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ABSTRACT

Compared with other biomass sources, the use of algae as a raw material to prepare biochar (BC)
has important advantages including safety, high yield and economy. The protein content of algae
cells is as high as 3.2 mg DCW/L, and the graphitic-N and N-O functional groups generated by the
pyrolysis of proteins could effectively activate free radicals. Combined with the generated pore
structure, the electron transfer/exchange capability was enhanced, which is conducive to improv-
ing its catalytic performance. Algae as a natural N source, the manuscript analyzed the surface
properties and physicochemical properties of algae-based BC, and investigated its degradation
effect on organic/inorganic pollutants in wastewater. Subsequently, the effect of nitrogen-doped
BC on the adsorption/catalysis capacity was discussed. Finally, the directed preparation of algae-
based BC applied in different scenarios was summarized. Algae-based BC has the property of
N doping, which broadens its application efficiency in the environmental field. Overall, this
manuscript reviews how to achieve efficient utilization of algae-based BC in wastewater.
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1. Introduction technology (Figure 1a) [2,3]. In particular, auto-
trophic  or  photosynthetic  algae  have

1.1. Algae a remarkable CO, fixation capacity, which is

Algae are the first photosynthesizing living
organisms on the primitive earth and according
to different metabolic modes, can be classified
into photoautotrophs, heterotrophs, mixotrophs,
and photoheterotrophs [1]. Algae absorb a large
amount of carbon dioxide (CO,) to produce
nearly half of the oxygen (O,) in the atmosphere
during their growth process, which is considered

even 50 times higher than that of terrestrial
plants (Figure 1b) [4]. It is estimated that algae
consume about 2.0 kg CO, for accumulating 1.0
kg biomass during their growth process [5,6]. In
addition, algae have good carbon dioxide toler-
ance. Chlorella, e.g. can thrive in carbon dioxide
with a concentration as high as 40% [7]. The
growth process of algae has a loose demand for

as an effective biological carbon capture nutrients and environment, and mainly includes

CONTACT Shih-Hsin Ho @ stephen6949@msn.com @ State Key Laboratory of Urban Water Resource and Environment, School of Environment, Harbin
Institute of Technology, Harbin 150090, PR China

© 2023 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which
permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been
published allow the posting of the Accepted Manuscript in a repository by the author(s) or with their consent.


http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/21655979.2023.2252157&domain=pdf&date_stamp=2023-09-02

2 (& X.TANETAL

Graesiella sp.
Namnochloropsis salina
Synechoccns nidulans
Spiralina sp.
Chilorella sp.
Chilorella kessleri
Chiorella valgaris
Scenedesmus obliguus
Spiruling platensis

Marinwaler
midcroakgae

Figure 1. (a) carbon enrichment mechanism and photosynthetic process of microalgae; (b) Species and percentage of microalgae
commonly used for carbon fixation. Reprinted and modified with permissions from Refs [2].

sunlight, organic or inorganic carbon sources,
fresh water, seawater, or wastewater [8,9]. In
particular, abundant nitrogen, phosphorus,
organic and inorganic matter in wastewater are
used as nutrient sources, which greatly reduce
the production cost of algae [9,10]. Compared
to most terrestrial plants, algae have the advan-
tage of being independent of soil requirement
and are able to grow in a wide range of aquatic
environments [11,12]. More importantly, algae
have high photosynthetic efficiency, strong car-
bon sequestration capability, and low nutrient

requirements, which make them exhibit
a higher yield even with a short life cycle and
a large number of biochemical compositions,
such as carbohydrates, proteins, lipids rich in
pigments, secondary metabolites, and polysac-
charides [13-15]. Therefore, how to rationally
utilize biomass resources, the use of algae for
bioremediation and the conversion of them into
value-added products such as bio-oil [1], soil
amendments [16], poultry feed [17], health-care
products [18], and cosmetics [19], which is the
issue worth considering with the backdrop of the
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Table 1. Main chemical components of algae.Reprinted and modified with permissions from refs [15].

Microalgae biomass Protein (%) Lipid (%) Carbohydrate (%) Moisture (%) Fixed Carbon (%)
Dictyopteris australis 1.34 33.12 9.70 - -
Stoechospermum marginatum 3.91 33.58 10.90 - -
Lyengaria stellata 2.84 31.96 11.73 - -
Sargassum linearifolium 1.93 29.82 8.93 - -
Stypopodium schimperi 2.48-11.53 - 1.12-3.15 78.45 -
Turbinaria turbinata .20-2.87 2.50-33.93 8.00-13.83 13.00 -
Haloplegma duperreyi .55 3.50 9.33 - -
Gracilaria gracilis 1.70 28.6 13.70 5.88 10.9
Spyridia filamentosa .14-1.10 - 1.71-2.20 87.55 -
Acanthophora nayadiformis 29-2.19 - 1.71-1.76 86.83 -
Halymenia venusta 143 34.81 14.13 - -
Halymenia floresii 12-2.46 - 0.95-3.05 95.00 -
Enteromorpha prolifera 1.1 51.4 11.8 7.99 49
Ulva lactuca 1.45 32,61 1217 - -
Ulva reticulata 2.50 3335 6.90 - -
Acrosiphonia orientalis 1.24 24.55 747 - -
Boodlea composita 2.51 33.93 6.35 - -
Cladophora glomerata 2.40 34.70 13.70 4.40 29.1
Microalgae 1.30-13.30 12.00-3.21 48.36-65.20 4.54 - 5.43-15.24
Spirulina platensis

Laminaria japonica 1.10 7.40 45.20 - 16.00
Nannochloropsis sp 3.00 19.20 40.80 4.01-7.00 10.38-19.6
Nannochloropsis oculata 14.46 6.87 23.95 8.38 4.74-5.17
Chlorella vulgaris 12.40-15.70 17.30-19.20 52.00-56.44 1.00-10.21 9.40-15.60
Chlorella sp. 34.00-42.70 2.50-7.00 9.42-15.50 4.13-13.70 10.10-18.50
Spirulina platensis 48.36-65.20 1.30-13.30 12.00-30.21 4.54-7.48 5.43-15.24
Laminaria japonica 45.20 1.10 7.40 - 16.00
Nannochloropsis sp 4.80 3.00 19.20 4.01-7.00 10.38-19.6
Nannochloropsis oculata 23.95 14.46 6.87 8.38 4.74-5.17
Chlorella vulgaris 52.00-56.44 12.40-15.70 17.30-19.20 1.00-10.21 9.40-15.60
Dunaliella tertiolecta 61.32 2.87 21.69 4.98 27.00
Cladophora sp. 24.60 5.80 24.80 5.91 16.70
Chlamydomonas reinhardtii 61.73 12.19 3.28 - 11.60
Chlamydomonas debaryana 59.40 19.90 10.10 2.70 -
Schizochytrium limacinum 14.00 51.00 24.00 - 1.70

-’ means not available.

gradual shortage of resources. The preparation of
biochar from algae has attracted the attention of
scholars from all over the world [20].

1.2. Biochar

Biochar (BC) is a kind of porous carbon material,
which is thermally obtained through transformation
from biomass under low temperature and anoxic con-
ditions [21]. The word, biochar, comes from two
words, biomass (bio) and charcoal (char) [22]. It is
well-known that the raw material source of BC con-
sists of a wide range of biomass such as fruit waste

[23], sawdust [24], wood [25], rice straw [26], and
other wastes. Biomass can undergo a series of reac-
tions such as isomerization, dehydration, decarboxy-
lation, depolymerization, and carbonization to
generate BC during the pyrolysis process. The advan-
tages of insolubility, stability, porosity, and aromatiza-
tion of BC play an important role in controlling and
remediating harmful environmental pollutants [27]. It
is recognized that the better hydrophilicity of the sur-
face of BC is conducive to the adsorption of heavy
metals, while the excellent hydrophobicity is favorable
for the adsorption of organic pollutants [27]. In parti-
cular, in recent years, BC has attracted more and more
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attention for the adsorption of heavy metals, pesti-
cides, antibiotics, microplastics, and organic pollu-
tants in water through different mechanisms such as
electrostatic adsorption, physical adsorption, and
hydrophobic force [28-31]. The adsorption perfor-
mance of BC is closely related to its surface para-
meters, such as specific surface area (SSA), surface
charge, pore size, and type of functional group, while
these physicochemical properties vary with the pre-
paratory conditions and biomass sources [28-31]. The
preparation of BC has mainly conducted the form of
thermochemical transformation (pyrolysis, thermal
cracking, and hydrothermal carbonization) by adjust-
ing various pyrolysis parameters (pyrolysis tempera-
ture, reaction time, and residence time) and/or by
post-treatment (modification and activation) to
improve its physicochemical properties, thereby
increasing its adsorption/catalytic capacity.
However, only a handful studies have focused
on the surface characteristics of algae BC,
including surface morphology, chemical compo-
sition and so on. In particular, information
about the correlation between the direct pre-
paration and the application of algal BC is
scarce in literature. Yu et al. [32] introduced
the influence of different algae (used as raw
materials) on the production of BC, summarized
their advantages and disadvantages, and finally,
confirmed their application potential for adsorp-
tion. Gan et al. [33] discussed the main mor-
phology of algal BC, however the application of
specific algal BC for different scenarios and uses
was  not  comprehensively = summarized.
Moreover, the characteristics and superiorities
of algal BC have not been explored in detail.
Therefore, this review analyzes the surface
morphology of algal BC, the chemical combina-
tion of algal biomass components, and the pre-
paration strategy of biochar, thus aiming at the
establishment of a particular preparation strategy
for algal BC and its subsequent application.
Furthermore, this review provides new ideas for
the transformation of waste algae/algal residue
from different sources, directional preparation of
functional algal BC, and their application pro-
spects. In addition, the specific chemical proper-
ties and advantages of ABBC are discussed for
improving its targeted application in the future.

2. Preparation and characteristics of algal BC
2.1. Biochemical composition of algae

Due to higher photosynthesis, algae contain abun-
dant hydrocarbons including pigments, secondary
metabolites, polysaccharides, and other bioactive
substances, such as phenols, aldehydes, ketones,
carboxylic acids and derivatives  [34,35].
Moreover, proteins (6-70%), lipids (2-50%), and
carbohydrates (4-64%) are the main components
of algae (Table 1)[15,36]. Biochemical components
of algae remain at a dynamic equilibrium and can
be cultured or genetically modified according to
various applications (Figure 2) [5]. Furthermore,
the pyrolysis temperature of biochemical compo-
nents is the main factor affecting the surface prop-
erties of ABBC. It has been reported that the
dehydration of biomass occurs at a pyrolysis tem-
perature of 25-200°C. In addition, carbohydrates
and proteins are decomposed at 200-500°C, while
lipids are dissolved at 350-550°C. Other compo-
nents of algal biomass are decomposed at 550-
800°C [36,37]. The hypothetical path of product
changes during the pyrolysis process, as shown in
Figure 3 [15,36].

It is worth noticing that the chemical transfor-
mation of protein has a great effect on the adsorp-
tion performance of ABBC. Tan et al. [6] found
that the prepared BC had a good adsorption capa-
city (287.89 mg/g) for sulfamethoxazole, which
was due to the high content (70%) of protein
decomposition in algal cells. The reason is that
proteins can be decomposed into aromatic hydro-
carbons (benzene, phenol, m-cresol, toluene,
xylene, and nitriles) and N-heterocyclic com-
pounds (graphitized-N and oxidized-N) through
pyrolysis [36,37]. The amino acid structure
becomes pyridine-N and pyrrorole-N due to dea-
mination or dehydrog [38]. The decomposition,
deoxidation and deamination of intermediate pro-
ducts can accelerate the formation of olefin [39].
Furthermore, significant decomposition of endo-
genous protein can produce nitrogen-containing
functional groups that are attached to the surface
of algal BC (Figure 3). Surface chemical properties
will affect its adsorption and catalytic properties,
which will be described in the following
discussion.
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Figure 2. Regulatory mechanisms for lipid formation in algal cells. Reprinted and modified with permissions from Refs [5].

Algal cells store carbohydrates in the form of
polysaccharides and oligosaccharides, which exist in
the form of anhydrous sugars and furfural in the
processes of deoxygenation, decarbonization, dehy-
dration, and lysis through high-temperature pyroly-
sis [40]. Various by-products including ketones,
aldehydes, acids, and alcohols are produced primar-
ily due to the decarboxylation and deoxidation.

These products can be converted into olefin com-
pounds through deep cracking, whereas some of
them can be converted into aromatic hydrocarbons
using cyclic reactions (Figure 3) [36,41].

Pyrolysis in algae cells is mainly represented by
polysaccharides and oligosaccharides. During the
pyrolysis process, triglycerides first undergo hydro-
lysis/cleavage reactions to generate long-chain fatty
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Figure 3. Hypothetical pathway for pyrolysis of algal components. Reprinted and modified with permissions from refs [36].
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acids due to the cleavage of acyl chains in the
glycerol molecule (Figure 3) [36,41]. Therein, the
decarboxylation reaction of saturated fatty acids can
produce ketones, alkanes, and alkenes. Unsaturated
fatty acids will be converted to volatile substances
(CO,, and CO), fatty acids, hydrocarbons, alkanes,
and alkenes due to the fracture of C=C bond at the
pyrolysis temperature of less than 400°C [42].
Steroids are carbonized through pyrolysis to form
polycyclic aromatic hydrocarbons and other stable
small molecules [43]. The pyrolysis products of
lipids are mainly alkanes, alkenes, and aromatic
compounds [41].

In summary, various products formed by the
decomposition of carbohydrates, proteins, and
lipids in algal cells will be loaded onto the sur-
face of BC in the form of functional groups
(Figure 1). The surface properties will be regu-
lated by intentionally changing the preparation
conditions, which will ultimately affect its
adsorption/catalytic performance.

2.2. Pyrolysis process for preparing algal
biochar

Compared with traditional biotechnologies such as
fermentation and anaerobic digestion, thermochemi-
cal conversion technologies including pyrolysis,
hydrothermal, microwave pyrolysis, and torrefaction

are currently the main methods for preparing BC
(Figure 4) [22,44]. These processes are carried out
under different conditions and media of heat treat-
ment, such as different biomass sources, pyrolysis
temperatures, and residence times, which affect the
yield of BC and its surface physicochemical proper-
ties. The surface of BC has a unique morphology and
properties, which can be tailored by mastering the
preparation method according to the characteristics
of algal biomass so as to enhance the selective
removal of pollutants (Table 2) [22].

2.2.1. Pyrolysis

Pyrolysis is a conversion technology for
preparing BC through heating (300-1000°C)
under the protection of inert gases, and involves
the processes of water loss, deoxidation, and
lysis of organic matter [32,45]. According to
the duration of pyrolysis and heating rate, it
can be divided into fast and slow pyrolysis pro-
cesses. Fast pyrolysis is a process within the
temperature range of 400-600°C with a heating
rate of more than 100°C/s and is usually used in
the production of bio-oil [46]. Slow pyrolysis is
also called carbonization since it attains high
yield of BC below 400°C with the heating rate
of 0.1-1.0°C/s. The chemical properties of the
surface of BC are closely related to the pyrolysis
parameters (temperature, heating rate, and

SLOW PYROLYSIS
Reaction conditions
300-700°C
In the absence of air
Target product

Biochar

By-product
Bio oil; Combustible Gas

FAST PYROLYSIS
Reaction conditions
350-700°C
In the absence of air
Target product
Biooil
By-product
Biochar; Combustible Gas

HYDROTHERMAL
CARBONIZATION

Reaction conditions
180-260°C
Target product
Hydrochar

TORREFACTION
Reaction conditions

200-300°C

In the absence of air
Target product

Biochar

By-product

None

Figure 4. Chemical pyrolysis technology for producing BC from algal biomass. Reprinted and modified with permissions from refs [22].



residence time) [47]. When the temperature is
lower than 300°C, although the surface mor-
phology of BC does not change significantly,
the rate of production of carbon can be as
high as 15-43% [39]. When the temperature is
higher than 350°C, the rate of production of
carbon will decrease due to the polymerization
of intermediate products [39]. When the tem-
perature is within 500-700°C, the gas escaping
from the pyrolysis process leaves abundant pore
structures on the surface of BC [6]. When the
pyrolysis temperature is higher than 700°C, the
degree of graphitization of BC increases [48].
Jung et al. [49,50] found that the adsorption
capacity of phosphate of ABBC decreased with
the increase of pyrolysis temperature, resulting
from the pore structure blocked by the inter-
mediates and the decrease of SSA at high tem-
perature. High-temperature pyrolysis of algal
biomass for preparing BC can change its physi-
cal and chemical properties and the pyrolysis
conditions will also change its structure and
composition, thus affecting the adsorption/cata-
lytic capacity and mechanism [51-53].

2.2.2. Hydrothermal liquefaction

Hydrothermal liquefaction (HTL) is one of the
main methods for rapid treatment of biomass. It
takes water as the reaction medium and involves
a series of structural and biochemical transforma-
tions of biomass [51]. Biomass is usually rapidly
converted into BC at the temperature of 180-
250°C and pressure of 2 MPa, whereas bio-oil
and biogas are produced as side-products due to
the depolymerization of by-products (organic
matter) [54,55]. Biogas is mainly composed of
hydrogen, carbon dioxide, carbon monoxide,
and methane, whose contents are 23.7, 19.1,
22.8, and 25.8%, respectively [56]. The significant
advantage of HTL technology is the use of envir-
onment-friendly water as a medium [51]. The
density, surface tension, and static dielectric con-
stant of water would decrease in an environment
with high temperature and high pressure, so that
the chemical bonds inside the biomass cells are
easily broken in water [51]. Compared with other
dry pyrolysis technologies, HTL can save the pre-
treatment time of biomass [57]. The operation
and the equipment for HTL are simple, and the
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process can be carried out in a batch autoclave,
a large batch reactor, or a continuous reactor [51].

2.2.3. Microwave pyrolysis

Microwave pyrolysis is a homogeneous heating
process, in which the electromagnetic waves
penetrate the walls of containers and directly
heat the biomass inside. It is considered to be
an efficient and suitable thermochemical con-
version technology for the disposal of large
biomass particles [15,58]. Different from tradi-
tional pyrolysis, the presence of water in raw
material is conducive to the microwave pyroly-
sis technology, because water has a strong abil-
ity to absorb microwaves, which can effectively
improve the heating efficiency [36]. In addition,
microwave absorbers and/or catalysts can be
used during the microwave pyrolysis process
for synthesizing certain products [59]. In this
process, a large amount of escaped biogas not
only increases the surface porosity of BC, but
also reduces the diversity of functional groups
[14]. In general, microwave heating technology
can obtain BC with higher yield. However, the
yield decreases with the increase in tempera-
ture, shortening of residence time, and increase
in microwave power [60,61]. Microwave pyro-
lysis is an environment-friendly technology that
prevents the wuse of and harmful
chemicals.

toxic

2.2.4. Torrefaction

Torrefaction is one of the main pathways to con-
vert biomass into BC, which is generally divided
into dry and wet processes. Dry torrefaction is also
called the mild pyrolysis or low-temperature pyr-
olysis, and usually occurs at the temperatures of
200-300°C under nitrogen atmosphere [62].
Various vital parameters of BC prepared using
dry torrefaction such as calorific value, energy
density, and carbon content are improved due to
the discharge of water [63,64]. Carbohydrates, pro-
teins, and lipids are retained in the algae cells.
Meanwhile, the torrefaction process will disrupt
their internal structures and have an impact on
the surface morphology of BC. The diversity of
functional groups (hydroxyl and carboxyl), hydro-
philicity/hydrophobicity,  porosity, and by-
products (benzene, and acetic acid) generated on
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the surface of BC could be changed during this
process [65]. Chen et al. [53] demonstrated that
the type of elements and functional groups on the
surface of BC were improved by torrefaction,
thereby promoting the adsorption performance
of BC. It is worth noticing that the torrefaction
process assisted by microwaves improves the heat-
ing efficiency, so that better heat transfer is
obtained, which can further promote the carboni-
zation of biomass [66,67]. Gan et al. [33] reported
that the microwave-assisted biomass carbonization
can improve the wear resistance, absorption of
moisture, and carbon yield of BC. Microwave-
assisted torrefaction technology with high opera-
tional feasibility not only improves the energy
efficiency and reduces costs, but also can be used
for large-scale applications [63,68].

2.3. Activation of algal biochar

The activation process is also important for the
direct preparation of adsorbents/catalysts. The pur-
pose of the modification is to improve the physico-
chemical properties of the surface of BC and further
change its adsorption/catalytic properties, including
SSA, pore volume, charge, elements, and functional
groups [69]. The activation process is mainly
divided into physical and chemical activations [34].

2.3.1. Physical activation

Physical activation mainly refers to the processing
of BC to increase its surface porosity through some
activation means (CO, and steam) within the pyro-
lysis temperature of 200-900°C. Physical activation is
safer and more environment-friendly than chemical
activation [70,71]. Carbon dioxide (CO,) is
a common activator, mainly used to guide the oxida-
tion reaction, and does not participate in the chemi-
cal changes of biomass pyrolysis process due to its
low activity. Therefore, it is also conducive to the
formation of pores on the surface of BC [72]. In
addition, various gases such as air, oxygen, and
ozone are also commonly used in the physical activa-
tion process. However, because air and oxygen are
combustible or oxidizing gases, high temperature will
lead to intense combustion on the surface of BC, due
to which, the internal porosity will not be achieved in
the biochar [72]. For ozone activation, the process
can not only provide acidic functional groups on the

surface of BC, but can also enhance the cation
exchange capability, which is conducive to the
adsorption of polar pollutants [72].

Steam activation is implemented within the tem-
perature of 200-800°C to mainly increase the adsorp-
tion capacity. This process contributes to the increase
in carbon content and the formation of mesoporous
and microporous structures on the surface of BC due
to the release of volatile gases [73,74]. For example,
Borchard et al. [75] reported that the carbon content
of BC increased by 10% (w/w) through the steam
activation process. As tar and other components can
be excluded in the process of steam activation, H and
O contents in BC decrease, which is manifested by
the decrease of H/C and O/C ratios [76]. Therefore,
the steam activation process also contributes to the
increase in aromaticity and the decrease in polarity
of BC [77].

2.3.2. Chemical activation

Compared with physical activation, there are more
chemical activation methods, and include oxidation,
amination, sulfonation, and impregnation. Among
them, acid (HNO;, HCI, H;PO,, and KMnOQO,), alkali
(KOH and NaOH), and oxidation (H,0O,) treatments
are the most popular ones [34]. The choice of activa-
tion method is determined according to the applica-
tion of BC. In general, alkaline activators facilitate
the generation of positive charges on the surface
of BC, while acidic activators contribute to the
appearance of negative charges. Researchers can
select different activators to promote the affinity
between BC and pollutants according to their
valences, so as to obtain satisfactory adsorption/cat-
alytic efficiency [78]. Moreover, porosity is a critical
factor for the adsorption/catalytic performance.
Trakal et al. [79] found that, after KOH activation,
the pore volume of BC increased from 0.01 mL/g to
8.74mlL/g. As a liquid activator, ZnCl, can be uni-
formly mixed with biomass. It penetrates the bio-
mass at low temperature, which also promotes the
expansion of pore volume in BC [80]. It has been
reported that BC activated by K,COj; exhibits excel-
lent adsorption performance due to the increase in
SSA. Zhu et al. [81] activated BC using K,CO3 and
found that the SSA of BC increased to 815m?/g,
rendering BC the capacity of 130.7mg/g for
naphthene’s adsorption. The main advantage for
the use of H,O, as an activator is not just the low



cost, but it also produces the degradation products of
H,O and O,, making it an environment-friendly
means of activation. Some studies have shown that
the affinity of H,O,-activated BC for herbicides
cyfluoxalol and clomazone was as high as 99% [82].
The introduction of metals can also improve the
adsorption capacity of BC. The ternary complexes
formed by endogenous calcium minerals in ABBC
through a metal bridging mechanism enhanced the
adsorptions of rhodamine B, methylene blue, Congo
red, and methyl orange [83].

2.4. Characteristics of algae-based BC

BC exhibits different properties (pore structure,
aromaticity, polarity, hydrophilicity/hydrophobi-
city, surface charge, and pH) that determine its
adsorption/catalysis efficiency due to the different
biomass sources and preparation methods.

2.4.1. Porous structure

SSA, BET, pore volume, and pore size are the
necessary parameters to investigate the adsorption
performance of BC. In general, with activation/
pretreatment, these parameters of BC are lower.
The BET of Chlorella sp. BC obtained by wet
torrefaction method is 2.66 mzlg [84], whereas
the BET of Spirulina sp. BC prepared by hydro-
thermal liquefaction method is 1.56 mz/g [85].
However, SSA, BET, and pore volume can be
modified, and the most direct approach to do so
is to increase them with the increase in pyrolysis
temperature. For example, the SSA of Spirulina
sp. BC increases to 2.63m”/g at the pyrolysis
temperature of 750°C [86]. The BET of Chlorella
sp. BC is 266 m*/g, whereas the pore volume is
0.61 cm>/g at the pyrolysis temperature of 450°C
for 60 min [27]. Compared with activated carbon,
the capacity of activated BC for the adsorption of
P-nitrophenol became higher by 140%, while the
adsorption capacity reached the value of 204.8
mg/g [87]. Moreover, it has also been reported
that the adsorption capacity of BC for aromatic
hydrocarbon pollution is positively correlated
with the SSA and the correlation coefficient is
0.897 [88]. It is worth noticing that, when the
pore size greatly exceeds the molecular diameter
of pollutants, the pores act as diffusion channels
and greatly reduce the adsorption capacity.
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Melanie et al. [89] found that, during the adsorp-
tion process of aromatic hydrocarbons, the diffu-
sion coefficient of carbon materials with a pore
size of 5.0 nm was twice that of the pore size of
1.8 nm. These results further prove that the
appropriate pore space can promote the adsorp-
tion process [90].

2.4.2. Aromaticity and polarity of BC

The carbonization process of algal biomass
involves deoxygenation, decarbonization, dehydra-
tion, cracking, and other reactions, which will be
deposited on the surface of BC in the form of
carbon, hydrogen, nitrogen, oxygen, sulfur, and
certain other elements [68]. Generally speaking,
the pyrolysis temperature lies within the range of
550-950°C with the heating rate of about 60°C/
min, which is conducive to increasing the carbon
content under the oxygen-limited conditions
[15,91]. The carbon content increases with the
increase in pyrolysis temperature, reaching the
value of 41.0-70.0 wt.% [13]. However, the con-
tents of hydrogen and oxygen in the ABBC will
greatly decrease [33], which is expressed due to the
decreased H/C and O/C ratios [53,68]. Therein,
the H/C ratio decreases faster than the O/C ratio.
Therefore, it has been reported that the increase in
pyrolysis temperature contributes to the improve-
ment of aromaticity and the reduction of polarity
of ABBC. In addition, the increase of pyrolysis
temperature enhances the stability of BC and
increases the number of oxygen-containing func-
tions, promoting the adsorption of nonpolar
organic pollutants [86,92,93]. It has been reported
that BC prepared from Spirulina as the biomass
source showed lower H/C and O/C ratios. The
prepared BC possessed excellent aromatability
and hydrophobicity, and its adsorption capacity
for tetracycline reached the value of 132.8 mg/g
[86]. However, the high O/C ratio in BC caused
by low pyrolysis temperature enhances its adsorp-
tion capability for heavy metals [27]. For example,
the adsorption capacities of Cr(VI), Zn(II), and
Ni(II) in BC prepared using this method were
found to be 1594 mg/g, 17.62mg/g, and 24.76
mg/g, respectively, which were twice those
achieved using the BC obtained by other methods
[27]. In short, the adsorption capacity of ABBC
can be adjusted through different pyrolysis
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methods to change its aromaticity, polarity, and
porosity.

2.4.3. Surface functional groups

The functional groups distributed on the surface
of BC largely determine its hydrophobicity/
hydrophilicity, surface charge, and therefore,
affect its adsorption/catalytic performance.
According to the elemental compositions of the
functional groups, it can be roughly divided into
oxygen-containing, nitrogen-containing, and
sulfur-containing functional groups. Oxygen-
containing functional groups are the most
widely studied and many reports have confirmed
that high content of oxygen-containing func-
tional groups in BC can promote its adsorption
capacity [94,95]. Therein, hydroxyl and carboxyl
groups are important functional groups that
determine the hydrophobicity and adsorption
mechanism of BC. The increase in temperature
during pyrolysis will destroy the contents and
existence of hydroxyl and carboxyl groups.
Zhang et al. [96] found that there were fewer
acidic functional groups (such as hydroxyl, and
carboxyl), while the yield of basic functional
groups (such as amine groups) increased in BC
obtained at higher pyrolysis temperatures. In
general, the reduction of oxygen-containing
functional groups will increase the hydrophobi-
city of the surface of BC, which results in the
resistance to humidity [90]. Therefore, it is help-
ful for the adsorption of hydrophobic organic
pollutants (antibiotics, dyes and polycyclic aro-
matic hydrocarbons) [92]. Similarly, high con-
tent of oxygen functional groups can increase
the hydrophilicity of BC, which can improve
the adsorption capacity of inorganic pollutants
such as heavy metals. In addition, other acidic/
basic functional groups (carboxyl, lactone and
phenolic  groups, sulfur-oxygen functional
groups, and nitrogen-oxygen functional groups)
in BC also participate in the chemical bonding
between ABBC and pollutants [93]. It has been
reported that nitrogen-oxygen functional groups
can significantly enhance the polarity of BC,
whereas sulfur-oxygen functional groups can
adjust its adsorption capacity [90].

2.4.4. Other properties

The surface of the ABBC generally exhibits
a distribution of C, H, and O elements, while
various other inorganic elements such as K, Ca,
Na, and Mg are also distributed on it. After high
temperature pyrolysis of these inorganic ele-
ments, inorganic salts will be formed on the
surface of BC, which renders it a higher pH
value (pH >7). Inorganic salts can be used as
endogenous pore-forming agents to create the
pores and channels in BC [48]. In addition, pH
value is the most obvious factor affecting the
properties of BC, whereas the effect on the sur-
face charge is the most obvious. When the pH
value of the solution is higher than the zero
charge (pHpzc), the negative charge on the sur-
face of BC is dominant. Under these conditions,
it becomes easier to adsorb metal cations [97].
When the pH < pHpzc, the positive charge is
dominant, and BC can easily adsorb metal
anions [90]. With the increase of pyrolysis tem-
perature, the decrease in functional groups such
as -COOH and -OH will be accompanied by
a decrease in negative charge on the surface
of BC [98].

3. Advantages and applications of algal
biochar

3.1. Catalyst

Advanced oxidation technology is widely used in
wastewater treatment. Free radicals (hydroxyl radi-
cal ("OH), sulfate radical (SO, ~) or singlet oxygen
(*0,)) produced by oxidation process are the main
factors for the degradation of organic pollutants
(Figure 5a) [37]. Generally, ABBC has abundant
surface functional groups and larger SSA, espe-
cially the effect of endogenous nitrogen impurity,
so that its surface has more flexible electronic
properties and stronger electron transfer/exchange
capability. Due to this, the ABBC exhibits efficient
degradation of organic pollutants [36,98]. Hung
et al. [99] focused on the removal of 4-nonylphe-
nol (4-NP) from marine sediments. Using red
algal BC (RAB) as the catalyst, it was found that
Ca®* ions effectively activated sodium percarbo-
nate and generated many active free radicals
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metal ions and metal oxides; (d) Introduction of catalytic mechanism of SMX in SDBCs/PS system. Reprinted and modified with

permissions from refs [37,48,99,100].

(Figure 5b). Moreover, various oxygen-containing
functional groups (O-H, C-O-C, C-O-, -COOH,
and -COO-) embedded on RAB surface not only
provided more catalytic sites, but also formed OH
groups with H,O, to further accelerate electron
transfer and promote the degradation of 4-NP
(Figure 5b). Compared with OH", SO,  has the
advantages of high REDOX potential and long
half-life, which can be produced by the excitation
of peroxydisulfate (PDS) or peroxymonomer
(PMS) [101,102]. Moreover, the excitation method
is relatively simple, which can be realized mainly
by heating, ultraviolet irradiation, and addition of
transition metals (Figure 5c) [100,103,104]. Ho

et al. [48] prepared an efficient catalyst of in situ
nitrogen-doped PDS using Spirulina residue BC
(SDBC) as raw material. SDBC is pyrolyzed at
high temperature for 45minutes to form an
N-C-based complex, which can achieve 100% cat-
alytic degradation of sulfamethoxazole (SMX).
This is due to the fact that SDBC carbonized at
high temperature has large SSA, which facilitates
electrons to shuttle between SMX and PDS, thus
exhibiting good electrical conductivity (Figure 5d)
(48]. Furthermore, the multi-dimensional pore
structure provides more contact sites for the inter-
action between pollutants and catalysts, realizing
the efficient catalytic degradation of SMX using
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SDBC through n-mt interaction between C=C pol-
lutant in SMX and benzene ring in SDBC [98]. It is
worth noticing that the highly nitrogen-doped cat-
alysts prepared by using algae as the raw material
provide strong support for the degradation of
organic pollutants in water. For example, Qi
et al. [105] used Enteromorpha (EGB) as the raw
material and K,CO; as the activator to form BC
with three-dimensional porous surface morphol-
ogy under high temperature. The graphite N in
EGB promotes the adsorption and binding of PDS
and SMX during the oxidation process, realizing
the efficient degradation of SMX [105]. Chen et al.
[106] synthesized an Fe/N co-doped algae-based
catalyst from the same source of EGB using oxy-
gen-limited pyrolysis and using KOH as the acti-
vator. Density functional theory (DFT) confirmed
that the nitrogen-derived structure of catalyst had
a good positive correlation with the removal of
organic matters in water (Figure 5c). In short,
the graphite-nitrogen structure formed by the cat-
alyst prepared from algal biomass can effectively
improve the catalytic activity of organic pollutants.
In addition, oxygen-containing functional groups
in algal carbon-based materials have irreplaceable
advantages for catalytic activity. Ren et al. [107]
showed that various oxygen-containing functional
groups such as carbonyl and carboxyl groups can
affect the m-m interactions between the catalysts
and the pollutants. A large number of oxygen-
containing functional groups will reduce the zeta
potential on the surface of catalyst [107].
Therefore, the adsorption of negatively charged
PDS and PMS can be achieved during the oxida-
tion process, since the surface of the algal carbon-
based catalyst has more oxygen-containing func-
tional groups with positive charges [107]. Qi et al.
[105] developed a novel algae-based carbon com-
posite  material using  Enteromorpha  as
a precursor, which was activated by KOH to
form a multi-dimensional pore structure (SSA of
1657.8 m*/g). The SSA of this composite material
was 90 times higher than that of the original BC.
In addition, the oxygen-containing functional
groups on the surface could effectively remove
nickel chelate and achieve the efficient degradation
of N,N,N,” N’-tetrakis (2-hydroxypropyl) ethylene-
diamine. The abundant functional groups of

ABBC and endogenous N doping are conducive
to the activation of PDS. The material preparation
process is simple, economical, and environment-
friendly, so that the catalyst prepared with algae as
a raw material is a good choice [42,98].

3.2. Adsorption of organic pollutants

It has been shown that the adsorption of organic
pollutants mainly depends on the surface mor-
phology and chemical properties of BC [36]. Tan
et al. [83] found that BC was formed under limited
oxygen at 700°C, whereas high-temperature calci-
nation rendered BC with a good capacity for
adsorbing various dyes (rhodamine B, methylene
blue, Congo red and methyl orange). The adsorp-
tion rate can be accelerated with the increase of
pyrolysis temperature [108,109]. Compared with
other algal BC derived from Ulva prolifera, the
SSA of N-doped BC with abundant pore structure
can be as high as 25.43 m*/g and its adsorption
capacity of bisphenol A can reach the value of
33.33mg/g [32,110]. Fourier transform infrared
spectroscopy (FTIR) spectra showed that a large
number of nitrogen-containing functional groups
on its surface participated in the adsorption of
bisphenol A. Zheng et al. [87] prepared BC using
Chlorella sp. Cha-01 as the raw material and its
adsorption capacity for p-nitrophenol was higher
than that of the original BC due to the strong
polarity resulting from sufficient oxygen-
containing functional groups on the surface of
modified BC. The adsorption of ionized organic
pollutants using BC is pH-dependent [111,112]. At
neutral pH, BC showed good adsorption effect on
malachite green and crystal violet dyes due to
electrostatic attraction. However, it did not show
obvious adsorption capacity for Congo red. At low
pH, the n-n donor-receptor interaction is the main
mechanism during the adsorption process. At high
pH, it is mainly manifested that the adsorption
mechanism of negative charge is assisted by
H-bonding [112]. In general, the mechanisms of
SSA and surface functional groups for the adsorp-
tion process mainly include pore filling, ion
exchange, polarity, electrostatic attraction, hydro-
philic/hydrophobic, and n-m interaction (Figure 6).
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3.3. Adsorption of inorganic pollutants

The growth environments of algae are mainly sea,
river, lake, and pond. The content of inorganic
salts in their cells is high, due to which, they
have a good tolerance for exogenous inorganic
salts. Therefore, inorganic salts are often used as
activators during the preparation of heavy metal
adsorbents using algae as the raw material.
Johansson et al. [113] used 12.5% (w/v) Fe** solu-
tion to modify Gracilaria sp. using slow heat deliv-
ery to obtain Fe-BC, which has good adsorption
effect for oxyanions of Mo, As, Se, and other heavy
metals (adsorption capacity of 78.5, 62.5 and 14.9
mg/g, respectively). With the Enteromorpha used
as the raw material, the adsorption of Cr(VI) by y-
Fe,03-activated BC was much higher than that of
the original BC and the maximum adsorption
capacity was 91.5mg/g. According to the FTIR
results, the electrostatic interaction induced by
surface -OH was the main mechanism for adsorp-
tion [114]. These studies show that the preparation
of iron-BC can increase the adsorption capacity
of BC and significantly improve the surface char-
acteristics of carbon materials, including pore
structure and surface functional groups. Poo
et al. [115] used Sargassum fusiforme as the raw
material to prepare BC containing a large number
of oxygen-containing functional groups, which can
effectively adsorb and remove Cu, Cd, and Zn

from aqueous solutions. This is not only due to
the negative charge on the surface of BC that can
interact with positively charged heavy metals, but
also due to the complexation between the oxygen
functional groups (-COOH and -OH) on the sur-
face of BC. In addition, the pH value of algal BC is
high and the precipitation is also the main factor
in improving the removal efficiency of heavy
metals. The pH value is always the key for the
adsorption efficiency. The studies have shown
that the increase in pH value in solution can
accelerate the adsorption and precipitation of
Cu(Il), which results in the formation of
Cu(OH)" and Cu(OH), due to hydrolysis [116].
Kim et al. [117] reported that BC prepared using
Enteromorpha compressa as the raw material
shows maximum adsorption capacity for Cu(II)
at the pH of 5.5. When pH<5.5, Cu®" is the
main form. However, when pH > 6, Cu®" is gradu-
ally transformed into Cu(OH)" and finally exists
in the form of Cu(OH),. Generally, at neutral pH,
the surface charge of unmodified BC is negative
and positively charged ions (such as NH**, Pb**,
Cu®*, Cd**, and Zn**) are easily adsorbed [118].
The increase in the adsorption capacity of BC is
also related to the change in porous structure and
surface functional groups, especially the existence
of oxygen-containing functional groups. Singh
et al. [22] prepared ABBC with alkali modification
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(2M potassium hydroxide) and its adsorption
capacity for Cu(Il) was 3.36 times higher than
that of the original BC. The reason is that the
SSA of modified BC was increased by five times
and the amount of surface functional groups was
also higher (-OH, -CH, C=0, C-C, and =C-H)
[22]. Wang et al. [119] synthesized a BC composite
material with an SSA of 1657.8 m*/g and abundant
oxygen-containing functional groups using cyano-
bacteria from Taihu Lake as the raw material and
KOH as the activator. The removal rate of chelated
nickel from electroplating wastewater was up to
98.87%. Wang et al. [120] used vermiculite to treat
algae and prepared BC with uniformly distributed
nano-SiO, particles. The material showed good
adsorption effect (159.42mg/g) for phosphate
through electrostatic interactions and adsorption
site interactions. For the Hg(II) adsorption [121],
it was observed that a large number of minerals
(calcium and sodium salts) were derived from
high-salinity spirulina residues during the prepara-
tion of BC. As the surface functional groups such
as C-O, C=0, and C=C participated in the com-
plexation and reduction of Hg(II), Cl™ induced the
formation of Hg,Cl, precipitates. In addition, BC
can also be modified by iron, magnesium, zing,
and other metals to promote its adsorption of
heavy metal/inorganic ion pollutants [56,122].
Algae-based BC can be effectively activated by
inorganic salts and the mechanism of removing
heavy metal/inorganic ions mainly includes elec-
trostatic interactions, precipitation, complexation
with surface functional groups, and ion exchange
(Figure 6) [22,36].

4. Conclusions

Compared with other biomass resources, algae
has certain advantages in terms of its safety,
economy, yield and source, and is a potential
biomass source for preparing BC, especially in
the field of sewage treatment. Algae come from
a wide range of sources, and high protein con-
tent is their common feature. Proteins can form
nitrogen-rich compounds on the surface of BC
after high-temperature pyrolysis. Pyridine-N,
pyrrorole-N and graphitized-N are the main
products of oxygen-restricted decomposition of
protein at high temperature. Previous studies

have confirmed that ABBC acts as a catalyst,
and its graphite-N and N-O functional groups
formed by endogenous N-doped can effectively
activate free radicals and promote electron
transfer/exchange capabilities. As the adsorbent,
in addition to the three-dimensional pore struc-
ture, the strong polarity shown by the presence
of sufficient oxygen-containing functional
groups on the surface of algal BC is the main
factor for enhanced organic adsorption. Oxygen
functional groups (-COOH and -OH) are mainly
involved in the complexation of inorganic pollu-
tants. It is an effective pathway to further realize
the high-value conversion of algal biomass to
fully grasp the endogenous nitrogen doping
characteristics of algae and prepare ABBC
based on the original preparation method for
various purposes.
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