on various aspects
of microalgal biochar comprising production and modification pro-
cedures along with microalgal manipulations using uni- and multi-
omics techniques to obtain structurally improved bio-engineered
algal biochars with simultaneous generation of value-added prod-
ucts, is additionally recommended owing to the scarcity of data on
these aspects and to make this technology commercially more at-
tractive (Mishra et al., 2019). Further progression in the field of
engineered algal biochar will contribute towards the concept of
sustainability of the environment in near future.
20
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