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Abstract 
Dissolved black carbon (DBC) plays a critical role in carbon sequestration, pollutant transport, and environmental 
remediation, as the colloidal stability of DBC governs both its own environmental fate and that of adsorbed pollut-
ants. However, the mechanistic understanding of DBC colloidal stability remains a key knowledge gap, meaning 
that its controlling factors and environmental implications are also poorly understood. This review comprehen-
sively examines the evolution of molecular structures and chemical compositions that determine DBC colloidal 
stability. By comparing the relative contributions and trends of the dominant interfacial forces using DLVO/XDLVO 
theory, it elucidates the control mechanisms governing its colloidal stability and identifies key factors responsible 
for behavioral variations. The colloidal behavior of DBC influences its speciation and bioavailability, altering its eco-
logical risk in aquatic systems. Additionally, the colloidal stability of DBC governs its interactions with pollutants, 
thereby directly governing their transport and fate. Furthermore, aggregation-deposition processes sequester DBC 
and associated pollutants in sediments, reducing estuarine vertical flux and ultimately impacting the global car-
bon cycle. Future research should focus on developing integrated characterization techniques to provide reliable 
and comparable multidimensional structural information for DBC, investigating structure-dependent heteroaggre-
gation mechanisms in complex environmental matrices, and developing robust predictive models for its colloidal 
behavior.

Highlights 

•	 Key structural determinants of DBC colloidal stability were reviewed.
•	 Interfacial mechanisms of DBC colloidal stability were critically discussed.
•	 Primary factors responsible for DBC colloidal behavior were generally summarized.
•	 Environmental implications of DBC colloidal stability were highlighted.
•	 Future prospects regarding DBC colloidal stability were outlined.
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Graphical Abstract

1  Introduction
Black carbon (BC) is produced during the incomplete 
combustion of fossil fuels and biomass (Eckhardt et  al. 
2023; Li et  al. 2024d; Wang et  al. 2025). The increasing 
frequency of wildfires worldwide and the substantial 
input of biochar have contributed to a growing flux of BC 
into terrestrial ecosystems (Wang et al. 2023b; Xu et al. 
2024). Dissolved BC (DBC), operationally defined as the 
water-soluble fraction of BC that passes through a filter 
(0.1 − 0.70 μm) (Coppola et al. 2022), exhibits high envi-
ronmental mobility. It can be readily released from BC 
residues by leaching and surface runoff and extensively 
transported from soils to aquatic systems. However, the 
molecular definition of DBC varies substantially across 
studies, depending on whether the analytical approach 
targets the condensed aromatic structures or the entire 
suite of DOC molecules leached from BC. This diver-
gence reflects the broad diversity of structural com-
ponents assigned to DBC, ranging from condensed 
aromatic structures rich in polar groups to larger molec-
ular structures containing aliphatic-like, carbohydrate-
like, and other non-condensed components (Fan et  al. 
2025; Fang et  al. 2022; Qu et  al. 2016). Consequently, 
DBC exhibits highly condensed polycyclic aromatic 
structures that account for its higher aromatic carbon 
relative to aquatic dissolved organic matter (DOM), while 

its surface is more enriched with polar carboxyl groups 
than terrestrial DOM (Qu et al. 2016). These structures 
enable DBC to constitute a distinct and critical portion of 
DOM (Tang et al. 2024; Zhou et al. 2025). DBC is widely 
distributed across natural aquatic systems, including 
oceans, bays, lakes, rivers, and estuaries (Bao et al. 2017; 
Lu et al. 2024; Yin et al. 2023). Given its strong sorption 
affinity and colloidal stability, DBC can act as an efficient 
long-range carrier for assorted pollutants in aquatic sys-
tems, thereby influencing the global carbon cycle and cli-
mate change, and posing potential risks to human health 
(Hu et al. 2025; Seelen et al. 2023; Yamashita et al. 2022).

The molecular structure of DBC is generally charac-
terized by its high aromaticity and abundant oxygen-
containing functional groups (Roebuck et al. 2018; Wang 
et al. 2020). Among these, the aromatic and oxygenated 
functional groups of DBC are important binding sites for 
organic pollutants and heavy metals (Roebuck et al. 2018; 
Wang et al. 2023a). Therefore, it is an active medium in 
the environment that influences the distribution of and 
response to pollutants. Anthropogenically produced 
BC (biochar) has received increasing attention as a soil 
amendment because of its advantages in terms of carbon 
sequestration, soil productivity, and pollutant immobili-
zation (Hameed et al. 2023; He et al. 2024; Lian and Xing 
2024; Xiang et  al. 2022). However, DBC released from 
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biochar may act as a mobile carrier for adsorbed pollut-
ants, potentially compromising the effectiveness of bio-
char in soil remediation applications (Hao et  al. 2025; 
Lian and Xing 2024). Therefore, understanding the fate 
and reactivity of DBC is crucial for not only predicting 
contaminant behavior but also evaluating the potential 
risks associated with biochar-based soil remediation.

Processes such as aggregation and deposition are col-
loidal behaviors that often occur at the interface of DBC 
during environmental transport (Song et  al. 2019; Tang 
et  al. 2024; Yang et  al. 2019). The colloidal stability of 
DBC has profound implications for its own environ-
mental fate and that of priority pollutants. The colloidal 
behavior of DBC influences its speciation and bioavail-
ability in aquatic systems, reduces carbon flux through 
sediment sequestration, and ultimately impacts climate 
change (Garnett et al. 2021; Lian et al. 2020; Wang et al. 
2024). Notably, the aggregation behavior of DBC in flu-
vial and estuarine systems may induce its fractionation 
from the dissolved organic carbon pool through aggre-
gation processes, potentially leading to its accumula-
tion in terrestrial sediments as a significant intermediate 
reservoir (Xu et al. 2017; Yamashita et al. 2022). Carbon 
isotopic analyses have further revealed the inherent insta-
bility of riverine DBC during its marine transit, exhibit-
ing marked flux attenuation in estuarine zones (Qi et al. 
2020; Yin et al. 2023). Structurally, DBC exhibits source-
specific molecular heterogeneity that undergoes progres-
sive transformation during biogeochemical cycling. This 
structural divergence shows strong covariation with the 
pyrolysis temperature and lignin composition; increas-
ing pyrolysis temperatures degrade oxygen-containing 
functionalities but increase aromatic condensation and 
molecular weight, whereas elevated lignin proportions 
facilitate environmental mobility through enhanced col-
loidal stability (Han et al. 2021; Yan et al. 2023; Yang et al. 
2019). Photoaging processes further modify the char-
acteristics of DBC by increasing the oxygen-containing 
moieties, thereby enhancing its colloidal stability and 
altering its environmental transport pathways (Fu et  al. 
2016; Li et  al. 2024a; Wang et  al. 2023a). Despite these 
advances, recent studies have disproportionately empha-
sized the discrete facets of the colloidal behavior of DBC, 
including its molecular architecture, ionic interactions, 
and photochemical effects. However, there remains a 
significant gap in a comprehensive review of the mecha-
nistic understanding of DBC colloidal stability and its 
environmental implications, knowledge that is essential 
for understanding the environmental fate of DBC and 
assessing priority pollutant risks.

Previous review articles have explored the structural 
characteristics of DBC and its role in environmen-
tal remediation, pollutant interactions, migration, and 

transformation mechanisms (Fan et  al. 2025; Hameed 
et al. 2023; Lian and Xing 2024; Yao et al. 2025), while the 
critical role of colloidal stability during environmental 
transport and interfacial processes has been neglected. 
Thus, significant knowledge gaps remain regarding the 
colloidal stability of DBC and its molecular chemical 
structure, governing mechanisms, and related environ-
mental implications. Addressing these gaps is essential 
for improving the estimation of carbon fluxes and the 
assessment of priority pollutant risks. This review aims 
to provide an in-depth understanding of the structure 
and molecular composition of DBC as well as its col-
loidal behavior mechanisms, controlling factors, and to 
systematically discuss its environmental implications. 
The primary objectives of this review are (1) to eluci-
date the influence of the source materials and formation 
pathways of DBC on its structural and molecular com-
position characteristics that directly govern its colloidal 
stability; (2) to advance the mechanistic understanding 
of DBC colloidal stability through the DLVO/XDLVO 
framework by clarifying the dominant interfacial forces; 
and (3) to identify controlling factors and environmental 
implications of DBC colloidal stability, thereby outlin-
ing corresponding research directions for future studies. 
Through these efforts, this review establishes a reference 
framework for understanding the structural characteriza-
tion and colloidal stability of DBC, with the objective of 
providing new perspectives on its environmental fate and 
the assessment of pollutant risks.

2 � Source materials, formation pathways, 
and structural characteristics of DBC

Analysis of the molecular structures and chemical com-
positions of DBC is crucial for understanding its colloi-
dal and biogeochemical behaviors. DBC, defined as the 
water-soluble fraction of the black carbon continuum, 
consists of a wide range of organic compounds with 
varying stoichiometric ratios and structural configura-
tions (Qu et  al. 2016; Yin et  al. 2023). Its chemical and 
molecular compositions are dependent upon the feed-
stock source, pyrolysis conditions, and extraction con-
ditions, which are summarized in Table  S1. Various 
analytical techniques have been employed to character-
ize the molecular structure of DBC. Molecular and sur-
face composition analyses have primarily been conducted 
using elemental analysis (EA), ultraviolet–visible spec-
troscopy (UV–Vis), excitation-emission matrix spec-
troscopy (EEM), and X-ray photoelectron spectroscopy 
(XPS) (Chen et al. 2022a; Zhang et al. 2024a). Transmis-
sion electron microscopy, Fourier-transform infrared 
(FT-IR) spectroscopy, and nuclear magnetic resonance 
(NMR) spectroscopy have been employed to elucidate 
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the structure and morphology of DBC (Li et  al. 2024b; 
Wang et al. 2024). In addition, the partition coefficient of 
DBCs in aqueous two-phase systems provides an effec-
tive method for characterizing their hydrophobicity 
(Fu et  al. 2019; Liu et  al. 2019b). Recent advances have 
enabled molecular-level characterization of the struc-
tural properties of DBC using electrospray ionization 
Fourier-transform ion cyclotron resonance mass spec-
trometry (FT-ICR MS) (Li et al. 2024a; Sun et al. 2025). 
In conclusion, the abovementioned analytical techniques 
are useful for characterizing the molecular structure of 
DBC. However, each technique has certain limitations. 
The integration of multiple techniques is imperative to 
enhance reliability, eliminate analytical uncertainties, and 
advance the mechanistic understanding of the molecu-
lar structure of DBC and its environmental functions 
(Hameed et al. 2023).

2.1 � Feedstock source
The feedstock source for DBC significantly affects its 
leaching and chemical structure (Fig.  1). More DBC 
is released from herbaceous (cellulose/hemicellulose-
rich) plant biochar than from woody (lignin-rich) plant 

biochar (Mukherjee and Zimmerman 2013). The recal-
citrance of lignin is attributed to its aromatic-rich struc-
ture, which impedes its biotic and abiotic degradation 
(Kim et  al. 2020). Among herbaceous plants, bamboo 
produces DBC with a higher carbon content (13.00 wt.%) 
than that of DBC produced by rice (7.71 wt.%), suggest-
ing that a higher ash content in virgin biochar signifi-
cantly affects the production of DBC in biochar (Wei 
et al. 2020a). Solid-state 13C NMR analysis has shown that 
DBC produced from bamboo differs significantly from 
that produced from rice in terms of its chemical struc-
ture (e.g., aromatic carbon, alkyl, O-alkyl, and C = O) (Qu 
et al. 2016), whereas DBC extracted from rice straw bio-
char has more aromatic carbon components than that 
extracted from pine wood, swine, and sewage sludge (as 
shown in Fig. 2a) (Wei et al. 2019). In addition, polycy-
clic aromatic and protein/tannin components are more 
abundant in DBC produced by woody plant biochar than 
that produced by other types of biochar (Liu et al. 2022b; 
Rajapaksha et al. 2019; Yamashita et al. 2022). These stud-
ies have shown that different feedstocks lead to differ-
ences in the structural properties of DBC, especially the 
aromatic and protein/tannin-like components.

Fig. 1  Effect of feedstock source, pyrolysis, and extraction conditions on the chemical structure of DBC. Where the SLR represents biochar/
extraction solution ratio
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2.2 � Pyrolysis conditions
The leachability and structural properties of DBC are pre-
dominantly regulated by the pyrolysis conditions, includ-
ing the pyrolysis temperature, heating rate, and duration. 
The chemical and molecular compositions of DBC under 
different pyrolysis temperatures, durations, and atmos-
pheres are illustrated in Fig.  2b–d, respectively. The 
pyrolysis temperature is generally recognized as a more 
critical factor than the pyrolysis rate, and the functional 
groups, aromaticity, and humification degree of DBC are 
strongly correlated with the pyrolysis temperature during 
DBC formation (Fig. 1) (Chen et al. 2022a; Du et al. 2022; 
Huang et al. 2021; Lian and Xing 2017). The concentra-
tion of DBC produced at higher pyrolysis temperatures is 
significantly lower than that produced at lower tempera-
tures due to enhanced aromatization and polymerization 
(Song et al. 2023; Taherymoosavi et al. 2018; Zhang et al. 
2020). In addition, a high pyrolysis temperature leads to 
a decrease in the content of C=O groups and an increase 
in the content of quinone groups in DBC (Chen et  al. 
2022a), e.g., the content of graphitized carbon of DBC 
pyrolyzed at 500 °C is twice as high as that of raw biomass 
(Chen et  al. 2022b). Advanced FT-ICR MS has recently 
provided molecular-level insights into the effects of the 
pyrolysis temperature on the DBC structure. The results 

show a decrease in the H/C ratio of DBC from 200  °C 
to 500  °C, at which a significant increase is observed in 
the condensed aromatic carbonyl compounds with nar-
row molecular weight distributions, which show smaller 
molecular ranges and higher aromaticity (Chang et  al. 
2020; Li et  al. 2024a). Moreover, biochar produced at 
higher pyrolysis rates yields DBC with elevated organic 
carbon content, attributable to incomplete biomass 
pyrolysis from shorter residence times. This incomplete 
pyrolysis retains a potentially bioavailable carbon source, 
thereby increasing the organic carbon yield (Jamieson 
et al. 2014; Sun et al. 2021; Yang et al. 2018).

2.3 � Extraction conditions
The structural characteristics of DBC are also signifi-
cantly related to the extraction conditions, such as the 
pH of the extraction environment, solid/liquid ratio 
(biochar/extraction solution ratio, SLR), and extrac-
tion time (Li et al. 2017; Liu et al. 2019a; Wu et al. 2018). 
Studies have confirmed that under the same conditions, 
the content of DBC extracted from an acidic solution is 
lower (16.3  g  kg−1) than that from an alkaline solution 
(22.8  g  kg−1). Similar reports have demonstrated that 
straw biochar can produce up to 5000  mg  kg−1 of DBC 
under 0.1 M NaOH (Li et al. 2017). This difference may 

Fig. 2  The chemical and molecular compositions of DBC under different a feedstock sources, b pyrolysis temperatures, c pyrolysis time, d pyrolysis 
atmospheres and e extraction pH. The data of a–e were adapted from references (Gui et al. 2020; Hu et al. 2023; Ji et al. 2024; Li et al. 2024a; Liu et al. 
2019a; Song et al. 2020; Sun et al. 2025; Wang et al. 2023a; Wei et al. 2020a; Zhang et al. 2024a, 2020, 2024b)
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be due to the enhanced hydrophilicity imparted by the 
deprotonation of acidic functional groups at elevated pH 
(Wu et al. 2018). Further, alkali extraction may promote 
the hydrolysis reaction on the surface of biochar in solu-
tion, resulting in greater solubilization of the hydrocar-
bon organic carbon, which has higher aromaticity and 
molecular weight (Fig. 2e). The released DBC may come 
from acidic functional groups, which are closely related 
to the degree of surface oxidation (Liu et al. 2019a; Song 
et al. 2020; Sun et al. 2021). In addition, the content and 
structural properties of DBC are affected by the extrac-
tion solid–liquid ratio and extraction time. When the 
SLR is decreased from 1:2 to 1:10 and the extraction time 
is increased from 10 to 300 min, the contents of extracted 
DBC proteinaceous components increase significantly, 
while those of fulvic- and humic-like compounds increase 
more moderately (Xie et al. 2017).

3 � Colloidal stability and governing mechanisms 
of DBC

3.1 � Colloidal stability and analytical methods
As a key interfacial attribute, colloidal stability controls 
DBC fate in aquatic systems. The aggregation and sub-
sequent deposition regulate both the transport flux of 

DBC and the environmental fate of the adsorbed con-
taminants. Time-resolved dynamic light scattering (t-
DLS) measurements are commonly employed to study 
the aggregation behavior of DBC. The attachment effi-
ciency (α) is a key metric for quantifying the tendency 
of DBC particle aggregation in a given water chemistry 
(Tang et  al. 2024; Xing et  al. 2023; Xu et  al. 2017). It is 
determined by normalizing the initial aggregation rate in 
the solution of interest to that in the Diffusion-Limited 
Aggregation (DLA) regime, where the aggregation rate 
constant is independent of the electrolyte concentration 
(Equation [1]) (Xu et al. 2017).

where dh(t) is the intensity-weighted average hydrody-
namic diameter measured by the t-DLS. The value of 
(

ddh(t)
dt

)

t→0
 is determined by applying linear least-

squares regression analysis to the initial phase of the 
aggregation curve (i.e., hydrodynamic radius as a func-
tion of time). Subscript “fast” represents the DLA condi-
tions. 

(

ddh(t)
dt

)

t→0,fast
 is the average of the initial slopes of 

(1)α =

(

ddh(t)

dt

)

t→0
(

ddh(t)

dt

)

t→0,fast

Fig. 3  Schematic illustration of the critical coagulation concentration (CCC), which was determined by the electrolyte concentration 
at the intersection of the reaction-limited stability curve (α < 1) (Reaction-Limited Aggregation (RLA) regime with an energy barrier) 
and the diffusion-limited stability curve (α = 1) (Diffusion-Limited Aggregation (DLA) regime, without energy barrier)
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all aggregation kinetic curves gained under the DLA 
regime. A higher α value suggests a less stable colloidal 
system (Xin et  al. 2023; Xu et  al. 2017). Stability curves 
can be established by plotting α as a function of the elec-
trolyte concentration. The critical coagulation concentra-
tion (CCC) can be determined at the electrolyte 
concentration where the DLA regime was achieved, as 
illustrated in Fig. 3. The CCC value serves as a quantita-
tive metric to compare DBC colloidal stability in various 
solution chemistry. In the DLA regime at concentrations 
exceeding the CCC, DBC particles overcome the repul-
sive energy barrier, with each collision resulting in adhe-
sion and leading to rapid aggregation (Fig. 3) (Yang et al. 
2019). The CCC values of DBC reveal its distinct aggre-
gation behavior in relation to conventional DOM frac-
tions (Fang et  al. 2020; Liu et  al. 2018). For divalent 
cations such as Ca2+, the CCC of DBC typically ranges 
between 38.1 mM and 75 mM (Xu et al. 2017; Yang et al. 
2019). This range is notably lower than that of aquatic 
DOM (e.g., 46.9–110.4 mM for various reference humic 
and fulvic acids) but substantially higher than that of ter-
restrial DOM fractions (e.g., 1.96–4.88 mM for soil and 
peat humic acids) (Wei et  al. 2020b). This phenomenon 
may be attributed to the chemical composition of DBC. It 
exhibits higher aromatic carbon and lower aliphatic car-
bon than aquatic DOM, promoting hydrophobicity and 

aggregation. Concurrently, DBC is richer in polar car-
boxyl groups than terrestrial DOM, which enhances 
hydrophilicity and colloidal stability (Fu et al. 2016; Lian 
and Xing 2024; Xu et  al. 2017). In addition to t-DLS 
measurements, quartz crystal microbalance with dissipa-
tion monitoring (QCM-D) was employed to characterize 
the colloidal stability of DBC and has been widely applied 
to investigate DBC deposition on various sensor surfaces 
(Ou et al. 2021; Xu et al. 2020). For example, the QCM-D 
results indicated that heavy metal cations (e.g., Pb2+) sig-
nificantly enhance DBC aggregation and deposition on 
silica substrates (Xu et al. 2020). The same phenomenon 
has been observed for Ca2+ systems, where enhanced 
DBC aggregation with increasing ionic strength causes 
sequential layer stiffening followed by softening (Ou et al. 
2021).

3.2 � Governing mechanisms and theoretical model
The colloidal behavior of DBC and its underlying mech-
anisms are typically interpreted using both the classical 
colloidal stability (Derjaguin-Landau-Verwey-Overbeek, 
DLVO) theory and its extended form (XDLVO theory). 
DLVO theory posits that particle aggregation ther-
modynamics are governed by London-van der Waals 
(LW) and electrostatic interactions (Mohona et  al. 
2019; Van Oss 2003). As electrostatic forces generally 

Fig. 4  Mechanistic insights into the colloidal dynamics of DBC. Some insets were adapted from references (Xu et al. 2017) and (Xu et al. 2019)
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manifest as repulsive barriers against aggregation, the 
surface charge predominantly determines the particle 
aggregation behavior (Chen and Elimelech 2009). For 
instance, DLVO-based calculations of interaction ener-
gies for wheat straw-derived DBC in NaCl solutions 
have shown that increasing the NaCl concentration from 
40 to 150  mM compresses the electrical double layer, 
thus reducing the electrostatic repulsion and promot-
ing aggregation, which is consistent with experimental 
aggregation kinetics (Yang et  al. 2022). Similarly, under 
varying pH conditions (5, 7, and 9), DBC demonstrates 
progressive reduction of both surface charge and col-
loidal stability at elevated NaCl concentrations. The 
observed aggregation behavior follows the classical 
DLVO theory, exhibiting distinct RLA and DLA regimes 
(Tang et  al. 2024). However, the classical DLVO theory 
fails to describe DBC aggregation adequately in specific 
scenarios, particularly with divalent cations (e.g., Mg2+ 
and Ca2+) (Ou et  al. 2021; Yang et  al. 2019). Notably, 
despite significant surface charge reduction (evidenced 
by near-neutral zeta potentials) in high-concentration 
NaCl and MgCl2 solutions due to charge screening, 
bamboo-derived DBC maintains colloidal stability with-
out aggregation, indicating that electrostatic repulsion 
alone cannot explain its persistent stability (Xu et  al. 
2017). The XDLVO theory is typically employed to cal-
culate the total interaction energy (TOT) for compare 
the relative contributions and trends of the dominant 
interfacial forces of DBC particles under varying aque-
ous chemical conditions as demonstrated in Fig.  4. The 
consistent correlation observed between the calculated 
interaction energy profiles and the macroscopic aggrega-
tion behavior of DBC suggests that the XDLVO approach 
offers a valid thermodynamic perspective to elucidate 
the governing forces, while it is recognized that surface 
heterogeneity and possible short-range specific interac-
tions are factors that could be addressed by combining 
microscopic simulations in future research. The TOT 
interaction represents the sum of the LW force, electro-
static force (EDL), Lewis acid–base (AB) interactions and 
Brownian movement force (BR) (Van Oss 2006). Notably, 
within the classical XDLVO framework, when LW, EDL 
and AB interactions are measured separately, and the 
TOT interaction is measured as a whole by interfacial 
tension determination, then BR is inherently included 
(Azeredo et al. 1999; Van Oss 2006). The TOT interaction 
energy can be obtained from Equation [2] (Van Oss 1995; 
Wang et al. 2013a).

Equations [3], [4], and [5] can be employed to cal-
culate the LW interaction energy ( �LW  ), electrostatic 

(2)�Total
= �LW

+�EDL
+�AB

interaction energy ( �EDL ), and Lewis AB interaction 
energy ( �AB ) of DBC, respectively (Xu et al. 2017):

where A is the Hamaker constant, ap is the radius of 
DBC particles, h is the separation distance between the 
surfaces.

where ε0 is the dielectric permittivity of vacuum, εw is the 
dielectric constant of water, ψp is the ζ-potential of DBC 
particles, κ is the inverse of Debye length.

where �w is the characteristic decay length of AB interac-
tions in water (1.0 nm at 20 °C) (Wang et al. 2013a) and 
�GAB

h0
 represents the Lewis acid–base (AB) interaction 

free energy per unit area corresponding to h0.
�LW  is a general attractive interaction between DBC 

particles that decays very steeply with distance and is pri-
marily governed by the Hamaker constant. �EDL typically 
manifests as a repulsive force that creates an energy bar-
rier between DBC particles and is one of the key forces 
maintaining colloidal stability. It is strongly dependent on 
the surface charge of DBC particles and the ionic strength 
of the solution. In contrast, �AB accounts for acid–base 
(polar) interactions, which can occur in both attractive 
(hydrophobic interaction) and repulsive (hydration pres-
sure) modes with a rather steep exponential decay rate, 
and exhibits strong dependence on the surface hydrophi-
licity/hydrophobicity of DBC (Van Oss 2006). XDLVO 
interaction analysis has revealed that the high colloidal 
stability of DBC in Na+ and Mg2+ solutions is correlated 
with the substantial energy barrier provided by hydration 
forces. Both Na+ and Mg2+ exhibit limited capacities to 
suppress hydration forces, merely reducing the intermo-
lecular electrostatic repulsion through charge screening 
effects. Those effects induce the structural compression 
of DBC without triggering aggregation (Dhangar et  al. 
2023; Xu et  al. 2017). In contrast, Ca2+ and Ba2+ desta-
bilize DBC by complexing with its oxygen-containing 
functional groups, thereby reducing hydrophilicity, weak-
ening the hydration forces, and enhancing DBC aggrega-
tion (Kloster et al. 2013; Tang et al. 2024; Xu et al. 2017). 
In addition, the XDLVO theory further elucidates the 
aggregation behavior of different DBC types. The maxi-
mum repulsion energy barrier between the DBC particles 
produced at various pyrolysis temperatures decreases 
with increasing NaCl or CaCl2 concentration until the 
CCC is reached. The CCC of cellulose-rich DBC falls 

(3)�LW
= −

A
6

[

2ap
2

h2+4aph
+

2ap
2

h2+4aph+4ap2
+ ln

(

h2+4aph

h2+4aph+4ap2

)]

(4)�EDL
= 2πε0εwapψp

2exp(−κh)

(5)�AB
= πap�w�GAB

h0
exp

(

h0−h
�w

)
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between those of lignin-rich and organic matter-rich 
DBC, indicating that the carbon content of the feedstock 
is a key factor governing the colloidal stability of DBC 
derived from different biochars (Li et al. 2023a). Further-
more, elevated pyrolysis temperatures reduce the CCC 
by increasing the surface hydrophobicity of DBC, which 
enhances the attractive Lewis AB interactions governing 
particle aggregation (Yang et al. 2019).

Collectively, the governing mechanisms of DBC col-
loidal stability can be effectively elucidated within the 
DLVO/XDLVO thermodynamic framework, as evi-
denced by the consistent correlation between calculated 
interaction energy profiles and macroscopic aggregation 
behaviors. The LW interaction provides a constant attrac-
tive force. The long-range EDL interaction establishes the 
primary repulsive energy barrier, the height of which is 
finely tuned by aqueous chemistry, thereby controlling 
the aggregation kinetics. Ultimately, the short-range AB 
interaction is the key force determining DBC colloidal 
stability in that it can reinforce stability through strong 
hydrophilic repulsion or switch to an attractive force 
that facilitates aggregation when surface hydrophilicity 
is compromised. Notably, AB interactions may achieve 

energies up to two orders of magnitude higher than the 
LW and EDL interactions (Van Oss 2006; Xu et al. 2017).

4 � Controlling factors of DBC colloidal behavior
The colloidal behavior of DBC in aquatic systems is regu-
lated by multiple factors, including ionic composition, 
pH, organic substances, minerals, and aging processes. 
The following subsections detail how each factor modu-
lates the interfacial interactions governing DBC aggre-
gation and colloidal stability. Collectively, these factors 
determine the interfacial forces between DBC particles, 
thereby controlling the environmental mobility of DBC 
and its role in the transport of pollutants.

4.1 � Ionic composition
The characteristics of cations (valence and hydra-
tion radius) in solution determine the fate of DBC in 
aquatic systems through ion-specific aggregation path-
ways. Monovalent cations (e.g., Na+) exhibit limited 
aggregation effects. Wheat-straw-derived DBC shows a 
decreased CCC at higher pyrolysis temperatures owing 
to the reduced content of oxygen-containing functional 

Fig. 5  The controlling factors include a ionic composition, b pH, c aging, d organic substances, and e minerals, along with their corresponding 
mechanisms and implications for the colloidal behavior of DBC in aquatic systems
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groups and consequent lower surface charge density (Ou 
et al. 2021; Yang et al. 2019). In contrast, bamboo-derived 
DBC demonstrates exceptional stability, even at high 
Na+ concentrations (800  mM), where hydration forces 
dominate colloidal stabilization, as evidenced by the 
XDLVO theory (Xu et al. 2017). These divergent behav-
iors likely originate from source-dependent variations 
in the chemical composition of DBC. Divalent cations 
induce more pronounced aggregation than monovalent 
cations (Dhangar et  al. 2023; Xu et  al. 2017; Yang et  al. 
2019). Environmentally relevant divalent cations exhibit 
distinct aggregation potentials for DBC, with desta-
bilization capacity in the order of Ba2+ > Ca2+ ≫ Mg2+ 
(Dhangar et al. 2023; Xu et al. 2017). Ca2+/Ba2+ enhance 
DBC hydrophobicity through strong complexation with 
oxygen-containing functional groups. Additionally, these 
cations further promote aggregation via bridging effects 
(Fang et  al. 2025; Kloster et  al. 2013; Xia et  al. 2024). 
In contrast, Mg2+ exhibits weaker aggregation capac-
ity due to limited carboxyl complexation, resulting in 
high energy barriers and thereby limited influence on 
DBC aggregation (Xu et  al. 2017). Divalent heavy metal 
cations also significantly affect aggregation by undergo-
ing strong metal–oxygen functional group complexa-
tion and cation-π interactions with DBC (Dhangar et al. 
2023; Huang et  al. 2021; Xu et  al. 2020). Their destabi-
lization capacity (CCC in the order Zn2+ > Cd2+ > Cu2+ 
> Pb2+) correlates with their electronegativity (Huang 
et al. 2021; Xu et al. 2020), and relevant data are summa-
rized in Table S2. Thus, the ionic type (particularly poly-
valent cations) generally interacts with the key functional 
groups (especially oxygen-containing functional groups) 
in DBC, substantially influencing its aggregation behav-
ior in aquatic systems.

The anion type also significantly influences the aggre-
gation behavior of DBC. The CCC of DBC in SO4

2− solu-
tions is lower than that in Cl⁻ solutions, indicating that 
divalent anions induce a stronger aggregation tendency 
than monovalent anions (Yang et  al. 2022). The ani-
ons and DBC particles share the same negative charge; 
therefore, their direct adsorption onto the surface is 
hindered. Consequently, the surface properties of both 
the particles and electrolytes play a crucial role in con-
trolling DBC aggregation in anion-containing solutions. 
One contributing factor is that at equivalent concentra-
tions, SO4

2− exhibits significantly higher ionic strength 
than Cl⁻, leading to a higher degree of compression of 
the electrical double layer around DBC in Na2SO4 solu-
tions. This weakens the electrostatic repulsion and fur-
ther promotes DBC particle aggregation (Li et  al. 2021; 
Yang et  al. 2022). Another key factor is that SO4

2− (a 
kosmotropic anion) promotes intermolecular hydrogen-
bonding network reorganization, thereby strengthening 

the hydrophobic interactions among the DBC particles 
and facilitating aggregation. In contrast, Cl⁻ (a chaotropic 
anion) disrupts hydrogen bonding between water mol-
ecules, destabilizing the hydrophobic interactions and 
suppressing aggregation (Chen et al. 2019; Moelbert et al. 
2004). Thus, the ionic composition indirectly affects DBC 
particle aggregation by modulating intermolecular water 
interactions (Fig. 5).

4.2 � pH
The aggregation behavior of DBC in aquatic systems is 
strongly pH dependent. The corresponding CCC​Na val-
ues of wheat-straw-derived DBC were 95.68, 107.86, 
and 128.89  mM at pH 5, 7, and 9, respectively, indicat-
ing enhanced aggregation under acidic conditions and 
improved colloidal stability under alkaline conditions 
(Tang et  al. 2024). This pH dependence arises through 
multiple mechanisms. Under acidic conditions, the pro-
tonation of the surface functional groups (e.g., -OH and 
-COOH) reduces the surface charge and electrostatic 
repulsion, facilitating aggregation (Shao et al. 2021; Smith 
et  al. 2008). Concurrently, an acidic pH alters polymer 
conformation, diminishes steric repulsion, and promotes 
deposition (Mierczynska-Vasilev and Beattie 2010). 
Under alkaline conditions, deprotonation increases the 
surface charge density and reduces the bond donors. The 
resulting enhanced hydration shell formation through 
DBC–water hydrogen bonding inhibits particle attach-
ment (Tang et al. 2017). Additionally, alkaline conditions 
promote charge accumulation on polymer peripheries, 
potentially strengthening the hydrophobic interactions 
that resist destabilization (Li et  al. 2018). Collectively, 
pH governs the aggregation and deposition processes of 
DBC by modulating the electrostatic forces, hydrogen 
bonding, steric effects, and hydrophobic interactions (Ou 
et al. 2021). These pH-dependent responses suggest that 
DBC colloidal stability may undergo significant altera-
tions during pH fluctuations (e.g., acid mine drainage or 
acid rain events), or even within the common pH range 
(5–9), with profound implications for the environmental 
fate of both DBC and its associated contaminants (Tang 
et al. 2024).

4.3 � Organic substances
Organic substances (including BSA and HA) mediate 
DBC aggregation through electrostatic interaction and 
steric effect, and the molecular weight of the organic 
substances exhibits a strong negative correlation with 
aggregation (Liu et  al. 2024b). Increasing the molecu-
lar weight of organic substances enhances the thick-
ness of the adsorption layer on the DBC surface, thereby 
strengthening the steric hindrance effects that inhibit 
aggregation and improve colloidal stability, ultimately 
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promoting DBC mobility in porous media (Yan et  al. 
2022). BSA adsorption on the DBC surface forms a pro-
tective corona layer that suppresses particle aggregation 
through steric stabilization (Li et  al. 2024c; Yang et  al. 
2022). Notably, BSA enhances the colloidal stability of 
DBC more effectively in NaCl than in Na2SO4 solutions 
because of the greater negative surface charge and more 
complex three-dimensional structure of the adsorption 
layer in NaCl solutions, resulting in stronger electro-
static and steric repulsion (Gao et al. 2022). HA generally 
improves the colloidal stability of DBC in NaCl solutions 
(Li et al. 2024c) and preferentially adsorbs onto DBC sur-
faces, increasing their negative surface charge at neutral 
pH. This adsorption not only enhances the electrostatic 
repulsion between DBC particles (Dhangar et  al. 2023; 
Gui et al. 2021) but also induces significant steric repul-
sion (Chekli et  al. 2013; Yang et  al. 2019). However, at 
high HA concentrations and elevated Ca2+ levels, Ca2+ 
bridging occurs between HA molecules and oxygen-con-
taining functional groups on the DBC surface, leading to 
enhanced aggregation (Wang et al. 2013b; Xu et al. 2017).

Besides, the colloidal stability and consequent envi-
ronmental mobility of DBC are significantly influenced 
by its coexisting environmental organic substances. For 
example, rice root exudates and low-molecular-weight 
organic acids (LMWOAs) are adsorbed onto DBC sur-
faces and induce colloidal destabilization. This effect is 
strongly dependent on the binding affinity between the 
LMWOAs and DBC surface functional groups (Gu et al. 
2022; Lian et  al. 2022). The adsorption process reduces 
the DBC surface potential, thereby diminishing the elec-
trostatic repulsion forces and enhancing the aggregation 
propensity (Lian et al. 2022). In addition, antibiotics alter 
the transport behavior and fate of DBC. Under acidic to 
neutral conditions (pH 5–7), sulfamethazine and cipro-
floxacin adsorption induces charge screening effects that 
decrease the DBC surface charge, ultimately reducing 
both the colloidal stability and soil mobility (Yang et  al. 
2020a; Zhao et  al. 2021). Conversely, elevated pH sig-
nificantly reduces DBC sorption to soil matrices through 
competitive retention and steric stabilization effects, 
leading to decreased co-transport efficiency of DBC and 
sulfamethazine in saturated soils (Liu et al. 2024a). These 
findings demonstrate that key environmental cofactors 
profoundly regulate DBC aggregation and transport 
behavior, ultimately governing the environmental fate of 
DBC and its associated contaminants.

4.4 � Minerals
In aquatic systems, DBC frequently interacts with min-
eral surfaces through heteroaggregation, a distinct 
process from homoaggregation that involves the aggre-
gation of dissimilar particles (Wang et  al. 2015). This 

heteroaggregation is critically governed by the balance of 
attractive and repulsive forces between DBC functional 
groups and mineral sites. Depending on the respective 
surface properties, these interactions can either pro-
mote aggregation via charge neutralization or bridging, 
or enhance stability by increasing electrostatic repulsion 
(Gui et  al. 2021; Liu et  al. 2022a; Yan et  al. 2022). Kao-
linite, a negatively charged mineral, enhances the colloi-
dal stability of DBC by increasing electrostatic repulsion 
through surface interactions, thereby promoting its 
mobility in porous media (Yan et  al. 2022). In contrast, 
wheat-straw-derived DBC exhibits accelerated aggrega-
tion in the presence of kaolinite owing to hydroxyl and 
carboxyl group interactions, which induce charge screen-
ing and reduce electrostatic repulsion, ultimately pro-
moting destabilization (Gui et  al. 2021). Under neutral 
pH conditions, goethite and hematite markedly decrease 
the colloidal stability of DBC through electrostatic attrac-
tion, suppressing its environmental mobility (Lian et  al. 
2019). The needle-like structure of goethite provides 
more adsorption sites than that of hematite, resulting 
in stronger heteroaggregation and faster aggregation of 
DBC (Yan et  al. 2022). However, manure-derived DBC 
displays an increased CCC and undergoes slower aggre-
gation in the presence of goethite. This is likely because 
goethite forms a surface coating on the manure-derived 
DBC, where the resulting electrostatic shielding and 
steric hindrance override the attractive forces, thereby 
inhibiting particle destabilization (Gui et  al. 2021). This 
highlights that the surface properties of DBC are a criti-
cal factor determining the mineral-DBC interactions.

4.5 � Aging
The aging of DBC in aquatic systems encompasses pri-
marily photoaging and chemical aging. Photoaging medi-
ates structural transformations in DBC that directly 
govern its colloidal stability (Tang et  al. 2024; Xu et  al. 
2017). UV irradiation induces a three-stage transforma-
tion process in DBC involving photodecarboxylation, 
photooxidation, and mineral exposure, with a reduced 
Hamaker constant, suggesting increased colloidal stabil-
ity of aged DBC (Tang et  al. 2024). Photoaging induces 
aromatic oxidation and carboxyl group formation of 
DBC, thereby modifying its surface properties and poten-
tially enhancing its colloidal stability in CaCl2 solutions. 
Concurrently, increased oxygen-containing functional 
groups elevate surface charge, further strengthening sta-
bilization via combined electrostatic and hydration forces 
(Xu et al. 2017). In addition to photoaging, the environ-
mental transport of DBC is modulated by chemical aging, 
which significantly alters its aggregation behavior (Wang 
et  al. 2019; Yang et  al. 2024; Zhao and Shang 2023). 
Nitric-acid-oxidized DBC exhibits a substantial increase 
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in negatively charged carboxyl groups, leading to a higher 
CCC in NaCl solutions. Conversely, the CCC decreases 
in CaCl2 solutions, probably resulting from greater sur-
face charge neutralization and Ca2+ bridging (Wang et al. 
2019). Aged DBC exhibits greater mobility in water-satu-
rated porous media under environmentally relevant con-
ditions, which is attributed to its higher hydrophilicity, 
increased surface roughness, and reduced particle size 
(Yang et al. 2024; Zhao and Shang 2023). These findings 
suggest that aging processes diminish the aggregation 
potential of DBC in aquatic systems while promoting 
environmental mobility (Wang et al. 2019).

5 � Environmental implications of the colloidal 
stability of DBC

5.1 � Influencing the structural form and utilization of DBC 
in soil and water bodies

The aggregation of DBC leads to the formation of larger 
particulate matter, which significantly alters environmen-
tal speciation in aquatic systems. Notably, the speciation 
of DBC (e.g., dissolved or particulate phases) critically 
governs its environmental applications and pollutant bio-
availability, thereby influencing ecological risks in both 
terrestrial and aquatic ecosystems (Fig. 6). DBC strongly 
interacts with microbial communities through direct 
aggregation and surface reactions, which play pivotal 
roles in the regulation of microbial activity, extracellular 

electron transfer, functional performance, and nutrient 
cycling efficiency (Yang et  al. 2020b; Yuan et  al. 2025). 
Although DBC can be absorbed by the root systems of 
plants and transported to aboveground tissues (Li et  al. 
2023b), its particle size enlargement induced by aggrega-
tion may decrease plant uptake efficiency. Furthermore, 
DBC demonstrates remarkable capabilities for facilitat-
ing nanoplastic aggregation and sedimentation(Xu et al. 
2021). Particulate-phase DBC adsorbs nanoplastic and 
creates a barrier effect, effectively reducing nanoplas-
tic bioavailability and significantly alleviating oxidative 
stress in lettuce roots and shoots, thereby mitigating nan-
oplastic phytotoxicity (Shen et al. 2023; Xia et al. 2023; Yu 
and Li 2024). It is also noteworthy that DBC can mediate 
the generation of reactive oxygen species (ROS) in envi-
ronmental matrices, affecting microbial community com-
position, nutrient element release, and the conversion of 
multivalent metals (Yao et  al. 2025). Moreover, the col-
loidal stability of DBC governs its environmental persis-
tence and dispersion, thereby modulating the spatial and 
temporal scales of ROS-mediated effects. This represents 
another significant pathway for DBC to influence bio-
geochemical cycles and mediate the transformation of 
coexisting pollutants. These findings highlight the need 
to focus on DBC aggregation, which modulates the bio-
availability of both DBC itself and coexisting pollutants 
in environmental systems.

Fig. 6  Schematic diagram to illustrate the environmental implications of DBC colloidal stability, including the impacts on biogeochemical 
processes in terrestrial/aquatic systems, the transport and environmental fate of associated pollutants, and marine carbon flux estimation of DBC
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5.2 � Influencing the transport of pollutants and their 
environmental fate

DBC is characterized by high aromaticity, small molecu-
lar dimensions, and abundant oxygen-containing func-
tional groups (Li et al. 2024a; Qu et al. 2016; Tang et al. 
2024). The aromatic domains and oxygen-containing 
functional moieties in DBC act as critical binding sites 
for organic pollutants and heavy metals, while also influ-
encing the pollutant transformation pathways. Conse-
quently, as a highly reactive environmental mediator, 
the colloidal behavior of DBC governs the distribution 
and transport of the associated pollutants. The presence 
of heavy metal cations (e.g., Cu2+, Cd2+, Ni2+, and Pb2+) 
significantly promotes DBC aggregation via strong com-
plexation and cation-π interactions (Huang et  al. 2021; 
Song et al. 2021; Xu et al. 2020). Metal-complexed DBC 
undergoes pronounced sedimentation, thus facilitating 
the co-transport of heavy metals and their subsequent 
concentration in sediments. This not only poses a long-
term threat to sediment-dwelling organisms but also 
raises concerns about the biomagnification potential of 
these bioavailable heavy metals (Fig.  6). Although DBC 
facilitates the mobility of organic pollutants in porous 
media, the process is largely regulated by aggregation. 
For instance, the adsorption of bisphenol A (BPA) on 
DBC is highly dependent on the available surface sites. 
Aggregation reduces the number of accessible sorption 
sites and encapsulates functional groups within DBC 
aggregates, thereby diminishing the BPA adsorption 
capacity and altering its transport behavior (Xing et  al. 
2023). Moreover, DBC mediates the decomposition of 
antibiotic resistance genes (ARGs) in aquatic systems, 
primarily through hydroxyl radical (·OH) generation—a 
process strongly correlated with its molecular size (Lian 
et al. 2020). Aggregation-induced changes in the particle 
size distribution of DBC may profoundly influence the 
environmental fate of contaminants, particularly large-
molecular-weight organics such as ARGs. Furthermore, 
aging processes (e.g., photoaging) reduce the surface area 
and reactive sites of DBC, thereby modulating the aggre-
gation behavior (Jiang et al. 2023; Li et  al. 2023a; Wang 
et al. 2022). Notably, sunlight-induced radicals from DBC 
not only degrade the adsorbed pollutants but may also 
destabilize DBC itself, potentially releasing sequestered 
pollutants back into aquatic environments and increasing 
the secondary contamination potential (Tang et al. 2024; 
Zhang et  al. 2022). Consequently, enhanced colloidal 
stability of DBC may facilitate the long-range co-trans-
port of pollutants and broaden their spatial exposure 
scope, while decreased stability promotes the aggrega-
tion and deposition of both DBC and associated pollut-
ants, thereby shifting the primary exposure route from 
the water column to benthic sediments. This shift creates 

localized contamination hotspots, increases exposure 
for sediment-dwelling communities, and may alter long-
term leaching behavior.

5.3 � Influencing the estimation of ocean carbon flux
During fluvial transport to estuarine systems, DBC 
undergoes aggregation-mediated conversion to particu-
late matter, which is ultimately deposited in sediments, 
consequently reducing its vertical flux in estuarine zones 
(Qi et  al. 2020; Xu et  al. 2017). Similar flux attenuation 
phenomena have been documented in freshwater systems 
(Xu et al. 2017). Terrestrial-derived DBC predominantly 
discharges into marine environments, which represent 
the ultimate global sink with an estimated annual accu-
mulation of ∼27 Tg C year−1 (Jaffé et al. 2013; Zhou et al. 
2024). Critically, in estuarine mixing zones where ionic 
strength is elevated, specific cations such as Ca2+ and 
Ba2+ reduce the energy barrier between DBC particles 
through complexation and charge screening, thereby 
promoting the aggregation of DBC particles. Conse-
quently, the aggregation behavior of DBC, coupled with 
its sorption affinity for assorted pollutants, may result in 
their co-deposition into estuarine sediments. Therefore, 
a substantial fraction of terrestrially sourced DBC and 
its associated pollutants may be sequestered in riverine 
and estuarine sediments through aggregation-deposition 
processes, effectively removing these constituents from 
the DOM pool (Fig.  6). Sedimentary trapping prevents 
subsequent transport to oceanic systems. Concurrently, 
photochemical aging induced by solar radiation further 
modifies the environmental behavior of DBC (Tang et al. 
2024; Wang et al. 2023a). The DBC/DOM ratio has been 
conventionally employed as a conservative tracer to esti-
mate global DBC fluxes (Jaffé et al. 2013; Stubbins et al. 
2015). However, the aggregation behavior of DBC reveals 
that this ratio demonstrates progressive depletion along 
salinity gradients owing to DBC fractionation processes, 
potentially leading to systematic overestimation of the 
land-to-ocean DBC flux when using this metric (Hu et al. 
2024; Xu et al. 2017).

6 � Conclusions and future prospects
6.1 � Conclusions
DBC exhibits complex colloidal behaviors, including 
aggregation, sedimentation, and surface interactions, 
which critically govern the environmental fate and 
mobility of the associated pollutants in aquatic systems. 
The aggregation of DBC is fundamentally controlled by 
its molecular architecture and surface chemistry, which 
in turn depend on the biomass sources, pyrolysis con-
ditions, and environmental parameters. Theoretical 
frameworks (DLVO/XDLVO) identified electrostatic and 
Lewis AB interactions as the dominant forces driving 



Page 14 of 18Xu et al. Biochar           (2026) 8:108 

the unique aggregation behavior of DBC, distinguish-
ing it from conventional dissolved organic matter. Envi-
ronmental variables, such as the ionic composition, pH, 
organic substances, mineral surfaces, and aging pro-
cesses, collectively modulated these interactions. These 
colloidal behaviors directly influence the environmen-
tal persistence of DBC, the pollutant carrier effects, and 
the ultimate role in global carbon cycling through modi-
fied land-to-ocean carbon fluxes. Nevertheless, it should 
be noted that certain mechanistic insights into specific 
interactions and colloidal behavior of DBC are currently 
derived from experimental conditions with inherent limi-
tations and uncertainties, which need further investiga-
tion at multiple scales and should be addressed in future 
research.

6.2 � Future prospects
Research on the colloidal stability of DBC has made sig-
nificant progress. Nevertheless, this understanding still 
faces persistent knowledge gaps that hinder predictive 
capability and accurate risk assessment in complex envi-
ronments. A primary limitation is the absence of stand-
ardized molecular characterization protocols for DBC. 
While the heterogeneity of DBC is well-recognized, the 
lack of consistent molecular-level analytical procedures 
across studies severely compromises the comparability of 
published data. In addition, the mechanistic insights into 
contaminant-mediated heteroaggregation of DBC remain 
limited. Most studies have focused on homoaggregation 
of DBC or its adsorption capacity for pollutants in iso-
lation. While pollutant adsorption alters DBC surface 
properties and thereby modifies subsequent heteroag-
gregation and co-transport, this interdependent process 
remains poorly quantified. Furthermore, there is still a 
lack of robust predictive models for the colloidal stability 
of DBC in natural aquatic systems. Current approaches 
relying on conventional metrics often fail to adequately 
account for the complexity of environmental conditions, 
resulting in significant uncertainty when forecasting the 
large-scale transport and sequestration of DBC and asso-
ciated pollutants. Collectively, addressing these limita-
tions is crucial for bridging the critical knowledge gaps.

Future research should prioritize the integration of 
advanced analytical techniques (e.g., FT-ICR-MS coupled 
with multidimensional NMR spectroscopy) to establish 
universally comparable structural fingerprints. This foun-
dational work is essential for linking the source, struc-
ture, and function of DBC. Simultaneously, the current 
understanding of DBC heteroaggregation with coexisting 
nanomaterials and pollutants remains incomplete, with 
most studies focusing primarily on the inherent aggrega-
tion behavior of DBC and pollutant adsorption proper-
ties. Deeper mechanistic investigations should examine 

the synchronous changes in DBC heteroaggregation dur-
ing pollutant adsorption, particularly surface structural 
modifications. Establishing the relationships between key 
structural transformations and colloidal stability will sig-
nificantly improve the prediction of DBC and the associ-
ated pollutant transport, distribution, and environmental 
fate in complex systems. Current approaches that rely 
on CCC measurements lack the robustness required for 
comprehensive behavioral forecasting. Given that the col-
loidal stability of DBC is governed by both its structural 
characteristics and environmental conditions, emerg-
ing artificial intelligence techniques offer transformative 
potential. By integrating molecular characterization data 
with environmental parameters using machine-learning 
algorithms, researchers can identify the dominant aggre-
gation-influencing factors and develop reliable predictive 
models. Such advanced methodologies are particularly 
valuable for optimizing water treatment efficiency and 
accurately assessing pollutant risks. Future efforts should 
prioritize the development of practical prediction tools 
capable of evaluating the colloidal stability of DBC across 
diverse environmental scenarios.
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