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Abstract: For the past few years, biochar has emerged as a promising material for the
removal of various pollutants from aquatic environments, owing to its advantageous
characteristics, such as tunable porosity, abundant surface functional groups, ease of
modification, and relative stability. Co-doping biochar with heteroatoms significantly
enhances its surface properties by introducing additional functional groups and surface
defects, which facilitate the adsorption and catalytic degradation of pollutants. This
review conducts bibliometric analyses of relevant publications, synthesis methodologies,
applications, and reaction mechanisms of co-doped biochar as an adsorbent and catalyst
for contaminant removal, due to the synergistic effects of doping elements and biochar
features. Furthermore, co-doping strategies and associated properties including specific
surface area (SSA), surface functional groups, and defects of biochar are analyzed. Finally,
future research directions are proposed to improve the efficiency of biochar in water and
soil remediation applications. In summary, this review advances the frontier of research
on heteroatom-based co-doped biochar and offers new insights into strategies for effective
contaminant removal.

Keywords: co-doped biochar; biomass; heteroatoms; adsorption; activation oxidation

1. Introduction

Biochar is a solid carbon-rich material produced through thermochemical conversion
processes, such as hydrothermal carbonization and pyrolysis, from various bio-wastes [1,2].
It serves as a bridge between waste management and resource recovery. This dual role,
as a waste-derived material and a functional product, aligns closely with global efforts
toward carbon neutrality and circular economy goals. As a sustainable material derived
from biomass, biochar offers notable advantages including high porosity, abundant surface
functional groups, simple preparation processes, and low cost due to the wide range of
raw material choices (e.g., sawdust, lignin, sewage sludge, and cow dung). These features
have attracted considerable attention to biochar’s potential for addressing environmental
and energy challenges, particularly as an adsorbent, catalyst, and electrochemical energy
storage material [3-5].

In previous studies, pristine biochar was directly applied for environmental remedi-
ation without further modifications [3,6,7]. However, pristine biochar often suffers from
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low efficiency and limited applicability due to its relatively simple structure and limited
functional diversity [1,8]. To address these limitations, modification strategies have been
extensively explored, with heteroatom doping (e.g., N, S, P, and O) proving particularly
effective. Heteroatom doping can remarkably change the characteristics of biochar, in-
troducing structural defects, activating functional groups, and modifying the degree of
graphitization, which collectively enhance its performance [9-11]. In some cases, the N-
doped biochar has demonstrated an adsorption capacity exceeding tenfold that of the
pristine biochar [12]. Furthermore, many publications highlight the synergistic effects of
heteroatom-based co-doped biochar. The simultaneous incorporation of at least one het-
eroatom into biochar [13] introduces additional structure defects, surface functional groups,
and active sites, enhancing porosity and overall performance compared to single-doped
biochar [14]. These synergistic modifications can further promote the biochar’s pollutant
removal capacity. Xiao et al. [15] utilized N, P co-doped biochar to adsorb CO,, achieving a
capacity of 5.31 mmol/g at 500 kPa and maintaining 100% of the initial adsorption capacity
after 20 cycles. This excellent performance was mainly attributed to the synergistic effect
between N and P atoms and the additional active sites introduced during the process.

Given the limitations of pristine and single-doped biochar in meeting the current
demands for pollutant adsorption and degradation, the development of heteroatom-based
co-doped and even multi-doped biochar has become an inevitable trend. Selecting an ap-
propriate doping strategy for specific pollutant removal requires careful trade-offs among
various physicochemical properties, such as heteroatom content, specific functional groups,
degree of graphitization, and pore volume, as these factors significantly impact removal
efficiency. However, existing research articles and review papers lack comprehensive
summaries on the preparation strategies, performance optimization, and application mech-
anisms of heteroatom-based co-doped biochar. To address this gap, this review gives a
systematic analysis of co-doped biochar and its applications.

A bibliometric search conducted in the Web of Science database using the topic "co-
doped biochar” and "dual-doped biochar” yielded 254 and 15 publications, respectively,
from January 2018 to November 2024. Notably, the number of publications on co-doped
biochar has gradually increased in recent years, as presented in Figure 1. Despite this
growth, existing reviews lack a systematic evaluation of its preparation methods, physico-
chemical properties, and synergistic effects in adsorption and catalytic applications. Ad-
dressing these gaps is critical to unlock the full potential of heteroatom-based co-doped
biochar in tackling environmental challenges.
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Figure 1. Yearly distribution of heteroatom-based co-doped biochar publications during 2018-2024.
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To address the knowledge gap in the comprehensive research on heteroatom-based
co-doped biochar as an adsorbent and catalyst, this review aims to provide an in-depth
analysis through the following approaches: (1) employing bibliometric and knowledge
visualization techniques to analyze the development trends in co-doped biochar over
the past five years; (2) summarizing the synthesis methods and key physicochemical
characteristics of heteroatom-based co-doped biochar; (3) elucidating its applications, along
with an analysis of the mechanisms by which heteroatom-based co-doped biochar acts as an
adsorbent and catalyst for contaminant removal; and (4) identifying notable research gaps,
limitations, and challenges that must be addressed to advance the practical application of
co-doped biochar.

2. Bibliometric Analysis of Publications on Co-Doped Biochar

To investigate the temporal distribution of keyword clusters, we examined the co-
occurrence mapping of keywords over time, as depicted in Figure 2. To enhance the
thematic progression analysis, a threshold of three was applied in the VOSviewer software
(v. 1.8) for selected keywords at this stage. The timeline of the core keywords for 14 clusters
and the initial occurrence time of the core keywords in each cluster are illustrated in
Figure 3. As shown in Figures 2 and 3, a significant portion of research between 2020
and 2022 primarily focused on ‘supercapacitor’, ‘catalysis’, “microbial fuel cells’, and
‘adsorption’. However, starting from 2023 to 2024, research on co-doped biochar had begun
to focus on ‘heteroatom doping’ and ‘Fe-N doping’, indicating that heteroatom-based
co-doped biochar has gradually become a prominent topic.
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Figure 2. Temporal mapping of keyword co-occurrence in the study of ‘co-doped biochar’.
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Figure 3. Timeline mapping of the clustering of research themes in ‘co-doped biochar’.

3. Co-Doping Strategies
The available biomass from various waste sources, such as sewage sludge, wood,
food residues, fruit skins, and straw, can be utilized as raw materials for the heteroatom-
based co-doped biochar preparation. Typically, co-doping strategies for biochar based on
heteroatoms typically can be divided into two categories: one-step and two-step processes
(Figure 4). In the one-step synthesis method, simple co-pyrolysis of biomass feedstocks
with doping precursors is conducted. The combination of pyrolysis with pre-doping or
post-doping (physical or chemical) is performed as a two-step synthesis method, which
involves carbonization and heteroatom doping during the preparation process. A summary
of co-doping strategies is provided in Table 1.
Raw materials
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Figure 4. Schematic image of the preparation methods of heteroatom-based co-doped biochar.
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Table 1. Doping strategies of heteroatom-based co-doped biochar.
Co-Doped Biomass Preparation Activation/ Production Application Ref.
Doping Doping Element . Modification
Atoms Routes Methods Feedstocks Feedstocks Conditions Regent Atmosphere
) impregnation— . wheat straw impregnate with MgCl,-6H,O
Mg, N dcl)grfn pyrolysis Mgcli%}? H0, and Douglas solution, stir for 6 h, dry at 90 °C for NH;3 NH;3 E;:;f};iagi [16]
pig method 3 fir wood 48 h, then pyrolyze under NH; p
ost- ligand- metal acetate, mix with elemental precursors, activate PMS
Co,N dE in mediated o- rice straw evaporate at 60 °C for 4 h, then Ar for SMZ [17]
pig method phenanthroline pyrolyze at 600 °C for 2 h under Ar degradation
mix with CoCl,, melamine, and NaCl,
one- pyrolysis CoClp, paulownia then pyrolyze at 400 °C (5 °C/min, 1 cathode of
Co,N step method melamine wood h) and 900 °C (2 °C/min, 1 h) under HNO, Na Li-O; battery [18]
N>
o impregnation—  FeCl;-6H,0 mix with FeCl3 and dicyandiamide, activate PMS
Fe, N ch)) n pyrolysis and dicyandi- sawdust stir and dry at 80 °C, then pyrolyze at N, to degrade [19]
png method amide 800 °C for 1 h under N, BPA
pre- impregnation- Cly-6H,0, sonicate at 25 OC for 20 min, stir, thtoen PDS activator
Fe, N dopin pyrolysis NH.NO corn stalk pyrolyze at 80 °C for 2 h and at 800 °C N, for BPA [20]
png method 4T3 (1.5 °C/min, 1.5 h) under N, degradation
] impregnation— CO(NH,),, stir with dissolved urea for 9 h, mix
Fe, N ch))rien pyrolysis KHCO;3, corn straw with KHCOj3; and K,FeQy, then N> Cr(llﬁg‘c}a?PA [21]
pig method K;FeOy pyrolyze at 800 °C for 2 h under N,
hvdrothermal— mix with ascorbic acid, conduct activate PS for
Fe N pre- y rolvsis FeSO,4-7H,0, wheat straw hydrothermal reaction at 160 °C for 10 N organic 9]
! doping prﬁe th}; d urea h, then pyrolyze at 800 °C (10 °C/min, 2 contaminant-
1 h) under Np degradation
mix with boric acid, seal with oxygen-
post- pyrolysis boric acid, aluminum foil and pyrolyze at 800 °C .2 activate PMS
BN doping method urea sawdust (10 °C/min, 2 h), then repeat the same en(jf?fi)if;l;nt to remove CIP [22]

process to dope N
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Table 1. Cont.
Co-Doped Biomass Preparation Activation/ Production Application Ref.
Doping Doping Element . Modification
Atoms Routes Methods Feedstocks Feedstocks Conditions Regent Atmosphere
pre- dissolve with urea, stir at 70 °C until
doping  impregnation— boric acid dry, then pyrolyze at 700 °C (10 activate PDS
B,N and pyrolysis urea ! wheat straw °C/min, 1 h) under Ny, followed by N, for TC [23]
post- method pyrolysis with boric acid at 700 °C for degradation
doping 1h
mix with hydrogen peroxide, glacial
hvdrothermal— acetic acid, and water in a
ro- in}; reonation— boric acid hydrothermal process at 120 °C for 5 Au(Il), Pt(IV),
B, N d(l)’"’ o P rg? i e walnut shell h, Ar and PA(I)  [24]
pimg prﬁeth}; d impregnate with boric acid, urea, and adsorbent
walnut shell, then pyrolyze at 800 °C
(3 °C/min, 3 h) under Ar
Ce N pre- lmg;?é?;:ilsn_ Ce(NO3)3-6H,O, wheat straw stir mixture at 80 °C until dry, then N, met}?a?lza tion [25]
doping method urea pellets pyrolyze at 500 °C for 3 h under N, catalysts
activate CaO,
one- pyrolysis . . o o . for
N, S step method thiourea lignin pyrolyze at 700 °C (10 °C/min, 3 h) N, 4-nonylphenol [26]
degradation
pyrolyze at 200, 450 and 700 °C, then OxXVeen-
post- pyrolysis . mix with thiourea and pyrolyze at 350 XY&
N, S . thiourea peanut shell o e limited DEP adsorbent  [27]
doping method C for 1 h, all under oxygen-limited o
conditions conditions
activate PMS
one- pyrolysis . pyrolyze at 600, 700, and 800 °C (10 for
NS step method urea, thiourea sawdust °C/min, 2 h) gatifloxacin [28]

removal
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Table 1. Cont.
Co-Doped Biomass Preparation Activation/ Production Application Ref.
Doping Doping . Modification
Atoms Routes Methods Feedstocks Feedstocks Conditions Regent Atmosphere
composite
pre- impregnation— stir mixture at 80 °C for 4 h, dry at 60 fou?gziféil for
N, S doping pyrolysis hydrochloride cow dung Cfor48h, tflen pyrolyze at 800 °C (5 TCH [29]
method C/min, 2 h) .
photocatalysis
degradation
one- pyrolysis mantis shrimp . o symmetric su-
NS step method shells mix and pyrolyze at 750 °C €O, €O, percapacitor 1301
place mixture in autoclave at 95 °C for
hydrothermal- . o .
N. O pre- rolvsis white pomelo 6 h, dry at 120 °C in air, then pyrolyze H.SO N supercapacitor [31]
’ doping pyroly Zn(NOj3),-6H,O peel at 500, 600, 700, and 800 °C for 2 h 29004 2 electrode
method
under N
one- rolysis leaves of 24 6—triselen%)zm:n¥tfll 3,5-triazine catalyst for
Se, N pyro'y triselenocyanato- lemon T Y o o . N» aldehyde [32]
step method 13 5-triazine verbena then pyrolyze at 500 °C (20 °C/min, 2 oxidation
"~ h) under N,
ro- impregnation— Se-reducing add NH4Cl and freeze-dry mixture, a dz}c:in’?i{)n
Se, N P pyrolysis bacterial then pyrolyze at 900 °C (5 °C/min, 2 N> b [33]
doping and PMS
method cells h) under N, activation

Note: SMZ: sulfamethoxazole, PDS: peroxydisulfate, BPA: bisphenol A, CIP: ciprofloxacin, PS: persulfate, TCH: tetracycline hydrochloride, TC: tetracycline, DEP: diethyl phthalate.



Separations 2025, 12, 20

8 of 24

3.1. One-Step

In the one-step process, biomass is mechanically mixed with precursor materials
containing doping element ions, followed by carbonization through heating under an inert
gas environment at temperatures varying between 400 and 1000 °C. For instance, in a
specific study, sawdust, urea, and thiourea were homogeneously mixed, and the dried
sample was pyrolyzed at 600 °C for 2 h in an enclosed air atmosphere to produce N, S
co-doped biochar [22]. In another example, Co, N co-doped biochar was synthesized
from a mixture of paulownia wood pieces, NaCl, CoCl,, and melamine [18]. The mixture
was initially heated up to 400 °C with a heating rate of 5 °C/min, and kept for 1 h at
this temperature, followed by continuing carbonization at 900 °C for 1 h. During the
carbonization, the doping elements are incorporated into the carbon skeleton, meanwhile
generating abundant pores and defect structures, which are advantages of the co-pyrolysis
method due to its operational simplicity and time efficiency. However, the one-step method
faces some challenges, like high energy requirements, severe self-assembly, and insufficient
development of the pore structure in contrast to the two-step doping method [34-36].

3.2. Two-Step
3.2.1. Pre-Doping

The pre-doping method involves reacting raw biomass with sources of doping ele-
ments prior to carbonization. By employing impregnation or hydrothermal combination
with pyrolysis processes, heteroatom-based co-doped biochar can be produced. For ex-
ample, kelp powder was immersed in a solution of Co(NO3),-6H,O for 24 h, then the
precipitate was isolated and heated at temperatures ranging from 600 to 900 °C in a tube
furnace under an N; atmosphere with a heating rate of 10 °C/min for 3 h to obtain Co,
N co-doped biochar [37]. From another study, microalgae powder was thoroughly mixed
with Fe(NO3)3-9H,0 and urea solution. Then, this mixture was heated to 160 °C for 10 h to
produce Fe, N co-doped biochar precursors, followed by pyrolysis at temperatures ranging
from 500 to 800 °C for 2 h to produce Fe, N co-doped biochar [38]. Hydrothermal treat-
ment facilitates the generation of abundant surface reactive oxygen functional groups in
biomass [39]. Generally, impregnation pretreatment can effectively reduce ash content and
increase the micro- and macro-porosity of biochar [40], while hydrothermal pretreatment
can introduce additional functional groups to biochar under controlled reaction condi-
tions [41]. However, the pre-doping method requires relatively longer production time
due to impregnation or hydrothermal treatment. In addition, controlling the particle size
and doping element content produced by pretreatment is challenging, and hydrothermal
treatment may generate undesired byproducts [36] and require higher energy consumption.

3.2.2. Post-Doping

The post-modification of biochar often involves a two-step process in which biochar is
first prepared, followed by the doping of target elements. In chemical post-modification,
peanut shells were pyrolyzed at 200 to 700 °C under oxygen-limited conditions. Sub-
sequently, pristine biochar and thiourea were annealed together in a muffle furnace at
350 °C for 1 h under an oxygen-limited environment to obtain N, S co-doped biochar [27].
Similarly, corncob-to-xylose residue was pyrolyzed at 400 °C for 2 h in a N, atmosphere to
prepare pristine biochar, and then mixed with MgCl,-6H,O and heated at 120 °C for 2 h
and 600 °C for another 2 h [16]. The heteroatom content and doping sequence play a crucial
role in optimizing the functions of subsequent incorporated heteroatoms. In preparing N,
B co-doped biochar, Choong et al. [42] observed that prior B doping in biochar can enhance
N doping by enabling interactions between oxidized B and NHj3 during N doping, thus
significantly enhancing the N doping pathway. N doping, particularly for graphitic-N, can
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effectively activate conjugated 7-electrons for peroxymonosulfate (PMS) activation and
promote PMS adsorption, thus elevating the catalytic capacity of the biochar. Nevertheless,
the excessive B introduction may create additional structural defective sites that hinder
graphitic-N formation [22]. Therefore, the heteroatom content in the initial step is critical
for regulating the biochar’s catalytic performance. The processes of the heteroatom doping
mechanism are shown in Figure 5.
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Figure 5. The schematic for the heteroatom doping mechanism, adapted from [22].

The chemical post-modification is relatively straightforward and easy to apply at a
laboratory scale, offering excellent reduction and catalysis capabilities by increasing the
biochar’s surface area and functional groups. Additionally, post-modification facilitates the
control of the size, shape, composition, and quantity of doping elements on the biochar.
However, post-doping may lead to a decrease in heteroatom content due to potential
instability in the heteroatom structure [43]. As for physical post-modification, ball milling
is a feasible technique to fabricate co-doped biochar. Xie et al. [36] put forward a facile
approach to anchor P onto N-doped biochar through ball milling at room temperature.
They found that anchoring P onto the carbon skeleton via mechanical forces can effec-
tively catalyze the degradation of diclofenac sodium. Ball milling offers lower operational
costs, a more desirable biochar size distribution, and suitability for industrial applications.
However, its initial cost is relatively high due to the substantial energy consumption and
equipment requirements.

In general, both one-step and two-step fabrication methods possess distinct advan-
tages and limitations. The physicochemical properties of co-doped biochar, including
composition, particle size, and the quantity of doping elements, are influenced by the
chosen fabrication method. Therefore, selecting an optimal fabrication method tailored to
the available instruments and intended application is crucial.

4. Properties of Heteroatom-Based Co-Doped Biochar
4.1. Pore Volume and SSA

The pollutant removal efficiency is greatly affected by the distribution of pore size,
SSA, and functional groups. In general, the pollutant removal performance of biochar is
significantly enhanced when it exhibits an increased SSA and total pore volume. Table 2
presents the properties of heteroatom-based co-doped biochar. The pore size and SSA of
biochar are strongly affected by factors such as the raw materials, pyrolysis temperature,
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and the presence of heteroatoms. Due to the volatilization of water and other compounds
during pyrolysis, biochar typically exhibits high porosity and a significantly large SSA.
Generally, both pore volume and SSA increase with rising pyrolysis temperatures, though
a decrease in the content of surface functional groups is often observed. Moreover, longer
pyrolysis durations and lower heating rates can lead to an amplification in both pore size
and pore volume within the biochar [44].

Table 2. Properties of heteroatom-based co-doped biochar.

Doping Pore Size 2 . Surface
Atoms (nm) Sger (M~/g) Surface Functional Groups Defect Ref.
. pyridinic-N, pyridine-N, pyrrolic-N, graphitic-N,
Mg, N 167-536 oxidized-N, C-O, C-N,, C=C, C=0, C=N [41]
Fe N -NH,*, -NH;3*, C=N, -COOH, -OH, Fe-O, C-OH, [35]
¢ C=N
C=C, C-C, C-OH, C-N, C-O-C, C=0, C=N,
Fe, N 362.5 Fe-O, C-OH, C=O defect [45]
Fe, N 49 47372 Fe-O, C=0, Fe-O-C, .C—C, C=0, Pyndmlc-N, Fe-Nx, defect [46]
pyrrolic-N, graphitic-N
Fe, N 1691.81 C=C, C-H, Fe-O-C, C=N, Pyridinic-N, C=0 defect [20]
-OH, N-H, -CH,, -CH3, C=N, C=0, C-C, C-OH,
Fe, N 3414 234.7 C-C, C-OH, C.O-C, C-N, Fe-O defect [47]
Fe, N 10 8 -NH, -OH, C-N, -C-H, C=C, C=0 [48]
C-C, Fe-O, C-H, C-O-C, -OH, -N/C-O-C, -CH,
Fe, N 130.720 C=C, C-0/C-N, C=0/C-Fe defect [49]
graphitic-N, C-OH, C=N, -CH,, -CHj3, C=N, C=0,
Fe, N 3.414 133.6 C-C, C-OH, Fe-O, C=C, C-O-C defect [47]
C-C, C=C, C-O, C-N, pyridinic-N, pyrrolic-N,
Fe, Co 1.41 135.7 eraphitic-N, Co-N [50]
C-C, C=C, C-O, C=0, -7t*, C-N, C-O-C, -CH>-,
Mn, N 1.994 923.7 -CHj3-, Mn-O, O=C-OH, defect [51]
pyridinic-N, pyrrolic-N, graphitic-N
C-H, C-N, -OH, -NH, C=N, C-C, C=C, C=0, C-0O,
Se,N 0-C=0, Se=C(NH,),, S-C [32]
Se, N 0.207 287.25 C-Se-C, C-N, C-Se, C=0, O-C=0 defect [33]
C-O-C, C=N, C-N, -NH, C-N-B, graphite-N, C=0,
B,N B-O, B,Os, BC,O defect [52]
B, N 34.71 C-N, C-B, B-O, C=0, C-OH defect [23]
B, N 26.8-129.9 -OH, C=C, C-N, B-O, C-B, C-O, N-H [22]
B,N 2.29 1011.81 C=C, C=0,0-H, C-O, B-C, C-N-B, B-N, defect [53]
B-CO,
N,S 3.79 125.9 O-H, N-H, C-H, C=0, 0-C=0, C-O carbon 15
defects
N, S 107.7-372.9 C-OC-NC=CC=0OC-HO-HC-S, -7t defect [38]
C-O, C-H, H-O-H, C=C, C-C, C-S, C-NC, -COOH,
N, S 2-10 128.53 C-S-C, -C-805-C-, -C-505-C defect [55]
N,S C=C, C-C, C-N, C-5, N-N, graphite-N, pyrrolic-N, [26]

pyridinic-N, C=0, C-O, C-OH, C-5-C, N-5-C
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Table 2. Cont.
Dopi Pore Si . Surface
A(:(I))rl:f o(rre:m;ze SBET (mzlg) Surface Functional Groups Defect Ref.
N, S -OH, -NH, -C=CHj,, -C=0 group, -C-N, C-5-C, defect [27]
N, S 40.64 C=N, C-S, C-5-C, C-N defect [49]
5 pyridinic-N, pyrrolic-N, graphitic-N, oxides N,
N, S 968-1109 [C5.C-,-C=S, S0y (x = 2-4) defect [56]
N, S 5.69-9.78 176-401 CN, Pyrldlrg;gfx ?gr(rflzlcé_Nélf)grapth-N/ defect [57]
C-OH, C-H, N-H, -COO-, C=C, C=N, -NO,, C-N,
N, O 50.1-1174.2 C-0O, C=0, O-C=0, pyridinic-N, pyrrolic-N, [58]
graphitic-N, oxidized N
N, O ’ 660 pyridinic-N, pyrrolic—N(,: iofga\phitic—N, O-C=0, C-O, [59]
N, P 5.97-7.33 201-318 COH, C'O'(_:N%_C_:I\%_O'P'O’ N=C [60]
C=0, O-C=0, -OH, P-0O, O-P-O, C=C, C-O, C-N,
N, P 14.65-22.21 -OH, graphitic-N, pyrrolic-N, pyridinic-N, P=0, [61]
grap Py Py
N, P 2.939 2675 C-C, C-N, C-O, P-O, P=0O, P-C, C-O-C, C-N-C, C-N defect [20]
N, P 1 2483 P-O, P-C, N-C and P-C, pyridinic-N, pyrrolic-N, [62]

graphitic-N, oxidized N

Notably, the relationship between total pore volume, SSA, and pore size becomes
considerably complex under high-temperature pyrolysis conditions when heteroatoms
are involved in the reaction. For instance, Choong et al. [28] synthesized N, S co-doped
biochar at various temperatures using a one-pot calcination protocol. They observed
that SSA increased twelvefold from 34 m?/g to 419 m?/g when synthesis temperature
increased from 600 to 800 °C. The introduction of heteroatoms into the biochar structure
can result in a partial unblocking of obstructed pores, thereby increasing SSA. It was also
noted that the pore volume of this N, S co-doped biochar at 700 °C (1.52 cm®/g) was
significantly higher than that at 800 °C (0.31 cm®/g) due to the structural collapse of
the pores within the biochar [28]. Conversely, when the pyrolysis temperature is below
400 °C, incomplete volatilization of certain constituents might lead to pore obstruction and
hinder the development of new pores [47]. In general, a pyrolysis temperature range of
500-900 °C is considered optimal. However, higher SSA alone does not guarantee optimal
removal performance, as additional characteristics of biochar should be considered, as
discussed below.

4.2. Surface Functional Groups and Defects

The biochar’s surface functional groups also play a vital role in contaminant removal.
The distribution and type of functional groups on the biochar surface are influenced by
the preparation method, temperature, raw material, and the presence of heteroatoms. The
enrichment of oxygen- and heteroatom-containing functional groups determines the sur-
face properties of biochar. Almost all types of heteroatom-based biochar contain functional
groups, such as -OH, -COOH, and C=0, originating from the pristine biochar. How-
ever, the doping of heteroatoms can introduce many new functional groups, including
graphitic-N, pyridinic-N, pyrrolic-N, -NH-, -N*-, and O-P-O/P=0. Fan et al. [60] studied
the Pb(II) adsorption by N, P co-doped biochar, finding that the removal capacity of Pb(II)
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(723.6 mg/g) by this N, P co-doped biochar was significantly improved compared with the
pristine biochar (264.2 mg/g). This study indicated that the chemical mechanism of the
N, P co-doped biochar for Pb(II) removal involved surface complexation through N- and
P-containing surface functional groups, including -N=C, -NH-, and O-P-O/P=0.

The addition of foreign atoms to the carbon structure, followed by partial evaporation
at high temperature, generates newly formed topological intrinsic defects, classified as
extrinsic defects [53]. Defective sites can create a ‘localized state” within the delocalized 7
system, exhibiting distinct electronic and chemical properties that enhance the adsorption
and catalytic activity of defective biochar compared to defect-free structures. The number
of defects is highly dependent on the pyrolysis temperature. As the pyrolysis tempera-
ture increases, the potential for pore structure collapse grows, and foreign atoms escape,
leading to increased defect formation. Han et al. [63] investigated the impact of pyrolysis
temperature on defects in N, O co-doped biochar. The results suggested that the rapid
loss of N atoms between 700 and 900 °C leads to the formation of numerous edge defects,
whereas the rate of N atom loss slows, and graphitization accelerates between 900 and
1100 °C. Additionally, the number of defective sites is significantly influenced by activation
methods and heteroatom concentrations [64]. Some studies have reported that introducing
heteroatoms in co-doped biochar can form additional defective sites [31,65]. However, in
another study, Fe, N co-doping was found to have a detrimental effect on defect formation
compared to simple N-doping [58]. Therefore, the microscopic mechanism of defective
sites in adsorption and catalytic activity requires further investigation.

5. The Environmental Applications of Heteroatom-Based
Co-Doped Biochar

5.1. Adsorptive Pollutant Removal

Adsorption is a conventional method for pollutant removal due to several advan-
tages, including its simple operation, high efficiency, and cost-effectiveness [35,66]. Re-
cently, heteroatom-based co-doped biochar has emerged as a prospective alternative ad-
sorbent due to its low cost and efficiency in removing considerable pollutants, including
heavy metal ions (e.g., Cd(II), Cr(Ill), Sb(V)) [67-69], organic pollutants (ROPs) (e.g., DEP,
bisphenol) [16,70], and inorganic substances (e.g., phosphate, CO,) [16,65]. Moreover,
co-doped biochar can maintain a high degree of graphitization and provide supple-
mentary functional groups and structural defective sites, which promote its ability to
remove pollutants.

5.1.1. Adsorptive Removal of Heavy Metal Ions

The pH of the initial solution significantly influences adsorption behavior due to the
interspecies conversion of heavy metal ions and the presence of electroactive groups on the
adsorbent surface. The best adsorption performance of heteroatom-based co-doped biochar
typically occurs at pH values below neutral (Table 3), as protonation of the adsorbent under
acidic conditions can attract more negatively charged metals. In contrast, heavy metal ions
face increased competition with OH™ ions in alkaline conditions and are more likely to
form precipitates [5,69,71].

Ionic strength is also an essential factor affecting the adsorption performance of
heavy metal ions, as additional ions in solution will compete with the metal ions for
limited adsorption sites. As for environmental wastewater, NaCl and CaCl, are the most
representative ionic compounds; thus, the impact of ionic strength needs consideration
in adsorption experiments. However, the total influence of ionic strength on heavy metal
ion adsorption by heteroatom-based co-doped biochar is minimal, indicating a strong
resistance to ionic strength interference [35,72]. This resilience may be attributed to the
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abundant surface functional groups on heteroatom-based co-doped biochar, which combine
with heavy metal ions to form complexes [72].

In addition, the dosage of biochar has a direct influence on adsorption capacity [73].
While increasing the amount of biochar can improve the efficiency of heavy metal ion
adsorption, excessive amounts may lead to the overlapping of sorption layers, which
block adsorption sites and subsequently reduce the adsorption capacity [74,75]. A study
demonstrated that the adsorption efficiency of Cr(VI) increased with the Fe, N co-doped
biochar dosage, achieving 99.9% removal efficiency within the first 10 min with an optimum
dosage of 1.0 g/L [76].

Furthermore, the initial concentration of heavy metal ions also influences the adsorp-
tion behavior. Several studies have observed that adsorption capacity increases with higher
initial concentrations, owing to the presence of unsaturated active sites on the biochar
surface, eventually reaching equilibrium [24,76].

The typical adsorption performance and removal mechanism for heavy metal ions are
summarized in Table 3. The adsorption mechanism of heavy metal ions onto heteroatom-
based co-doped biochar depends on its surface functional groups, SSA, and the chemical
nature of the heavy metal ions. Newly formed surface functional groups of the heteroatom-
based co-doped biochar contribute to rapid adsorption rates and high adsorption capacities.
Fan et al. [60] investigated the adsorption behavior of Pb(Il) on heteroatom-based co-
doped biochar enriched with N and P via the co-pyrolysis of Camellia oleifera shells. The
adsorption capacity of this heteroatom-based co-doped biochar was 2.73 times higher
than the pristine biochar. They observed that the formation of the N- and P-containing
functional groups (-N=C, -NH-, -N*-, and O-P-O/P=0) would facilitate the formation of
strong chemical bonds with Pb(II).

Additionally, other mechanisms, including ligand exchange, hydrogen bonding, elec-
trostatic attraction, and inner-sphere surface complexation, also exhibit favorable affinities
towards heavy metals. Cao et al. [68] reported the remarkable adsorption capacity of
Pb(Il) (124.62 mg/g) and Cd(II) (57.71 mg/g) by Fe, S co-doped biochar. The presence
of S-containing functional groups on Fe, S co-doped biochar was found to improve the
uptake of Pb(Il) and Cd(II) through chelation and ion exchange, while the iron-containing
functional groups promoted adsorption via physical adsorption mechanisms.

Table 3. Adsorption performance and mechanism of heavy metal ions by heteroatom-based co-doped
biochar.

Adsorbent Heavy Metal Ions Optimal pH Ag:g;};g;)ln Adsorptive Mechanism Ref.
N, P co-doped hysisorption and chemical
biochar Pb(II) 6.0 723.6 mg/g phy Psorption [60]
Ce, Fe co-doped Cd(1I), Cr(1II), 18.60, 19.92, 49.64, chemical/physical
biochar Hg(II), and Pb(II) neutral pH and 13.69 mg/g adsorptions 1771
- 99.9% of Cr(VI) . .
Fe, N.co doped Cr(VI) 20 removed within 10 adsorption, redugtlon, and [76]
biochar min complexation
B, N co-doped Au(III), Pt(IV), 246.96,108.80, . .
biochar and Pd(IT) 1,4, and 3, resp. and 4478 mg/g chemical adsorption [35]
) chelation, ion exchange,
Fe, iii)i}?a(;ped Cd(I)/Pb(II) unadjusted 57151 161128H/187nd co-precipitation, and electrostatic ~ [68]
) &/8 interaction
electrostatic interaction, ion
Na, Iljiggljfped Pb(II) /Cu(II) 5.0 959.6H?g;1g299.1 exchange, complexation, [78]

and precipitation reactions
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5.1.2. Adsorptive Removal of Organic Pollutants

The general adsorption performance and mechanism of organic pollutants are summa-
rized in Table 4. The pH value of the solution affects both the properties of the adsorbent
surface and the form of contaminant present in the solution. This makes pH a critical
parameter influencing the organic pollutants’ sorption behaviors of biochar, particularly
when electrostatic interaction is the primary mechanism controlling the process.

Peng et al. [79] examined the role of solution pH in the adsorption behavior of CIP
and norfloxacin (NOR) onto the Fe, N co-doped biochar. At pH < 6.0, the Fe, N co-doped
biochar’s surface carried a positive charge, while CIP and NOR existed in zwitterionic or
neutral form. This enabled electrostatic attraction between the adsorbent and antibiotic
molecules, leading to increased adsorption capacity. However, when pH > 6.0, the adsorp-
tion capacity decreased sharply. This decline was primarily attributed to CIP and NOR
existing in their anionic or molecular forms, resulting in a greater degree of electrostatic
repulsion between Fe, N co-doped biochar and these two antibiotics. In cases where electro-
static interaction is not the dominant mechanism, the adsorption performance of biochar is
less sensitive to changes in solution pH. Xu et al. [16] studied the BPA adsorption on Fe, N
co-doped biochar. The zeta potential of this biochar was 4.6, and at pH > 8.0 and pH > 10.0,
BPA partially or fully undergoes deprotonation to BPA™ or BPA;, ™. Interestingly, the maxi-
mum adsorption capacity remained high even when the original pH of the solution was
adjusted upwards to 10.4, suggesting no significant correlation between the surface charge
properties of Fe, N co-doped biochar and its adsorption performance for BPA. Instead, 7=—m
interactions between BPA and Fe, N co-doped biochar were identified as the dominant
forces for adsorption.

Additionally, the co-existence of ions in solution will also influence the process of
adsorption [80]. Common inorganic anions such as Na*, K*, CaZ, Mg2+, Cl—, CO5%-,
S0,42~, NO;~, and H,PO,~ exhibit a slight inhibition of the adsorption of ROPs by co-
doped biochar [16,81]. This slight negative effect may result from competition between
these co-existing ions and the target pollutants for the active adsorption sites on the biochar
surface [16,82].

In comparison to heavy metal ions, organic molecules can play the role of a m—m
electron donor and acceptor [5,83], interacting with functional groups (e.g., -OH, C=0) of
the biochar surface. Moreover, the graphitized carbon (sp?C) in biochar demonstrates a
stronger potential to accept electrons, functioning as 7-electron acceptors [61,84]. It has been
proven that the sp>C content and the electron acceptor capacity of biochar exhibit a positive
relationship [61]. Doped heteroatoms play a crucial role in maintaining a high degree
of graphitization, while also producing new functional groups that enhance chemical
adsorption. Guo et al. [24] synthesized N, S co-doped biochar derived from peanut shells
and observed that doping with N and S simultaneously resulted in the formation of
new functional groups, including pyridinic-N and oxidized S. These functional groups
exhibited improved adsorptive capability for DEP promotion, up to 14.34 mg/g. Ding
et al. [61] demonstrated that a novel Fe, Mn, N co-doped biochar exhibited a higher
adsorption capacity for bisphenol (84.96 mg/g) compared to the pristine biochar, single-
element, and dual-element doped biochar. The Fe, Mn, and N co-doping maintained a high
degree of graphitization, significantly improving the -7 electron—-donor-acceptor (EDA)
interactions, which were identified as the major mechanism driving bisphenol adsorption.
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Table 4. Adsorptive behavior and mechanisms for removing organic pollutants using heteroatom-
doped co-functional biochar.

Organic . Adsorption . .
Adsorbent Pollutants Optimal pH Capacity Adsorptive Mechanism Ref.
Adsorption facilitated by abundant
N, i;:(;)c-}cll;)fed DEP 7.0 1434 mg/g micropores and numerous active  [27]
sites.
Fe, Zbr;;f};caifped p-nitrophenol 3.0 170 mg/g Hydrophobic interaction. [82]
A combination of EDA interaction,
Eg’_ xn’elg bisphenol 40 84.96 me/ pore filling, electrostatic forces, [61]
bioc}Ii)ar p ) ’ 88 hydrogen bonds, and hydrophobic
effects.
Fe, N co-doped hardly . .
biochar BPA affected 54mg/g EDA interactions. [83]
A mix of pore filling, electrostatic
Fe, N co-doped . attractions, hydrogen bonding,
biochar Tc unadjusted 156 mg/g surface complexation, and EDA [33]
interactions.
NAP, 929, Adsorption via pore filling, m—m
Fe, I;Ii(c)giiiped ACE, and 6.0 56.3, and 83.1 stacking interactions, mass transfer, [85]
PHE mg/g, resp. and partition effects.
Adsorption through chemical
Fe, l\bliggi(;p ed NB unadjusted 68.6 mg/g bonding, surface complexation, [86]
and reduction processes.
Fe, N co-doped RBR and 24.6 and 43.9 Adsorptaon dommated by
. 2.5and 5.5 mg/g, electrostatic attractions and ion [87]
biochar MO .
resp. exchange mechanisms.
) Adsorption primarily driven by
Mn, g;:hgfped BPA 7.0 351 mg/g pore filling, hydrophobic forces,  [88]

and EDA interactions.

Note: NAP: naphthalene, ACE: acenaphthene, PHE: phenanthrene, NB: nitrobenzene, RBR: reactive brilliant red
K-2BP, MO: methyl orange.

5.1.3. Adsorption of Other Inorganic Substances

In addition to the contaminants discussed above, heteroatom-based co-doped biochar
has also been utilized for the adsorption of other inorganic substances, such as CO, and
phosphate. Mood et al. [16] developed N, Mg co-doped biochar with remarkable phosphate
adsorption capacity, primarily attributed to the synergistic effect of N and Mg on the
surface of the biochar, which improved phosphate adsorption. Similarly, Mg, N co-doped
biochar derived from Douglas fir and chitosan demonstrated high phosphate adsorption
efficiency of 112.4 mg PO,3~ per gram of biochar, and the Langmuir and Freundlich
isotherms confirmed both monolayer and heterogeneous adsorption mechanisms [89].
Wu et al. [90] designed N, S co-doped biochar with outstanding CO, capture capacities,
achieving adsorptive uptake of 5.93 mmol/g at 0 °C and 3.83 mmol/g at 25 °C.

5.2. Activation Oxidation of Organic Pollutants as Activators

Advanced oxidation processes (AOPs) utilize radicals (SO4°~, *OH, and O,° ™) as well
as non-free radicals ('O;) to oxidize and decompose ROPs into intermediates or further
into H,O and CO,. Heteroatom doping can induce non-radical (*O,) pathways, allowing
the degradation of organic pollutants by AOPs to proceed primarily through a non-radical
pathway or via a combination of both free radical and non-free radical routes within the
catalytic process. Table 5 presents the performance of heteroatom-based co-doped biochar
in the activation and oxidation of ROPs.
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Zeng et al. [58] developed Fe, N co-doped biochar for PS activation in the degradation
of TC, accomplishing a removal efficiency of 86.56% in 120 min. The results demonstrated
that both free radicals and non-radical pathways participated in the degradation process.
And the free radical pathway was confirmed to be associated with Fe doping; meanwhile,
the non-radical pathway was predominantly influenced by N doping, specifically graphitic-
N and pyridine-N. And the proposed catalytic mechanism is depicted in Figure 6.

C=0/C=N, C-O/C-N
Graphite N, pyridine N
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Fe®, Fe,0,, Fe;0,

Figure 6. Diagrammatic representation of the TC degradation mechanism on the N-BCFe with PS
activation, adapted from [45].

Zhang et al. [33] reported that Se, N co-doped biochar (Se/N-BC) exhibited a high
phenol degradation efficiency of 99.2% within 5 min through a non-radical dominated
pathway. The remarkable electron transfer features of Se/N-BC were due to the Se and N
co-doping on the electron distribution within the carbon matrix demonstrating a synergistic
regulation effect. This co-doping created an electronic transfer pathway, driving the non-
radical oxidation. Choong et al. [22] investigated CIP removal using N, B co-doped biochar
and identified that graphitic-N and BC,O are the major active sites for PMS activation.
Firstly, graphitic-N activated the conjugated m-electron system to facilitate PMS activation,
while the co-existence of BC3 functional groups with N functional groups further enhanced
the total charge density of the biochar. Secondly, the co-doped N and B synergistically
reduced the gap in energy levels between the HOMO and LUMO. Additionally, BC,O
and BCO, functioned as Lewis acid groups, promoting PMS adsorption/activation for
10, formation. With these combined effects, the degradation efficiency for CIP removal
reached approximately 80% within 60 min. The proposed activation mechanism for PMS is
illustrated in Figure 7 [22].
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Figure 7. Illustration of the degradation mechanism for CIP by N, B co-doped biochar.

Zhang et al. [91] investigated the performance of N, S co-doped biochar for activating
PDS in TCH degradation. Their findings revealed that the free radicals bound to the surface
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and singlet oxygen (1O,) jointly contributed to TCH degradation. Moreover, pyrrolic-N and
thiophene-S synergistically accelerated the process of electron transfer due to their close
proximity to the Fermi level. The doping of thiophene-S induced localized positive charges
in the material, thereby enhancing electron flow. Tang et al. [92] engineered N, P co-doped
biochar for the removal of sulfonamides from complex aqueous solutions, demonstrating
superior performance compared to AOP catalysts developed to date. Initially, the defect-
containing graphitic structure of the co-doped biochar served as an electron transfer bridge,
promoting PDS and H,O to generate HO,*~. Subsequently, the reaction of S,0g?~ with
HO,*~ formed O,°~ and *OH. The presence of P,Os further enabled O,°~ to act as a
precursor for 'Oy, which played a dominant role in sulfonamide degradation.

The pH of the solution is a critical factor influencing both the catalytic degradation
efficiency and the degradation pathway of ROPs. Xu et al. [38] explored the degradation of
organic contaminants by the Fe, N co-doped biochar through PS activation. They found
that SO4°~ and *OH dominated the BPA degradation process under both acidic and neutral
conditions, whereas 'O, was the primary reactive species under alkaline conditions. In
acidic conditions, Fe?* promoted the generation of SO4*~ and *OH. However, excess H*
inhibited the transformation of SO4°~ into #OH, resulting in SO4*~ becoming the dominant
reactive species. In contrast, higher pH levels activated PMS to generate more 'O,.

Furthermore, inorganic anions and natural organic compounds also affect degra-
dation efficiency. Several studies proposed that the presence of inorganic anions and
natural organic compounds would inhibit degradation [58,91], while others indicate no
significant effect.

Table 5. Effectiveness of co-doped biochar containing heteroatoms in promoting the oxidative
degradation of ROPs.

Activators Oxidant Pollutants Performance Mechanism Ref.
B N co-doped achieving CIP a combination of radical and
T p PMS CcIp removal of 80% non-radical pathways, with [22]
biochar . . o .
in 60 min SO4°*~ dominating
N S co-doped 97.84% of SMX can be SO4°*~, eOH, and 10O,
T p PMS SMZ degraded after were essential contributors [55]
biochar ’ !
60 min to degradation

N, S co-doped

achieving removal of almost the non-radical pathways

biochar PMS gatifloxacin . 80% . involving 'O, are dominant [28]
in 60 min
N, S co-doped methylene removal rate with o
biochar PMS blue Kapp = 0.202 min—1 the non-radical pathway [93]
N, P co-doped . the DS and TOC removal .
biochar PMS diclofenac rates were 90.08% and 61.2% rapid electron transfer [94]
Co, N co-doped degradation efficiency SO4*~ and *OH were the
biochar PMS SMZ approach 99.6% primary radicals involved [17]
Co, N co-doped degraded TC with a removal rjgkrfailielgr(‘jr(il Ztlr?c?nl—.i:g;jcal
T P PMS TC efficiency of 99% within P y . [37]
biochar . mechanism
15 min
Co, S co-doped SMX (20 mg /L) achieved the process involved a
! p PMS SMZ & synergy between free-radical  [95]

biochar

lete d dation. . .
complete degradation and non-radical mechanisms
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Table 5. Cont.
Activators Oxidant Pollutants Performance Mechanism Ref.
SO4°~ and eOH were key
. . under acidic/neutral
Fe, N.Co-doped PMS BPA the mmerahzatlonorate of conditions, while 10, [19]
biochar BPA was 68.9% . .
dominated under alkaline
conditions
Se, N co-doped phenol achieved 99.2% .
biochar PMS phenol removal in 5 min a non-radical pathway [33]
74.6% of TC can be .
B, N F:o—doped PDS TC eliminated in wastewater electron tran.sfer—domlnated [23]
biochar non-radical process
sample
NS co-doped TCH achieved an 85.6% radicals O,*~ and 'O, were
! biochaf PDS TCH removal efficiency in just critical in the degradation [91]
20 min pathway
20 mg/L of sulfonamides .
N, P < o-doped PDS sulfonamides was removed with a 98.33% . the ngn—r? dical pathways [92]
biochar . . . involving * O, are dominant
efficiency in 120 min
Cr, N co-doped removal efficiency of 99.9% 1 .
biochar PDS TC within 60 min O;-dominated pathway [96]
o free radicals SO4°*—, O, 7,
N, S .co—doped PS AO7 removed.95..35 Yo of.the AQ7 and non-radical 10, [48]
biochar within 10 min
generated
Fe N co-doped SMX achieved a high both free radical and
iy p PS SMZ degradation efficiency of non-free radical pathways [38]
biochar .. .
98% are jointly involved
. o a co-dominance of radical
Fe, N co-doped PS NOR 10 mg/L NOR achieved 95% and non-radical mechanisms  [97]

degradation within 20 min was observed

Note: AO7: acid orange 7.

6. Future Perspectives

Synthesis and characteristic method improvement: The synthesis of heteroatom-
based co-doped biochar is primarily achieved through one-step or two-step processes.
However, these conventional methods often face limitations such as high energy consump-
tion, inconsistent doping efficiency, and environmental concerns. To address these issues,
green synthesis techniques have been proposed, but their application remains limited.
For example, Sravanthi et al. [98] fabricated Fe nanoparticles using a renewable extract
of Calotropis gigantea flowers, which served as both reducing and stabilizing agents in a
fully eco-friendly synthesis process to produce Fe’, N co-doped biochar, highlighting the
potential of green chemistry in this field. Future research should focus on further advancing
green synthesis approaches by incorporating renewable resources and minimizing waste
generation, thereby aligning with sustainability principles.

In addition, optimizing the synchronization of functional groups, pore structures,
and defect sites is critical to enhancing the performance of heteroatom-based co-doped
biochar. And further investigation into the synergistic effects at the micro-scale between
heteroatoms, as well as between heteroatoms and the biochar matrix, is crucial to better
understand and control the material’s behavior during adsorption and catalytic processes.
Advanced characterization techniques, such as atomic-resolution imaging and in situ
spectroscopy, will be essential to uncover the synergistic effects between these structural
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features during adsorption and catalytic processes. Such insights will drive the rational
design of biochar with tailored properties for specific environmental applications.

Expanding applications of heteroatom-based co-doped biochar in environment
remediation: Heteroatom-based co-doped biochar has demonstrated exceptional pollutant
adsorption and catalytic degradation capabilities; however, most of these findings are
limited to laboratory-scale experiments using synthetic solutions. To advance the practical
application of heteroatom-based co-doped biochar, future research should investigate
its performance under real-world conditions, such as natural soils and water systems,
which present more complex and heterogeneous compositions. Expanding the scope of
application to include soil remediation and nutrient recovery could provide significant
benefits for sustainable agriculture and environmental restoration.

Additionally, the potential of heteroatom-based co-doped biochar to address global
environmental challenges, including carbon storage and greenhouse gas emission reduction,
warrants further exploration. Understanding the multifunctional roles of biochar in diverse
environmental systems will enable the development of integrated solutions to address
interrelated environmental challenges.

Disposal and stability of used biochar: Despite its growing application in pollutant
removal, heteroatom-based co-doped biochar still faces significant challenges regarding
its long-term use and disposal. One major concern is the potential release of heavy metal
ions, which can lead to secondary pollution. For instance, Zhong et al. [99] reported that
Cu ion release in the N-Cu/biochar/PS/TC system reached 3.29 ppm at pH 5.0, exceeding
the permissible limits set by Chinese Environmental Protection Standards. These findings
emphasize the urgent need for strategies to enhance biochar stability and mitigate the risks
associated with its use.

Future research should focus on designing heteroatom-based co-doped biochar with
improved stability to minimize environmental risks. Additionally, exploring sustainable
disposal strategies, such as repurposing used biochar for construction materials or soil
amendments, could provide viable end-of-life solutions. Comprehensive life-cycle assess-
ments are also necessary to evaluate the environmental and economic impacts of biochar
technologies, ensuring alignment with global sustainability goals.

7. Conclusions

This review summarizes the synthesis strategies, structural properties, and environ-
mental applications of heteroatom-based co-doped biochar. Through the synergistic effects
of heteroatoms, such as N, D, and P, co-doped biochar has demonstrated enhanced adsorp-
tion and catalytic performance for a variety of pollutants. Its significant advancements
include increased functional groups, pore structures, and defect sites, which collectively
improve its efficiency.

While laboratory results are promising, challenges such as stability, secondary pollu-
tion, and performance under complex environmental conditions remain. Future efforts
should focus on optimizing green synthesis methods, advancing microscopic character-
ization, and developing sustainable disposal strategies to enable practical, large-scale
applications. Heteroatom-based co-doped biochar holds significant potential for environ-
mental remediation, with the potential for broader applications as research advances.
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