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Abstract

Mitigation of toxic contaminants from wastewater is crucial to the safety and sustainability of the aquatic ecosystem and
human health. There is a pressing need to find economical and efficient technologies for municipal, agricultural, aquacultural,
and industrial wastewater treatment. Nitrogen-doped biochar, which is synthesized from waste biomass, is shown to exhibit
good adsorptive performance towards harmful aqueous contaminants, including heavy metals and organic chemicals. Incor-
porating nitrogen into the biochar matrix changes the overall electronic structure of biochar, which favors the interaction of
N-doped biochar with contaminants. In this review, we start the discussion with the preparation techniques and raw materials
used for the production of N-doped biochar, along with its structural attributes. Next, the adsorption of heavy metals and
organic pollutants on N-doped biochars is systematically discussed. The adsorption mechanisms of contaminant removal
by N-doped biochar are also clearly explained. Further, mathematical analyses of adsorption, crucial to the quantification
of adsorption, process design, and understanding of the mechanics of the process, are reviewed. Furthermore, the influence
of environmental parameters on the adsorption process and the reusability of N-doped biochars are critically evaluated.
Finally, future research trends for the design and development of application-specific preparation of N-doped biochars for
wastewater treatment are suggested.
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Highlights

e Recent research on adsorptive properties of nitrogen-
doped biochar are critically summarized.

e Adsorption and catalytic degradation of aqueous pollut-
ants by nitrogen-doped biochars are discussed.

e Current knowledge gaps are identified, and recommenda-
tions for future research are proposed.

Keywords N-doped - Nitrogen-enriched - Adsorption -
Wastewater - Mechanism

1 Introduction

Water is an absolute necessity for humans and other liv-
ing organisms. However, the water quality of rivers, lakes,
and other water bodies is deteriorating as harmful chemi-
cal substances are deposited due to human endeavors.
Toxic chemicals, such as heavy metals and organics, have
an adverse impact not only on aquatic living organisms
but also on the broader biological community (Guo et al.
2015). Heavy metals such as lead (Pb), copper (Cu), zinc
(Zn), nickel (Ni), cadmium (Cd) are elements with densi-
ties above 5 g/cm3 (Van Tran et al. 2018). Various indus-
trial processes, metal-plating facilities, tanneries, and other
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Contaminants

human activities discharge heavy metals into the environ-
ment. When present above the tolerance levels, heavy metals
can be detrimental to human health, causing cancer, anemia,
hallucination, insomnia, and many other problems (Ali et al.
2011; Al-Abachi et al. 2013). Besides, certain heavy metals
such as Pb and Cd are considered endocrine disruptors (Iavi-
coli et al. 2009). Similarly, organic chemicals such as dye-
loaded wastewater discharged mostly from textile industries
endanger environmental stability besides affecting aquatic
life. Dyes are complex and stable compounds whose natural
degradation is not quick and easy (Van Tran et al. 2018).
Thus, dyes tend to accumulate in water bodies. Even so, over
10% of 1 million tons of industrially used dye are discharged
as effluents into water bodies (Yagub et al. 2014). Although
strict emission standards are imposed by governing organi-
zations like the United States Environmental Protection
Agency (Chemical oxygen demand of 163 kg per tonne of
fabric), in reality, these values could be much higher. Thus,
it is imperative to develop effective and economical water
treatment technologies.

Various remediation technologies exist for pollutant
removal from wastewater, including ion exchange, reverse
osmosis, adsorption, precipitation, coagulation, electrodi-
alysis, electrolysis, advanced oxidation processes, and bio-
logical methods (Singh et al. 2018; Zhu et al. 2016). These
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remediation techniques have exhibited various degrees of
pollutant removal efficiencies. However, most of these pro-
cesses, such as electrolysis, electrodialysis, reverse osmosis,
ion exchange, and others, require a sophisticated setup and
high energy demand, increasing the costs (Ali and Gupta
2007; Singh et al. 2018). Other chemical techniques such
as coagulation and precipitation require the addition of
chemicals, provide low removal efficiency, and create the
burden of sludge treatment, and the biological methods are
relatively slower (Singh et al. 2018). On the other hand,
adsorption offers a practical and economical way of treating
wastewater, which is simple to operate and does not involve
any sophisticated process or instrument. In its simplest form,
adsorption involves the attraction and immobilization of a
given solute molecule (adsorbate) on the surface of a solid
(adsorbent) via physical (Van der Waals) and chemical (bond
sharing) interactions. From a process standpoint, the cost
of adsorption varies from 10 to 200 US$ per million liters
for treated water, which is very low compared to 10-450
USS$ per million liters cost incurred in reverse osmosis, ion
exchange, and electrodialysis. Most importantly, adsorp-
tion can be applied widely to remove soluble, insoluble, and
biological contaminants with a 90-99% removal efficiency
(Ali and Gupta 2007). Hence, there is a renewed interest in
developing adsorption-based water treatment technologies
to mitigate heavy metals, dyes, and other organic pollutants.

In the context of adsorption, biochar is an emerging
eco-friendly adsorbent for wastewater treatment (Tan et al.
2015). Biochar is a product of pyrolysis of waste biomass.
With the staggering progress in urbanization and industriali-
zation, the inevitable generation of undesired biomass waste
has exceeded its natural degradation capacity and requires
financial cost for proper disposal (Wan et al. 2020a). Biochar
preparation from waste materials could be a viable solu-
tion, as biochar has shown promising potential in several
fields, including soil amendment (Chan et al. 2008; Schmidt
et al. 2014), carbon storage (Fowles 2007), global warming
mitigation (Woolf et al. 2010; Meyer et al. 2012), energy
storage (Tan et al. 2017; Liu et al. 2019; Ehsani and Par-
simehr 2020), and wastewater treatment (Xu et al. 2014; Li
et al. 2017; Qambrani et al. 2017). As an adsorbent, biochar
has essential properties such as large specific surface area,
porous structure, and surface functional groups (Liu et al.
2015). The adsorption properties of biochars with various
preparation and modification processes have been exten-
sively reviewed previously (Premarathna et al. 2019; Wang
et al. 2019a; Zhang et al. 2020a; Cheng et al. 2021). Raw
or pristine biochar has limited specific surface area and sur-
face functionality compared to commercial activated car-
bon because of the nonstoichiometric nature of the original
biomass (Duan et al. 2018). Therefore, to enhance desir-
able properties in biochar, they must be modified appropri-
ately. Several modifications of biochar, including acid, base,

ozone, and other chemical treatments, have already been
studied and reviewed elsewhere (Rajapaksha et al. 2016;
Wang and Wang 2019).

In recent years, biochar modification via doping with
nitrogen has attracted interest (Fig. 1). The introduction of
heteroatoms such as nitrogen into the ordered sp*-hybridized
graphite structure modifies the original n-electron network’s
electronic charges due to the difference in electronegativity.
This creates localized imbalanced charged regions through-
out the carbon structure, forming an electroactive state which
can be exploited for various useful applications. For exam-
ple, nitrogen doping (N-doping) has been shown to improve
nanocarbon’s catalytic properties, facilitate nanomaterial
dispersion, and enhance the detection limit of sensors (Wan
et al. 2020a). N-doping on the biochar surface enhances
electron mobility and improves its hydrophobic character-
istics. Although the mechanism of N-doping on biochar is
still not very clear, nitrogen-doped (N-doped) biochar has
shown promising potential in the fields of adsorption (Qin
et al. 2016; Yang et al. 2017), advanced oxidation processes
(Xie et al. 2020; Xu et al. 2020; Zaeni et al. 2020), oxygen
electrocatalysis (Liu et al. 2014; Borghei et al. 2017), super-
capacitors (Li et al. 2012; Biswal et al. 2013), microbial
fuel cells (Huggins et al. 2015; Yue et al. 2015; Zhong et al.
2019), biofuels and bio-based chemical production (Dreyer
et al. 2017; Chen et al. 2018a). The role of nitrogen func-
tional groups on biochar surfaces, recent advancements of
biochar preparation, and potential applications of N-doped
biochars have been reviewed recently (Leng et al. 2019; Wan
et al. 2020a).
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Fig. 1 Publication trend on N-doped biochars in recent years. The
data was generated from the Web of Science database with search
string “TS = (“Nitrogen doped biochar” OR “N-doped biochar” OR
“Nitrogen modified biochar” OR “N-enriched biochar” OR “Nitrogen
enriched biochar”)” on February 10, 2021
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From a wastewater treatment perspective, N-doped bio-
char is being increasingly used as an adsorbent for the
mitigation of several pollutants, including heavy metals
(Chu et al. 2020) and organic compounds (Mian et al.
2019) from aqueous systems as well as acidic gases (Shao
et al. 2018; Han et al. 2019). Nitrogen functional groups
provide basicity to the biochar surface with diverse sur-
face functionality. Together with these properties, nitro-
gen functional groups on biochar have been demonstrated
to interact with the contaminants and immobilize them
on the surface of the adsorbents through various chemi-
cal pathways (Lian et al. 2016; Yin et al. 2019). Previous
reviews on N-doped biochar discussed its preparation tech-
niques, the effects of different preparation techniques on
the N-doped biochar properties, and the overall environ-
mental application fields of N-doped biochar (Leng et al.
2019; Wan et al. 2020b; Li et al. 2020). Thus, considering
N-doped biochar’s potential applications as an adsorbent
in wastewater treatment, a review summarizing recent
advancements in wastewater treatment via N-doped bio-
chars is warranted. No such review elucidating N-doped
biochars’ adsorption characteristics is currently available.
Therefore, in this review, we critically evaluate the adsorp-
tion performance of N-doped biochars towards aqueous
solutions of organic compounds and heavy metals based
on recently published articles. The underlying mechanisms
of contaminant interaction with N-doped biochars have
been discussed, along with the mathematical analyses of
adsorption processes, the environmental factors affect-
ing adsorption, and the recyclability of N-doped biochar.
To make the reader understand the complete picture, we
also included the various preparation routes and structural
properties of N-doped biochar in our discussion. Finally,

N-rich
biomass

al A

Biomass/ | A Modification
Pristine with b N-doped
pretreated bioch . bioch
biomass iochar nitrogenous iochar
chemicals

N-deficient
biomass +
nitrogeneous
chemicals/biomass

Fig.2 Preparation techniques of N-doped biochars
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suggestions were made for the future advancement of the
field based on the knowledge gaps.

2 N-doped biochar synthesis

Biomass is principally composed of cellulose, hemicellu-
lose, and lignin. Thermal energy is applied to the biomass to
rupture the bonds. As a result, a series of complex chemical
reactions, such as dehydration, dehydrogenation, and cycli-
zation, co-occur along with the removal of volatiles, result-
ing in a porous solid structure having amorphous regions
(Liu et al. 2015). Depending on the nature of feedstock, i.e.,
the inherent nitrogen content of biomass, further heat treat-
ment of biochar might be carried out in the presence of an
N-rich precursor to produce nitrogen modified (N-modified)
biochar. In this section, the feedstocks for preparing N-doped
biochar along with its synthesis routes are discussed. The
various routes of preparing N-doped biochars are summa-
rized in Fig. 2.

2.1 Feedstock for preparing N-doped biochar

N-doped biochars can be synthesized by pyrolyzing either
nitrogen-rich biomass or nitrogen-lean biomass supple-
mented with an external nitrogen source. Tables 1 and 2
outline different nitrogen-enriched biomasses and external
nitrogen sources used for preparing N-rich biochar, respec-
tively, along with the resulting biochars’ characteristics.
Many forms of waste biomass feedstock can be used for
the synthesis of N-doped biochars. However, it is neces-
sary to evaluate the doping efficiencies of these feedstocks
to achieve optimum N-doping.

A Pyrolysis / Hydrothermal carbonization /
Microwave assisted pyrolysis

a In-situ approach

b Post-treatment approach

b Modlf'!catlon Pretreatment - A
With of pristine Pristine Biomass
nitrogenous bﬁ:char biochar
chemicals
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Table 1 Characteristics of N-doped biochars produced from nitrogen-rich biomass

N-rich biomass

Processing conditions

C%; N% (wt%) Surface area (m?/g); pore N-functional groups

volume (cm3/g)

Refs.

Camellia sinesis

Iris sibirica L.

Bean dreg

Candida utilis

Human hair

Banana peels

Municipal sewage sludge

Watermelon rind

C-phycocyanin extracted

Spirulina residue

Water hyacinth

Chitosan

Green algae

T. angustifolia

Heated at 120, 160, 200,
240, and 280 °C for 2 h
under 0.4, 0.9, 1.9,4.4,

and 6.5 MPa

Pyrolysis temp: 900 °C;
Retention time: 2 h;

Atmosphere: N, gas

Heated from room tem-
perature to 800 °C in
30 min; steam activated

for 30 min; Atmos-
phere: N, gas

Pyrolysis temp: 700 °C;
Heating rate: 5 °C/min;
Retention time: 2 h;

Atmosphere: Ar gas

Pyrolysis temp: 700, 800,
900 °C; Heating rate:

2 °C/min,;

Retention time: 1 h;

Atmosphere: Ar gas

Hydrothermally treated
at 180 °C for 6 h; cal-
cined at 600 °C for 2 h

in N2 atmosphere

Pyrolysis temp: 400, 600,
800 °C; Heating rate:

5 °C/min; Retention

time: 2 h; Atmosphere:

N, gas

Pyrolysis temp: 400—
700 °C; Heating rate:

5 °C/min; Retention

time: 2 h; Atmosphere:

N, gas

Pyrolysis temp: 300—
700 °C; Heating rate:
15 °C/min; Retention

time: 1.5 h; Atmos-
phere: N, gas

Biomass mixed with
ZnCl,; Pyrolysis temp:
600-800 °C; Retention
time: 1 h; Atmosphere:

N, gas

Pyrolysis temp: 800 °C;

Retention time: 6 h;
Atmosphere: Ar gas

Pyrolysis temp: 800 °C;
Heating rate: 5 °C/min;
Retention time: 2 h;

Atmosphere: Ar gas

Pyrolysis temp:
600-800 °C; Heating

rate: 300-800 °C/s;

Retention time: 1-2 s;

Atmosphere: N2 gas

67.97;5.36 18.7; 0.080
NA NA
89.4;2.42 1004; 0.50

47.2; 4.66 47.1

85.28; 4.30 3015; 1.51

504; 0.5215
33.38; 2.46" 39.077-67.387;

0.0676-0.0884

NA NA
16.59; 0.77 117.90, NA
91.12; 5.47% 829;0.99
61.0; 10.0 1052; 0.1
NA 101; 0.54
NA 83.24; 0.095

Pyridinic-N, pyrrolic-N,
graphitic-N

Pyridinic-N, pyrrolic-N,
graphitic-N
Pyrrolic-N, pyridinic-

N, graphitic-N, and
oxidized N

Pyrrolic-N, pyridinic-N,
graphitic-N

Pyrrolic-N, graphitic-N

Pyridinic-N, pyrrolic-N,

graphitic-N

Pyridinic-N, pyrrolic-N,
graphitic-N

Pyridinic-N, pyrrolic-N,
graphitic-N

Pyrrolic-N, pyridinic-
N, graphitic-N, and
oxidized N

Pyridinic-N, graphitic-N

Pyrrolic-N, pyridinic-N,
graphitic-N

Pyrrolic-N, pyridinic-N,
graphitic-N

Pyrrolic-N, pyridinic-N

Ho et al. (2019)

Gao et al. (2016)

Chu et al. (2020)

Guo et al. (2020)

Liang et al. (2018)

Yuan et al. (2018b)

Zhao et al. (2017)

Zhong et al. (2019)

Ho et al. (2019)

Liang et al. (2018)

Yuan et al. (2018b)

Zhao et al. (2017)

Ling et al. (2017)
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Table 1 (continued)
N-rich biomass Processing conditions C%; N% (wt%) Surface area (m?/g); pore N-functional groups Refs.

volume (cm®/g)

U. prolifera

Human hair

Hydrothermally treated
at 200 °C for 4 h

Pyrolysis temp:

61.9;2.6

68.38;9.61°

25.43;0.121

2.533-50.40; 0.003-

NA

Pyridinic-N, pyrrolic-N

Luetal. (2017)

Gao et al. (2016)

300-700 °C; Heating
rate: 10 °C/min;
Retention time:
0.5-2.5 h; Atmosphere:
oxygen-limited
Pyrolysis temp: 63.05; 1.09%
300-700 °C; Heating
rate: 10 °C/min;
Retention time:
0.5-2.5 h; Atmosphere:
oxygen limited

Heated at 400 °C for
2.0 h with a heating
rate of 5 °C/min under
N, atmosphere; mixed
with KOH at different
ratios and activated at
700, 800 and 850 °C
for 1 h with a heating
rate of 5 °C/min under
N, atmosphere

Enteromorpha prolifera

Shrimp shell 91.30; 0.664

18.33-211.87; 0.015—

3171; 1.934

0.044

Pyridinic-N, pyrrolic-N  Gao et al. (2016)

0.082

NA Qin et al. (2016)

NA data not available
2 Atomic%

2.1.1 Nitrogen-rich biomass

Careful biomass selection is crucial for producing in-situ
N-doped biochars from N-rich biomass sources. Ideally,
such nitrogen-rich biomass should have a fair amount of N
content in its inherent macromolecular structure or overall
chemical composition (Wan et al. 2020a). Biochars derived
from nitrogen-rich biomass such as municipal and animal
wastes, algae, or weeds are likely to have a high N content
in their structure due to recalcitrant protein structures. Bio-
chars from these biomasses contain heterocyclic N moie-
ties, which could change the delocalized n-bonded and p
electronic environment of the aromatic carbon matrix by
regulating the electron charge density (Zhu et al. 2020a).
The characteristics of N-doped biochars produced from
nitrogen-rich biomass are summarized in Table 1.

Chu et al. prepared N-doped biochars using bean dregs,
which are high in protein content, for the adsorptive removal
of Cr(VI). Bean dregs were carbonized at 400 °C, steam
activated at 800 °C, and heated again at higher temperatures
to obtain N-doped biochar samples (Chu et al. 2020). The
authors reported the presence of pyridinic-N (0.74 wt%),
pyrrolic-N (0.18 wt%), graphitic N (1.11 wt%), and pyridine-
N-oxide (0.39 wt%) in the samples. Protein-rich biological
substances were also used to dope nitrogen on the biochar

@ Springer

surface. Ho et al. pyrolyzed C-phycocyanin extracted Spir-
ulina residue at 400, 700, and 900 °C to prepare N-doped
biochars for peroxydisulfate oxidation. The authors reported
pyrrolic-N, pyridinic-N, graphitic-N, and oxidized N formed
on the biochar surface (Ho et al. 2019). They also reported
an increase in the degree of graphitization with increasing
pyrolysis temperature, which was involved in the catalyst
activation. However, Xie et al. used N-rich yeast to produce
biochar at 600 °C for peroxymonosulfate activation and
reported that a high graphitization degree was not required
for the catalytic performance of N-doped biochar nanosheets
(Xie et al. 2020). The authors used molten salts in the pyro-
lyzing process to help retain nitrogen on the sheets. Alter-
natively, Gao et al. used keratin and algal-based biomasses
as precursors for the synthesis of N-doped biochars (Gao
et al. 2016). Human hair (keratin) and Enteromorpha prolif-
era (commonly available marine microalgae formed due to
eutrophication) were pyrolyzed at different temperatures and
holding times to produce N-doped biochars equipped with
pyridinic-N and pyrrolic-N on the surface. Guo et al. also
used hydrothermal carbonization to produce in-situ N-doped
biochar from Camellia sinensis for heavy metal ions adsorp-
tion (Guo et al. 2020). In addition to macroalgae, aquatic
weeds were also shown to successfully produce N-doped
biochars. Liang et al. utilized water hyacinth (a malignant
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weed) to produce an N-doped biochar cathode to degrade
dimethyl phthalate (Liang et al. 2018). The prepared samples
exhibited a high N content (7.71 atomic%) and manifested
excellent electrochemical performance due to the presence
of pyridinic-N and graphitic-N. Yuan et al. used a sol-gel
technique to prepare a series of high surface area N-doped
biochars with pyrrolic-N, pyridinic-N, and graphitic-N using
chitosan as a rich source of nitrogenous biomass to remove
heavy metals (Yuan et al. 2018b). Based on the results, it is
evident that nitrogen-rich biomass could be used as precur-
sors to produce N-doped biochars effectively. However, due
to inherent heterogeneity in biomass, it seems challenging
to precisely control the distribution of different individual
nitrogen components in the produced biochars. Moreover,
a comparative analysis on the retained % of native nitrogen
in the resultant biochar from different N-rich biomass could
be beneficial to evaluate the optimum N-doping efficiency
in relation to feedstock. Thus, future studies are suggested
regarding this aspect.

2.1.2 External nitrogen resources

For preparing N-doped biochars with external nitrogen
sources, different inorganic chemicals (e.g., ammonia gas,
ammonium salts, and nitric acid), organic chemicals (e.g.,
urea, melamine), and nitrogenous biomass (e.g., shrimp
bran, crab bran) have been used. For the biomass, e.g.,
wood, corncob, rice husk, which are nitrogen deficient, these
nitrogenous chemicals serve as the nitrogen source neces-
sary for doping onto the biochar. In contrast with N-doped
biochars produced from nitrogen-enriched biomass, the
nitrogen content in the biochars produced with external
nitrogen sources can be tuned by controlling the initial
amount of the nitrogenous chemical used in the reaction. On
the other hand, the molecular structure of these chemicals
and their thermal behavior must be taken into considera-
tion. Thus, the operational conditions for producing N-doped
biochars from external nitrogen sources might need to meet
stricter requirements. Depending on the biomass and nitro-
gen sources’ structure and the operational conditions, the
nitrogen concentration and bond configuration in the biochar
may vary. The characteristics of N-doped biochars produced
with external nitrogen sources are summarized in Table 2.
Ammonia purging has been used previously to incor-
porate N-functional groups in biochar. In addition, ammo-
nium salts have also been employed to synthesize N-doped
biochar. Different ammonia salts have been reported, e.g.,
ammonium chloride (Wang et al. 2018), ammonium hydrox-
ide (Xu et al. 2019), ammonium phosphate (Jin et al. 2020),
ammonium nitrate (Kasera et al. 2021), and others have been
used to synthesize N-doped biochar. These salts decompose
to form NH; during pyrolysis. Thus, it can be assumed that
these salts undergo similar transformations as NH; purging

(reacting with oxygen functionalities) to produce various
N-dopants on the biochar surface (Wan et al. 2020a). Zhu
et al. (2018) fabricated N-doped biochars with a high gra-
phitic-N content (61.7 atomic% of total N content) using
wetland plant (reed) and ammonium nitrate. The release
of NH; during pyrolysis with ammonium salts might also
favor the formation of microporous channels in the obtained
biochar.

Organic nitrogen additives have also been used in the
N-doping process. Oh et al. prepared N-doped biochars
with spent coffee grounds and urea at various pyrolyz-
ing temperatures and holding times (Oh et al. 2018). The
obtained N-doped biochars had pyrrolic-N, pyridinic-N,
and graphitic-N. With an increase in the temperature, the
graphitic-N content increased while the pyrrolic-N and
pyridinic-N content decreased, implying that at higher
temperatures, pyridinic-N and pyrrolic-N might have trans-
formed to graphitic-N. The N-doped biochars prepared by
urea activation are associated with a higher surface area of
the biochar due to the release of NH; to open the pores (Wan
et al. 2020a). Mian et al. used melamine and sewage sludge
to obtain N-doped biochars via a pyrolysis process (Mian
et al. 2020). The authors reported 9.5% N in the biochars
with a specific surface area of 261.7 m%/g.

Apart from nitrogenous chemicals, nitrogen-rich bio-
masses can also be used as the N-source to dope nitrogen.
Using nitrogen-rich biomass has the advantage of not using
chemicals in the process. Moreover, these biomasses can
be found as wastes in nature. For example, Yin et al. used
Trapa natans husk to prepare biochar via pyrolysis (Yin
et al. 2019). Aquatic animal wastes, shrimps, and crab bran
were used as N-precursors due to their high protein content.
According to the XPS results, the authors reported pyrrolic-
N and pyridinic-N-oxynitride on the biochar surface.

2.2 Pre-treatment

The pre-treatment of biomass (biomass treatment with
chemicals before biochar preparation) usually involves
surface oxygen modification to activate the biochar graph-
ite layer and provide reactive oxygen sites for subsequent
nitrogen incorporation. The defective carbon and oxygen
provide active sites for N-modification (Wan and Li 2018).
For example, ammonification of H,0O, preoxidized coco-
nut shell-based biochar resulted in an increase of nitrogen
content from 14.43 to 15.48 wt% compared to N-doped
biochar without peroxidation. Shafeeyan reported that air
preoxidized palm shell-derived biochar on ammonification
resulted in a significant N increase (0.3-4.6%) in biochar
with the formation of amide and pyridinic-N (Shafeeyan
etal. 2011). Air could be employed after pretreating biomass
with nitric acid (Kasnejad et al. 2012) or hydrofluoric acid
(Zhang et al. 2015) to enhance the formation of oxidized
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nitrogen functional groups on biochar surface. Later, during
pyrolysis, these oxygenated nitrogen functional groups are
decomposed, increasing the activity of ammonia molecules
and promoting the inclusion of N-functional groups (Sha-
feeyan et al. 2011). Potassium hydroxide pretreatment has
also been proven effective for enhanced N content in bio-
char. The pyrolysis of bamboo chips mixed with potassium
hydroxide improved the nitrogen content from 0.3 to 7.0%
in biochar (Chen et al. 2016).

In addition to biomass pretreatment, treatment of pristine
biochar with oxidizing chemicals followed by nitrogen modi-
fication has also been reported. Seredych prepared N-modi-
fied biochar by peroxidizing pristine biochar with nitric acid
followed by urea and melamine treatment at 950 °C. The
results showed that the nitrogen content of the preoxidized
samples increased from 5.9 to 8% after melamine modifica-

groups such as carbonyl and hydroxyl to produce N-func-
tional groups such as pyridinic-N, pyrrolic-N, and graphitic-
N. Thus, it is beneficial to have oxygen functionalities on the
biomass surface which provides the site for the ammonia
molecules to react. For example, Chen et al. reported that
carbonyl groups on the biochar surface reacted with NH;
through Maillard reaction accompanied by H, production
(Chen et al. 2016). According to Jin et al., carboxyl groups
might form H-bonds with NH; that favor N-doping (Jin et al.
2020). Mian et al. linked the formation of amino groups
(R-NH,) with the abundance of -OH groups in agar pow-
der that reacted with NH; molecules at high temperatures
(Mian et al. 2018). After initial reactions of ammonia with
the oxygen functionalities, the produced amino groups can
undergo further transformation into pyridinic-N, pyrrolic-N,
and graphitic-N species (Li et al. 2020).

Chriochar + NH; —» H* + C* + NH* + NH,* - H, + C — NH + C — NH, (1)

tion compared to samples without peroxidation (Seredych
et al. 2008). Biochar activated with carbon dioxide before
ammonification could also significantly enhance the nitrogen
content in biochar and show better adsorption performance
(Shao et al. 2018).

2.3 Post-treatment approach

In the post-treatment approach, the as-prepared biochar is
treated with N dopants to incorporate N in the carbon lattice.
This is achieved by thermal treatment of pristine biochar
with ammonia gas or nitrogenous chemicals as well as ball
milling treatment of biochar with nitrogenous chemicals.
The dual thermal treatment might result in the collapse of
biochar’s pore structure. Thus, the temperature of treatment
plays a vital role in shaping the resultant biochar’s proper-
ties. It has been reported that treatment of pristine biochar
with N-precursors at lower temperatures results in chemi-
cally unstable N species in carbon material, whereas stable
structural N is produced at higher temperatures (Li et al.
2020).

N-doping with ammonia gas purging is one of the most
common ways to incorporate nitrogen functional groups in
the biochar matrix. NH; treatment of biochar might intro-
duce amine-N groups, which can react with the O-functional
groups on biochar resulting in multiple N-functional groups
and increasing the overall nitrogen content of biochar (Mian
et al. 2018). The reaction occurs in the solid—gas interface
and leads to incomplete N-doping, which results in the for-
mation of aminated moieties on the surface, as shown in
reaction 1 (Hou et al. 2019; Wu et al. 2020). In the pro-
cess, free radicals, e.g., -NH, -NH,, -H generated at higher
temperatures (around 500 °C) may react with O-functional

@ Springer

During the ammonification process, the properties of
the resulting N-doped biochar are heavily influenced by the
thermal treatment temperature as well as residence times.
The reactivity between ammonia molecules and the carbon
frame is relatively low and requires a high temperature (Wan
et al. 2020a). It has been reported that 700-900 °C is the
effective treatment temperature for biochar ammonification.
For example, Zhang et al. modified biochar with ammonia
at different temperatures ranging from 500 to 900 °C and
found that the Sy of biochar increased with increasing
temperatures from 1.5 to 469 m*/g, and the N-content was
maximum at 800 °C (Zhang et al. 2016). This might be due
to the increased reactivity coupled with the introduction and
decomposition of nitrogen functional groups at increasing
temperatures. However, it is to be noted that due to gas
purging, a large percentage of nitrogen is wasted. Moreo-
ver, high-temperature reactions increase the cost of biochar
production with ammonia modifications.

In addition to ammonification, pristine biochars could be
thermally treated with nitrogenous chemicals for N-doping.
Seredych et al. modified wood-based biochar with urea and
melamine at 950 °C and reported an increase in nitrogen
content from 0.2 to 5.1% and 5.9%, respectively. However,
the N-speciation of the prepared biochars was different. The
results suggested that urea-treated samples had an abundance
of pyridinic-N, whereas melamine treatment was beneficial
for generating graphitic-N (Seredych et al. 2008). On the
other hand, Kasera et al. modified pine bark derived biochar
with melamine and urea at 450 °C and reported an increase
in N content from 0.37 to 8.3 and 2.9%, respectively, but the
results suggested that melamine treatment was beneficial for
pyridinic-N and pyrrolic-N formation while urea treatment
enhanced graphitic-N formation (Kasera et al. 2021). These
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suggest that factors such as treatment conditions, biochar
feedstock, as well as the chemical structure of nitrogenous
chemicals, influence the speciation of N-functional groups
in the modified biochar. Other than urea and melamine, Yang
and Jiang (2014) modified sawdust-derived biochar with sul-
furic and nitric acid for nitrification. The obtained solid was
refluxed with ammonium hydroxide, sodium thiosulfate, and
glacial acetic acid at 373 K for 5 h to obtain N-modified bio-
char (Yang and Jiang 2014). Wang et al. employed a graft-
ing technique with polyethyleneimine on bamboo-derived
biochar. The authors reported plenty of amine groups on the
surface of obtained biochar (Wang et al. 2020).

Apart from thermal treatment of pristine biochar with
nitrogenous chemicals, ball milling could also be employed
to incorporate N-functional groups on biochar surface. In
ball milling, mechanical energy moving balls are utilized to
break chemical bonds and produce fresh surfaces for reac-
tion. Xu et al. prepared pristine biochar from bagasse and
hickory chips at 450 °C and 600 °C. After ball milling with
ammonium hydroxide, the nitrogen content of bagasse bio-
char prepared at 450 °C increased from 0.3 to 1.79 wt%,
and hickory biochar increased from 0.97 to 2.24 wt%. The
incorporated N was located on the surface primarily in the
form of amine-N and nitrile-N obtained by dehydration of
oxygen-containing functional groups, as shown in reactions
2 and 3. However, the nitrogen contents of the biochars
produced at 450 °C (2.41-2.65 wt%) were higher than that
ofbiochars produced at 600 °C (1.18-1.82 wt%) (Xu et al.
2019). This may be explained by the depletion of oxygen
functional groups at higher pyrolysis temperatures leading to
a decrease in possible reaction sites for ammonia hydroxide
during ball milling treatment, inferring the importance of
oxygen functional groups.

2

—H,0 —H,0 —H,0
—COOH + NH, - H,0 = —COONH, — —-CO - NH,

2018b). The authors reported 10% nitrogen in biochar with
the successful introduction of pyrrolic-N, pyridinic-N,
and graphitic-N on the surface. Similar observations were
reported by Yu et al., who pyrolyzed municipal sewage
sludge at 400 °C to obtain N-doped biochar with 2.46%
N with pyrrolic-N, pyridinic-N, and graphitic-N species
(Yu et al. 2019).

Hydrothermal carbonization is another common tech-
nique of fabricating biochar. In this process, heat is applied
to biomass in water with elevated temperatures under
autogenous pressure. Although the specific surface area of
pyrolytically produced biochar is usually higher than that
of hydrothermally derived biochars, the surface functional
groups, which provide pollutant exchange sites, are fewer
(Gai et al. 2016). Biochar produced from hydrothermal treat-
ment of N-rich biomass also yields N-doped biochar. Lu
et al. produced N-doped biochar consisting of 2.7% N by
hydrothermal carbonization of the seaweed Ulva prolifera
at 200 °C for 4 h (Lu et al. 2017). Zhang et al. used pomelo
peels as both nitrogen and carbon source to produce hydro-
thermally derived N-doped biochar (Zhang et al. 2020b).

Both pyrolysis and hydrothermal carbonization have been
employed to produce N-enriched biochar from nitrogen-
deficient biomass and a one-step process. Gai et al. hydro-
thermally treated rice husk in the presence of nitrogen-rich
microalgae, Chlorella pyrenoidosa at 200 °C for 60 min.
The nitrogen content in the modified biochar increased from
1.28% (pristine biochar) to 7.37% (Gai et al. 2016). Lian
et al. pyrolyzed corn straw at 600 °C for 2 h under N, atmos-
phere (200 mL/min) and then switched to NH; atmosphere
(200 mL/min). The researchers used different activation pro-
cedures such as elevated temperatures (600-800 °C) and res-
idence times (1-3 h) to study the effects (Lian et al. 2016).

-C=N @

-2H,0
—OH + NH,.H,0 — —NH, 3)

2.4 In-situ approach

Pyrolysis is the most employed thermal technique to
produce biochar from waste biomass. In this process,
biomass is subjected to moderate to high temperatures
(350-800 °C) with little or no oxygen. The pyrolysis
parameters such as temperature, atmosphere, residence
time, and pressure affect the content and speciation of
nitrogen functional groups of biochar (Leng et al. 2019).
For nitrogen-rich biomass, the pyrolysis process alone
yields N-doped biochar. Yuan et al. pyrolyzed chitosan
at 800 °C for 6 h to produce N-doped biochar (Yuan et al.

Similarly, Zhu et al. mixed the stalk biomass in methanol
with different N precursors such as urea, ammonium nitrate,
melamine, yeast powder, and biopolymers of peptone (Zhu
et al. 2020b). After evaporating the solvent, the solids were
pyrolyzed at 450 °C for 90 min to obtain N-doped biochars.

Recently, microwave-assisted pyrolysis has also been uti-
lized to produce N-doped biochars. Carbon materials are
good microwave absorbents that are capable of converting
the absorbed microwave radiation to heat energy (Lam and
Chase 2012). Thus, biomass can be subjected to microwave
radiation in the absence of oxygen to produce biochar. Wang
et al. (2018) produced N-doped biochars by microwave
pyrolysis of Phragmites australis immersed in phosphoric
acid solution and mixed with either ammonium chloride
or ammonium acetate at 700 W (450 °C) for 15 min. The
obtained biochars contained pyrrolic-N, pyridinic-N, and
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graphitic-N structures. In a different study, the authors
employed the same technique to produce N-doped biochars
with different activators such as ammonium succinate,
ammonium tartrate, and ammonium citrate.

Thus, N-doped biochars can be fabricated using differ-
ent techniques (pyrolysis, hydrothermal carbonization, and
microwave process). Each of the processes has its own mer-
its and demerits (Additional file 1: Table S1). When com-
pared with the post-treatment route, the in-situ approach is
much simpler and has the potential to engineer biochars with
higher N content and stable N-functional groups. But the
pore structure of biochar is hard to control, and the yield
of biochar may be reduced due to simultaneous chemical
activation and N incorporation during pyrolysis. But com-
parative research on how these different techniques affect
the nitrogen surface functionality and, ultimately, the end
application has not been extensively undertaken yet, which
needs researchers’ attention.

3 Surface chemical heterogeneity
of N-doped biochar

Any adsorption process is significantly affected by the
surface properties of the adsorbent. Hence, to understand
N-doped biochars’ adsorption characteristics, it is impera-
tive to discuss their surface properties. N-doped biochars
are principally derived from biomass pyrolysis. Generally,
N-doped biochars are porous (meso and micro) carbona-
ceous materials having a high specific surface area with
oxygen and nitrogen-containing functional groups on the
surface. The structure of N-doped biochar is shown in Fig. 3.
Biochar surfaces exhibit both hydrophobic and hydrophilic
properties as well as acidic and basic characteristics at the
same time due to the heterogeneity of different functional

Oxidized-N

Pyridinic-N

—
)

\N/\/ Pyrrolic-N
NH
)\ N o
AN on

29
.

Fig. 3 Hypothetical structure of N-doped biochar
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groups present on the surface. The surface chemical het-
erogeneity arises due to the heteroatoms’ electronegativity
differences (O and N) relative to adjacent C atoms. The types
and extents of these surface functional groups depend pri-
marily on the nature of biomass feedstock, N-precursor as
well as pyrolyzing conditions.

Biomass mainly consists of cellulose, hemicellulose, and
lignin. Upon pyrolysis, the evaporable components, such
as H,0, CO,, NO,, HCNO, NH;, CxHyOz, and others, are
released, which is responsible for the porous characteristics
of biochars. Proper development of pore structure is cru-
cial to an adsorbent’s success. Although it is not clear how
feedstock may affect the surface area of N-doped biochar,
post modifications of biochar with nitrogenous chemicals
may lead to pore blocking resulting in a decreased surface
area (Li et al. 2020). Hence, different activation techniques
have been utilized to increase the surface area of N-doped
biochars. It has been reported that NH; activation can etch
the biochar surface by gas—solid reactions and increase
the pore volume and surface area of biochar. For example,
Zhang et al. reported an increase in N content and micropore
volume of ammonia activated straw-derived biochar sam-
ples from 1.37 wt% and 0.10 cm*/g to 6.11 wt% and 0.19
cm®/g (Zhang et al. 2016). In addition to ammonification, the
temperature of the reaction might also influence the surface
area of N-doped biochars. For example, Luo et al. reported
an increase in the surface area of N-doped biochar samples
with an increase in the reaction temperature (from 550 to
1000 °C) and residence time (2—-6 h) (Luo et al. 2014). Addi-
tionally, an increase in pyrolyzing temperatures also causes
an increase in the surface area. To quantify textural charac-
teristics such as surface area, total pore volume, or mesopore
volume, BET adsorption/desorption isotherm experiments
are carried out. Moreover, SEM and TEM images are used
frequently to visualize the physical morphology and porous
structure of N-doped biochars.

The origin of oxygen functionalities on the surface
of N-doped biochars can be linked to biomass as well as
N-precursors having oxygen in them. These precursors,
along with cellulose, hemicellulose, and lignin, undergo
depolymerization and several other complex pathways such
as dehydration, decarboxylation, aromatization, free radical
generation, intermolecular condensation, and rearrange-
ment to give rise to the solid biochar structure with oxygen
functional groups in them. Detailed mechanisms of these
pathways are reviewed elsewhere (Wan et al. 2020a). The
oxygen-containing functional groups commonly present on
the biochar exhibit both acidic and basic properties. The
acidic type groups include phenol, carboxyl, carbonyl, lac-
tone, and lactol, whereas chromene, pyrone, and quinone
type structures exhibit basic properties. The acidic and basic
oxygen functional groups on N-doped biochars can be quan-
tified using Boehm titration. Qualitative determination of
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these structures can be carried out via XPS and FTIR spectra
of the samples.

Nitrogen in biochar originates either from the inherent
nitrogen content of biomass (in the form of proteins) or
the external nitrogen sources. Various forms of inorganic
and organic nitrogen species can form depending on the
feedstock and processing conditions. Among the inorganic
forms of nitrogen, NH,-N, NO5-N, and NO,-N dominate
(Liu et al. 2018). The organic forms of nitrogen in biochar
include pyrrolic-N, pyridinic-N, amine-N, amide-N, nitrile-
N, graphitic-N, and others (Chen et al. 2018c; Yuan et al.
2018a). The organic forms of nitrogen mainly exist in het-
erocyclic rings due to a series of complex chemical reac-
tions between the inherent protein of biomass along with
other biomass components or between biomass and external
nitrogen sources (Leng et al. 2019). Moreover, the inorganic
N-functional groups can also convert to multiple heterocy-
clic rings. Organic N-functional groups have high thermal
stability. Among these, quaternary-N and pyridinic-N-oxide
are the most stable, followed by pyridinic-N and pyrrolic-N
(Tian et al. 2013; Leng et al. 2019).

The higher electronegativity of N (compared to C) in
biochar results in increased n-electron density favoring n—mn
electron donor—acceptor interaction (Zhu et al. 2020b). The
graphitic-N can act as an electron donor to facilitate a com-
plexation reaction with heavy metals. Moreover, electron
heterogeneity through N-doping also enhances the persul-
fate activation through sorption and electron donors’ pres-
ence. Besides, N having a lower electronegative than the
oxygen atom may introduce extra functional groups and
positive charges on the biochar matrix’s edges. Nitrogen
also enhances hydrophobicity in biochar (Zhu et al. 2020b).
These chemical properties of N-doped biochars, along with
their porous characteristics, make them a promising indus-
trial adsorbent for the remediation of pollutants.

4 Adsorption performance of N-doped
biochars

Adsorption is, essentially, the immobilization of contami-
nants on the adsorbent surface. It is imperative for an adsor-
bent to attract the pollutants overcoming the mass transfer
barrier between different phases. N-doped biochars have
been studied to test the removal of a wide range of toxic
contaminants, which can be broadly categorized into heavy
metals (Pb, Cd, Chromium (Cr), etc.), organics (atrazine,
methylene blue, acid red, etc.), and acid gases (CO,, SO,,
etc.). The aqueous contaminants (heavy metals and organ-
ics) present themselves in ionic forms or as charged parti-
cles, providing opportunities to tailor the surface properties
of adsorbents to contain opposite charges, thus facilitating
attractive interactions for the removal of these contaminants

from the solution. Besides surface properties, the adsor-
bents’ porous characteristics are also of great importance
as they provide a path for the diffusion of the contaminants
from a liquid or gaseous phase to the solid adsorbents. As
discussed in Sect. 3, N-doped biochars have diverse sur-
face functionalities with a porous structure. N-doping also
enhances the basicity on the biochar surface, which assists
in electrostatic attraction (Wan et al. 2020b). These factors
promote the adsorption of a wide range of contaminants on
N-doped biochar, making it a promising industrial adsor-
bent. However, N-modified biochars’ surface and porous
characteristics depend on preparation conditions. For exam-
ple, preparing biochars at high temperatures enhances the
porous characteristics because of the volatilization of organ-
ics, but it compromises surface functionality (Abbas et al.
2018). Therefore, to achieve optimal removal performance
by N-doped biochars, a balance between their surface func-
tionalities and pores is desired.

4.1 Adsorption of heavy metals

Heavy metals are toxic to humans as well as aquatic species
(Ali et al. 2011; Al-Abachi et al. 2013). Thus, it is crucial to
find economical and environment-friendly routes for heavy
metal removal from industrial effluents. The electroactive
moieties on the biochar surface play a pivotal role in the
adsorption of metals. The basic sites introduced by N-doping
provide unpaired electrons to undergo complex formation
with metals. Thus, N-doped biochars exhibit good adsorp-
tion affinities towards heavy metals. The adsorption char-
acteristics of heavy metals by N-doped biochars are sum-
marized in Table 3. Mian et al. reported Cr(VI) adsorption
capacity of 142.9 mg/g on NH; activated agar derived bio-
char due to improved electrostatic attraction by N-dopants
(Mian et al. 2018). N-doping could also enhance the hydro-
philicity of biochar which provides better contact opportu-
nity between metal ions in solution and biochar surface. Yu
et al. studied the adsorption of Cu®* and Cd** on N-doped
biochars (Yu et al. 2018). NBC800-3 (carbonization tem-
perature: 800 °C, retention time: 3 h) achieved 97.7% and
88.1% removal of Cu>* and Cd** respectively, from solution
within 1 h, which indicated a strong binding affinity of heavy
metals towards N-doped biochars. The authors opined sur-
face complexation with graphitic-N and surface OH groups
to be the governing adsorption mechanism. The maximum
adsorption capacities for Cu*" and Cd*" were reported to be
146.8 mg/g and 197.8 mg/g. The adsorption capacities did
not correlate well with either the total nitrogen content or
the Sper of the sample. However, a positive correlation was
reported between the adsorption capacities and graphitic-
N content of the sample (R?>=0.948 for Cd**, and 0.727
for Cu®*, respectively). Moreover, a significant decrease in
graphitic-N after adsorption was confirmed by XPS analysis
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were responsible for Cr(VI) reduction to Cr(III). These stud-
ies suggest that N-doped biochars have a promising poten-
tial to be used as an industrial adsorbent for heavy metal
removal.

4.1.1 Heavy metal adsorption mechanism

The removal of heavy metals by N-doped biochars cannot
currently be explained by a single straightforward mecha-
nism (Table 3). This is due to the presence of surface func-
tionalities on biochar in varied chemical forms. However, it
is widely regarded that the heavy metal adsorption by bio-
chars is not much affected by the porous characteristics (Yu
et al. 2018). Hence, the adsorption is largely dependent on
the surface functionalities, which interact with the heavy
metals through different routes, including complexation, cat-
ion-pi bonding, ion exchange, electrostatic interaction, and
precipitation. These mechanisms are visualized in Fig. 4.

Complexation Complexation is the most widely reported
mechanism for removing heavy metals by N-doped biochars
(Table 3). Complexation requires the formation of multi-
atom structures through specific metal-ligand interactions.
The partially filled d-orbitals of transition metals (e.g., Cd,
Cu, Ni, and Pb) have a high affinity for ligands (Crabtree
2009). The nitrogen present in N-doped biochars can share
their lone pair electrons to these partially filled d-orbitals of
the heavy metals, forming a complex-coordinate structure.
In addition to N-functionality, surface oxygen-functional
groups of biochar (e.g., carboxyl, phenolic, and lactonic)
can bind with metals through complexation (Mohan et al.
2007; Liu and Zhang 2009).

Cation-n bonding Cation- 7 interactions between heavy
metals and N-doped biochars have also been reported (Yuan

+ M2+
m? .. Precipitation
o T Complexation

N

>:

AN Cation-mt
‘ bonding
. M*
‘ NH
G = AN o
Z F
OH
G G F
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NSF \0' -
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Fig.4 Heavy metal adsorption mechanisms by N-doped biochar
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et al. 2018b; Yu et al. 2018). It is the non-covalent bonding
interaction between the face of an electron-rich & system and
the adjacent cations governed by electrostatics. N-doping can
enhance the cation-n interaction between biochar and heavy
metals. For example, the electron-donating amino group
(-NH,) can strengthen the cation-x interaction (Mecozzi
et al. 1996). Moreover, heterocyclic structures like pyrrole
also contribute positively towards cation-nt bonding by incor-
porating the lone pair electron of nitrogen in the aromatic sys-
tem. However, pyridine does not contribute to aromaticity but
withdraws electrons from the aromatic ring due to nitrogen’s
electronegativity, weakening the cation-x binding ability (Ma
and Dougherty 1997).

Precipitation Precipitation involves the formation of solid
products, either on the biochar surface or in solution during
the adsorption process. It is considered one of the princi-
pal mechanisms for the removal of heavy metals by biochar
adsorbents. Metals like Cu, Zn, Ni, and Pb are more likely to
precipitate on biochar surfaces than other elements (Inyang
et al. 2016). It has been reported that alkaline biochars may
induce metallic species’ precipitation (Inyang et al. 2010).
Although N-doping is not directly related to precipitation,
it enhances biochar basicity and may aid in the precipitation
of heavy metals on the biochar surface. For example, Yang
et al. reported precipitation to be one of the mechanisms for
removing Cu ions from solution by amino-modified biochars
(Yang and Jiang 2014).

Ion exchange Another possible mechanism for heavy
metal immobilization by biochars is through the exchange
of ionizable protons/cations with the dissolved metallic con-
taminants. Ion exchange capacity is influenced by the size
of the contaminant as well as biochar surface functionality.
Surface functionalities control the cation exchange capacity
(CEC) of biochars. A high CEC is indicative of the enhanced
metal removal potential (Rizwan et al. 2016; Ali et al. 2017).
Yin et al. reported Ni removal from solution by N-doped
biochars through ion exchange mechanism (Yin et al. 2019).
The possible reactions are as follows:

surface — NH, + H" < surface — NH;L 4)

surface — NH + Ni** & surface — NH,Nit + H* (5)

Electrostatic interaction Electrostatic interaction occurs
between the deprotonated surface oxygenated groups (e.g.,
phenolic and carboxylic groups) and metal ions. This is
highly dependent on the pH of the solution and the point
of zero charges (PZC) of the biochar, which is discussed in
detail in Sect. 6.1. The possible reaction between metal ions
and deprotonated oxygen functional groups can be written
as follows (Yin et al. 2019):
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surface — OH < surface — O~ + H* (6)
surface — O~ + M** & surface — O"M** @)
surface — COOH < surface — COO™ + H* 8)
surface — COO™ + M** & surface — COO~M** 9)

4.2 Adsorption of organic chemicals

Similar to heavy metals, organic chemicals, including dyes
and pharmaceuticals, in water bodies are detrimental to the
natural environment. N-doped biochar has been studied for
organic chemicals removal from water as well, which is sum-
marized in Table 4. It has been reported that the content of
nitrogen in biochar correlated positively with the adsorp-
tion of organic pollutants. For example, Yang et al. modified
biochar with LiNO;, which resulted in an increase of nitro-
gen from 1.03 to 4.28% in biochar, improving adsorption of
atrazine from 268 to 283 mg/g due to interaction between
N-functional groups (N-H, C=N, and C-N) and atrazine
(Yang et al. 2017). Similarly, an increase in nitrogen con-
tent from 2.3 to 8.4% in biochar enhanced the formaldehyde
adsorption capacity from 3.27 to 14.34 mg/g, probably due
to the reaction between formaldehyde and amine functional
groups on biochar (Lee et al. 2013; Shen and Fan 2013). Lu
et al. studied the adsorption of bisphenol A on Ulva prolif-
era based N-doped biochar. More than 90% of bisphenol A
was removed in the first 4 h (Lu et al. 2017). The adsorption
capacity reached 9.19 mg/g in these 4 h and then saturated
at 9.92 mg/g in 24 h. Adsorption followed second-order
kinetics and the Langmuir model. Based on the Langmuir
model, the maximum adsorption capacity was found to be
33.33 mg/g. The increased basicity of biochar due to N-dop-
ing facilitated its affinity towards acidic bisphenol A. It was
also reported that the adsorption capacity increased from
33.3 to 84.19 mg/g when the temperature increased from
25 to 45 °C, indicating the endothermic nature of the reac-
tion. Li et al. studied phenol adsorption on corn stalk and
urea-based biochar and reported an adsorption capacity of
95.9 mg/g (Li et al. 2019). Both Lewis acid—base interac-
tions, as well as n—r electron donor and acceptor (EDA)
interaction, were responsible for the removal of phenol. Urea
had an activating effect on the porous characteristics of bio-
char. Phenol was adsorbed rapidly in the first 60 min and
then slowed between 60 and 480 min. The authors reported
that equilibrium was achieved after 720 min. XPS analysis
of spent biochar suggested that the content of pyridinic-
N and pyrrolic N decreased from 2.1 and 4.0 to 1.8 and
3.2%, respectively, after phenol adsorption, suggesting a
possible reaction between phenol and N-species. Yin et al.

studied the adsorption of 2,4-DCP using in-situ N-doped
biochar modified with shrimp and crab bran (Yin et al.
2019). Both shrimp and crab modified samples showed a
superior adsorption ability towards 2,4-DCP with adsorp-
tion capacities of 863.24 mg/g and 728.69 mg/g, respec-
tively. Changes in amino group intensity in the FTIR spec-
tra of spent carbon suggested that the amino group might
enhance 2,4-DCP adsorption. In addition to amino groups,
C-0 and C=0 groups also participated in the adsorption
reaction. Wang et al. studied the adsorption of acid red-18 on
ammonium acetate-activated N-doped biochar (Wang et al.
2018). The sample’s adsorption capacity was reported to be
115.83 mg/g with an equilibrium time of 11.6 h. XPS analy-
sis on spent N-doped biochar samples revealed a reduction
in the pyrrolic-N content ratio from 64 to 58.30%. Besides,
the pyridinic-N peak shifted to lower binding energy sug-
gesting that pyridinic-N interacted with acid red 18. These
studies indicate that N-doped biochar is effective for remov-
ing a wide range of organic chemicals, likely for a variety
of reasons.

4.2.1 Organic pollutant adsorption mechanism

Analogous to the heavy metal removal mechanism by
N-doped biochars, the removal of organic chemicals by
N-doped biochars cannot be explained by a simple mecha-
nism as well. Unlike metals, organic pollutants are more
nucleophilic because of their electron-rich molecular
arrangements, which provide opportunities for N-doped
biochar to promote adsorption via i—t EDA interaction as
well as Lewis acid—base interactions. Moreover, doping
nitrogen on aromatic carbon rings of biochar creates posi-
tive holes due to electronegativity differences which may
also attract electron-rich organic pollutants. However, the
adsorption of organics on N-doped biochars depends both
on the pore characteristics as well as surface functionalities.
The mechanisms of organics removal by N-doped biochars
are summarized in Fig. 5.

Pore filling The physical attributes of adsorbents, includ-
ing the specific surface area, total pore volume, micro, and
mesoporous channels, influence their adsorptive properties.
Thus, the existence of micropores (<2 nm) and mesopores
(2-50 nm) on biochar surfaces govern the applicability pore-
filling mechanism in the adsorption of organic pollutants
(Pignatello et al. 2006; Nguyen et al. 2007; Hao et al. 2013).
The mesopores provide the channels for diffusion of the pol-
lutants, thus reducing the mass transfer resistances, while the
micropores provide the space for the adsorption of these con-
taminants (Wang et al. 2018). Generally, adsorbents having
pore sizes 1-2 times higher than the adsorbate show good
adsorption performance (Lorenc-Grabowska et al. 2016).
Hence, depending on biochar’s type and physical attributes,
pore-filling mechanisms can facilitate the removal of both

@ Springer
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Fig.5 Organic chemical adsorption mechanism options by N-doped
biochar

polar and nonpolar organic contaminants. In the adsorption
of phenol by a corn stalk-derived N-doped biochar, the sur-
face area and pore volume decreased by 32.6% and 31.6%,
respectively, after adsorption (Li et al. 2019). Similar obser-
vations were reported in a study involving removal of acid
red 18 using ammonium acetate activated N-doped biochar
where the pore volume of different samples decreased by
16.18-28.26% after adsorption (Wang et al. 2018). Although
pore filling is not the principal mechanism involved in the
removal of organic pollutants via N-doped biochars, these
results suggest that a well-developed porous biochar surface
might provide additional advantages alongside an abundance
of functional groups in the pollutant removal process.

Hydrogen bonding Hydrogen bonding is a particular type
of dipole—dipole attraction that occurs between a hydrogen
donor and acceptor. Hydrogen donors are the electronegative
molecules such as nitrogen, oxygen, and fluorine to which
hydrogen is covalently bound. On the other hand, hydrogen
acceptors are other electronegative molecules having a lone
pair of electrons. These hydrogen donor and acceptor func-
tional groups (-NH,, —-OH, —COOH, etc.), present on the
surface of N-doped biochars, can immobilize organic pol-
lutants through hydrogen bonding. For example, Yin et al.
reported the existence of hydrogen bonds between 2,4-DCP
and O/N functional groups on N-doped biochars (Yin et al.
2019). Similarly, Yang et al. discussed hydrogen bonding
to be one of the responsible chemical interactions to adsorb
atrazine on N-doped biochar (Yang et al. 2017).

n—n electron donor and acceptor (EDA) interaction n—x
EDA interactions are essential for the adsorption of planar
aromatic pollutants on graphene-like biochar surfaces (Wang
et al. 2017). According to Spokas (Kurt 2010), a tempera-
ture > 1100 °C is required for the complete graphitization
of biochar. However, incomplete graphitization leads to
irregular sharing of charge between the aromatic rings of

@ Springer

biochar. This results in either an increase or decrease of elec-
tron density, forming & electron-rich or & electron-deficient
regions inside biochar. These electron-rich or deficient sys-
tems can either donate or accept electrons from aromatic
contaminants through the 7~ EDA interactions. N-doping
on biochar may enhance these interactions. For example,
Wang et al. reported that nitrogen functional groups with-
drew the m-electrons from the graphene layer, creating posi-
tive surroundings, which might act as n-electron-acceptors
and interact with n-electron-enriched aromatic rings of acid
red 18 (Wang et al. 2018). A similar interaction was reported
by Li et al. where phenol acted as a n-electron donor in a 1—n
EDA interaction facilitated by nitrogen functional groups on
biochar (Li et al. 2019).

Lewis acid—base interaction In addition to the n—t EDA
interactions between N-doped biochar and organic pollut-
ants, Lewis acid—base interactions have also been reported.
N-doped biochar contains moieties that can donate electrons
(N-functional groups, O-functional groups) and act as Lewis
bases. On the other hand, the electron withdrawal effect of
nitrogen may create Lewis acid surrounding as well. XPS
studies of N-doped biochar after adsorption of organic pol-
lutants revealed changes in contents of N-functionalities
and a shift in the binding energies, which indicates Lewis
acid-base interactions (Wang et al. 2018; Li et al. 2019).

Electrostatic interaction Electrostatic interaction involves
the attraction of opposite charges from the ionizable func-
tional groups of organic pollutants and biochar’s surface.
Similar to heavy metals, the electrostatic removal mecha-
nism of organics through biochar is also dependent on solu-
tion pH.

4.3 Catalytic degradation of organic pollutants
by N-doped biochar

In addition to adsorption, advanced oxidation processes
(AOPs) could also be employed to remove organic pollutants
via N-doped biochar. AOPs utilize appropriate catalysts and
oxidizing agents (e.g., persulphates, peroxides, and ozone) to
potentially reach complete removal of the pollutants under
suitable reaction conditions (Wan et al. 2020b). Various car-
bonaceous materials such as graphene, carbon nanotubes, and
biochar are investigated for their electrochemical properties to
be used as catalysts in AOPs. The presence of nitrogen func-
tionalities on the biochar surface is a desirable property for
catalytic persulphate activation (Ho et al. 2019). For example,
unpaired electrons of pyridinic-N and pyrrolic-N could cap-
ture the electrophilic peroxide molecules (Duan et al. 2018).
Additionally, due to the electronegativity difference between
N and C atoms, the peroxide molecules could be adsorbed on
positively charged C atoms and accept electrons from adjacent
nitrogen. Graphitic-N with n-type conduction enhances the
catalyst reactivity towards electron acceptor molecules (Zaeni
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et al. 2020). Moreover, it has been reported that the presence
of nitrogen functionalities could lower the dissociation energy
threshold of peroxide O—O bond (Duan et al. 2018). N-doped
biochar enhanced the removal rate of different pollutants by
catalytic persulphate activation such as orangeG (Zhu et al.
2018), hyaluronic acid (Xu et al. 2018), sulfadiazine (Wang
et al. 2019b), and tetracycline (Zhong et al. 2020). Although
N-doping enhanced pollutant degradation, researchers have
attributed different N-functionalities for the catalytic activ-
ity in their reported work. For example, Wang et al. are of
the opinion that pyrrolic and pyridinic N are responsible for
the enhancement in sulfadiazine removal ability (Wang et al.
2019b), while Yu et al. reported that pyridinic-N and gra-
phitic-N were related to increased tetracycline removal ability
(Yu et al. 2019). According to Zhu et al. (2018) Graphitic-N
showed better catalytic activity towards removing orange G
(Zhu et al. 2018). However, it is to be noted that the catalytic
activity of biochar for persulphate activation does not entirely
depend on the nitrogen functionalities but also on the pore
structure and surface area (Leng et al. 2019). Also, the reaction
rate for pollutant degradation could be significantly influenced
by operational parameters such as catalyst loading, peroxide
dosage, and pH. Thus, further research is needed involving
systemic studies elucidating the effect of these factors on pol-
lutant degradation as well as the mechanism of nitrogen func-
tionalities in catalytic activities to improve performance.

5 Adsorption characteristics
5.1 Adsorption isotherm

Adsorption equilibrium provides vital information for the
complete understanding of adsorption processes (Ayawei
et al. 2017). Adsorption isotherm describes the mathematical
relationship between the equilibrium concentration of solute
or adsorbate on the surface of adsorbent and the concentra-
tion of solute in its solution (Sahu and Singh 2018). Hence, a
complete understanding of adsorption isotherms is critical to
elucidate the adsorption mechanisms and pathways for effec-
tive designs of adsorption systems (El-Khaiary 2008). Several
isotherm models have been proposed for analyzing adsorp-
tion equilibrium data, including Langmuir, Freundlich, Sips,
Redlich-Peterson, and others (Sahu and Singh 2018). Among
them, Langmuir and Freundlich’s models are the most popular
for explaining the adsorptive removal of contaminants from
wastewater by activated carbon (Wu et al. 2009). The equa-
tions for different isotherm models are provided below (Inyang
et al. 2016):
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where, g,(mg/g) is the equilibrium loading of pollutant on
biochar, C,(mg/L) is the aqueous concentration of pollut-
ants at equilibrium, g,,,, is the maximum monolayer adsorp-
tion capacity (mg/g), b (L/mg) is in relation to the binding
energy, K, (L/mg) is the Freundlich adsorption capacity, 1 /n
is the adsorption intensity, K, (L/mg) is Sips equilibrium
constant, ag is the Sips model constant, fis is the Sips model
exponent, K, and K, are Redlich—Peterson isotherms con-
stants, and f is the isotherms exponent.

Langmuir model assumes uniform monolayer adsorp-
tion of solutes on a homogeneous adsorbent surface having
a number of specific adsorption sites (Beni and Esmaeili
2020). As evidenced by Tables 3 and 4, the adsorption
behavior of a variety of pollutants, including organics and
heavy metals, has been fitted with the Langmuir model.
Chu et al. studied the adsorption of Cr on bean dreg-derived
N-doped activated carbons at different initial concentrations
ranging from 0.5 to 8 mmol/L. The corresponding correla-
tion coefficient, R?, was found to be higher for the Lang-
muir model (0.992) than the Freundlich model (0.843) (Chu
et al. 2020). Similar results were obtained by Gai et al., who
studied Cu ion adsorption on N-doped biochar (Gai et al.
2016). Langmuir model provided a better fit for adsorption
of Cd, Pb, and Zn ions as well on N-doped biochars (Yuan
et al. 2018b; Guo et al. 2020). Apart from heavy metals, the
adsorption of sulfamethazine and chloramphenicol is also
better explained by the Langmuir model on shrimp shell-
derived biochar (Qin et al. 2016).

Freundlich isotherm is another commonly used model to
evaluate adsorbent performance, which, unlike the Langmuir
model, assumes multilayer adsorption on the heterogene-
ous adsorbent surface (Beni and Esmaeili 2020). Adsorp-
tion characteristics of several dyes are well described by the
Freundlich model. Lian et al. reported adsorption of acid
orange 7 and methylene blue on corn straw derived biochar
modified by ammonia gas to be better explained by the Fre-
undlich model (Lian et al. 2016). The adsorption of acid red
18 on a wetland plant-based biochar also yielded similar
results (Wang et al. 2018). Yang et al. studied the removal
of atrazine using wheat straw-derived biochar and reported
that the Freundlich model provided a better fit for the experi-
mental data (Yang et al. 2017). Apart from organic pollut-
ants, the adsorption properties of Cu and Cd on N-doped
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biochars were also well described with the Freundlich model
(Yu et al. 2018).

Other isotherm models were also used to study the
adsorptive properties of N-doped biochars. Removal of Cr
using N, P-codoped biochar showed a better fit towards the
Sips model over Langmuir and Freundlich isotherms (Chen
et al. 2018b). Mood et al. fitted phosphate removal data by
fiber derived char on four isotherm models. The R? values
suggested that Redlich-Peterson and a combined Lang-
muir-Freundlich model provided better fit than Langmuir
and Freundlich model (Mood et al. 2020). Besides these
conventional isotherm models, which describe the solid-lig-
uid interaction, gas—solid interactions are better explained by
the deactivation model, which considers the diffusion resist-
ance created by a dense product layer on a solid adsorbent
(Suyadal et al. 2000; Park et al. 2007). The adsorption of
CO, and SO, on N-doped carbon was fitted with a deactiva-
tion model, and corresponding adsorption capacities were
calculated (Zhang et al. 2014; Shao et al. 2018).

5.2 Adsorption kinetics

It is well known that the adsorption of a solute on adsor-
bent in a solid-liquid system involves several steps,
which include(1) transfer of solutes from the bulk to the
adsorbent surface; (2) diffusion of solute molecules through
the boundary layer to the adsorbent surface and from the
adsorbent surface to its interior pores;(3) inter ac tion of
solute molecules with active sites. Adsorption kinetics
provides valuable information about these processes and
the physical and chemical characteristics of the adsorbent
(Tan et al. 2015; Tan and Hameed 2017). Thus, adsorp-
tion kinetics helps determine the adsorption mechanism,
which may involve the mass transfer and chemical reactions
(Kotodynska et al. 2012; Boutsika et al. 2014). Several math-
ematical models, such as pseudo-first-order (PFO), pseudo-
second-order (PSO), intraparticle diffusion (IPD), and the
Elovich model, have been developed to evaluate adsorption
kinetics. The equations for these models are given below
(Inyang et al. 2016):

PFO : q,=q,(1-¢™) (14)
kQQezt
PSO : q = —*—
“= T kyq,t as)
Elovich : g, = %ln(aﬁt +1) (16)
IPD : q, =K\t +c (17)
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PFO and PSO are the most commonly used models to
fit adsorption data by N-doped biochars. The PFO model is
the simplest and earliest form of all adsorption kinetic mod-
els, which describes the rate of adsorption in liquid-phase
systems. PSO models are used when a chemical reaction
is involved between adsorbate and adsorbent. Although the
present adsorptive studies with N-doped biochars evaluate
both PFO and PSO to fit the data, the data are explained
better by the PSO model, as seen in Tables 3 and 4. Accord-
ing to Gupta and Bhattacharya (Sen Gupta and Bhattacha-
ryya 2011), PFO may apply on the initial 20-30 min of the
adsorption process, after which the model might not fit the
entire range of adsorption data. The PSO model’s prevalence
in various adsorption studies (Tables 3 and 4) reiterates the
importance of surface functionalities on N-doped biochar
in pollutant removal. Most of the studies involving adsorp-
tion characteristics of N-doped biochar considered reaction-
based kinetics to explain the phenomena, probably due to
the prevalence of the interaction between nitrogen-surface
functionality and the contaminants. However, the reaction-
based kinetic models alone do not necessarily capture the
complete picture of adsorption kinetics as the particle dif-
fusion process, which has an important effect on adsorption
kinetics, is out of consideration (Kumar and Gaur 2011).
Thus, there is a dearth of literature focusing on the diffusion
kinetics of adsorption processes by N-doped biochars, and
future studies are suggested on this topic.

5.3 Adsorption thermodynamics

Thermodynamics plays a vital role in elucidating the under-
lying mechanisms of adsorption processes. The thermody-
namic parameters such as enthalpy change, AH®; entropy
change, AS°; and change in Gibbs free energy, AG® can be
derived from the isotherm model constants, which explain
the relation between the thermodynamic properties of the
adsorption system and the isotherms (Inyang et al. 2016).
These parameters can be estimated with the following
equations:

K ==
e (18)
AG® = —RTInK, (19)
AG° = AH® — TAS° (20)
AS°®  AHC
Ik, = =2 —
nK, = == - = @0

where, K, (1/g) is the adsorption equilibrium constant, R(J/
mol K) is the universal gas constant, and 7' (K) is the abso-
lute temperature.
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Apart from endothermicity (enthalpy positive, increase in
adsorption with an increase in temperature) and exothermic-
ity (enthalpy negative, decrease in adsorption with increase
in temperature) of the adsorption processes, these thermo-
dynamic parameters can provide additional insights into the
molecular level phenomena of the adsorption systems. For
example, a change in the absolute value of enthalpy greater
than 100 kJ/mol suggests covalent bonds forming through
chemisorption (Tong et al. 2019). Similarly, free energy
change can also distinguish physisorption (—20 to 0 kJ/mol)
or chemisorption (—400 to — 80 kJ/mol) (Inyang et al. 2016).
However, a few adsorption studies involving N-doped bio-
chars reported thermodynamic characteristics of the adsorp-
tion process, which are summarized in Tables 3 and 4. For
example, Chen et al. reported endothermic adsorption of
Cr(VI) on N-doped biochar (Chen et al. 2018b). Similarly,
the adsorption of bisphenol A on U. prolifera based N-doped
biochar was also endothermic (Lu et al. 2017). An adsorb-
ate requires energy to break hydrogen bonds for diffusion
through water and to replace the pre-adsorbed water mol-
ecules on the adsorbent. Energy is needed for the diffusion
of adsorbates inside the adsorbent’s porous network as well
(Tong et al. 2019). Supplying external energy might facili-
tate these processes, and the adsorption capacity increases
with temperature. However, additional research is needed
to ascertain this.

6 Effect of experimental parameters
on the adsorption

6.1 Effect of solution pH

The solution pH is an essential parameter for optimizing
the adsorption processes. Along with the surface charge of
adsorbents, it also affects the degree of ionization and the
speciation of adsorbates (Regmi et al. 2012; Zhang et al.
2013; Tan et al. 2015). Consequently, pH is one of the most
studied parameters for evaluating the adsorptive properties
of N-doped biochars.

An important pH-dependent surface property of biochars
is the point of zero charge (PZC) which can be defined as
the pH of the solution at which the net surface charge of the
adsorbent is zero (Mahmood et al. 2011). When the solution
pH is lower than the PZC of the adsorbent (pH < PZC), the
surface of the biochars becomes positively charged owing
to a protonation reaction. This condition is favorable for
the electrostatic attraction of anions (He and Hu 2012).
Whereas, at pH > PZC, the active adsorption sites on biochar
surface deprotonated, rendering a negative biochar surface
which is favorable for cation adsorption.

Thus, it is observed that when pH <PZC, with an
increase in solution pH, the adsorption capacity for cations

increases. Yin et al. studied the adsorption of Ni and 2,4-
DCP on N-doped biochar prepared with Trapa natans husks
and shrimp or crab bran at various pH levels and reported
that with increasing pH, the adsorption capacity decreased
for 2,4-DCP, and increased for Ni (Yin et al. 2019). This is
because at lower pH values, the surface of N-doped biochar
was positively charged, and 2,4 DCP was neutral, which
favored their electrostatic attraction. Conversely, for Ni at
lower pH, electrostatic repulsion between positive metal
ions and the protonated surface of N-doped biochar hindered
the adsorption. Moreover, cations likely compete with the
H* ions at lower pH values for adsorption sites. As the pH
increases, this competition becomes less significant (Gai
et al. 2016). Also, the ionization degree of 2,4 DCP, and
consequently 2,4-DCP anions, increased with the solution
pH. The surface of the modified biochar became negatively
charged at higher pH, and the electrostatic repulsion further
reduced the adsorption of 2,4-DCP (Yin et al. 2019). For
the same reason, the adsorption of anionic dye, acid orange
7, was favored on N-doped biochars having PZC > 10.0
as reported by Lian et al. (2016). Similarly, Macchi et al.
reported that the adsorption of methylene blue, a cationic
dye, was favored at a pH greater than the PZC of N-doped
biochar (Macchi et al. 2020). Also, Cr(VI) exists as oxyanion
(Cr0,>", Cr,0,°~, HCrO,") in solutions of high as well as
low pH. Hence, a low solution pH is favorable for its adsorp-
tion (Guo et al. 2019; Chu et al. 2020).

6.2 Effect of co-existing chemicals

Industrial wastewaters seldom entirely consist of one pol-
lutant but multiple chemical species. Therefore, to evaluate
the selectivity of N-doped biochar adsorbents towards the
pollutant of interest, it is necessary to carry out adsorption
tests in the presence of multiple chemical species. Yang
et al. studied the adsorption of Cu ions with amino-modified
biochar in the presence of calcium, potassium, and magne-
sium ions (Yang and Jiang 2014). Divalent ions adversely
affected the Cu uptake capacity more than the monovalent
ions. Among the divalent ions, the presence of magnesium
ions was less influential than calcium ions in Cu adsorption
probably because Mg(OH), is more stable, and the higher
covalent nature of magnesium ions leads to direct dehy-
dration, and thus, its interaction with active sites reduced.
According to Lu et al., the adsorption capacity of U. pro-
lifera based N-doped biochar towards bisphenol A almost
doubled when the ionic strength increased from 0 to 50 mM
(Lu et al. 2017). However, the authors also reported that
the adsorption capacity decreased from 33.14 to 27.83 mg/g
when the ionic strength increased from 0 to 5 mM. The
increase in salt concentration might have decreased the
solubility of bisphenol A resulting in better adsorption
performance. On the other hand, Zheng et al. reported a
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decrease in the removal performance of methyl orange by
MgO/N-doped biochar in the presence of inorganic ions
such as Na,SO,, NaCl, Na,CO;, and NaH,PO, (Zheng et al.
2020). The authors argued that co-existing ions could have
altered the solution’s pH, weakening the electrostatic attrac-
tion between methyl orange and adsorbent. Moreover, the
anions also competed for adsorption with methyl orange.
Therefore, it can be inferred based on current knowledge that
N-doped biochar’s adsorption performance in the presence
of other chemical species towards a particular contaminant
is highly situation-specific and cannot be generalized. Thus,
further studies are required to understand the selectivity of
N-doped biochars better.

7 Reusability of N-doped biochars

Reusability is a highly desired property of an optimum
adsorbent. The economic success of industrial adsorption
operation depends on the adsorbents’ reusability even after
several cycles of performance. The two principles of adsor-
bent regeneration are adsorbate desorption and adsorbate
degradation (Dai et al. 2019). Lian et al. used both the prin-
ciples to regenerate N-doped biochar after acid orange 7
adsorption (Lian et al. 2016). The authors heated the spent
adsorbent at 300 °C for 1 h for regeneration, and about 65%
of the original adsorption capacity of N-doped biochar was
retained after five cycles of adsorption/heating. For regen-
eration through desorption, the authors stirred the adsorbent
in 60% ethanol for 12 h and reported that 60% of the original
adsorption capacity was retained after five adsorption/des-
orption cycles. Similarly, after methylene blue adsorption,
Hu et al. (2019) regenerated the spent N-doped biochar by
washing it in distilled water and ethanol. Although>95%
of methylene blue could be removed after adding PMS over
five cycles, the degradation rate decreased due to blockage
of active sites by organic compounds and partial oxidation
of the adsorbent under a highly oxidizing environment. The
authors also studied the catalytic adsorption performance of
the spent adsorbent after heat treatment at 400 °C for 2 h and
reported a better degradation rate of methylene blue than the
ethanol regenerated sample. Yuan et al. used diluted HNO,
solution to regenerate N-doped carbon after Pb adsorption
(Yuan et al. 2018b). The authors reported good reusability
of the material as the removal efficiency of the Pb ions was
maintained as the fresh one after the fifth cycle, indicating
that the active sites could be fully regenerated by the acid-
treatment process. Thermal regeneration of adsorbents using
microwave radiation is also gaining attention. Although this
technique has not been used for the regeneration of N-doped
biochar, Foo and Hameed employed the microwave regener-
ation technique for spent activated carbons and reported that
the microwave-assisted regeneration process requires less
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time with more manageable heat controlling and no thermal
inertia effect (Foo and Hameed 2012). Moreover, it requires
less energy and reduces the risk of secondary pollution.
Although the literature involving recyclability evaluation of
N-doped biochar is scarce, it can be inferred that N-doped
biochars can potentially be designed to possess good recy-
clability and thermal stability based on the reported studies.
However, further research is needed to validate these ideas.

8 Conclusion and future prospects

In the present review, we summarized the various prepa-
ration processes of N-doped biochar for aqueous adsorp-
tion processes. The structure of N-doped biochar consists
of oxygen as well as nitrogen functional groups. Among
nitrogen surface functionalities, pyrrolic-N, pyridinic-N,
and graphitic-N are prevalent. These surface functionali-
ties are critical to the adsorptive properties of N-doped
biochars toward heavy metals and organics. The adsorp-
tion mechanisms for heavy metals include ion exchange,
precipitation, complexation, electrostatic interaction, and
cation-pi bonding, whereas, for organic contaminants, the
mechanisms include pore filling, H-bonding, n—nx EDA
interactions, electrostatic interaction, and Lewis acid—base
interactions. Further research is necessary to gain insight
into the mechanistic aspects of adsorption, regenera-
tion, and selectivity of N-doped biochars. Based on the
aforementioned discussions on N-doped biochars and
considering their favorable chemistry, it can be inferred
that N-doped biochars have the potential to serve as low-
cost adsorbents for wastewater treatment. As the research
in this field is still emerging, scientists are presented
with several exciting opportunities to move the research
forward.

The process of N-doping on biochar surfaces typically
results in the formation of various types of nitrogen func-
tionalities, including pyridinic-N, pyrrolic-N, amino-N,
graphitic-N, oxidized-N, and others. However, for spe-
cific adsorption processes such as adsorption of anionic
species, graphitic type nitrogen species are ideal due to
their positive charge (Zhu et al. 2020b). Similarly, for the
adsorption of CO,, amine and azo groups might enhance
the adsorptive performance (Zhang et al. 2017). Therefore,
to enhance N-doped biochars’ applicability as selective
adsorbents, systematic efforts are needed to develop pro-
tocols to synthesize targeted species of nitrogen on biochar
surfaces. Understanding the mechanism of N-doping will
significantly aid in designing effective application-specific
N-doped biochar fabrication strategies. Quantum chemical
packages with DFT calculations might assist in address-
ing these mechanism-related problems. There are already
a number of published studies that elucidate the doping
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mechanism through computational modeling of N-doped
graphene that is in agreement with the experimental data
(Zhang and Xia 2011; Li et al. 2016; Wang et al. 2016).
Similar computational approaches can be employed to
rationally design N-biochars in light of the target mol-
ecule’s chemistry.

Furthermore, the choice of raw materials (biomass or
N-dopant, or both) affects the overall properties of biochar
in addition to the individual nitrogen speciation. Kasera
et al. recently reported that when an equal amount of nitro-
gen from different precursor chemicals (melamine, urea,
ammonium chloride, and ammonium nitrate) was used to
dope pine bark biochars, melamine modified biochar had
the highest amount of nitrogen, and urea modified bio-
char showed the highest percentage of graphitic-N (Kasera
et al. 2021). Therefore, fundamental studies focused on the
precursor-surface chemistry relationships are needed for
optimizing the engineering design of N-doped biochars.

N-doped biochars’ applicability can be extended towards
the removal of unregulated organic emerging contaminants
(ECs), which consist of pesticides, personal care products,
pharmaceuticals, and others. These ECs are commonly
found in water as a result of municipal discharge, posing a
severe threat to the aquatic environment as well as human
health (Tan et al. 2016). For practical engineering applica-
tions, attention should be focused on the adsorption studies
of target contaminants from real-world waste streams. In
laboratory settings, removal properties of simulated solu-
tions of a single contaminant are often reported. However,
real-world wastewaters typically consist of multiple con-
taminants that co-exist. Thus, the focus should be directed
towards achieving selectivity towards target contaminants by
N-doped biochars. Future studies should also focus on using
N-doped biochar for treating actual industrial wastewater.

Computational approaches can also provide insights into
how these N-doped biochars perform when subjected to mul-
tiple contaminants simultaneously. Eco-friendly, effective,
and economic regeneration of N-doped biochar is another
vital issue to be addressed for making the adsorption process
economically feasible. Comprehensive studies on economic
and life-cycle analysis of N-doped biochars are needed. For
scaling up an adsorption process, it is imperative to obtain
data from continuous column experiments. Few, if any, stud-
ies have focused on continuous adsorption experiments with
N-doped biochars to remove either organics or heavy met-
als. Thus, future studies focusing on flowthrough adsorption
columns are also needed.
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