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Abstract: In the face of the escalating crisis of water pollution, biochar-based hydrogel
composites (BCGs) have emerged as a promising material for water treatment, owing to
their distinctive performance and environmental friendliness. These composites combine
the high specific surface area and porous structure of biochar with the three-dimensional
network of hydrogel, demonstrating superior adsorption capacities and ease of recyclability
within aquatic systems. This paper provides the first overview of BCGs synthesis methods,
with a particular emphasis on encapsulation and co-pyrolysis techniques. Furthermore,
the environmental applications of BCGs are summarized, focusing on their efficacy and
mechanisms in the removal of organic contaminants, heavy metals, and nutrients from
water bodies. Our analysis underscores the pivotal role of BCGs in environmental preser-
vation and pollution mitigation efforts, suggesting that its implementation could lead to a
significant advancement in water pollution abatement strategies.

Keywords: aquatic contaminants; encapsulation; co-pyrolysis; adsorption; mechanism

1. Introduction

Nowadays, the demand for CO, emission reduction, resource regeneration, and environ-
mental protection is urgently increasing, which draws huge attention from researchers and
ordinary people. The primary strategies for environmental remediation include photocatalysts,
sensing, adsorption, fertilizer, and pesticides [1-3]. Among them, adsorption stands out for its
economic viability, efficiency, and operational simplicity [4]. Bearing the advantages of nega-
tive CO, emission, reuse of biomass wastes, low cost, high specific surface area [5-10], porous
structure [5-8,10-16], and ample surface functional groups [5,7,10,17,18], biochar has trig-
gered explosive research interests in recent years [19-21]. Generally, the feedstock of biochar,
possessing the advantages of extensive sources, low cost, and environment friendliness, stems
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from carbon-enriched biomass such as forestry and agricultural waste [6,15,22], industrial
rubbish [15], and animal manure [10,22]. Resulting from its intriguing physicochemical prop-
erties and significant meaning in environment protection, waste management, and ecological
preservation, biochar has played an essential role in addressing environmental pollution in
recent years, such as aquatic and soil remediation [19,23]. Biochar and its modifications have
shown promising removal capability toward various environmental contaminants [16-18],
such as anionic and cationic dyes [24], organic pesticides [25], oils [26], micropollutants [2],
and heavy metals [27].

However, the large-scale application of biochar in water treatment may be limited by
the particulate form of biochar [7]. Usually, biochar is prepared in powder form [13], which
is prone to agglomeration, leading to a much-lowered adsorption capacity. The problem
of ease of migration and loss, the difficulty of recovering and collecting, unsuitability for
long-term effective disposal, and need for additional separation cost could all exist in the
application of wastewater treatment [8,11,16,28,29]. Furthermore, when biochar-based
adsorbents are used in continuous industrial applications, their powder nature may lead to
column clogging [8].

The probable leaching and run-off of water-soluble active elements such as metal
oxide/sulfide and P from modified biochar-based adsorbents is also a potential problem,
which could result in secondary contamination issues [7,30]. Therefore, methods that can
screen the leaching of metal ions are vital to the practical applications of biochar-based
adsorbents. In the past few years, the adsorption, modification, and multifunctional appli-
cation of biochar has been well reviewed [5,19,20,31]. The exploration of novel modification
methods has attracted enormous research interest and endeavors in recent years. Hydrogel
embedding may be a useful approach to solving the aforementioned problem.

Hydrogel is a type of hydrophilic material possessing unique three-dimensional net-
works [32] and high pore volume [10] and is widely applied in industrial, medical, and
environmental applications [15]. It is reported that many precursors, such as cellulose [33],
alginate [34], chitosan [4], lignin [35], and graphene oxide [27], could be used to prepare hy-
drogel [15]. Possessing so many advantages, hydrogels are emerging as a significant class of
excellent adsorbents for treating water and soil pollution and have shown high adsorption
ability toward various pollutants, such as dyes, oils, and heavy-metal ions [36]. Biochar
can be homogeneously distributed in a porous bulk hydrogel [37]. More importantly, the
hydrogel can act as an external protector in biochar-based hydrogel composites (BCGs),
which could efficiently reduce the adverse effects of the aforementioned biochar [30].

Note that immobilization of the powdered biochar-based materials into suitable gel
medium to prepare BCGs could endow some unique performances and increase its prospect
of practical application. For example, physicochemical properties such as maximum
Young’s modulus and plastic deformation resistance could be enhanced by the incorpora-
tion of biochar into hydrogel networks [37]. Furthermore, the reaction rate can be improved
after the encapsulation of biochar into hydrogel due to the resulting enhanced conductivity
after modification [32]. A larger specific surface area and more oxygen-containing func-
tional groups and amino groups improved selective adsorption capacity toward pollutants,
and convenient reusability could also be achieved by BCGs [13,17,18]. Therefore, compared
to biochar, BCGs are generally characterized by higher adsorption capacity, faster adsorp-
tion kinetics, and enhanced selective adsorption capabilities. Furthermore, the leaching
of metal ions from BCGs is effectively mitigated by the hydrogel matrix through physical
encapsulation and chemical bonding. The three-dimensional network structure of the
hydrogel restricts the diffusion of metal ions, while its surface functional groups (e.g., car-
boxyl and hydroxyl groups) enhance metal ion chelation via chelation mechanisms [38,39].
Furthermore, the feasibility of surface functionalization and other modification techniques
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is improved by the hydrogel matrix, thereby enhancing the adsorption capacity and stabil-
ity of BCGs. For instance, defects on graphene monolayers can be utilized to strengthen the
anchoring of FeOx on the biochar surface, increasing the number of surface active sites and
subsequently improving the pollutant immobilization capability of BCGs [27]. Although
BCGs demonstrate promising potential for aquatic environmental remediation, their prepa-
ration process remains complex, involving biochar production, hydrogel synthesis, and
their subsequent integration, often requiring additional processing and modification steps,
which results in high production costs. Furthermore, precursors such as cellulose, alginate,
chitosan, and lignin, which are used for BCG preparation, may gradually degrade during
repeated use due to their biodegradability, leading to diminished adsorption performance
in aquatic environments [39—41]. As a result, the quantitative and accurate assessment
of the long-term efficacy and stability of BCGs continues to pose significant challenges.
Additionally, current research on BCGs is largely confined to laboratory-scale studies, ne-
cessitating further expansion of its application scope in practical water treatment scenarios.
Future research should focus on developing efficient and cost-effective production pro-
cesses for BCGs to reduce their application costs in pollutant adsorption. Simultaneously,
the adsorption performance and stability of materials both need to be further optimized to
enhance their adaptability and reusability under diverse aquatic conditions.

Up to now, there have been a series of reviews about powder biochar concentrating
on environmental applications such as water treatment and soil remediation. Regarding
biochar with a three-dimensional network structure, to the best of our knowledge a com-
prehensive overview is still absent, especially for its application regarding environmental
issues. Thus, an overview of the recent advances in BCGs for water treatment is provided in
the present review. The link between the preparation, structure, environmental applications,
and mechanisms of BCGs is highlighted. Furthermore, the synthetic methodologies of BCGs
are first summarized. The interplay between material properties and the environmental
performance of BCGs is comprehensively discussed, mainly to provide a theoretical basis
and technical guidance for BCG design and their applications in environmental protection.

2. Preparation of BCGs

The preparation of BCGs can be achieved through two primary methods: encapsula-
tion and co-pyrolysis (Figure 1). The encapsulation method involves dispersing biochar
within a hydrogel precursor, followed by crosslinking and subsequent drying to form stable
BCGs. This technique is straightforward and effective for maintaining the biochar’s struc-
ture within the hydrogel matrix. In contrast, the co-pyrolysis approach integrates biochar
and hydrogel components during the pyrolysis process under controlled conditions. This
method allows for the development of a homogeneous carbonaceous matrix, enhancing the
interaction between biochar and hydrogel. The main preparation parameters and material
properties of BCGs are detailed in Tables 1 and 2, respectively. The primary gel matrixes for
BCGs include cellulose, alginate, chitosan, lignin, and graphene, which will be introduced
separately below (Figure 2).
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Table 1. The preparation parameters and physicochemical properties of BCGs prepared by the encapsulation.
Materials Gelation Process (mSZSgA_l) Mineral Facies M{:’:l:::ﬁleosgy Fué‘ﬁ(t:l?;al The{'rlr‘lg)/[s]fi\{t;lhty pHpzc Ref.
Mixed KOH solution, AA,
CMC, guar gum, and
CMC/guar gum/KMnOy- KMnO4-modified biochar, B _ Honeycomb porous O-H,N-H, C=0, 45.50°% B [42]
modified biochar added KPS and MBA, structure. and -COOH. e
ultimately heated in a water
bath, and then dried.
Biochar was dispersed into the The surface is
Alginate/biochar al,gmatﬁ S‘élugf“' t{‘er.‘ d“PPgd 24234 - Rough and irregular o 4owed with -OH, - 8.42 [29]
into the Cacl; solution, an : C=C, C-O, and C=0.
Biochar was mixed into a The C peak of BC was retained,  Visible protrusions A g;lgzgﬁlgglaﬁiegm
di Iginate solution, thy ori 3+ withi . -
Fe-modified alginate/biochar sodium a'ginate s;u tor, fhen 2.32 and the majority of Fe™* within and folds; BC can functional groups is - 3.8 [32]
dropped into Fe®* solution, the hydrogel served to infiltrate the observed relative
concluding with freeze-drying. cross-link alginate molecules. hydrogel matrix. to BC.
Alginate and KMnO4-modified The resulting peaks Bﬁﬁﬁi St;ici?llers; al irl:;ae dilnntgrovgg?e da
Alginate/KMnOy- biochar were mixed, then 2734 corresponded to CaCly, H,O, disperse d}; cross the gnovel henolic B 15 [43]
modified biochar dropped into a CaCl, solution, : Cay0(PO4)s(OH),, KCaPOy b P ' -
- - / 4 pore framework and hydroxyl
and ultimately freeze-dried. and MnO,, :
the external surface. functional group.
Alginate and magnetic biochar
. S were combined, then immersed Amorphous structure and C=0, C-O-C, and ) )
Alginate/magnetic biochar in CaCl, solution, and 26240 Fe30, particle diffraction peak. Rough surfaces. Fe-O were observed. 6.5 [34]
ultimately dried.
Combined alginate and :
X ‘. The resulting peaks L.
. i hydroxyapatite-modified : The surface is rich in
Alginate / hydrgxyapatlte biochar, then dripped into the _ correspo.nded.to crystal plane The surface is C-C, C-O, C=0, _ 779 [44]
modified biochar : diffraction peaks smooth 4
CaCl, solution, and of hvdroxvapatite and P-O.
finally freeze-dried. Y yap :
Chitosan/nZVI- Chitosan in 2% acetic acid, 20 = 21.3° represents the v?ézlleigglc? Ceg(x);?tsh gﬁgcsltlel‘cfia‘?\itlﬁ
e P added /nZVI-modified biochar, 0.86 ) prese i . P 83.9% 6.5 [45]
modified biochar and GA. finally, freeze-dried structure of crystalline chitin. chitosan in a hydroxyl and
’ Y ' sugar-coated layer. amino groups.
. R Encapsulation of GO
Mixed Fe-modified biochar and .
. N-doped g.riapher}e GO, added ethylenediamine, 398.05 - 3D porous enhances.func.tlonal 86.00% 3.0 [15]
oxide/Fe-modified biochar heated at 80 °C. and dried network structure. group vibrational
, . peak intensities.
Mixed KOH-modified biochar
Reduced graphene suspension with GO. solution, . . 3D porous C=0,C=C,C-H,C-0O-
oxide/KOH- added ethylenediamine, ; Hydrogen bonding exists interconnected C,C-OH and C:N-H ; ; [10]

modified biochar

reacted at 120 °C,
and freeze-dried.

between rGO and BC.

network structure.

were observed.
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Table 1. Cont.
Materials Gelation Process (mSZSgA:I) Mineral Facies M{:’:l:::ﬁleosgy Fué‘ﬁ;‘g;al Theg&sﬁ:ﬁ;ﬂuy pHpzc Ref.
Gellan gum and polyvinyl
alcohol were dissolved The surface of the
separately and then mixed; terial is i 1 The surface is
. pre-treated biochar and ma erlah.ls.lfregu ab abundant in o
Gellan gum/biochar glycerol were added and the 134.00 agg'(eglai;gn d oxygen-containing 72.05% 643 [46]
mlxtgi‘:hvg:z gg?ﬁj dlr;ttloapetrl sheet-like structures. functional groups.
vacuum oven.
Biochar was dispersed in
ethanol, while starch was The surface exhibits
. dissolved in acetic acid; the 3D network s o
Starch/biochar mixture was combined with 22694 structure. _OHahréltég’OC O, 98% 4.0 (171
glycerol, then heated at 80 °C "
and dried.
AM, MBA, and MnO, modified
biochar were combined,
ball-milled, and mixed with Hydrogen bﬁnds
Polyacrylamide /MnO, sodium dodecyl sulfate to Dense and _ mediate the
. . 31.17 homogeneous interaction between 38.00% - [37]
modified biochar create foam, then TMEDA and N 8!
Na,S,05 were added in microstructure. hydrogel (N-H) and
sequence, followed BC (-OH).
by freeze-drying.
U{/lvilte}{ ZNétAfI\é[H‘g&secdogbtﬂlee d Interconnected Hydrogen bonding
: _ ies ¢ porous network, interactions between
Porlr}igtciri}f/il:éné?;c/}i?o %%ﬁ%%n tokfel\rfff;rpe‘éerl-jc‘ISf;iﬁé - distribution of folds  the N-H of hydrogel 63.83% - [47]
occurre,d after heating in a and nanoparticles on and the O-H
water bath & the surface. of biochar.
Esterified corn starch was -
mixed with gelatin and 20 = 26.57, 42.74, 48.62° peaks b Nucleophilic |
C0F92Q4/ microwaved, then CoFe,Oy4 indicated that ) 3D porous network s‘éetsngrlloéfeeraigzgn
starch-gelatin/MoOs and GA were added; after - CoFep Oy /starch-gelatin structure. corn starch and - - [48]

modified biochar

drying, it was mixed with
MoOj3; modified biochar,
ground, and microwaved.

hydrogel was grafted with
MoO3; modified biochar.

gelatin assisted
by GA.

pHpzc = pH value at the point of zero charge; SSA = specific surface area; TMLR = total mass loss rates; GA = glutaraldehyde; MBA = N, N’-methylene bis-acrylamide; APS = ammonium

persulfate; TEMED = N, N, N’, N-tetrameth-ylethylenediamine; AM = acrylamide; AA = acrylic acid; KPS = potassium peroxodisulfate.
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Table 2. The preparation parameters and physicochemical properties of BCGs prepared by the co-pyrolysis.
. Raw Materials Carbonization Morpholo . Thermostabilit
Materials and Pretreatment Process SSA (m*g~1) Fela;‘turesgy Functional Group (TMLR) Y PHrzc Ref.
N, atmosphere, 800 .
; o 5°C/min, 412, . . aeroge
Sisal leaves cellulose BCG Celtlﬁlégsfer :;ZE_I d(rlie‘/\cllt 7o), at 600 °C, 457, 3D H;ttiflcco,(r&?gdlon exclusively exhibits - - [49]
’ 700 °C, 494 ’ C-C bonds.
800 °C.
Chitosan in KOH/urea/H,0 N, atmosphere, . . -OH,C=0, and
Chitosan BCG solvent, left to stand for 24 h 5°C/ milr31, at 2607 The 3D hlterarfhlcal C-O-C were - 6.6 [13]
and freeze-dried. 800 °C for 2 h. porous structure. observed.
N, atmosphere,
Chitosan in KOH/urea/H,0 10 K/min (room The honeycomb
solution, repeat temperature-773 structure is formed Occurrence of -OH,
Chitosan BCG thawing—freezing and standing K) and 5 1867 by interconnecting amide II, and C-O-C - - [9]
for 24 h, and finally K/min(773- the characteristic peaks.
freeze-drying. 1073K), stayed at hierarchical pores.
1073 K for 2 h.
Mixed ChCl and glucose and The surface appears The:fl %Xziaecgéoup
H added NMMO H,0, VC, GA, Ar atmosphere, wrinkled and the chemically with the
ardwood pulp and hardwood pulp, then S : o
1l . ° 5°C/min, at 769 whole forms a 3D -OH group of 94.29% [50]
cellulose BCG stirred under vacuum at 90 °C, 400°C for 2 h hierarchical lulose to f th
cooling and curing, and ) twork cellulose 10 orm the
finally freeze-drying. porous network. acetal group
y ying (O-C-0).
Catenulate carbon
Watermelon placed in an network and carbon o ¢
autocaveand hated 1 mspherenetwork; g OurEIe ot
Magnetic watermelon BCG produce g monomers by N; atmosphere, - €34 .nanopartlc es attributable to the elements - [51]
gn hydrothermal reaction t 550 °C for 4 h. were incorporated .
yarot ’ a o . p Fe304 phase (JCPDS were confirmed.
freeze-drying, then embedded into the 3D porous 75-0033)
Fe30y in a network of gels. networks of ’
biochar aerogel.
Dissolve D-glucose, yeast,
peptone, and DHP in deionized
water and adjusted pH = 5.0; N )
. . 2 atmosphere, Long filament
bacterial cellulose BCG inoculated with Acetobacter 5°C/ mirr)1, at 375 nanofiber; 3D porous - - - [26]
and then incubated statically at 1000°C for2 h K
30 °C, NaOH purified and (@) . network structure.
washed, and finally
freeze-dried.
Ny atmosphere,
2 °C/min, at The surface is The -OH in the CA
Bamboo pulp in DI, 240 °C for 1 h; smooth, iron was almost completely
Iron/cellulose BCG Fe(NO3)3-9H,0 added, and then 2 °C/min, 135 distributed along the disappeared, but - - [52]
finally freeze-dried. at 400 °C for 1 h; fibers, 3D porous Fe-CA still showed a

and 5 °C/min, at
800 °C for 2 h.

network structure.

distinct -OH peak.
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Table 2. Cont.

Raw Materials Carbonization Morphology Thermostability

. > .
Materials and Pretreatment Process SSA (m* g1 Features Functional Group (TMLR) pHrzc Ref.
k-Carrageenan (1 g)
Carrageenan/sodium m D%f sodtlurrégggm Ny atmosphere, After carbonization,
lignin sulfonate su t}?na € al de 4 10 °C/min, at 550 °C 324 3D porous structure. - the C=C content - [53]
BCG cnseate for 0.5 h. is reduced.

crosslinking and
freeze-drying.

ChCl = choline chloride; NMMO H,0O = N-methyl morpholine-N-oxide (NMMO) was further processed in a double glass reactor; VC = ascorbic acid; GA = glutaraldehyde; DHP =
disodium hydrogen phosphate.




Processes 2025, 13, 664

8 of 30

(b)

Preparation of hydrogels =

Preparation of BCGs by encapsulation method

Preparation of biochar

High
... temperature Inert gases

~

Gel ;ccursor Crosslinker ‘ 0T g »'r"t
N p Y . —r 2

Cross-linking
process

3D network
structure

L O A A T e " T T A e " T " T A " . . . ™

@ © Polyvalent-ion

crosslinking agent

Chemical @ Lignin

crosslinking agent

Biomass Maudification

- Porosity
Hydrogel BCGs

Preparation of BCGs by co-pyrolysis method !

@ Freezo dryl'ng

Heating

Room
temperature

°o0-/ @ [ ogueg

Mixed Solution Hybrid
moulding

Figure 1. Process flow chart of BCGs prepared by (a) encapsulation and (b) co-pyrolysis. (a) Schematic
illustrating the process of preparing BCGs using an encapsulation method. Initially, hydrogels are
prepared by combining a gel precursor with a crosslinker, resulting in a cross-linking process that
forms a three-dimensional network structure with porosity. Concurrently, biochar is produced from
biomass through a process involving high temperature and inert gases, followed by modification. The
biochar is then encapsulated within the hydrogel to form BCGs. This method ensures the integration
of biochar properties within the hydrogel matrix, enhancing its functionality. (b) Schematic depicting
the process of synthesizing BCGs using a co-pyrolysis method. Initially, a gel precursor is formed by
combining cellulose, alginate, chitosan, or lignin with polyvalent-ion/chemical crosslinking agents.
This mixture undergoes gelation to form a mixed solution (Step 1). Subsequently, the mixed solution
is subjected to heating, which includes room temperature aging and hybrid molding, resulting in the
formation of a hydrogel (Step 2). The hydrogel is then freeze-dried (Step 3) and further carbonized
(Step 4) to produce BCGs.
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Figure 2. Main gel matrix types and their molecular structures of BCGs for water remediation
applications. This diagram illustrates the main sources of the gel matrix, highlighting the chemical
structure of these raw materials.

2.1. Cellulose-Based BCGs
2.1.1. Plant/Bacterial Cellulose-Based BCGs

Cellulose, a polymeric carbohydrate constituted by (3-glycosidic linkages of D-glucose
units, represents one of the most significant and bountiful biomass materials on Earth [54].
It is sourced from a variety of natural biomasses, including wood, leaves, bamboo, and
cotton, or synthesized through microbial fermentation by organisms such as Acetobacter
species [26,55,56]. Owing to its low cost, environmental compatibility, biodegradability, and
high natural abundance, cellulose is regarded as a promising carbon-based material [57,58].
Compared to plant-derived cellulose, bacterial cellulose is a nanoscale cellulose with a
larger specific surface area (SSA), higher purity, and superior crystallinity and tensile
strength [59]. The purified bacterial cellulose hydrogel was subjected to freeze-drying
followed by subsequent pyrolysis at 800 °C under an N, atmosphere [60]. The resulting
bacterial cellulose BCG retains the interconnected fibrous network of the original micro-
tubules, endowing it with a high porosity and voids. Moreover, its macroscopic size and
lightweight architecture facilitate separation from solutions, rendering it advantageous for
solid-liquid separation in practical applications.

However, it has been reported that BCGs synthesized from waste paper [61], cellulose
nanofibers [26], bagasse [25], sponge gourd [62], and cotton [63] exhibit mechanical brittle-
ness and incompressibility due to the poor thermal stability of their raw materials and their
inherently random porous structures [26,57]. To date, numerous cellulose-based modified
BCGs have been designed through alkali activation, 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO) oxidation, and doping methods to enhance the structural stability and surface
chemistry of pristine BCGs [61]. For instance, cellulose-based BCG derived from waste
paper was further converted into activated BCG with excellent thermal stability and high
specific surface area (654.58 m?/ g) via KOH alkali activation [61]. The alkali activation pro-
cess not only preserves the cellulose structure but also provides larger diffusion channels
and more adsorption functional groups for pollutants. Moreover, the activated cellulose-
based BCG can be effectively regenerated through high-temperature combustion due to its
enhanced thermal stability. The TEMPO oxidation method selectively oxidizes primary
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alcohols in cellulose molecules into aldehydes and carboxyl groups, thereby reducing
the degree of polymerization and increasing the content of oxygen-containing functional
groups on the cellulose surface. Huang et al. (2020) obtained modified cellulose aerogels by
subjecting bleached eucalyptus pulp to wet ball milling and TEMPO-mediated oxidation,
followed by pyrolysis, resulting in modified cellulose BCG with an ultra-high specific
surface area (2825 m? g_l) and enhanced functional groups [33].

Metal particles, despite being highly efficient adsorbents, face significant limitations
in large-scale applications due to challenges in separation and recovery, severe aggregation
in aquatic environments, and potential risks to aquatic ecosystems and human health
when leached into the environment [57]. On the one hand, cellulose gels, as precursors
for porous BCGs, provide a three-dimensional network that serves as an excellent plat-
form for stabilizing and immobilizing metal nanoparticles [26,64]. On the other hand,
the doping of metal nanoparticles helps maintain the porous structure of cellulose-based
BCGs during carbonization [26,64]. For instance, the in situ synthesis of monoclinic tita-
nium dioxide (TiO,(B)) within a cellulose-based BCG matrix has been reported to produce
TiO,(B)/ cellulose aerogels, which were further pyrolyzed under N, conditions to obtain
TiO,(B)/cellulose BCG [64]. TiO,(B) effectively enhances the stability of the cellulose BCG
carbon skeleton, preserves the integrity of the porous structure during pyrolysis, and
exposes more active adsorption sites. Similarly, ZIF-8-doped cellulose BCG was synthe-
sized by leveraging the coordination between dimethylimidazole and Zn?*, enabling the
in situ synthesis of ZIF-8 nanoparticles on bacterial cellulose aerogels, followed by one-
step carbonization [26]. The incorporation of ZIF-8 nanoparticles imparts a larger specific
surface area, more N atoms, and hydrogen bonds between N atoms and water molecules,
which are the primary reasons for the high adsorption capacity and hydrophilicity of
TiO;(B)/cellulose BCG. Ahamad et al. (2019) successfully developed N/S co-doped mag-
netic BCG using bagasse cellulose as the gel precursor and FeCl; and thiourea as modifiers
through a combination of hydrothermal synthesis and subsequent carbonization [25]. This
material exhibits a highly porous structure, enhanced chemical stability, and saturated
magnetization properties. The presence of N/S groups improves the porosity, hydrophilic-
ity, and selectivity of the N/S co-doped magnetic BCG, achieving a 99% removal rate
for bisphenol-A. Moreover, the magnetic BCG can be easily separated under an external
magnetic field, reducing the cost and time required for adsorbent separation. However,
the extraction and processing costs of cellulose materials remain relatively high, and the
dissolution process is complex and time-consuming due to the poor water solubility of
cellulose, which continues to hinder its widespread application in aquatic environmental
remediation [40,65].

2.1.2. Carboxymethyl Cellulose-Based BCGs

Carboxymethyl cellulose (CMC), a natural cellulose derivative, exhibits excellent
properties, such as ease of regeneration, natural biodegradability, good biocompatibility,
water solubility, and facile functionalization [42]. However, natural polymer gels often
suffer from poor mechanical properties. By combining biochar as a carbon skeleton with
CMC to prepare BCGs, the mechanical performance of the gel can be enhanced while
addressing the challenge of separating biochar as an adsorbent. Yang et al. (2023) developed
a green, stable, and highly efficient porous BCG by incorporating KMnOy4-modified cattail
biochar with CMC and guar gum through free radical polymerization [42]. The doping of
KMnO4-modified cattail biochar improved the thermal stability and mechanical properties
of the BCG and increased adsorption sites. However, studies have shown that the excessive
addition of KMnO4-modified cattail biochar can cover active sites, leading to a significant
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decline in adsorption capacity. Therefore, modifying the composition of CMC-based BCG
to achieve long-term stable adsorption of pollutants is both challenging and meaningful.

CMC contains abundant hydrophilic groups, and the chelation between carboxyl
groups on its molecular chains and metal ions can promote gelation and enhance ad-
sorption performance, which is not only simple and time-efficient but also non-toxic and
environmentally friendly [40,65]. Using CMC, D-(+)-gluconic acid lactone, sodium montmo-
rillonite, and FeCl3 as raw materials, a 3D porous magnetic CMC/sodium montmorillonite
BCG was synthesized through sol-gel, freeze-drying, and pyrolysis processes [65]. The
magnetic CMC/sodium montmorillonite BCG exhibited stable oil adsorption capacity
even after five adsorption-combustion cycles. Additionally, FeCls, as a crosslinking agent,
endowed the CMC/sodium montmorillonite BCG with excellent magnetization properties,
facilitating its adsorption and recovery. Yu et al. (2018) selected FeCl; as a crosslinking
agent and collagen as an N source and mixed CMC with D-(+)-gluconic acid lactone, fol-
lowed by freeze-drying and carbonization, to synthesize N-doped magnetic CMC BCG [41].
Further, KOH activation at 800 °C endowed the N-doped magnetic CMC BCG with a
high specific surface area (589.6-664.3 m? g~ !). The results indicated that the presence of
Fe30y4, as well as pyridinic and pyrrolic nitrogen on the N-doped magnetic CMC BCG,
facilitated adsorption, making the material more suitable for adsorbing cationic dyes such
as malachite green and methylene blue. Using Al;(SO4)3 as a crosslinking agent, CMC and
D-(+)-gluconic acid lactone were mixed with plasticizer glycerol, and BCG was synthesized
through freeze-drying and stepwise carbonization [40]. The irregular wrinkled surface
of the BCG was likely caused by the crosslinking between CMC and Al3*. Subsequently,
the prepared BCG was converted into activated BCG through high-temperature KOH
activation at 900 °C. Longer activation times resulted in higher specific surface areas and,
consequently, greater dye adsorption capacities.

2.2. Alginate-Based BCGs

Sodium alginate (SA), a naturally occurring anionic polysaccharide, is rich in -COOH
and -OH groups [28,38]. It rapidly forms hydrogels through a complexation mechanism when
reacting with divalent cations (Ca?*, Cu?*, Zn?*) and trivalent cations (Fe>*) [32,66]. Due to
its biocompatibility and cost-effectiveness, Ca>* has become a widely used gelling agent for
crosslinking with alginate, thereby enhancing the immobilization of carbon materials [29].
Therefore, powdered biochar adsorbents can be encapsulated within alginate-based gels to
address the issues of biochar migration with water and insufficient adsorption sites [28,43].
During encapsulation, biochar, with good electrical conductivity, can be interpenetrated by
long-chain alginate molecules to construct an interpenetrating polymer network, enhancing
the electron transfer capability of the hydrogel and thereby increasing the surface reactivity of
the BCGs [32]. SA was used to encapsulate ball-milled biochars derived from straw, distiller’s
grains, and Eupatorium adenophorum, respectively, and then dripped into CaCl, solution to
form alginate-based BCG. The immobilization of ball-milled biochar within calcium alginate
(CA) gel matrices enables its effective separation and recovery from water [29]. In a similar
approach, CA was employed to embed biochars derived from Laminaria japonica, Undaria
pinnatifida, and Porphyra tenera [29]. Both studies investigated the removal of phosphates,
revealing that biochar synthesized from marine macroalgae and combined with SA-based
BCG exhibited a higher binding affinity for phosphate pollutants due to stronger divalent
cation bridging effects and higher Ca/P and Mg/P ratios. Hydroxyapatite-modified biochar
prepared using hydroxyapatite and water hyacinth biomass can be further synthesized with
SA to create hydroxyapatite-modified biochar/CA BCG, thereby enhancing the surface-active
adsorption sites of the BCG [44]. Gao et al. (2023) impregnated cotton stalk biomass with
KMnOy; solution, followed by pyrolysis to synthesize KMnO4-modified biochar, which was
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mixed with SA colloid and dripped into CaCl, solution to induce the formation of spherical
BCG through strong chelation [43]. The results showed that KMnO4-modified biochar/CA
BCG possessed a 3D hierarchical porous structure and richer oxygen-containing functional
groups (-OH and -COOH). Using FeCl; and FeSOy4 as magnetic precursors, magnetic peanut
shell biochar loaded with Fe304 was synthesized via the co-precipitation method, which was
then used as a filler to fabricate superparamagnetic biochar/CA BCG [34]. Wu et al. (2023)
used calcium sulfate-loaded bamboo biochar as a carrier, mixed it with polyethyleneimine
(PEI) and SA in a specific ratio, and added glutaraldehyde solution to crosslink and synthesize
biochar/PEI/CA composite BCGs under the action of Ca?* ions [39]. PEL with its abundant
amine groups, exhibited excellent chelation capacity for heavy-metal ions [38]. Zhao et al.
(2021) prepared BCG with excellent pH buffering capacity using pinewood biochar, sodium
alginate, and FeCls as a crosslinker via a sol-gel method [32]. Overall, the successful combi-
nation of biochar and alginate facilitates the regulation of surface functional groups, porous
structure, and pH dependency in alginate-based BCGs.

2.3. Chitosan-Based BCGs

Chitosan (CS), derived from chitin through deacetylation, is a polysaccharide com-
posed of 3-(1-4)-linked glucosamine and N-acetylglucosamine residues, featuring an abun-
dance of -NHj; and -OH groups. CS can form gels with certain substances through chemical
crosslinking and/or physical crosslinking, making it a promising candidate as a carrier
for immobilizing biochar [11,67]. This approach could potentially enhance the chemical
affinity and mechanical stability of biochar.

Interestingly, research has revealed that CS-based BCGs, which are applied in the
field of water treatment, are typically constructed in alkaline solutions. These BCGs
exhibit excellent high strength and biocompatibility [4,11]. Afzal et al. dissolved CS in an
acetic acid solution and then added pomelo peel biochar to form a mixture, which was
dropped into a NaOH solution to synthesize spherical BCG composites [11]. It was found
that this BCG exhibited excellent chemical stability, and the effect of temperature on its
adsorption performance was negligible. Biochar/CS BCGs were synthesized by dispersing
biochar derived from the ficus macrocarpa branch in CS solutions of varying concentrations,
followed by crosslinking with glutaraldehyde under alkaline conditions [4]. The results
indicate that an increased proportion of glutaraldehyde enhances the crosslinking effect,
thereby improving the stable binding between biochar and CS. Wang et al. (2023) employed
a similar method to encapsulate nanoscale ZVI-modified biochar within a CS gel, resulting
in a material that exhibits stable adsorption performance for Cr(VI) across a broad pH
range [45]. The fabrication of alkali-activated biochar/CS BCG involves the incorporation
of alkali-activated corncob biochar into CS, followed by cross-linking with epichlorohydrin
to react with the hydroxyl groups of CS [67]. The embedding of alkali-activated biochar
enhances the mechanical strength and porous structure of the BCG.

It has also been reported that CS gel can be directly employed as a precursor for the
synthesis of BCG. Liu et al. (2019) dissolved CS in a KOH /urea/water system to form a
gel precursor, which was subsequently freeze-dried and subjected to high-temperature
carbonization, resulting in a BCG with a large SSA of 2607 m? g~ ! [13]. Luo et al. initiated
the process by using KOH and urea as CS gel agents, then added acetic acid to construct a gel
form, and successfully prepared a CS-based BCG through a combination of hydrothermal
carbonization and low-temperature oxidation treatment [68].

2.4. Lignin-Based BCGs

Lignin, the second most abundant natural polymer after cellulose, is derived from the
secondary cell walls of plants [35]. Over 50 million tons of lignin are produced annually
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from by-products of the paper industry, with more than 95% of this industrial lignin being
underutilized [69]. Porous BCG materials prepared from lignin or lignin-derived monomers
retain their original structural and surface chemical properties, exhibiting large SSA and
high porosity, making lignin a promising low-cost precursor for BCGs [35,70].

The synthesis of LaFeO3/lignin BCG was achieved by the crosslinking of Fe(NO3)s,
La(NOs3);3, citric acid, and lignin in a mixed solvent of deionized water and ethanol under
heating conditions, followed by drying and carbonization at 600 °C [35]. The integration of
adsorption by the lignin-based BCG with the Fenton-like photocatalytic process of LaFeOs
significantly improves the degradation efficiency of ofloxacin, increasing it from 53.4% for
pure LaFeOj3 to 95.6% for the LaFeOj3/lignin BCG composite. Sodium lignosulfonate and
Kappa-Carrageenan (k-Car) served as the raw materials for the synthesis of BCGs [53].
After being mixed and sealed for 24 h, the preparation was freeze-dried to convert into a
BCG precursor. This precursor was then soaked in a KOH solution, followed by drying
and co-pyrolysis to synthesize an alkali-activated k-Car/lignin BCG with a substantial SSA
of 594.6 m? g~! and a 3D hierarchical porous structure. The study by Jiao et al. (2022)
confirmed that the incorporation of sulfomethylated lignin (SL) significantly enhances
the mechanical flexibility of MgO/CMC/SL BCG [57]. MgO nanoparticles, CMC, and
SL are initially dispersed together in deionized water. The mixture is then subjected to
directional freeze-drying to form a composite aerogel, which is subsequently pyrolyzed
under N to produce MgO/CMC/SL BCG with an ordered wavy-layered structure and
excellent compressibility.

2.5. Graphene-Based BCGs

Graphene gels, in contrast to conventional polymer gels, are three-dimensional porous
network structures composed of graphene nanosheets as the base element through lamellar
stacking and cross-linking and have a large specific surface area, abundant multilevel pore
structure, excellent biochemical inertness, and good mechanical strength [15,27]. Graphene
oxide (GO) is an oxide of graphene that maintains the characteristic layered structure and
large SSA of its graphene. By incorporating ethylenediamine as a nitrogen source into a
mixture of magnetic shrimp shell biochar and GO, a gelation process was induced under
heat [15]. Subsequent microwave drying yielded N-doped magnetic biochar/GO BCG.
The results showed that the SSA of the N-doped magnetic biochar/GO BCG increased by
259.59 m? g~ ! compared to the magnetic biochar alone, enhancing their affinity for Cr(VI)
ions in aqueous solutions.

Research has demonstrated that the oxygen functional groups present in GO can be
eliminated or diminished through chemical or thermal reduction processes, thereby restoring
the sp? hybridized carbon network of graphene to form reduced graphene oxide (rGO) with
enhanced thermal and mechanical stability [27]. In recent years, lightweight rGO aerogels
have emerged as a focal point in graphene-based material research due to their large SSA,
exceptional chemical stability, and three-dimensional porous architecture [27,71]. Che et al.
enhanced the structural stability of a composite gel by incorporating polyvinyl alcohol into a
ball-milled cotton stalk biochar/GO suspension [71]. Subsequently, the glutaraldehyde was
employed as a cross-linking agent to facilitate the condensation reaction between the compo-
nents. After a five-cycle freeze—thaw process, the composite gel precursor was immersed in
an ascorbic acid solution, a reducing agent, and subsequently freeze-dried to yield ball-milled
biochar/rGO BCG with a stable 3D structure and high porosity. The results confirmed that the
specific surface area of BC-doped rGO aerogel was increased (13.74-17.65 m? g 1) compared
to rGO aerogel, and its ability to adsorb Cr(VI) was increased threefold. Iron-loaded bagasse
biochar was introduced into a GO suspension containing sodium citrate, a reducing agent,
and self-assembled to form an iron-loaded biochar /rGO BCG under heat. Density functional



Processes 2025, 13, 664

14 of 30

theory calculations confirmed that the rGO coating stabilized the anchoring of iron-activated
species on the biochar, enhancing electron transfer efficiency and dispersion capacity, which
in turn promoted its adsorption capacity [27]. BET analysis confirmed that biochar/rGO BCG
and iron-modified biochar/rGO BCG exhibit higher specific surface areas and pore volumes
compared to biochar alone. Although the GO/rGO matrix provides an excellent porous
structure and large surface area favorable for adsorption in BCGs, its high cost and complex
preparation process have limited its widespread application in treating water pollutants [71].

2.6. Other Types of BCG

In the realm of water treatment, the gel matrix in BCG composites, in addition to the
main types mentioned above, exists, a number of which remain less explored. For exam-
ple, the preparation of gellan gum-based BCG, via the solution-casting method, involved
dispersing O. aegyptiaca biochar into a mixture containing gellan gum, polyvinyl alcohol,
and glycerol, followed by drying the mixture in a petri dish [46]. Gellan gum can react
with polyvinyl alcohol to form a gel, which constructs a polymer network. Glycerol serves
as a cross-linking agent in the encapsulation of pea pod biochar within starch hydrogels,
yielding adsorbents with superior stability [17]. Anionic esterified starch, in the presence of
glutaraldehyde, can be a complex with cationic gelatin to encapsulate CoFe;O4 nanoparti-
cles. Subsequently, CoFe;O4/starch-gelatin hybrid hydrogels and MoO3;-modified mallow
stem biochar were mixed, milled, and subjected to microwave heating to prepare a BCG
with supermagnetic properties [48].

In summary, BCGs enhance mechanical stability, porous structure, and surface chem-
istry by integrating the multiple advantages of biochar and gel matrices. However, the
preparation process of BCGs is relatively complex, involving biochar production, hydrogel
synthesis, and their integration, which increases production costs. To achieve large-scale
applications, the development of more efficient and cost-effective production processes
is essential.

3. Water Treatment
3.1. Removal of Organic Contaminants

Organic pollutants, such as dyes, phenols, pesticides, and antibiotics, pose significant
environmental concerns due to their complex aromatic structures, high toxicity, and resis-
tance to biodegradation [72,73]. In aquatic environments, these pollutants may undergo
processes like hydrolysis and photolysis, potentially generating secondary toxicants or
persisting as harmful residues. The adsorption of organic pollutants by BCGs can be at-
tributed to several mechanisms: (1) —m interaction: BCGs possess surfaces enriched with
mi-electrons from polycyclic aromatic structures (or with specific regions lacking 7-electrons),
which can interact with aromatic rings or lone pairs of electrons in organic molecules to
form 7t/n-m-electron donor-acceptor (EDA) interactions; (2) hydrogen bonding: carboxyl
and polar functional groups in organic molecules tend to form hydrogen bonds with
oxygen-containing or other functional groups on the BCG’s surface; (3) electrostatic interac-
tion: electrostatic attraction arising from opposite charges between the adsorbent surface
and organic adsorbates; (4) pore-filling: the 3D porous structure of BCGs facilitates the
attachment of organic pollutants; and (5) hydrophobic interaction: organic pollutants with
higher hydrophobicity in aqueous solutions can strongly adsorb onto hydrophobic BCGs
surfaces or pores [46,67,73,74] (Figure 3a). In this paper, some representative examples have

7

been selected to highlight the viability and advantages of BCGs in the removal of organic
pollutants. Table 3 provides a summary of BCG applications for the elimination of organic
pollutants from aqueous solutions. Afzal et al. (2018) and Chen et al. (2021) respectively
reported the adsorption performance of biochar/CS BCG and H3POjy-activated biochar/CA
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BCG for ciprofloxacin, identifying the various mechanisms involved in the adsorption of
ciprofloxacin onto BCGs, including 7—7 interactions, hydrogen bonding, hydrophobic in-
teractions, electrostatic interactions, and pore filling, with maximum adsorption capacities
of 80.29 and 97.10 mg g~ !. Both adsorbents maintained good adsorption capacities after
multiple adsorption—desorption cycles, making them cost-effective options for removing
ciprofloxacin from water. Therefore, to further enhance the removal efficiency of BCGs
for various organic pollutants, it is crucial to consider multiple adsorption mechanisms,
including 7—m interactions, hydrogen bonding, electrostatic interactions, and pore filling.
First of all, by tuning the aromaticity and graphitization degree of BCGs, their - interac-
tions with aromatic organic pollutants can be enhanced. For example, BCGs pyrolyzed at
high temperatures typically exhibit higher graphitization degrees, enabling more effective
adsorption of aromatic pollutants such as polycyclic aromatic hydrocarbons [33]. Alkali
activation can increase the graphitic crystallite domain size, further enhancing the 7—m
EDA interactions between BCGs and methylene blue [53].
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Figure 3. Adsorption mechanisms of (a) organics, (b) heavy metals, and (c) nutrient pollutants in
water by BCG composites. (a) illustrates the various mechanisms, including hydrophobic interactions,
m—7 interactions, hydrogen bonding, electrostatic interactions, and pore-filling, by which organic
matter is adsorbed onto BCGs. (b) depicts the mechanisms involved in the adsorption of heavy
metals onto BCGs, which include ion exchange, complexation, electrostatic interactions, and co-
precipitation. (c) illustrates the mechanisms, including electrostatic interactions, surface precipitation,
and complexation, by which nutrient salts are adsorbed onto BCGs.
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Table 3. The application and adsorption performance of BCGs for organic pollutants in aquatic remediation.
Initial Adsorption Q
Materials Pollutants Dosage CO&CIZI‘IE?};O“ Condiions (mg g-1) Isotherm Reusability Optimum pH Main Mechanisms Ref.
° . Electrostatic interaction, 7t—7t stacking,
Bacterial cellulose Methylene blue 0.5 50-110 25°C 106.3 Langmuir - ~12 hydrogen bonds [60]
P-nitrophenol 0.5 50-110 25°C 60.2 Freundlich - ~2 7t—7t interaction, hydrogen bonding
. - Hydrogen bonding, 7t—7t-electron
sulfmict):l}ir?clﬁgu;eenan Methylene blue - 50-500 - 1330.68 Freundlich - 11 donor-acceptor interaction, electrostatic [53]
interaction
. | . . 5 cycles, no Electrostatic attraction, pore filling, 7t—7t
Starch/biochar Naproxen drug 1 5-50 50 min 309.82 Langmuir significant changes 2.0 interaction, and H-bonding [17]
Chloramphenicol 25°C 786.1 Lanemuir- 5 cycles, >87.5% - The pore-filling effect, 7t-7t/ n-t EDA
Chitosan Florfenicol 0.25 20-200 oh 751.5 F & dlich 5 cycles, >87.5% - interaction and electrostatic interaction, [13]
Thiamphenicol 691.9 reunalic 5,>80.0% - hydrogen bonding interaction
T—Tt-electron donor-acceptor (EDA)
Chitosan/biochar Ciprofloxacin 5 5-160 20°C 80.290 Langmuir 6 cycles, >64.0% 3.0 interaction, hydrogen bonding, and [11]
hydrophobic interaction
. . Hydrogen bonding, -7t interaction,
S"d‘;‘?ﬁjﬁ?ﬁfg C/hlzﬁ PO, Ciprofloxacin 04 10-50 25°C 97.10 Langmuir 5,78% 6 electrostatic interaction, [74]
hole filling
CMC/guar Surface complexation and
gum/KMnO4-modified Methylene blue 0.2 25-175 - 598.28 Langmuir 5 cycles, >82.0% 6.0 1 p . [42]
biochar electrostatic attraction
. 0.0313 to 3.13 mmol 25°C 1 . 6, Loss at 6th/1st Electrostatic interaction, 7t—7t stacking, )
Gellan gum/biochar Methylene blue - MBL1 150 min 1.93 mmol g Sips cycle: —4.8% 10.5 hydrogen bonds. [46]
K-carrageenan/calcium
algir\ate/ HKUST—lmodified Tetracycline 09 10-200 24h, 313.00 Freundlich - 4.0 Hydrogen bondirtlg, electrostaﬁc attraction, [75]
rice husk biochar metal-organic complexation, and
K-carrageenan/calcium 71—7T interaction
alginate/HKUST-1 modified 10-200 396.09 Freundlich - 4.0
wheat straw biochar - )
) ) Tetracycline ) ASpace—f‘lllmg, hydroggn bondmg, 7T
Chitosan/biochar/FezO4 h X - - - 206.98 Sips - 6 interaction, electrostatic interaction and [76]
ydrochloride ion exchan;
ge
. . . Anti-inflammatory drug o _ . 1 Hydrogen bonding, 7t-7t interaction,
Chitosan/activated biochar ketoprofen 0.2 5-50 130.29 Langmuir 5,5147mgg 4 electrostatic interaction, hole filling [67]
Sugarcane . o . o . . .
bagasse-based cellulose Bisphenol-A 5 10-250 25°C 199.8 Langmuir 6,21.9% 7 7t—7t interaction, hydrogen bonding [25]
Polyacrylamide /wood biochar - 23.14 10
Polyacrylamide/chicken biochar Phenol 1 5-50 - 21.83, Langmuir - - - [22]
Polyacrylamide/tire biochar - 14.04 -
CoFe,O4 modified corn starch
and gelatin/MoOj3 Doxorubicin 15 10-100 30 min 46.1187 Langmuir 5,97.96 6 - [77]
modified biochar
Polyvinyl Congo red N 40-80 N 160.47 Freundlich 3, the adsorption 5
alcohol/ grou}sl carbon l'buprofgn - 10-50 - 45.75 Freundlich capacity could still ~2.5 Hydrogen bond, electrostatic attraction [78]
P Doxycycline - 10-30 - 36.59 Freundlich maintain about 70% 4
hydrochloride of the original
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Introducing functional groups containing O/N (e.g., carboxyl, hydroxyl, amino) can
enhance hydrogen bonding interactions between BCGs and organic pollutants, particularly
for pollutants with polar functional groups. It has been reported that the -COOH and -OH
groups on the surface of bacterial cellulose-based BCGs can promote interactions with
methylene blue through hydrogen bonding, while hydrogen bonds can also form between
its polar functional groups and p-nitrophenol [60]. The hydrogen bonding between the
-OH groups of CS-based BCGs and the polar groups (i.e., -F, -Cl) of phenicol antibiotics
provides a certain advantage in anion interference experiments [13]. The amino and thiol
functional groups introduced in N /S-doped magnetic cellulose-based BCG facilitate hy-
drogen bonding interactions with the -OH groups of bisphenol-A, achieving a maximum
adsorption capacity of 199.8 mg g~ ! for bisphenol-A [25]. Additionally, surface modifi-
cation can alter the surface charge of BCGs, thereby enhancing electrostatic interactions
with charged organic pollutants. The TEMPO-mediated oxidation process introduces more
oxygen-containing functional groups, reducing the surface charge of cellulose-based BCGs
and favoring electrostatic attraction with cationic methylene blue and electrostatic repul-
sion with anionic alizarin reds. Furthermore, by tuning the pore structure of BCGs, their
adsorption and diffusion capacities for organic pollutants of varying molecular sizes can
be optimized. For example, alkali-activated sodium lignosulfonate/ k-carrageenan BCG
and cellulose-based BCG subjected to continuous ball milling-oxidation exhibit hierarchi-
cal microporous-mesoporous—macroporous structures, which enhance methylene blue
adsorption capacity through pore filling [33,53].

Finally, it was found that heavy-metal modification can further optimize the adsorp-
tion performance of BCGs for organic pollutants through surface complexation. Yu et al.
(2022) reported the ability of HKUST-1/k-carrageenan/calcium alginate/biochar BCG
to remove tetracycline (TC), where the introduced Cu(I)/ Cu’ can form metal-organic
complexes with the hydroxyl and amino groups of TC [75]. This, in combination with
the inherent hydrogen bonding of BCG, —m interactions, and electrostatic interactions,
achieves a high adsorption capacity for TC (396.09 mg g~ !). Fe304 modification and CS
gelation significantly enhanced the adsorption capacity of sludge-based biochar, with the
prepared Fe304/CS/biochar BCG exhibiting a high adsorption capacity of 206.98 mg g~!
for tetracycline hydrochloride in aqueous solutions [76]. This is mainly attributed to (1) the
dominant role of Fe3O4 surface complexation in adsorbing tetracycline hydrochloride,
(2) hydrogen bonding interactions between the -NH; groups in CS and tetracycline hy-
drochloride, and (3) the transformation of BCG into a honeycomb-like porous structure
due to the incorporation of Fe304 and CS, providing ample space for loading tetracycline
hydrochloride. In summary, by synergistically optimizing the above-mentioned multiple
adsorption mechanisms, BCGs can more efficiently remove various organic pollutants
from water.

However, heavy-metal doping may pose a risk of secondary pollution, especially in
acidic or oxidative environments, where heavy metals may leach from BCGs and cause
potential environmental hazards [34]. Additionally, the introduction of heteroatoms may
increase the complexity and cost of material preparation, limiting their widespread applica-
tion in practice.

3.2. Removal of Heavy Metals

Heavy metal (HM) contamination is a pervasive environmental concern due to its
high toxicity, persistence, non-biodegradability, and bioaccumulation potential [79]. The
transport of HMs in aquatic environments is influenced by solubility, deposition, and
complexation reactions, leading to unpredictable distribution and exposure patterns [72].
The extensive interconnected porosity and surface functional groups of BCG enhance the
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adsorption of HM pollutants from water bodies [56,80]. Table 4 provides a summary of
the removal performance and mechanisms of various biochar gel composites for heavy-
metal pollutants. The adsorption of HM ions on BCG is primarily governed by surface
complexation, electrostatic interactions, ion exchange, co-precipitation, m-electron interac-
tions, and redox processes [71,81] (Figure 3b). Surface functional groups, such as hydroxyl,
carboxyl, and amino groups, play a critical role in the adsorption of heavy metals by BCGs.
For instance, the negatively charged hydroxyl and carboxyl groups commonly present
in biochar/alginate BCG can attract positively charged metal ions through electrostatic
interactions while also forming stable metal-organic complexes via coordination [34] (Equa-
tions (1)—(3)). The KMnO4-modified biochar/calcium alginate BCG with an interconnected
porous structure exhibits a maximum adsorption capacity of 664.6 mg g~ for Pb(II) [43].
This is primarily attributed to electrostatic attraction between its negatively charged surface
and positively charged Pb(Il), as well as complexation, ion exchange, and precipitation
involving hydroxyl, carboxyl groups, and exchangeable cations. Furthermore, Tao et al.
(2024) confirmed that Pb(Il) preferentially binds to -COOH groups over -OH groups in
biochar/alginate biochar gels during adsorption [82]. The N atoms in amino functional
groups can provide lone pair electrons, enabling coordination with metal cations [39,42].
Additionally, chemical modification to introduce specific functional groups can further
enhance selective adsorption for certain heavy metals. Zhang et al. (2019) investigated
the phosphate functionalization of graphene-based BCGs, where the abundant phosphate
groups on the surface selectively bind to U(VI) through enhanced electrostatic interac-
tions and surface complexation, increasing the adsorption capacity from 102.7 mg g~!
to 150.3 mg g~ ! [83]. Moreover, Ji et al. (2023) incorporated hydroxyapatite-modified
biochar into calcium alginate gels to increase metal hydroxide groups on the material
surface [44]. The introduced metal hydroxides were found to play a significant role in
the adsorption of Cd?* and Pb?* through complexation. The Fe-O group in iron-modified
biochar/CA BCG forms stable coordination complexes with Cu(Il), effectively enhancing
the adsorbent capacity [84]. However, under strongly acidic conditions, the adsorption
capacity of iron-modified biochar/CA BCG for Cu(ll) is significantly reduced due to Fe
leaching, limiting their application [34]. Numerous studies have shown that, in addi-
tion to surface complexation and electrostatic interactions, the adsorption mechanism of
biochar/CA BCG for heavy-metal cations also includes ion exchange between metal cations
and Ca®* [34,84]. Furthermore, biochar doped within alginate gels can effectively promote
the adsorption of heavy-metal cations (e.g., Pb(Il)) through coordination bonds formed
between the 7r-electron systems of aromatic rings and heavy-metal ions [44].

2R;CO0() ™ + M(ag)™ ¢ [(R1COO™ ),M* g, @

2R10s) + Mag™* ¢+ [(R1O7)oM* g 2)
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Table 4. The application and adsorption performance of BCGs for heavy-metal contaminants in aquatic remediation.
Initial .
Materials Pollutants (.?gfg) CO&CIZI‘IEIE‘SOH églsl(érllzlt;?‘rsl (mgngl) Isotherm Reusability Optimum pH Main Mechanisms Ref.
7 cycles, still
maintained 90.54%
Alginate/KOH-activated biochar Pb(1I) 0.5 100-500 25°C,12h 294.90 Langmuir of the initial 6 Ion exchange, complexation, [82]
adsorption capacity
of the original
CoFe;O4 modified corn starch and . . . Complex formation ion exchange, y
gelatin/MoO; modified biochar Pb(1) 20 0.05-0.15 30 min 555.56 Langmuir 5 cycles, >85.0% 7.0 " catalytic reduction [48]
Alginate/KMnOy-modified biochar Ph(Il) 1 100-1000 35°C,24h 66460 Langmuir - ; Complexation, 10“;’{)3:;%\2 precipitation, and )
5 cycles, 80.5% of
° . the initial
Polyacrylamide/MnO, modified biochar Pb(I) 03 2-50 25°C, 24N, 70.90 Freundlich adsorption - Electrostatic attraction, ion exchange [37]
capacities
5 cycles,92.1% of the
Cd(1) 0.3 2-50 25°C,24h 84.76 Freundlich initial adsorption -
capacities
. o . . Pb(II) 0.3 10-200 25°C,24h 564.50 Langmuir _ _ Ton exchange, surface complexation, precipitation, AL
Alginate /hydroxyapatite-modified biochar Cd( 03 10-200 25°C 24 h 302.20 Langmuir - » 8 o C-inteliaction precip [44]
- . . . . value remaine: I
P"lyethylenf‘f‘“?e/ Sog.‘f‘?'g ;l.g“;fm/ caleium oy - 50-500 25°C,24h 151.98 Langmuir almost unchanged 4 Surfacet,compli"at;‘?“' o e"d;.a“ge' and [39]
sulphate modified biochar after four cycles cation-7t-bonding interactions.
. . . Pb(1I) 796.27 Langmuir - 2.0.0 Surface complexation and precipitation.
Ferric alginate/biochar Cr(VI) 1 10-150 24h 27.86 Freundlich _ 2.0-7.0 Electrostatic attraction, reduction, and surface (32]
: o complexation mechanisms
Pb(ID) 26.49
Alginate/halloysite nanotubes /biochar CNlll((IIII)) 3 0.5-80 25°C,12h 1669867 Langmuir 8.5 Ton exchange, electrostatic interaction, pore filling [80]
Cd(1m) 2.85
CMC/guar gum/KMnO4-modified biochar gggg 0.2 %88:;88 - gggég Langmuir 5 cycles, >82.0% 6.0 Surface complexation and electrostatic attraction [42]
Cu(In) 1 5-200 30°C 234.1 Langmuir 3 cycles, 55.3% 6.0 Ton excsii;‘f‘ag:e Xs;g;rﬁ‘;lf force, [34]
Cellulose Cu (II) 04 400 12h 801.00 - - - - [85]
Polyacrylamide/ZnO-modified biochar U1 0.5 0-30 - 239.21 (313 K) Freundlich 5 cycles, 78.9% 5.0 _Ion exchange and chelation [47]
Chitosan/polyethyleneimine /biochar I 0.1 5-150 1h 633.40 Sips 3 cycles, 95.9% s Electrostatic interaction, ;‘;;ﬁ?;‘ft;g‘;‘rf’lexam’“f and g
N-doped graph;injctk);lrde /Fe-modified Cr(vI) 2 32(;5;&,‘ 34836 Langmuir 8 cycles,88.6%, 1.0 Elect“rostalrt::1 izltsic();{)::g C(gi)rxi:g{ 0};0re filling, [15]
Reduced graphene oxide/ball-milled biochar Cr(VI) 1 10-100 25°C,12h 39.97 Langmuir 2 Ion exchange, electrostatic interaction, reduction [71]
7 cycles, it retained
more than 87.5% of Electrostatic interacti ducti
nZVI@NCA900 Cr (VI) 1 20-600 25°C,24h 176.53 Sips its original Cr (VI) 2 ectrosta 31“ eract t1°t“ reduction, [791
adsorption and precipitation
performance.
. . . 5 cycles, no . . .
Starch/biochar Cr(VI) 1 5-50 30 min 420.13 Langmuir significant changes 1.0 Electrostatic attraction, redox reaction [17]
oxi de?ﬁ%ﬁ?ﬁ\g?ﬁ?g%ﬁochar Cr(VI) 0.6 10-200 35°C,4h 232.56 Langmuir 2.0 Electrostatic interaction, redox, and complexation [10]
5 cycles, it retained
Polyethylene more than 90.6% of Oxidation. i h lexati d
Imide/alginate/Nano-zero-valent Sb(1II) 0.2 50-300 25°C,5 509.34 L-F its original Sb (III) 6 xidation, Inner-sphere complexation, an [38]
. e . . co-precipitation
iron-modified biochar adsorption
) ) performance. ) )
Alginate/La/Fe me_tal—organlc Sb(ITD) 02 50-150 25°C, 24 h 277,80 Freundlich 6 Hydrogen bondl{ng a‘nd metfil—orgamc [81]
frameworks biochar complexation interactions
Electrostatic interaction, chelation, surface
Chitosan/biochar Sb(III) 2 - 25°C,24h 168.00 Langmuir 3.70% 2 complexation, 7t—7t interaction, and [4]
hydrogen bonding
Graphene oxide/Fe- modified biochar Sb(1II) 1 0-200 25°C,24h 113.1 Freundlich 5 cycles, >85% 2 Surface complexation and 7t—7t stacking [27]




Processes 2025, 13, 664

21 of 30

Redox reactions have been identified as a critical mechanism for the effective adsorp-
tion of variable-valent metal ions such as Cr(VI) and Sb(IlI) by BCGs. These reactions
facilitate the transformation of these ions to less toxic or more easily adsorbable forms,
thereby enhancing their removal efficiency. For instance, Che et al. (2022) demonstrated
enhanced interactions between BC/rGA and Cr(VI), attributed to the participation of de-
localized m-electrons from reduced graphene oxide in the reduction of Cr(VI) to Cr(IlI)
(reduction reactions shown in Equations (4) and (5) [71]. Zhao et al. (2021) utilized Fe3+
as a crosslinker for biochar/ferric alginate biochar gels, endowing the material with a
positively charged surface and excellent pH buffering capacity, while the conductivity of
Fe3* facilitated the reduction of Cr(VI) [32]. The resulting Cr(IlI) exhibited a high affinity
for cationic functional groups on the material surface (e.g., protonated -COOH and -OH
groups) and could be further immobilized on the BCG through ion exchange or surface
complexation mechanisms (Equations (6) and (7)) [32,71]. Chen et al. (2022) investigated the
adsorption of Sb(IIl) in water using biochar/CS BCG. The results showed that biochar/CS
BCG, with its abundant active groups (e.g., C=0, -NH,;, and -OH), achieved a maximum
adsorption capacity of 168 mg g~ ! for Sb(IIl) through mechanisms including electrostatic
interactions, chelation, surface complexation, m—m interactions, and hydrogen bonding,
as well as enhanced redox capacity, significantly higher than the 10 mg g~! of pristine
biochar [4]. Chen et al., (2024) synthesized Fe/graphene nanosheet-loaded biochar, which
promoted the oxidation of Sb(III) to Sb(V) (49.3-78.5%), likely due to the incorporation of
Fe(IIT) or the contribution of surface radicals (Equation (8)) [27]. The graphene nanosheets
enhanced electron transfer efficiency and dispersion, accelerating the oxidation of Sb(IlI). In-
troducing nano zero-valent iron (nZVI) during the preparation of biochar gels can mitigate
aggregation issues and provide multiple redox sites [87]. Xue et al. (2021) uniformly loaded
nZVI onto biochar gels, resulting in a synergistic effect of oxygen-containing groups, Fe’
and Fe?*, that promoted the reduction of Cr(VI) (Equations (9)—(11)) [52]. Wu et al. (2024)
prepared nZVI-modified biochar/calcium alginate biochar gels using a sol-gel method.
The nZVI facilitated the oxidation of Sb(III) to the less toxic Sb(V) (Equations (12)—(14)),
followed by adsorption and co-precipitation of Sb(V) by iron oxide corrosion products [38].

HCrO,~ +7H* + 3¢~ — Cr** + 4H,0 4)
Cr,O;2~ + 14H* + 6e~ — 2Cr** + 7H,0 (5)
R-COOH + Cr** — R-COO(Cr®") + H* (6)
OH + Cr** — R-O-Cr** + H* 7)
2Fe* + Sb(OH)3 + 3H,O — 2Fe*+Sb(OH),~ + 3H* (8)
Fe + H* — Fe”* + R (R=e  /H*) 9)
Cr(VI) + R —Cr(III) (10)

Cr(VI) + Fe?* — Cr(Ill) + Fe3* (11)
Fe(0) + O, + 2H" — Fe(Il) + H,O, (12)
Fe(Il) + H,O, — - OH + OH + Fe(III) (13)
Sb(III) + - OH — Sb(V) + 2e~ (14)

However, these optimization strategies face several challenges in practical applications.
For example, at lower pH values, H* competes with metal cations for adsorption sites,
while at higher pH values, OH™ forms precipitates with metal cations, both leading to
reduced adsorption performance [43]. Additionally, in complex aquatic environments, the
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coexistence of multiple metal ions can trigger competitive adsorption effects, significantly
impacting the selective adsorption performance of BCGs. For instance, Pb(II) competes with
target heavy-metal ions like Cd(II) for adsorption sites, reducing the adsorption capacity of
calcium sulfate-modified biochar/polyethyleneimine/CA BCG for Cd(II) from 82.29 mg g~ !
to 47.32 mg g~ ! [39]. Therefore, future research must consider the design of surface functional
groups, environmental conditions, and material cost-effectiveness to achieve the efficient and
selective removal of HMs by BCGs in complex aquatic environments.

3.3. Removal of Nutrient Pollutants (P/N)

Nitrogen and phosphorus are crucial elements for the structure and function of living
organisms [29]. However, their excessive inputs into aquatic environments can trigger eu-
trophication, leading to algal blooms and posing risks to drinking water safety and aquatic
ecosystem biodiversity [28]. Table 5 provides a summary of the effects and mechanisms
of phosphate and ammonium removal by various biochar gel composites, which typically
possess an abundant mesoporous structure that enhances phosphorus adsorption. Current
applications of biochar gel composites for phosphorus removal are primarily centered
on alginate-based BCG. Ma et al. demonstrated that composites synthesized by coating
biochar with a CS gel exhibit relatively weaker adsorption effects compared to calcium
alginate gel [88]. This reduction in adsorption is attributed to a greater propensity for a
decrease in SSA and the lack of surface precipitation of elemental calcium.

Alginate-based BCGs are extensively utilized for phosphorus removal, primarily due
to two reasons: (1) Ligand exchange occurs between the -OH and -COOH groups on the
BCG surface and the unprotonated oxygen atoms in PO,3~, which is a key process for
phosphate adsorption by BCG [28,88]. Fourier-transform infrared (FTIR) spectroscopy
confirms the disappearance of -OH functional groups on the surface of alginate-based BCG
following phosphate adsorption, with a concurrent significant decrease in the intensity
of functional groups such as C=0 and C-O [25]. (2) Alginate uses metal ions as cross-
linking agents during the biochar coating process, thereby incorporating metal elements
onto the surface of the alginate-based BCG. This results in a surface with more positively
charged and active sites on the BCG, which enhances the adsorption of phosphate anions
through electrostatic interactions, surface precipitation, and ligand exchange [28,89]. The
biochar/CA BCG synthesized using Ca®* as a cross-linking agent was found to contain sig-
nificantly enhanced Ca content on its surface by SEM-EDS scanning [28]. X-Ray diffraction
(XRD) spectra indicated the formation of hydroxyapatite (Cas(PO,);OH) after phosphate
adsorption onto the biochar/CA BCG, confirming the presence of elemental Ca on the
BCG surface and its role in the phosphate adsorption process through surface precipitation
(Equations (15)—(17)). The use of Fe?* and La%* as cross-linking agents has been reported,
where chemical coordination bonds (Fe-O-P and La-O-P) can form between Fe/La and P
via Lewis acid-base interactions, leading to the substitution of -OH by P and the formation
of an inner-sphere complex with strong ligand adsorption for P [89]. The adsorption effi-
ciency of phosphorus can be further improved by enhancing the surface functionality of
biochar/alginate BCG. BCG synthesized with magnesium-modified biochar encapsulated
as a functional filler into CA matrices facilitated ligand exchange between Mg-OH and
phosphate on their surfaces (Equation (18)) in addition to the formation of Ca-P precipitates
(Caz(POy4)2) on their surfaces after adsorption (Equations (19)—(21)) [88]. Wang et al. discov-
ered that polydopamine/CA /lanthanum-biochar composites engaged in ligand-exchange
interactions of La-OH and electrostatic attraction involving protonated amino groups dur-
ing phosphate adsorption [92]. Jiao et al. developed a MgO/SL/CMC composite with
a maximum phosphate adsorption capacity of 218.51 mg g~!, where MgO nanoparticles
served as primary adsorption sites through ligand exchange with phosphate [57]. Overall,
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the primary mechanisms for phosphate removal by biochar gel composites encompass
electrostatic interactions, surface precipitation, and ligand exchange (Figure 3c).

5Ca%* + 3PO,%>~ + OH™ — Cas(POy4);OH. (15)
5Ca%* + 3HPO,>~ + 40H~ — Cas(PO,);0H.+ 3H,0 (16)
5Ca’* + 3H,PO,~ + 7OH~ — Cas(PO4);0H|+ 6H,O 17)
2=Mg-OH + H,PO,~ = (=Mg),HPOy + H,O + OH"~ (18)

3Ca%* + 2PO,>~ — Cas(POy)yl. (19)
3Ca%*+2HPO,>~ + 20H~ — Ca3(POy),). + 2H,0 (20)
3Ca%" + 2HyPO,~ +4OH™ — Caz(POy)y) + 4H,0 (21)

Overall, the primary mechanisms for phosphate removal by biochar gel composites
encompass electrostatic interactions, surface precipitation, and ligand exchange (Figure 3c).
The most influential factors in enhancing the phosphorus adsorption capacity of alginate-
based BCGs include the type and modification of functional fillers (e.g., La-modified
biochar, MgO nanoparticles), surface engineering (e.g., PDA coating), solution pH, and
the presence of coexisting ions. Surface functional groups and metal ion cross-linking play
crucial roles in the adsorption process for different phosphate species.

Limited research exists on the removal of nitrogen from water using BCGs. In one
study, it was found that the ball-milled distiller grain biochar/CA BCG exhibited a maxi-
mum ammonium adsorption capacity of 12.27 mg g~ !, primarily through ion exchange
(Equation (22)) and electrostatic attraction [28] (Figure 3c). Therefore, we can consider
enhancing the electrostatic interactions between BCGs and ammonium ions by introduc-
ing more negatively charged functional groups (such as carboxyl and sulfonate groups)
through surface modification. Additionally, doping with metal ions (e.g., Fe>*, Al3*) can
improve the ion exchange capacity of biochar gels. For instance, Fe** can undergo ion
exchange reactions with NH;* to form stable complexes. Moreover, optimizing the pore
structure and specific surface area of BCGs can also increase adsorption sites and enhance
their adsorption kinetics.

BCG-M"" + NH;*— BCG-NH,* + M™* (22)

Overall, BCGs have demonstrated significant advantages in removing a variety of
pollutants, yet their performance is highly dependent on material design and modification
strategies. Future research should further optimize the surface chemistry, pore structure,
and stability of these composites to enhance their application potential in real-world
water remediation.
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Table 5. The application and adsorption performance of BCGs for nutrient pollutants in aquatic remediation.

Initial

. Dosage . Adsorption o Optimum Main
Materials Pollutants (mg g§1) Coz;egnﬁ&alt;on Con di}t)ions ( mgQIgle) Isotherm Reusability I;JH Mechanisms Ref.
Electrostatic attraction, Structural
. . o Langmuir— functional groups, and water molecules
Alginate /biochar 2 5-1000 30°C,24h 157.70 Freundlich - 6.0 play an important role in [29]
phosphate adsorption
Alginate /Fe/La-modified biochar 2 25-100 25°C,24h 46.65 Langmuir 5, 82% 6.0 Electrostatic attraction and ligand exchange  [89]
MgO-modified sulfonomethylated . o .
lignin/CMC Phosphate 100-600 12h 218.51 Langmuir 6,>81.95% 2-8 Ligand exchange [57]
Mg-alginate /biochar 2 0-100 28°C,24h 46.56 Langmuir - 3-10 Surface precipitation and ligand exchange [88]
Mg-chitosan/biochar 2 0-100 28°C,24h 11.53 Freundlich - 3-10 Surface precipitation and ligand exchange
Alginate/ El.ectro.chemlcally- 2.5 25-2000 30°C,24h 342.67 Sips - 4 Electrostatic attraction and ion exchange [90]
~modified biochar
Polyvinyl al.c.ohol(algmate/ La- 0.5 10-100 25°C,24h 13.74 Langmuir 5, 60% 4-6 Electrostatic attraction and ligand exchange  [89]
modified biochar
Alginate/Mg-modified biochar 10 0-2 128 mclh 20.32 Langmuir 5, 87.06% - Ligand exchange [91]
Alginate/ball-milling rice 31.80
straw biochar ° . s - Electrostatic attraction, surface
Alginate /ball-milling distillers 05 20-300 25°C,24h Langmuir precipitation, and ligand exchange
S 24.10 - 10 [28]
grains biochar
Alginate/ball-milling eupatorium
. 24.00 -
adenophorum biochar
Alginate /ball-milling rice 1015 }
. straw biochar =~ Ammonium 0.5 27-407 25°C,24h S-shaped Ion exchange and electrostatic attraction
Alginate /ball-milling distillers 12.97 B
rains biochar ’
Alginate /ball-milling eupatorium 9.90 )

adenophorum biochar
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4. Cost-Effectiveness Analysis of BCGs
4.1. Production Costs

The production cost of BCGs primarily includes raw material costs, energy con-
sumption, equipment investment, and maintenance costs. The raw materials used in the
production of BCGs, such as biomass and cross-linking agents, vary in price depending
on their source and quality. For instance, the cost of biomass can be significantly reduced
by using agricultural waste or other low-cost feedstocks. Energy consumption during the
production process, particularly in the pyrolysis and drying steps, can be optimized by
adopting energy-efficient technologies. Equipment investment and maintenance costs can
be minimized by selecting appropriate production scales and equipment.

4.2. Application Costs

The application cost of BCGs in environmental remediation includes transportation,
deployment, and monitoring costs. The transportation cost can be reduced by optimizing
logistics and using local production facilities. Deployment costs can be minimized by develop-
ing efficient application methods and training personnel. Monitoring costs can be controlled
by implementing cost-effective monitoring strategies and using advanced sensors.

5. Conclusions and Perspectives

This comprehensive review of BCG composites underscored their efficacy in environ-
mental remediation, particularly in the context of water purification. The encapsulation
and co-pyrolysis techniques offer distinct pathways to fabricating BCGs, and the prepared
BCG showed superior integration and enhanced performance in the adsorptive removal of
pollutants. Organic pollutants are primarily removed through 7— interactions, hydrogen
bonding, electrostatic attraction, pore filling, and hydrophobic interactions with BCGs. In
contrast, the mechanisms for heavy-metal removal by BCGs include surface complexa-
tion, electrostatic interactions, ion exchange, coprecipitation, r-electron interactions, and
redox reactions. The removal of nutrient pollutants (P/N), particularly phosphate, by
BCGs is mainly governed by electrostatic interactions, surface precipitation, and ligand
exchange, while ammonium adsorption is predominantly controlled by ion exchange and
electrostatic attraction.

Despite demonstrating excellent pollutant removal performance at the laboratory
scale, the large-scale application of BCGs faces several challenges: (1) the complex synthesis
processes and the need for precise control of reaction conditions can lead to increased
production costs and difficulties in maintaining consistent product quality; (2) most gel
precursors used in BCGs syntheses, such as cellulose, alginate, chitosan, and lignin, are
biodegradable, which may lead to degradation in practical aquatic applications, compromis-
ing their long-term stability; (3) the potential environmental impact of cross-linking agents
and the need for the efficient removal of residual chemicals are critical factors that must
be addressed for large-scale production; (4) the performance of BCGs varies significantly
under different environmental conditions, such as acidic or alkaline environments, where
functional failure may occur; (5) the environmental safety of BCGs requires further evalua-
tion, particularly regarding the potential release of by-products or degradation products
and their impact on ecosystems.

To address these challenges, future research should focus on the following directions:
Firstly, developing low-cost raw materials and green synthesis processes to reduce the pro-
duction costs of BCGs; for example, utilizing agricultural waste or industrial by-products as
biochar precursors or adopting low-temperature synthesis methods for hydrogels. Secondly,
enhancing the mechanical strength and stability of BCGs by incorporating nanomaterials
or crosslinking agents. Thirdly, the mechanisms underlying the performance variations of
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BCGs under different environmental conditions need to be thoroughly investigated, and
the development of more adaptable composite materials is also required. Furthermore, it is
necessary to conduct analyses of the environmental footprint and lifecycle of BCGs. For ex-
ample, the entire process of BCGs, from raw material acquisition to production processing,
utilization, and disposal, should be thoroughly described. A comprehensive quantitative
analysis using the LCA (Life Cycle Assessment) method should also be conducted, which is
of significant importance for the sustainable production of BCGs. Lastly, the environmental
impact differences between traditional materials and BCGs should be compared in terms
of environmental, economic, and social factors to reinforce the sustainability assessment
of BCGs.
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