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A B S T R A C T

Nano-biochar (NBC) is a promising tool for sustainable remediation of contaminants in aquatic environments. 
However, the presence of ubiquitous ions and dissolved organic matter (DOM) can impact NBC aggregation, 
resulting in reduced application efficacy and potential ecological risks. Understanding and regulating NBC ag
gregation offers valuable insights for its deployment. This study integrated batch aggregation experiments, 
theoretical models, Fourier transform ion cyclotron resonance-mass spectrometry (FTICR-MS), and density 
functional theory (DFT) calculations to explore the behaviors and mechanisms of NBC aggregation with coex
isting ions and model DOM. NBC aggregation kinetics followed the classical Derjaguin-Landau-Verwey-Overbeek 
(DLVO) theory in both NBC-ions and NBC-ions-fulvic acid (FA) solutions, indicating that the aggregation process 
is controlled by Van der Waals forces and electrostatic repulsion. Mono/di-valent electrolytes promoted NBC 
aggregation, whereas FA moderated it, with higher molecular weight FA fractions exhibiting superior perfor
mance. Three-dimensional excitation-emission (3D-EEM) fluorescence spectra and Parallel factor analysis 
(PARAFAC) analyses revealed that HA-like substances, followed by FA-like substances, can form a complex with 
ions, thereby moderating NBC aggregation. FTICR-MS scans identified lignin substances with aromatic structures 
as key components that effectively reduce the promoted NBC aggregation with coexisting mono/di-valent 
electrolytes. DFT calculations confirmed that the aromatic structures in FA spontaneously form complexes 
with electrolytes, thereby potentially regulating NBC aggregation. This research highlights potential strategies 
for regulating NBC applications and offers insights into the behavior of nanoparticles in aquatic environments.

1. Introduction

Nano-biochar (NBC), an advanced carbon-based nanomaterial, ex
hibits distinctive physiochemical characteristics, including a large sur
face area, high catalytic reactivity, and diverse crystalline forms 
(Hagemann et al., 2017; Lian et al., 2022; Shao et al., 2021). These 
unique features make NBC a promising candidate for various aquatic 
environmental applications, for example, eliminating trace organic 
pollutants (Qiu et al., 2022; Song et al., 2024), carrying advanced 
oxidation catalyst (Naghdi et al., 2018), and stunning soil heavy metals 
(He et al., 2022). Similar to other nanoparticles, the high surface energy 
of NBC facilitates its rapid aggregation upon application in aquatic en
vironments (Song et al., 2022).

Extensive literature demonstrates the crucial role of NBC aggregation 
in regulating its functioning efficacy and transporting behavior, thereby 
determining the corresponding environmental fate and risk (Lian et al., 
2024). The aggregated NBC results in reduced catalysis, sorption, and 
electron shuttle performance (Jin et al., 2022), hence significantly re
stricts its functioning efficacy. For example, NBC aggregation reduces 
removal performance for treating organic pollutants due to the 
decreased sorption capacity and degradation efficiency. As particle 
concentration increases, the exposed surface area ratio in the aqueous 
phase decreases from 0.46 to 0.05 (Xing et al., 2023). Since NBC has a 
strong affinity for heavy metals and organic pollutants, the migration of 
these aggregates may pose ecological risks to groundwater and soil 
aquifers (Liu et al., 2020; Naghdi et al., 2017). Therefore, understanding 
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mechanisms that determine NBC aggregation can enable precise regu
lation in case-by-case applications, also maximizing practical efficacy 
and minimizing potential risks.

NBC will inevitably interact with inorganic and organic compounds 
in the natural environment during application (Liu et al., 2018). These 
complicated interactions can lead to varied aggregation behaviors by 
altering its surface properties, electrostatic repulsion, and steric inter
action (Singh et al., 2021). Recent advances have identified parameters 
that determine NBC aggregation, including pH (Liu et al., 2022), coex
isting ions (Chen et al., 2017), dissolved organic matter (DOM) (Jiang 
et al., 2023), and root exudates (Zhang et al., 2022). Among these fac
tors, cations can promote NBC aggregation by reducing the electrostatic 
repulsive interactions and charge screening effects (Li et al., 2017), pH 
influences NBC aggregation through changes in zeta potential (Lian 
et al., 2020), while the negatively charged humic acid (HA) may prevent 
the NBC aggregation by weakening the interactions of electric double 
layers on the particle surface (Xu et al., 2021). However, the complex
ations between organic and inorganic compounds in actual environ
ments are often overlooked, particularly in scenarios where NBC 
coexists with both ions and DOMs. Indeed, the ions universal presence in 
the natural environments can complex with DOMs (D.Schmitt 2002), 
potentially impacting NBC aggregation. In addition, the molecular 
weight (MW) of NOMs has been shown to indicate their composition, 
chemical structure, and reactivity (Chen et al., 2021).

In complicated aquatic environments, the types and concentrations 
of ions, as well as the sources, structural compositions, and MW of 
DOMs, require investigation of NBC aggregation in NBC-ions-DOMs 
ternary systems. To improve the limited resolution in bulk organic 
analysis, Fourier transform ion cyclotron resonance mass spectrometry 
(FTICR-MS) offers ultra-high resolution for molecular-level character
ization of DOM (Li et al., 2016). By such an approach, DOM variations in 
different river flows can be classified into unsaturated compounds in 
headwaters and aliphatic molecules at downstream sites (Norbert et al., 
2019). Conversely, theoretical calculations using density functional 
theory (DFT) have been shown to elucidate molecular interactions from 
a quantum chemical perspective (Lu et al., 2022). For instance, Lu et al. 
quantified the interaction mechanisms, intermolecular forces, and 
adhesion energies between two humic acids and divalent cations (Mg2+, 
Ca2+, Zn2+, Cu2+) in an aqueous environment (Lu et al., 2023). There
fore, combining advanced mass spectrometry measurements with 
theoretical calculations provides a promising approach to understanding 
NBC aggregation in the presence of ions and NOMs, offering insights into 
potential regulatory strategies for precise NBC applications.

This study thus comparatively investigates the aggregation behaviors 
of NBC in the presence of Na+/Ca2+/Cl-/SO4

2- ions, as well as in NBC- 
ions-DOMs systems. Fulvic acid (FA), representing DOM, was fraction
ated into five MW ranges (<500, 500–1000, 1000–3500, 3500–7000, 
and > 7000 Da), and added to the binary NBC-ion systems. Time- 
resolved dynamic light scattering (TR-DLS) and Deryagin-Landau- 
Verwey-Overbeek (DLVO) calculations were used to analyze NBC ag
gregation behavior. Bulk organic variations were monitored through 
total organic carbon, ultraviolet, and fluorescence spectra to reveal the 
macroscopic mechanisms of NBC-ions-DOM aggregation. FTICR-MS 
scans and DFT calculations were performed to elucidate the 
molecular-scale mechanisms. Future perspectives on NBC implementa
tion are discussed, with case-by-case schemes provided. This study ex
pands the understanding of NBC aggregation in natural environments 
and proposes potential regulatory strategies for efficient nano-biochar 
applications with minimized ecological risks.

2. Materials and methods

2.1. Preparation of nano-biochar, regents, and fulvic acid fractionated 
samples

Nano-biochar (NBC) was prepared from corn stalk and nano-sized 

using a planetary activator (Sky Creator XQM-04L, China). Sodium 
chloride (NaCl), Calcium chloride (CaCl2), and Sodium sulfate (Na2SO4) 
solutions representing the presence of typical monovalent (Na+, Cl-) and 
divalent (Ca2+, SO4

2-) ions in the natural environment were purchased 
from Aladdin Reagent (Shanghai, China) with at least analytical grade. 
Fulvic acid (FA) representing the NOMs was purchased from Macklin 
Biochemical Technology (Shanghai, China) with a ≥ 95 % purity. Raw 
FA sample was fractionated by dialysis filtration into five molecular 
weights: FA-1 (≤ 500 Da), FA-2 (500–––1000 Da), FA-3 (1000–––3500 
Da), FA-4 (3500 – 7000 Da), and FA-5 (≥ 7000 Da). All experiments 
were conducted using ultrapure (UP) water (ELGA Milli-Q, USA). Details 
about NBC preparation, fractional separation, and corresponding 
elemental composition of FA samples can be found in Section S1-3.

2.2. Aggregation kinetic experiments

The aggregation of NBC was investigated in the binary and ternary 
matrices of NBC-ions and NBC-ions-FA, respectively. According to pre
vious studies (Wang et al., 2019; Yang et al., 2022) and our pre-test 
results, to obtain the exact critical coagulation concentration (CCC) in 
both NBC-ions and NBC-ions-FA solutions, 1 mg NBC was dosed into a 
glass beaker and kept stirred with variable ion strength solutions and FA 
fractions until sampled for analytical measurement. For NBC-ions trials, 
1 mg NBC was added into 20 mL NaCl, CaCl2, and Na2SO4 solutions, 
respectively. For NBC-ions-FA trials, based on the critical concentration 
of reaction-limited aggregation and diffusion-limited aggregation (DLA) 
stages obtained in the binary tests (Huguet et al.,), 10 mL ion solutions 
were mixed with 10 mL FA solutions to ensure the concentration of 
reaction solution is 5 mg C/L. Then, NBC was added to the ions-FA so
lution and performed the aggregation test. Each aggregation experiment 
was conducted in triplicate. Detailed dosing schemes in this study are 
displayed in Table 1.

2.3. Analytical measurements and data analysis

The aggregation experiments were carried out by using Zeta Sizer 
Nano ZS90 (Malvern Instrument, UK) with a 640 nm laser wavelength 
and a He-Ne laser with a scattering angle of 90◦ and a test temperature 
set at 25 ◦C. NBC’s hydrodynamic diameter and zeta potential were 
measured using a size and zeta potential analyzer (Brookhaven In
struments Corporation, US) at pH 7.0 and a refractive index of 1.50. For 
macroscopic aggregation behavior analysis, DLVO theory was applied to 
describe the obtained kinetics and determine the homotypic coalescence 
of NBC. The stability curve of NBC was fitted, and the Hamaker constant 
was calculated. The interaction energy between NBC was calculated 
with a sphere-sphere configuration as van der Waals attraction (VVDW) 
and electrical double-layer repulsion (VEDL). The critical coagulation 
concentration (CCC) was obtained to indicate the transition point be
tween the RLA and DLA stage. Total organic carbon (TOC) was measured 
with a Vario TOC analyzer (Elemental, Germany) to determine the 
variation of Fulvic acid (FA) during the aggregation process. Bulk mo
lecular structures of FA samples were determined by an ultra
violet–visible spectroscopy (UV–Vis) (Evolution 201, Thermo Fisher 
Scientific, USA). Organic composition in the NBC-ions-FA trials was 
evaluated by a fluorescence spectrometer (F-7000, Hitachi, Japan) with 
3D excitation-emission matrices(3D-EEM). Results from the fluores
cence spectrometer were plotted as a 2D intensity map, and the fluo
rescence regional integration (FRI) analysis was extracted with the 
OpenFluor platform. FTICR-MS was applied to each fractionated FA 
sample to enhance the limited resolution of FA’s composition determi
nation and reveal the structural regulation mechanisms in NBC-ions-FA 
aggregation progress. Detailed analytical measurement procedures 
include UV–Vis, 3D-EEM fluorescence spectra and PARAFAC analysis, 
FTICR-MS, the CCC and DLVO related calculations can be found in 
Section S4-8.
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2.4. Quantum chemical calculations

Insights into molecular interactions between ions and FA fractions 
were investigated and visualized using DFT calculations in Material 
Studios 2019. Model molecules were constructed according to the re
sults from PARAFAC analysis, FTICR-MS, and reported literature 
(Devarajan et al., 2020; Yang et al., 2020). Ten molecular structures 
representing 5 organic matters (Fulvic Acid, Humic Acid, D-tryptophan, 
Tyrosin, and Lignins) were selected as model structures. Detailed DFT 
calculation parameters are shown in Section S9.

3. Results and discussion

3.1. Coexisting mono/di-valent electrolytes promoted NBC aggregation

The variation in distinctive hydraulic diameter (Dh) observed in 
Fig. 1(a)-(c) suggests that different electrolytes significantly altered the 
NBC aggregation. At low electrolyte concentrations of ≤ 10 mM NaCl, ≤
20 mM CaCl2, and ≤ 5 mM Na2SO4, the Dh of NBC remained stable at 
around 300 nm, suggesting minimal particle aggregation. In contrast, 
higher ion concentrations led to an increased Dh up to 1200 nm, 1100 
nm, and 1000 nm in NaCl, CaCl2, and Na2SO4 solutions, respectively, 
indicating an intensified NBC aggregation, primarily due to the com
pressed double layers and neutralization of ions in these ranges. 
Notably, no further increase in Dh was observed at electrolyte concen
trations exceeding ≥ 500 mM NaCl, ≥ 80 mM CaCl2, and ≥ 100 mM 
Na2SO4. However, the Dh of Na2SO4 solutions showed a negligible in
crease in 250 mM and 500 mM but a slight increase in 1000 mM 
compared to the 100 mM. This suggests that increasing the Na2SO4 
concentration after 100 mM had a limited promoting effect on NBC 
aggregation due to the compressed electric double layers and the 
approached critical aggregation concentration (Yang et al., 2022). In 
contrast, the minor increase at 1000 mM may be attributed to the co- 
precipitation and bridging effects in high-concentration ion solutions 
(Rosenberg et al., 2011). Furthermore, the comparison of Dh in different 
ion solutions supports previous findings that divalent ions exhibited a 
more substantial effect on promoting NBC aggregation than monovalent 
ions (Gao et al., 2017). At the same molar concentration, the divalent 
ions induce the NBC aggregation via strong complexing due to a more 
intense charge density in the diffusion layer, thus more effectively 
reducing the aggregation energy barrier than electric double layer 
suppression caused by monovalent ions (Lin et al., 2023).

DLVO theory calculation was employed to emphasize the aggrega
tion kinetic behaviors of NBC. Fig. 1(d) illustrates the sticking efficiency 
(α) profiles of NBC in three ion solutions. The critical coagulation con
centration (CCC) of NBC in Na+/Ca2+ and Cl-/SO4

2- ion solutions are 
492.8 mM Na+/Cl-, 37.9 mM Ca2+ and 109.4 mM SO4

2-, respectively. The 

minor difference with the Dh results that consequently, the NBC aggre
gation can be divided into two stages: reaction-limited aggregation 
(Huguet et al.,) stage and diffusion-limited aggregation (DLA) stage(Lin 
et al., 1990). In the RLA stage, α increases with rising ion concentration 
until it surpassed the CCC, at which point the maximum aggregation rate 
is reached and α approaches 1. The aggregation rate K subsequently 
displayed no further increase, indicating a transition to the DLA stage. 
This shift can be attributed to the greater electrostatic repulsion 
compared to van der Waals forces among NBC particles at low ion 
concentrations (Hu et al., 2021). The accelerated aggregation rate was 
consistent with increasing ion concentrations. It has been noted that Cl- 

can interfere with hydrogen bonds between water molecules, weakening 
the stability of hydrophobic interaction, thus inhibiting the aggregation 
of NBC in aqueous solution (Fang et al., 2013). However, in this study, 
the coexistence of Na+/Ca2+ resulted in a continuous increase in NBC 
aggregation with increasing ion concentrations, indicating that cations 
may play a more crucial role in regulating the NBC aggregation by 
neutralizing the negative surface charges. According to the different 
CCC values in each ion solution, the following order of effectiveness in 
promoting NBC aggregation was established: Ca2+ (37.9 mM) > SO4

2- 

(109.4 mM) > Na+ (492.8 mM) ≥ Cl- (492.8 mM).
This highlights two critical electrolyte concentration thresholds that 

should be considered when studying NBC aggregation. Furthermore, 
a comparison of Dh in different ion solutions reveals that divalent ions 
exhibited a more substantial effect on promoting NBC aggregation than 
monovalent ions, possibly due to their higher charge density in the 
diffusion layer at the same molar concentration, reducing the energy 
barrier for aggregation more effectively than monovalent ions (Lin et al., 
2023).

Fig. 1 (e)-(g) display the relationships between DLVO interaction 
energy and particle distance of NBC in NaCl, CaCl2, and Na2SO4 solu
tions. As the concentrations of NaCl, CaCl2 and Na2SO4 increase, the 
total interaction energy (VT) decreased with the increasing distance (h) 
between NBC particles. This complied with the sticking efficiency pro
files (Fig. 1(d)) that the VT gradually decreased to 0 with the increasing 
ion concentration in the RLA stage, subsequently stabilizing in the DLA 
stage. This is attributed to the reduced surface potential of NBC, which 
lowers the energy barrier and promotes aggregation (Wang et al., 2022). 
In the DLA stage, the energy barrier between NBC is entirely eliminated, 
resulting in a maximum aggregation rate(TANAPON et al., 2007). 
Therefore, DLVO calculations demonstrated the critical concentrations 
for achieving zero VT, hence shifting to the DLA stage, are 492.8 mM for 
NaCl, 37.9 mM for CaCl2, and 109.4 mM for Na2SO4, respectively.

Fig. 1(h) shows the variation of zeta potential on the surface of NBC 
under different ion concentrations. The zeta potential of NBC in water 
was determined as −58.42 ± 0.25 mV. As expected, the absolute zeta 
potential of NBC decreased with the increasing NaCl, CaCl2, and Na2SO4 

Table 1 
Cations, anions, and fulvic acid dosing scheme in this study.

Binary systems

Ion solution Concentration (mM)
NaCl 0, 10, 50, 100, 200, 300, 500, 700, 900, 1000
CaCl2 0, 1, 4, 10, 20, 30, 40, 60, 80, 100, 150, 200
Na2SO4 0, 5, 10, 50, 100, 250, 500, 1000
Ternary systems
Stage Ion solution Concentration (mM) Fulvic acid fraction molecular weight (Da) Reaction Solution TOC Concentration (mg C/L)
No ions NaCl 0 FA-1(<500) 

FA-2(500–1000) 
FA-3(1000–3500) 
FA-4(3500–7000) 
FA-5(>7000)

5
CaCl2 0
Na2SO4 0

RLA NaCl 300
CaCl2 4
Na2SO4 50

DLA NaCl 500
CaCl2 40
Na2SO4 200 ​

Notes: RLA: Reaction-limited aggregation stage; DLA: Diffusion-limited aggregation stage.
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Fig. 1. Hydraulic diameters (Dh) of NBC in NaCl (a), CaCl2 (b), and Na2SO4 (c) solutions with varying ion concentrations; Critical coagulation concentration (CCC) of 
NBC in different ion solutions (d); Relationship between normalized DLVO interaction energy (KBT) curve and separation distance of NBC in NaCl (e), CaCl2 (f), and 
Na2SO4 (g) solutions; Zeta potential of NBC in different ion solutions (h).
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concentrations. This is consistent with the DLVO analysis and confirms 
the neutralization effect of negative charges on the surface of NBC after 
adding counter ions. Notably, Ca2+ exhibited a more significant 
neutralization effect than other ions, resulting in an undetectable Dh in 
the aggregation kinetic experiment (300 mM CaCl2), consistent with a 
previous study (Huang et al., 2013). In contrast, SO4

2- exhibited a limited 
electrostatic shielding effect compared to Cl-, possibly because of the 
electrostatic repulsion between the negative charges on both the NBC 
surface and these two anions (Gao et al., 2017). Additionally, SO4

2- en
hances the interaction between water molecules, which increases the 
hydrophobic interaction among NBC particles, further promoting their 
aggregation (Yang et al., 2022).

3.2. Fulvic acid moderates NBC aggregation promoted by coexisting 
electrolytes

The aggregation kinetics of NBC-ions-FA ternary solutions are dis
played in Fig. 2(a)-(f). Distinctive aggregation of NBC was observed in 
all trials without FA addition. The introduction of FA significantly 

mitigated NBC aggregation, especially the FA with higher MW enhanced 
this mitigation effect. This could be attributed to the enhanced elec
trostatic and spatial repulsion effects of FA molecules (Wang et al., 
2013b). With the addition of FA-5, the aggregation rate of NBC 
remained nearly zero, and the Dh stabilized around 300 nm throughout 
the observation period. This is also confirmed by the RLA stage and DLA 
stage in Fig. 2(h)-(g), the surface negative charge of NBC increased upon 
FA addition, while the surface negative charge increased with the 
increasing FA MW. Compared to the binary systems, the addition of FA 
resulted in a distinctive increase in zeta potential for ternary systems, 
regardless of the DLA and RLA stages.

The comparison of binary NBC-ion and ternary NBC-ion-FA solutions 
partially elucidates the mechanism by which FA reduces NBC aggrega
tion. The FA molecules enhance the electrostatic repulsion and steric 
hindrance effect between NBC. Moreover, the constant addition of FA to 
the solution confirms the aggregation-promoting ability observed for 
various ions in binary solution experiments. Consequently, the differing 
mitigation performances of five FA fractions attracted us to further 
investigate the structural regulatory mechanisms of NBC aggregation in 

Fig. 2. Hydraulic diameters (Dh) of NBC in 300 mM NaCl (a), 4 mM CaCl2 (b), 50 mM Na2SO4 (c), 500 mM NaCl (d), 40 mM CaCl2 (e) and 200 mM Na2SO4 (f) 
solutions with different molecular weight fulvic acid; Zeta potential of NBC in varying concentrations of NaCl (h), CaCl2 (g), Na2SO4 (i) solutions with different 
molecular weight fulvic acid, the gray and white mean RLA and DLA stage, respectively.
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the NBC-ions-FA systems.

3.3. Humic acid-like and fulvic acid-like substances effectively moderate 
the promoted aggregation in NBC-ion solutions

The absorbance-wavelength curves (Fig. S1) of five FA fractions with 
different MWs exhibited similar absorption behaviors. Fig. S2 displays 
the variation in TOC in the NBC-ion-FA ternary system during the 20- 
minute observation period. A sharper decrease in residual TOC was 
observed accompanied by the addition of higher MW FA fractions, 
which can be attributed to the complexed FA molecules and ions being 
adsorbed onto the surface of NBC. Indeed, the FA consumption increased 
correspondingly with the increase in ion concentration, and the amount 
of FA consumed positively correlated with the MW. This confirms that 
the FA fraction with higher MW demonstrated superior performance in 

mitigating NBC aggregation in the ternary systems. The 3D-EEM fluo
rescence spectra of the ternary solutions before and after the aggregation 
experiments are presented in Fig. 3. Raw FA fractions exhibit three 
characteristic peaks that are consistent with varying MWs. Peak A rep
resenting protein-like substances at Ex (230–235, 275–280 nm) / Em 
(310–340 nm), peak B representing humic acid-like substances at Ex 
(275–280 nm) / Em (385–405 nm), and peak C representing fulvic acid- 
like substances at Ex (230–240 nm) / Em (390 nm). Compared to raw 
binary solutions, the solutions with added fractionated FA showed a 
clear shift from humic acid-like towards protein-like and fulvic acid-like 
substances peaks in FA-2, FA-3, FA-4, and FA-5. In contrast, no clear 
peak shifts were observed in the FA-1 solution. However, minimal 
variation was observed in the fluorescence index (FluI), freshness index 
(FrI), biological index (BIX), and humification index (HIX) (Table S2).

Table S3 lists the UV–Vis spectral characteristics of the MW- 

Fig. 3. Piloted three-dimensional fluorescence spectra of FA sample with five MWs, FA-1 (a), FA-2 (e), FA-3 (i), FA-4 (m), FA-5 (q); Piloted three-dimensional 
fluorescence spectra of NBC-ions-FA after the aggregation experiments. The corresponding solution matrix was marked at the top of each spectra map. For 
example, FA2 CaCl2 (f) represents the spectra of the NBC-CaCl2-FA-2 solution after the aggregation experiment.
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fractionated FA components in this study. The aromatization decreases 
with increasing molecular weight. The classified Humification index 
(HIX) shows that the humification degree of each FA increased with 
higher MW. The decrease in humification with increasing molecular 
weight may be due to the condensation of the benzene ring and the 
introduction of other non-aromatic functional groups, which decrease 
the overall aromaticity of the substance (Wei et al., 2022).

Parallel factor analysis (PARAFAC) was employed to better under
stand the 3D-EEM data and elucidate the potential regulatory mecha
nisms in the ternary systems. The results clearly indicated two 
fluorescent components in FA-1, FA-3, FA-4, and FA-5 samples, with 
only one component identified for FA-2. The identified components 
were validated through split-half testing and residual analysis 
(Table S4). Subsequently, the variation of FA components during the 
NBC-ions-FA aggregation experiment was identified and is displayed in 
Fig. 4.

The FA fraction with a MW less than 500 Da exhibited the highest 
fluorescence intensity after the aggregation process, correlating with the 
lowest decrease in TOC. The integrated fluorescence intensities of all 
NBC-ions-FA-1 solutions are higher than the raw FA-1 sample, possibly 
due to the altered solution ionic environment. Since the Dh of particle 
remained nearly stable and the TOC exhibited a minor decrease in NBC- 
ions-FA-1 solutions, this suggests that HA-like and aromatic protein-like 
(tyrosine) substances with small molecular weights (< 500 Da) might 
only complex with ions but not bridge to NBC. In contrast, the other FA 
fractions reflected much lower intensities with distinctive variation after 
the aggregation process. This complies with the TOC variations, also 
argues that FA fractions with a MW larger than 500 Da may complex 
with ions and then bridge to the NBC, leading to the distinctive reduc
tion in the remaining amounts of organic matter. The aromatic protein- 
like content in the NBC-ions-FA-2 solutions showed a slight reduction in 
the remaining solutions compared to the raw FA-2 sample, which re
quires further investigation. In contrast, in solutions with the addition of 
FA-3, FA-4, and FA-5, the fulvic acid-like (FA-4) and humic acid-like 
(FA-3 and FA-5) substances gradually decreased while the aromatic 

protein-like substances significantly increased after the aggregation 
process. The FA fractions in those trials changed from humic acid-like 
and fulvic acid-like substances to aromatic protein-likes, suggesting 
that humic acid-like followed by fulvic acid-like substances are the 
primary functional organic matter in NBC-ions-FA solutions for effective 
NBC aggregation mitigation.

3.4. Molecular insights into aggregation mechanisms in NBC-ions-FA 
solutions

The bulk organic analyses highlighted the critical roles that humic 
acid-like and fulvic acid-like substances play in the NBC aggregation in 
the presence of ions. To elucidate structural regulatory mechanisms 
associated with different organic components linked to each FA fraction, 
FTICR-MS scan results are emphasized and displayed in Fig. 5 (a)-(e). 
All identified molecules were plotted in the van-Krevelen diagram and 
classified as lipids, proteins, aminosugars, carbohydrates, condensed 
hydrocarbons, lignin, and tannin compounds (Maizel et al., 2017).

Among the five FA fractions, FA-1 exhibited the highest levels of 
saturated compounds (31 %) and unsaturated hydrocarbons (13 %), but 
the lowest content of lignin (33 %) and tannin (5 %). This suggests that 
the saturated compounds and unsaturated hydrocarbons may lack suf
ficient reactivity to complex with ions and bridge to biochar, resulting in 
reduced mitigation performance in the ternary aggregation trials. In 
addition, the vigilantly varied amounts of carbohydrates (4 %-29 %) 
suggest their negligible contribution to mitigation in the ternary solu
tions. For FA-2, FA-3, FA-4, and FA-5, the low content of condensed 
aromatic structures indicated its minor role in complexation with ions. 
In contrast, the significantly higher levels of lignin (44 %-62 %) and 
tannin (7 %-18 %) substances in these four FA fractions underscore their 
critical roles in effective ion complexation and mitigating NBC aggre
gation in the ternary solutions. Moreover, regarding the complexation 
selectivity towards different ions, the highest lignin content (62 %) 
found in FA-4 among all FA fractions highlights its crucial role in 
reducing NBC aggregation. In comparison, the 7 %-10 % unsaturated 

Fig. 4. Identified organic components in FA-1 (a), FA-2 (e), FA-3 (i), FA-4 (m), and FA-5 (q) samples; Identified organic components of NBC-ions-FA solutions after 
the aggregation experiments. In which, FA-1 (b), FA-2 (f), FA-3 (j), FA-4 (n), FA-5 (r) are in CaCl2 solutions; FA-1 (c), FA-2 (g), FA-3 (k), FA-4 (o), FA-5 (s) are in 
Na2SO4 solutions; and FA-1 (d), FA-2 (h), FA-3 (l), FA-4 (p), FA-5 (t) are in NaCl solutions.
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hydrocarbons present in FA-2, FA-3, and FA-5 significantly improve the 
mitigation performance, whereas FA-4 contains nearly none. Since FA-4 
showed less effective regulation than FA-2 and FA-3 regardless of the 
NBC-ion matrixes, this highlights the potential directional regulation of 
NBC aggregation with unsaturated hydrocarbons.

In combination with the PARAFAC results, this highlights the po
tential application strategy of adjusting the unsaturated hydrocarbons in 
the humic acid-like substances to provide directional regulation of NBC 
aggregation in aquatic environments enriched with SO4

2- ions. Moreover, 
the proportion of soil-derived humic and highly unsaturated compounds 
rose from 37 % to 60 % with the increasing MW of FA samples (Fig. S3). 
A similar trend observed for lignin suggests their dominant roles in 
complexing ions in NBC-ions-FA solutions. Furthermore, FA-5, with the 
highest percentage of aromatic components (17 %) among the five FA 
fractions (Fig. S4), exhibited distinctive mitigation performance in the 
ternary solutions. Since both our observation and documented literature 
agree that FA’s aromaticity increases with its MW (Reemtsma et al., 
2008), it can be proposed that the aromatic compounds can also play a 
significant role in mitigating NBC aggregation, even if their content is 
not particularly high.

Based on the Dh, 3D-EEM, PARAFAC, and FTICR-MS analyses, it can 
be concluded that the mitigation of NBC aggregation in the NBC-ions-FA 
solution results from complex interactions among all presenting con
sents. However, lignin and aromatic substances, are identified as major 

components in DOMs (FA) that moderate NBC aggregation. Oppositely, 
the condensed aromatic structures exhibited a negligible effect due to 
their low abundance.

DFT calculations were further utilized to comparatively tackle the 
limited resolution of bulk organic analyses, also to elucidate the mo
lecular interactions between FA and ions in the NBC-ions-FA ternary 
systems. According to the above investigations, FA, HA, tryptophan, 
tyrosine, and lignin substances are identified as the key DOM com
pounds that prevent the aggregation of NBC in NBC-ions-FA solutions. 
Notably, the model structures of FA and HA were divided into three and 
four structures according to the FTICR-MS analysis. The simulation re
sults are displayed as electrostatic potential (ESP) maps in Fig. 6, 
featuring the electrostatic potential and single point charge between 
ions and the selected 10 model structures. The potential reaction sites 
were predicted based on the single-point charge values.

As shown in Fig. 6, the carbonyl and ketone groups displayed the 
highest negative charges, making them favorable sites for bonding with 
cations. In contrast, the hydroxyl group exhibited the highest positive 
charges, tending to complex with anions. Experimental evaluations 
suggested that HA-like substances have a more significant mitigation 
effect on NBC than FA-like substances. Based on the simulated molecular 
structures, it can be concluded that the HA-like substances possess more 
sites for ion complexations, which ultimately affects the ion-modulated 
NBC aggregation. In addition, HA-like substances contain abundant 

Fig. 5. Van Krevelen diagram of FA-1 (a), FA-2 (b), FA-3 (c), FA-4 (d) and FA-5 (e). The rectangles indicate regions associated with lipids (1), proteins (2), ami
nosugars (3), carbohydrates (4), condensed hydrocarbons (5), lignin (6), and tannin (7); Proportional distributions of identified molecules in each FA samples (f).
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Fig. 6. Molecular structural, electron clouds and single-point charge diagrams of model organic substance structures. The blue and red color represents the positive 
and negative electron clouds, respectively. The shade of the color represents the change in charge density.
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ring-like structures, where ion-π interactions could also contribute to the 
ion complexation. Since these ring structures primarily determine 
aromaticity of the HA-like substances, this confirms the FTICR-MS re
sults that the aromatic substances can complex with ions and thus 
moderate the NBC aggregation.

Table 2 displays the interaction energy between each ion and 
representative substance (The larger values are highlighted in bold). The 
strongest interaction energies for cations are observed for Na+-Lignins 
(−0.5514 eV) and Ca2+-Lignins (−2.0946 eV), while for anions, they are 
Cl- − FA-1 (−1.0072 eV) and SO4

2- − FA-1 (−4.9986 eV). The interaction 
energy demonstrates that lignins, fulvic acid-like and humic acid-like 
substances complex with ions, consisting with the result from PAR
AFAC and FTICR-MS. This also confirms that the complexation between 
ions and organic matters is spontaneous interaction. Additionally, the 
structure of these substances verifies the critical role of aromatic com
pounds identified in the previous analyses.

3.5. Discussions on the future perspectives in regulating NBC aggregation

When NBC is dispersed in pure water, the negative charge on its 
surface facilitates its stable suspension due to balanced electrostatic 
repulsion and van der Waals forces. However, the application of NBC in 
real aquatic environments has many challenges, including the presence 
of coexisting ions and DOMs (Fig. 7). The evaluations above thus pro
vide potential strategies for regulating NBC’s functional efficacy and 
associated ecological risks.

In this study, DOMs were fractionated into different MWs to evaluate 
their distinguishable effect on moderating NBC aggregation. However, 
DOMs exist in actual water bodies in a united form. The pre-assessment 
of existing DOM components can be beneficial before implementing the 
NBC, particularly the key regulation components of aromatic com
pounds and unsaturated hydrocarbons, which require significant 
attention. Considering the convenience of sample testing, a fluorescence 
scan can quickly identify the bulk DOM matrix of the humic acid-like 
and FA-like substances, enabling the development of a targeted NBC 
aggregation regulation strategy. In scenarios involving heavy metals, the 
strong complexation affinity between NBC and metal cations raises 
concerns, as these metal ions can be transported alongside NBC due to 
their small size (Wang et al., 2013a). In such cases, aggregation of NBC is 
preferred, requiring control over the abundance of aromatic compounds 
at application sites. This can decrease the mobility, leachability, and 
availability of heavy metals, thereby preventing the potential uptake of 
toxic elements (Gong et al., 2022). Conversely, certain situations may 

require promoting NBC aggregation. For instance, treating highly 
concentrated pollution sources would benefit from regulating NBC ag
gregation to ensure adequate contact with targeted contaminants. In 
these instances, additional injection of aromatic compounds may be 
advantageous. However, the ion and DOM concentrations in actual 
water bodies may not reach the CCC concentrations obtained in our 
experiments, resulting in a limited promoting effect on NBC aggregation 
(Yang et al., 2019). Therefore, pre-evaluation of complex substances in 
actual environments can help optimize the tailored dosage of NBC and 
regulatory additives, particularly for the in-situ remediation of specific 
contaminants.

It is crucial to consider the aging and recycling of NBC once applied 
to the environment (Palansooriya et al., 2020; Wang et al., 2019), in 
particular, recognizing the potential damage caused by improper bio
char use. For instance, long-term biochar application may alter heavy 
metal transport in soil, reducing Cd concentrations but increasing Pb 
levels (Fan et al., 2020). It is demonstrated that biochar application 
could contaminate plants with PAHs, posing risks to human health 
(Wang et al., 2018). The generation of persistent free radicals by biochar 
is another critical factor to consider when assessing ecological impacts 
(Odinga et al., 2020). Developing a framework for rapid evaluation of 
NBC aggregation and migration in environmental media could offer 
valuable insights for its practical applications.

The presence of multiple ions and contaminants, as well as other NBC 
carriers, may complicate the scenario after NBC addition. On the one 
hand, our observations were obtained in a relatively pure solution ma
trix. In real water environments with high concentrations of organic 
pollutants, the interactions between contaminants and DOMs may 
reduce NBC functioning efficacy due to the fouling effect of DOMs on the 
NBC surface (Shimabuku et al., 2016). The coexistence of low molecular 
weight organic acids (LMWOAs) with DOMs and NBC may reduce the 
moderating of NBC aggregation by DOMs. LMWOAs can enhance NBC 
aggregation by increasing hydrogen bonding and decreasing the repul
sive forces between NBC particles (Wang et al., 2022). In the presence of 
heavy metals, ions, DOMs, and NBC, the metal adsorption capacity of 
NBC may be hindered due to the strong interactions between heavy 
metals and DOMs, facilitating the potential migration of mobilizable 
heavy metals (Chaudhuri et al., 2022). Additionally, our observation 
indicates that aromatic substances in DOM can regulate NBC aggrega
tion effectively. Since the primary pathway of aromatic organic pollut
ants adsorbed by NBC and DOMs is π − π interaction (Li et al., 2020), this 
raises concerns about their migration in aquatic environments after 
sorption. Consequently, the application of NBC should be executed on a 
case-by-case basis, considering the complex aquatic environments. On 
the other hand, advancing high-resolution organic characterization 
techniques, alongside customizable modifications of NBC, offer prom
ising future directions for the effective deployment of NBC in pollution 
control. In summary, we propose mechanisms that regulate the aggre
gation of nano-biochar particles in aqueous solutions.

4. Conclusion

This study demonstrated the behaviors and mechanisms of NBC ag
gregation in aquatic environments containing electrolytes and dissolved 
organic matter through a combined experimental and simulation 
approach. Mono/di-valent electrolytes promote NBC aggregation with a 
critical aggregation concentration of 492.8 mM Na+, 37.9 mM Ca2+, and 
109.4 mM SO4

2-. After adding FA, NBC aggregation is effectively 
moderated, with higher molecular weight FA fractions showing better 
performance. Humic acid-like substances, followed by FA-like sub
stances, particularly aromatic substances, are identified as the dominant 
compounds moderating NBC aggregation in NBC-ions-FA solutions. 
Complexation between aromatic substances and ions (Na+, Ca2+, Cl-, 
and SO4

2-) facilitates the spontaneous formation of ion-FA complexes, 
reducing ion concentrations in solution through cation bridging and 
increasing steric effects, thereby effectively reducing NBC aggregation 

Table 2 
The interaction energies between 10 structural models of organic matter and 4 
representative ions.

Matters E(eV) Matters E(eV)

Na++D-tryptophan −0.1966 Cl-+D-tryptophan −0.1580
Na++Tyrosin −0.0868 Cl-+Tyrosin −0.4096
NaþþLignins ¡0.5514 Cl-þ Lignins ¡0.9074
Na++Fulvic acid 1 −0.1641 Cl-þFulvic acid 1 ¡1.0072
Na++Fulvic acid 2 −0.1764 Cl-+Fulvic acid 2 −0.4201
Na++Fulvic acid 3 −0.3322 Cl-+Fulvic acid 3 −0.4475
Na++Humic acid 1 −0.1817 Cl-+Humic acid 1 −0.4716
Na++Humic acid 2 −0.2220 Cl-+Humic acid 2 −0.3789
Na++Humic acid 3 −0.1786 Cl-+Humic acid 3 −0.4921
NaþþHumic acid 4 ¡0.4095 Cl-+Humic acid 4 −0.4735
Ca2þþD-tryptophan ¡1.9621 SO4

2-+D-tryptophan −0.0158
Ca2++Tyrosin −0.5897 SO4

2-+Tyrosin −0.8961
Ca2þþ Lignins ¡2.0946 SO4

2-+ Lignins −1.0588
Ca2++Fulvic acid 1 −1.1427 SO4

2-þFulvic acid 1 ¡4.9986
Ca2++Fulvic acid 2 −0.9663 SO4

2-+Fulvic acid 2 −1.0707
Ca2++Fulvic acid 3 −1.5536 SO4

2-+Fulvic acid 3 −0.7643
Ca2++Humic acid 1 −1.0650 SO4

2-+Humic acid 1 −1.0661
Ca2++Humic acid 2 −1.1466 SO4

2-+Humic acid 2 −0.8768
Ca2++Humic acid 3 −1.0629 SO4

2-+Humic acid 3 −0.7252
Ca2þþHumic acid 4 ¡1.9028 SO4

2-þHumic acid 4 ¡3.3082
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in NBC-ions-FA solutions. From a future perspective, adjusting the 
content of aromatic substances can regulate NBC aggregation in aquatic 
environments, maximizing its effectiveness and minimizing potential 
ecological risks. This provides regulation strategies for precise, efficient, 
and low-risk nano-biochar applications. Ultimately, this study provides 
insights into the aggregation and migration of nanoparticles in aquatic 
environments.
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