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Fulvic acid (FA) and humic acid (HA) are organic materials that can form
complexes with metal ions, playing a crucial role in predicting the behavior of
organic colloids. The colloidal stability values of FA and HA vary with pH and
specific cations, but this has rarely been comprehensively examined. This study
systematically compared the aggregation kinetics and colloidal stability of FA and
HA and the mechanisms behind their behavior based on particle interaction
theory. The results showed that higher pH values stabilized FA and HA colloids by
increased electrostatic repulsive energy. Additionally, increased electrolyte
concentration destabilized FA and HA colloids by cationic polarization
(chemical bond formation). The cation aggregation ability followed the order
Ca?* > Mg?*" > K* > Na*, showing that the specific ion effects induced by non-
classical polarization resulted from the strong electric field of the highly
negatively charged FA and HA. With pH values ranging from 5 to 7 and 9, FA
and HA were stabilized through raising the critical coagulation concentrations
(CCGCs) in NaCl and KCL. With increasing pH, the enhanced electrostatic repulsive
energies in the Na* and K* systems resulted in weaker aggregation behaviors due
to the deprotonation of the hydroxyl and carboxyl groups of colloids. Compared
with HA, FA had a lower Hamaker constant, higher surface negative charges,
larger CCCs, and stronger dispersion stability. This work will contribute to the
understanding of organic colloidal aggregation mechanisms and act as a
reference to predict their environmental behaviors.
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Comparison for Colloidal Stability and Aggregation Behavior of Fulvic
and Humic Acids: Effects of Cations and pH
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GRAPHICAL ABSTRACT

1 Introduction

Humus, an essential and special component of soil organic matter,
possesses a complex and stable structure (1, 2). Two of its primary
components, fulvic acid (FA) and humic acid (HA), exhibit strong
colloidal properties. The abundance of reactive functional groups on
their surfaces does enable them to form stable physical, chemical, and
biological complexes with metal ions and organic pollutants, thereby
strictly controlling the transport, storage, and migration potential of
organic colloids and environmental pollutants (3-6). Given their
aforementioned role in soil fertility, environmental protection, and
sustainable agriculture, it is necessary to have a detailed understanding
of the stability of the coalescence kinetics of FA and HA (7).

The aggregation and dispersion of FA and HA colloids are
strongly modulated by the type and strength of electrolyte cations in
the surrounding media (8-11)—for example, Tan et al. (12) showed
that HA increased the aggregation of silica aerogels at high Mg**
concentrations due to the HA-Mg>" chemical bonds formed in the
reaction process that act as a bridge among silica aerogel aggregates.
Generally, monovalent cations neutralize the negative surface
charges of the gel, whereas polyvalent cations form bridging
bonds that condense the FA and HA colloids (8, 10).

The pH value has also been reported to strongly regulate the
aggregation and dispersion behavior of FA and HA colloids in
various electrolyte solutions (13-15). Functional groups, such as
hydroxyl and carboxyl, on the colloid surface gradually deprotonate
as pH increases, resulting in a negative charge that increases colloid
dispersion stability through the higher electrostatic repulsion between
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molecules (14-17). Transmission electron microscopy imaging
revealed that HA globular aggregates exhibit a rough periphery
(facilitating condensation) at pH 5.26 and a smooth spherical shape
(promoting dispersion) at pH 10, which was attributed to varying
degrees of protonation or deprotonation of carboxyl and phenolic
-OH groups (14).

The stability of humus in solutions containing cations of
16). The
aggregation value of HA in NaCl solution at different pH values

different valence values also varied with pH (15,

followed the order acidic > neutral > alkaline while having a higher
binding efficiency with divalent ions such as Ca®* and Mg*" at high
pH (14, 17). Additionally, compared to HA, there have been fewer
studies on the colloidal stability of FA.

The colloidal stability values of FA and HA colloids are
influenced by the type and activity of their surface functional
groups (2, 14, 18, 19). The FA and HA colloids contain active
functional groups such as hydroxyl, carboxyl, quinone, methoxy,
and others (2). The diprotonation dissociation of the carboxyl and
phenolic hydroxyl groups does increase with pH, leading to a higher
negative charge of the colloid. This enhances electrostatic repulsion,
making the colloid more prone to dispersion (20, 21). Additionally,
the optimal conditions for the deprotonation of various functional
groups differ: carboxyl protons dissociate at pH 3, while phenolic
hydroxyl groups dissociate at pH >7. These transformations have
been well observed using Fourier transform infrared (FTIR)
spectroscopy and atomic force microscopy (AFM) (5, 22-24).

The molecular weight and type of the colloids also determine
their electrochemical properties (15, 18, 20). Larger organic matter
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molecules, such as HA, tend to aggregate more than smaller ones, like
FA (20, 25, 26). So far, only a few studies have quantified the
differences between surface functional groups on HA and FA and
compared their aggregation kinetics. Therefore, a systematic study of
the pH dependence of ion-specific effects on FA and HA is of great
practical importance for improved guidance for environmental
remediation, water purification, and soil improvement.

Herein AFM, dynamic light scattering (DLS), and FTIR
techniques were used to investigate the environmental condition
dependence of FA and HA colloids. This was done through cross-
tabulations of colloid type, pH, metal ion type, and ionic strength in
order to evaluate the aggregation kinetics of HA and FA colloids
under different conditions. This study will enrich the theoretical
foundation for pollution control which uses FA and HA approaches,
improve the kinetic theory of FA and HA agglomeration, and provide
insights into their behavioral mechanisms.

2 Materials and methods
2.1 Preparation of FA and HA colloids

FA (CAS: 1415-93-6, FA content: >90%, ash: 0%-1%) and HA
(CAS: 68131-04-4, HA content: 50%-60%, ash: 15%-25%) were
purchased from Aladdin Bio-Chem Technology (Shanghai, China)
to prepare the corresponding colloid suspensions. Briefly, FA
suspension was prepared by dissolving 1 g FA in 1 L deionized
water, followed by 1 h of stirring. The commercial HA was purified
before use based on its acid insolubility (27). HA (10 g) was first
dissolved with 0.1 mol L' HCI solution (the ratio of HA to HCl was
1 g to 10 ml) and stirred for 1 h. The suspension was adjusted to
approximately pH 1.0 using a concentrated HCI solution and was
left to stand for 12 h. The HA suspension was centrifuged at 5,000
rpm for 15 min, and the supernatant was discarded. The
abovementioned processes were repeated three times. The HAs
were dispersed in 1 L deionized water and dialyzed (semipermeable
membrane with a molecular weight cutoff of 1,000 Da) to remove
dissolved ions until the conductivity was constant and <10 uS cm™.
The mass concentration of the HA suspension was measured by the
oven-dry method to be 5,671.1 mg L.

2.2 Characterization of FA and HA

Part of the FA and HA suspension was freeze-dried for
characterization. Mass spectrometry (MS) analysis for the molecular
weight determination of FA and HA was conducted using an Agilent
6545 Q-TOF LC/MS system (Agilent Technologies, USA) equipped
with an electrospray ionization (ESI) source operating in negative ion
mode. The K', Na*, Ca?*, and Mngr content of FA and HA,
respectively, were analyzed using an inductively coupled plasma
emission spectrometer (5110 ICP-OES/MS; Agilent, Santa Clara, CA,
USA). The organic elemental composition (including C, H, O, and N)
of FA and HA, respectively, were determined by an element analyzer
(Vario EL Cube, Elementar, Germany).
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The morphology values (diameter and height) of FA and HA
were recorded by atomic force microscopy (AFM, Dimension Icon
with ScanAsyst, Bruker, USA). The FA and HA suspensions were
diluted to 100 mg L' the pH values were adjusted to 5, 7, and 9
with HCI or NaOH, respectively. All AFM images were obtained by
depositing the FA and HA suspensions on a freshly cleaved mica
wafer substrate. The images were recorded after 24 h of dehydration
at room temperature (23). The PeakForce Tapping mode was
adopted to observe the samples, and all images were examined
using the NanoScope Analysis software.

The size distribution curves of the FA and HA samples (100 mg L'
at pH 5, 7, and 9) were measured using dynamic light scattering (DLS,
Nanobrook Omni, Brookhaven Instruments Corporation, USA).

The electrophoretic mobility values of the FA and HA samples
(100 mg L™ at pH 5, 7, and 9) were analyzed using a zeta potential
analyzer (Zeta PALS, Brookhaven, USA), and the Smoluchowski
equation was used to convert the electrophoretic mobility into zeta
potential (28) (Equation 1).

Mg
g,

(1)

where { is the zeta potential; i, is the electrophoretic mobility
of the colloid, which is the velocity of the particle per unit electric
field; M is the dynamic viscosity of the medium; € is the dielectric
constant of the medium; and g, is the vacuum permittivity (a
constant value, 8.854 x 10-'? F/m).

2.3 ATR-FTIR spectra measurements

The infrared spectra of the FA and HA samples at pH 5, 7, and 9
were recorded using FTIR spectroscopy (Bruker, Vertex7003040404,
German) equipped with an attenuated total reflectance (ATR) unit
(Ge crystal). Each sample was collected with 16 scans at a resolution of
8 cm™ in the range of 600-4,000 cm™. The spectrum of water was
taken as background before sample scanning. The absorbance spectra
of FA and HA in NaCl (1,000 mmol L"), KCI (1,000 mmol L), CaCl,
(10 mmol L"), and MgCl, (10 mmol LY solutions at pH 5, 7, and 9
were also recorded using the ATR-FTIR spectrometer. The samples
were allowed to stand for 30 min after mixing, ensuring consistency
between ATR-FTIR recording and DLS measurements in terms of
aggregation kinetics. At each time, a drop of the liquid sample is
collected to cover the crystal for FTIR spectroscopy measurement.
Spectral data were smoothed and baseline-corrected using OMNIC
software. The peak areas of these bands were integrated using a
tangential baseline from the onset to the offset of each peak, and then a
relative peak area of each band was also calculated.

2.4 Evaluation of FA and HA colloidal
stability

The aggregation kinetics of FA and HA colloids was measured
using the DLS apparatus. The incident wavelength and scattering
angle were 635 nm and 90°, respectively. The measurements were
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done at pH 5, 7, and 9, respectively; the mass concentration was 100
mg L Electrolyte solutions of NaCl, KCI, CaCl,, and MgCl, with
different gradient concentrations were prepared. A 0.22-pum
membrane filter was used to filter the electrolyte solutions before
use. The effective diameter of the suspension was recorded in 2-min
intervals; the testing time of each sample was 30 min. The
electrolyte solutions at different concentrations were used to
induce the aggregation of the HA or FA suspension. The zeta
potential values of HA and FA were measured at the same
conditions using the DLS measurements. The kinetic aggregation
curves of the effective diameter (a,(t)) with time (t) were obtained
for each electrolyte, based on which the aggregation rate (k;;) was
calculated (29). The slope of the fitted line between the effective
diameter and time was dependent on the particle concentration N,
and the aggregation rate (Equation 2).

day,(t)
("

> ok, ;N (2)
t—0

The aggregation rate is dependent on the electrolyte
concentration in the reaction-limited aggregation (RLA) regime,
and with the aggregation rate being no longer related to the
electrolyte concentration in the diffusion-limited aggregation
(DLA) regime for the electrolyte concentration had reached
critical coagulation concentration (CCC), the energy barrier
between particles had be eliminated. Hence, CCC is defined as
the minimum electrolyte concentration required to fast aggregation.
It is also the critical point of aggregation attachment efficiency (o),
which can be calculated by the ratio of aggregation rate in the
RLA regime (k;;) to the diffusion-limited aggregation (DLA)
regime ((Kj)ns), also known as the inverse stability ratio 1/W
(Equation 3).

o=1/W =Kk /(Ky)ast

_ 1 (day(t) 1 (day(t)
_N0< dt >ta0/ (No)fast< dt )tao,fast (3)

The range of the attachment efficiency was in 0-1 for a

specific system.

2.5 Calculation of Hamaker constant and
particle interaction energy

The Derjaguine-Landaue-Verweye-Overbeek (DLVO) theory
was used to analyze the particle interactions for FA and HA colloids
(30) (Equation 4). The total potential energy V' is the total sum of
van der Waals potential energy V, and the electrostatic potential
energy Vg.

Vi =Vr+Vy 4

V o was accounted as:

Va(h) = —A/6(2/(s* —4) +2/s* + In((s* - 4)/s%) 5)

where h (m) is the distance between adjacent particle surfaces;

s = H/r, of which H (m) is the distance between the centers of
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adjacent particles; r (m) is the particle radius; and A (J) is the
Hamaker constant for colloids in water (Equation 6).

Let the Hamaker constant of colloids in vacuum be A; and the
Hamaker constant of water in vacuum be A, = 2.43 x 10-%° J. Then:

Ay = (A" + A40.5)° (6)

Vr was accounted as:

Vi (h) = 2mer¢o2In(1 + e M) )

where ¢ s the dielectric constant of the medium, 6.95 x 10-'° C*
J' m™; @y (V) is the particle surface potential, was replaced here by
the zeta potential; and k™

k=, /(Sn7z2)/eRT )
i=1

where F is the Faraday constant, 96,485 C mol};
the concentration of the i-th ion; Z; is the chemical valence of the i-
K 'and T

(m) is the thickness of the double electric
layer (Equation 8).

n; (mol m™) is

th ion; R is the ideal gas constant, equal to 8.314 ] mol™?
(K) is the absolute temperature.

The theoretical bonding coefficient 0, of colloid coalescence can
also be calculated using the following equation:

eXP(VA(h)/kBT) exp(VT(h)/kBT)
“"’</ PO G )(/ PO = vy dh)
)

where kj is the Boltzmann constant, equal to 1.381 x 107> J
K ';h is a dimensionless constant used to correct for hydrodynamic
interactions and is calculated as to the following Equation 10:

B(h) = (6h* + 13hr + 2r*)/(6h* + 4hr)

According to the DLVO theory, the theoretical bonding
coefficient @ can be calculated by combining (Equations 5, 7, 9)

(10)

when the Hamaker constant is known. Therefore, the Hamaker
constant is used as an adjustable parameter, and the value of the
Hamaker constant for FA and HA colloids can be obtained by
fitting it with MATLAB software (29).

3 Results and discussion

3.1 Characteristics and properties of FA
and HA colloids

HA had a higher molecular weight (3,094 Da) compared to FA
(1,741 Da) (Supplementary Table S1). The result was further proved
by the distinct color difference between HA and FA (Supplementary
Figure S4). The organic carbon (C) and nitrogen (N) contents (weight
percent) of FA were lower than those of HA, while the hydrogen (H)
and oxygen (O) contents of FA were higher than those of HA
(Supplementary Table S1). Consequently, the H/C and O/C ratios
of FA were 33% and 44% higher than those of HA, suggesting that FA
contained more hydrogen- and oxygen-containing functional groups
(e.g., hydroxyl and carboxyl groups) than HA (31).

frontiersin.org


https://doi.org/10.3389/fsoil.2025.1452870
https://www.frontiersin.org/journals/soil-science
https://www.frontiersin.org

Wang et al.

Height

10.3389/fs0il.2025.1452870

138nm 184nm

35 1om 127 nm

Height Height
) FAPpPH5 (c) FApH5 1209
= FApHS5
50 FApH 7
50 1 )l
47 FApH9
a0/ | . 80+ HApH 5
- R HApH 7
(=) -
30 . | 2 H HA pH 9
8 22 £ 401
&2 16 ‘ B j
i «
10 | 4 ~ M‘ < <
> 2 3 0 j Eiaaad
0 . . . . ; . _ ' ! : T
0-1 1-2 2-3 3-5 5-10 0-30 30-50 50-100 100-200 0 100 200 300
Height distribution (nm) Diameter distribution (nm) Hydrodynamic diameter (nm)
(e) Zeta Potential (mV) (f) FA (9) HA
—E-FA - s:g
—O®-HA| 0015 __ pH9 Carboxylic
-40- -42.35 C-O or ~OH
| | 8 ) [
\ -49.53 §001 1
] Qo
.-53.16 -53.16| 5 ‘
-56.29 u 4 ‘
TTT—e s0.13| 200051 ' W N
-60. ' 4
-601 T i '
[
0.000+%Phenolic -OH Carboxylic C=0O i i 1
3420
5 7 9 4000 3000 2000 10004000 3000 2000 1000
PH Wavenumber (cm™) Wavenumber (cm™)
FIGURE 1

Characterization of FA and HA colloids. (a) AFM images of FA and HA colloids (100 mg L™ FA and HA at pH 5, 7, and 9). (b) Height distribution of FA
at pH 5 in the AFM image. (c) Diameter distribution of FA at pH 5 in the AFM image. (d) Intensity-weighted hydrodynamic diameter distribution of FA
and HA colloids at pH 5, 7, and 9 using DLS. (e) Zeta potentials of FA and HA colloids at pH 5, 7, and 9. (f, g) FTIR spectrum of FA and HA colloids at

pH 5,7, and 9.

The AFM images revealed that the FA and HA colloids had
irregular edges and appeared to be in an aggregated and stacked
state (Figure 1a). The lengths of the colloids were 11-23 times larger
than their heights (Figures 1b, ). The diameters of the FA and HA
colloids observed in AFM gradually decreased as the pH increased
from 5 to 9, while the heights changed less (Supplementary Table
S2). This suggesting that the FA and HA were prone to aggregation
and the colloids were prone to dispersing with increasing pH.

Frontiers in Soil Science

Indeed FA and HA are known polydisperse systems. The height
and diameter of HA were found to be larger than those of FA
(Supplementary Table S2). The diameters of both FA and HA
colloids were about 80 nm (lognormal median diameter by number)
at pH 5, 7, and 9, which were larger than those captured by AFM
(Figure 1d, Supplementary Table S3). The diameters measured
directly by DLS were hydrodynamic diameter, also intensity-
weighted average diameter, which can be interpreted as the
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particles’ diameter plus the electric double layer (32), while the
diameters from AFM represented the diameter of the dried sample,
and the AFM is primarily good at measuring height (23).

The zeta potential of the FA colloid was -42.35, -49.53, and
-53.16 mV at pH 5, 7, and 9, respectively, and that of HA colloid was
-53.16, -56.29, and -60.13 mV, respectively (Figure le). With
increasing pH, the negative charge density of the colloids
increases due to the deprotonation of the active functional groups
on the colloidal surface. Consequently, the zeta potentials became
more negative with increasing pH (33). The FA had lower zeta
values than HA, which might be attributed to the lower C content of
FA (34).

The FTIR spectra of FA and HA are presented in Figures 1f, g.
The spectra of the main chemical structures of FA and HA peaked
at 1,384 and 1,206 cm™ (C-0O stretch and OH deformation of
carboxylic groups), 1,638 and 1,608 cm’? (-COOH, stretching
vibrations of vc_o), and 3,420 cm™ (-OH, stretching vibrations of
von). These characteristic peaks were in agreement with previous
reports (31, 35). Phenolic -OH was the dominant functional group,
comprising 50%-82% of the total abundance (Supplementary Table
54). The relative proportion of carboxylic C=0 in FA was lower
than that in HA, while the relative proportion of carboxylic C-O or
-OH in FA was higher than that in HA (Supplementary Table S4;
except at pH 7). This result suggested that FA contained more
phenolic -OH and carboxyl groups than HA (31, 36), consistent
with the higher H/C and O/C ratios of FA than HA (shown in
Supplementary Table SI).

The FTIR of FA and HA showed that pH influenced the quantity
of surface functional groups on the colloids (Figures 1f, g;
Supplementary Table S4). The intensities of the hydroxyl groups
and carboxyl C=0 peaks on the FA and HA colloids increased with
pH from 5 to 9. This indicated the deprotonation of surface
functional groups with increasing pH, hence more oxygen-
containing functional groups on their surface under higher pH
conditions (33). This then primarily contributes to the increased
zeta value at a higher pH (Figure le). Meanwhile, the intensity of the
absorption peaks of hydroxyl group on FA varied more than between
pH 7 and 9, while the opposite was true for carboxyl groups. This
indicated that hydroxyl groups tend to deprotonate more at high pH,
while carboxyl groups tend to deprotonate at low pH (Figure 1f).
Deprotonation of the carboxyl groups occurs in pH 2-5. The other
functional groups, such as phenolic -OH, are deprotonated when the
pH >5 (5, 22-24). The deprotonations are related to the dissociation
constant of the hydroxyl and carboxyl groups (18, 20). This result also
supported the increased zeta potential values of FA and HA with
increasing pH as well as the higher zeta potential of FA over
HA (Figure le).

3.2 Effects of cations and pH on FA and HA
colloidal aggregation
The aggregation kinetics of FA and HA colloids were first

investigated in the presence of cations (Na*, K", Ca®*, and Mg2+).
The size evolution of FA and HA colloids, respectively, as a
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function of cation type and concentration are plotted in
Supplementary Figures S1, S2. The hydrodynamic diameters of
FA and HA colloids increased with time and electrolyte
concentrations. Typical transitions from reaction-limited (RLA)
aggregation to diffusion-limited (DLA) aggregation were observed
for both FA and HA colloids (except FA in K' at pH 9;
Supplementary Figures S1, S2) (14). At the RLA stage, the
hydrodynamic size of FA and HA colloids increased slightly
over time, suggesting good dispersion stability at lower cation
concentrations. At the DLA stage, the FA and HA aggregation
rates leveled off at high cation concentrations due to the complete
elimination of the energy barrier between FA and HA colloids.
Figure 2a shows that the FA at pH 5 had a similar aggregation rate
in the presence of 800 mmol L' NaCl, 400 mmol L KCI, 10
mmol L' MgCl,, and 4 mmol L™ CaCl, solutions. At pH 5, HA
had an approachable aggregation rate in 1,200 mmol L™ NaCl,
1,000 mmol L' KCl, 8 mmol L! MgCl,, and 3 mmol Lt CaCl,
(Figure 2b). The cohesive effects of the four ions on colloids were
in the following order: Ca®>* > Mg®* > K* > Na*. The divalent
cations (Ca** and Mg”*) had a stronger influence on FA and HA
colloids’” aggregation rates than the monovalent cations (Na" and
K"). The effect of pH on the aggregation kinetics of FA and HA is
illustrated in Figures 2c-f. For example, the colloidal aggregation
rates significantly decreased with pH from 5 to 9 with FA in Na*
and HA in K" (Figures 2¢, d). In contrast, the aggregation rates of
FA in Ca*" and HA in Mg®" increased with increasing pH
(Figures 2e, f). Monovalent cations (Na™ and K) increased the
hydrodynamic size of FA and HA colloids at a lower pH, while
divalent cations (Ca** and Mg*") promoted colloid aggregation at
a higher pH. The largest FA and HA clusters were approximately
2,500 and 3,000 nm, respectively (Supplementary Figures S2, S3).
A similar tendency was found between the initial diameter
(Supplementary Tables S2, S3) and the diameter of the
largest cluster.

3.3 Effects of cations and pH on FA and HA
colloidal stability

The CCC values were used to evaluate the stability of FA and
HA colloids as a function of cations. Figure 3 illustrates that the
cations destabilized FA and HA, with CCC values in the following
order: Ca>* > Mg”* > K > Na*. The CCC values of FA and HA in
divalent cations were 50%-84% lower than those of monovalent
cations due to the higher charge screening by divalent electrolytes,
consistent with the results of the aggregation experiments (37). The
generally accepted Schulze-Hardy’s law predicted the same
aggregation behaviors for cations with the same valence (38).
Here the CCC values of the colloidal aggregates of FA and HA
induced by cations with the same valence were also disparate,
demonstrating a specific ion effect (39-42). The specific ion
effects were also seen in suspension systems of montmorillonite
and soil HA colloids (41, 43). It was suggested that ion specificity
resulted from quantum fluctuation caused by the electric field of
charged colloids that was responsible for differences in CCC
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Contrastive analysis of representative aggregation kinetics curves of FA and HA. (a) FA in Na, K, Ca, and Mg electrolyte solution at pH 5 (b) HA in Na,
K, Ca, and Mg electrolyte solution at pH 5 (c) FA in Na electrolyte solution at pH 5, 7, and 9 (d) HA in K electrolyte solution at pH 5, 7, and 9 (e) FA in
Ca electrolyte solution at pH 5, 7, and 9 (f) HA in Mg electrolyte solution at pH 5, 7, and 9.

between cations with the same valence (41, 44, 45). For charged
colloids, there was a strong electric field, as strong as 10® V/m,
around the charged colloids, which could result in non-classical
polarization of cations around the colloids (46, 47). Taking the
divalent system, for example, there was an extra electron shell for
Ca®" compared with Mg®". The polarization effect of Ca** was
stronger; thus, the screening effect of Ca** was stronger (48). Due to
the presence of specific ion effects, if taking Na" as a refence cation,

then the effective charges of K, Mg>", and Ca®>" were 1.531, 2.414,
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and 3.665, respectively (49). Therefore, the CCCs in the KCl and
CaCl, solutions were lower than those in the NaCl and MgCl,
systems, respectively.

For FA and HA in NaCl and KCl, the CCC varied with pH in
the following order: pH 5 < pH 7 < pH 9 (Figures 4a, c). The CCC of
FA and HA in CaCl, and MgCl, did not increase with increasing
pH (Figures 4b, d). Since FA in KCI (at pH 9) did not lead to any
aggregation, only a range of CCC values was obtained (at this point,

the KCl solution concentration to be tested was 3 mol L; the
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maximum test condition was 1.5 mol L% the concentration of
saturated KCl at room temperature was 3.4 mol L'). The
monovalent cations stabilized the FA and HA colloids at high pH
values, increasing the CCCs from 602 to 1,410 mM (1.3 times) and
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100 to 318 mM (2.2 times) in NaCl and similarly from 309 to over
1,500 mM (over 3.9 times) and 67 to 300 mM (3.5 times) in KCI
(Figures 4a, c). Usually, both the negative surface charge and the
active functional groups of the colloid do increase with pH,
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The CCCs of FA (a, b) and HA (c, d) in monovalent and divalent cations at pH 5, 7, and 9.

enhancing the colloidal CCC, which is consistent with the colloidal
CCC values in NaCl and KCI (Figures 4a, c). The increased
electrostatic repulsion between particles due to an increase in
negative charge was the primary reason for the enhanced stability
of colloids (37). The CCC values of FA were higher than those of
HA, indicating that the former exhibited stronger colloidal stability
due to the smaller molecular weight of FA. The aggregating role of
pH and cation was also visually corroborated by naked-eye
observations of FA and HA colloids (in 1,000 mmol L™ NaCl and
KCl, 10 mmol L' CaCl,, and MgCl, for 30 min), respectively
(Supplementary Figure S4).

3.4 Electrostatic repulsive energy increased
the FA and HA colloidal stability

Va depended on the Hamaker constants of FA and HA in
water, which were simulated to be 1.47 x 10-2° and 2.55 x 10-2° ],
respectively. The Hamaker constants of FA and HA in vacuum were
7.68 x 10~ and 9.96 x 10->° J, respectively. The smaller Hamaker
constant of FA actually determined its higher CCC value and
greater colloidal stability than that of HA (Figure 4). Under the
constant van der Waals force, the inter-particle electrostatic
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repulsion (favoring colloidal stability) was jointly regulated by the
effects of pH and cations on the charge density of the colloidal
surface (31). Compared to the initial zeta potentials (Figure 1b), the
zeta potentials of the FA and HA colloids became less negative as
cation concentrations increased (Supplementary Figure S3). Ca**
and Mg*" significantly decreased the zeta values of FA and HA,
ranging from about -15 to -10 mV (Supplementary Figure S3). The
colloidal zeta values in Ca®* and Mg’" were considerably less
negative than those in Na* and K". It is difficult to obtain the
corresponding zeta potentials due to the high concentration of
monovalent ions triggering the aggregation. However, the colloidal
surface potential hardly changed in the presence of 10 mmol L™ of
monovalent ions (which exceeds the CCC values of colloid in
divalent cations). Cations neutralize the negative charges on the
colloid surface, promoting colloidal aggregation by reducing the
electrostatic repulsion (31). The divalent cations are more effective
in reducing the energy barrier for colloids than monovalent cations.
This is due to the higher charge density in the diffusion layer
for divalent cations versus monovalent cations (at the same
molarity) (31).

Generally, the negative charge of the colloidal surface increased
with pH (Figure 1b), resulting in higher electrostatic repulsion and
colloidal stability (37). When the pH increased, the energy barrier
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also increased, leading to a slower aggregation of colloids (31). This
trend explains the slower aggregation rate and higher CCC values of
FA and HA in Na' and K' with increasing pH (Supplementary
Figures S1, 54). However, the stability of divalent ion colloids is less
affected by changes in pH—the aggregation behaviors of FA and
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HA in divalent cation with increasing pH could not be accurately
described by the DLVO theory.

In order to quantify the specific ion effects between cations with
the same valence, the effective charges of Mg** (2.414) and Ca**
(3.665) have been adopted to revise the DLVO theory (31, 48, 50).
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FTIR spectrum of 100 mg L™ FA (a—f) and HA (g-1) colloids in Na/K/Mg/Ca solutions at pH 5, 7, and 9, respectively.

Figure 5 shows the particle interaction energy profiles for FA and
HA colloids as a function of divalent cation type (Ca®" and Mg*") at
pH 7 after taking the specific ion effects caused by the quantum
fluctuation into consideration. When the distance between colloids
was 2 nm, the van der Waals attractive force energy (V,) between
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FA colloid particles was -1.89 x 10-*° J. The total interaction energy
(V1) and electrostatic repulsive force energy (Vi) of FA in 6 mmol
L' Ca*" were -1.50 x 10->* and 4.33 x 10-*' J (Figure 5a) and in 6
mmol L! Mger were -1.20 x 10->° and 6.97 x 10-2'] (Figure 5b),
respectively. The Vi and V, of FA in Mg** were higher than that of
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FA in Ca®"; hence, FA has higher CCC and greater colloidal stability
in Mg2+ than in Ca** (Figure 4b). Additionally, the V4 of HA in 4
mM Ca®" and Mg>" was -1.89 x 10-*° J. The V1 and Vg of HA in
Mg2+ (-1.90 x 10-*° and 1.40 x 10-%°J) were also stronger than that
in Ca®" (-2.63 x 10-*° and 6.68 x 10-2'J) (Figures 5c¢, d). This also
demonstrated the stronger aggregation effect of Ca** than Mg**.
Notably, the steric hindrance was also the major stabilization
mechanism for FA and HA, whereas the stronger stabilization effect
of FA than HA in our study was attributed to the higher molecular
weight, longer carbon chain, and more compact structure of HA (31).

3.5 Cationic polarization and ionic bridging
reduce the FA and HA colloidal stability

FTIR spectroscopy was applied to further gain an insight into
the interaction involved in FA, HA, and ions (Figure 6). To clarify
the dominating functional groups participating in binding with
cations, FTIR spectroscopy for the complexation of FA and HA
with Na*, K', Ca*', and Mg*" was determined (Figure 6).
Compared to FA and HA at pH 5, 7, and 9, the intensity and
relative content of the functional groups at 3,420, 1,638 or 1,608,
1,384, and 1,206 cm™! in the FTIR spectra increased significantly
after the binding of Na™ (1,000 mmol LY, K* (1,000 mmol L),
Ca®* (10 mmol L™), and Mg** (10 mmol L™) to FA and HA
(Figures 6; Supplementary Table S4). This is clear evidence of
ionic bridging and highlights that the hydroxyl and carboxyl
groups are the main sites for interaction with ions (37).

The ionization of H on the functional group causes it to carry a
large charge and generates a strong electric field around the colloid,
which affects the interaction of the counterions with the boundary
around the colloid. Tons with different electron-layer structures
therefore undergo strong polarization due to the induction of a
strong electric field. This polarization affects the condensation and
dispersion of colloidal particles by affecting the interfacial behavior
of ions (49).

The pH-promoted deprotonation of the active functional
groups on the colloidal surface generated negative charges and
increased the inter-particle electrostatic repulsion potential energy.
Thus, the charge neutralization between the cations and the
negative charges on the colloidal surface was enhanced to break
this repulsion barrier (33, 51). However, the divalent ions reduce the
colloidal stability more than the monovalent ions. We know that the
negative electric field of colloids can be much more effectively
screened by Ca®" and Mg** than by Na" and K* (49, 52). That is
also why the CCC (colloidal stability) in NaCl and KCI solutions
increases with increasing pH, while the CCC in MgCl, and CaCl,
solutions remained relatively unchanged with pH (Figure 4).

4 Conclusions

Both FA and HA colloids are polydisperse systems of lamellar
particles with irregular edges, negatively charged surfaces, and
several active functional groups, including hydroxyl and carboxyl.
Increased electrolyte concentration destabilized FA and HA colloids
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by charge screening (i.e., ionic bridging). The aggregation ability of
cations showed the specific ion effects of Ca** > Mg>* > K* > Na*
due to the differences in non-classical polarization of cations around
the negatively charged FA and HA. There were higher CCCs of FA
and HA in Na" and K solutions with increasing pH from 5 to 7 and
9. The increased zeta potential values (i.e., negative charge) of
colloid and electrostatic repulsion between particles resulted in
weaker aggregation behaviors in NaCl and KCI solutions due to
the enhanced deprotonation of hydroxyl and carboxyl groups on
the colloidal surface. Ionic bridging was the main cause of the
destabilization of the colloids. Compared to HA, FA had smaller
particle sizes, a lower Hamaker constant, high surface negative
charges, larger CCC, and greater colloidal dispersion stability. These
findings will improve the understanding of FA and HA colloids’
aggregation mechanisms and help predict their environmental
behaviors, such as the absorption of pollutants.
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