Journal of Colloid and Interface Science 556 (2019) 734–742

Contents lists available at ScienceDirect

Journal of Colloid and Interface Science
journal homepage: www.elsevier.com/locate/jcis

Specific ion effects on the aggregation behavior of aquatic natural
organic matter
Fanchao Xu a, Yuxuan Yao a, Pedro J.J. Alvarez b, Qilin Li b, Heyun Fu a, Daqiang Yin c, Dongqiang Zhu d,
Xiaolei Qu a,⇑
a

State Key Laboratory of Pollution Control and Resource Reuse, School of the Environment, Nanjing University, Jiangsu 210023, China
Department of Civil and Environmental Engineering, Rice University, Houston, TX 77005, United States
State Key Laboratory of Pollution Control and Resources Reuse, College of Environmental Science and Engineering, Tongji University, Shanghai 200092, China
d
School of Urban and Environmental Sciences, Peking University, Beijing 100871, China
b
c

g r a p h i c a l a b s t r a c t

a r t i c l e

i n f o

Article history:
Received 17 March 2019
Revised 30 August 2019
Accepted 1 September 2019
Available online 03 September 2019
Keywords:
Natural organic matter
Aggregation behavior
Specific ion effects
Cation-NOM interactions
Extended Derjaguin-Landau-VerweyOverbeek theory

⇑ Corresponding author.
E-mail address: xiaoleiqu@nju.edu.cn (X. Qu).
https://doi.org/10.1016/j.jcis.2019.09.001
0021-9797/Ó 2019 Elsevier Inc. All rights reserved.

a b s t r a c t
Specific ion effects on the aggregation behavior of a reference aquatic natural organic matter (NOM),
Suwannee River NOM (SRNOM), were investigated using kinetic, titration, calorimetric, and surface tension methods. Monovalent cations induced structural compacting of SRNOM, but not its aggregation.
Their ability to induce structural compacting follows the order: Cs+ > Rb+ > K+ > Na+ > Li+. Divalent cations
except Mg2+ can readily induce SRNOM aggregation. Their critical coagulation concentrations (CCC) follow the order: CCCSr > CCCCa > CCCBa. Electrokinetic, titration, and calorimetric data suggest that monovalent cations have weak interactions with SRNOM, while divalent cations strongly interact with SRNOM.
Overall, the cation specificity in aggregation is determined by cation-NOM interactions and their ability
to modulate surface tension. Specific ion effects of monovalent cations correlate to their hydration free
energy, while that of divalent cations correlate to the ratio of the hydration entropy of cation to the
enthalpy change of cation-NOM interactions. The cation specificity is consistent with the extended
Derjaguin-Landau-Verwey-Overbeek theory, and the intermolecular interaction energy is dominated
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by the Lewis acid-base interactions. Our results suggest that specific cations should be targeted to predict
or manipulate intermolecular interactions of aquatic NOM in natural and engineered settings.
Ó 2019 Elsevier Inc. All rights reserved.

1. Introduction
Natural organic matter (NOM) is a complex mixture of decomposition products of plant and animal residues as well as substances synthesized biologically and/or chemically from these
products [1]. Its intermolecular interactions and subsequent aggregation/adsorption processes are key to many important geochemical and engineered processes. The aggregation process converts
soluble NOM molecules into particles in aquatic systems, playing
an important role in the cycling and export of carbon and other
compositional elements [2–4]. The intermolecular interactions of
NOM also influence the environmental fate of priority pollutants
[5–8] as well as the performance of many water treatment unit
processes, especially filtration systems [9,10].
Specific ion effects (i.e., the Hofmeister effects) are of great significance for understanding the interfacial phenomena of particles/macromolecules [11], such as protein-protein interactions
and the subsequent aggregation and adsorption processes [12–
16]. These phenomena are initially explained by the theory of
structure-making ions (kosmotropes) and structure-breaking ions
(chaotropes) which affect water structure in different ways and
consequently influence the solubility or aggregation behavior of
particles/macromolecules. This model was later found flawed as
the surface chemistry of particles/macromolecules was not taken
into consideration and new evidences suggested no long-range
water ordering induced by ions [17]. In a contemporary view, the
Hofmeister effects are explained based on direct interactions
between ions and particles/macromolecules or their adjacent
hydration shell [13,16–18]. The Hofmeister effects of proteins were
influenced by the interactions between ions and their peptide
backbones as well as surface functional groups (e.g., amide and
carboxylate) [17,19,20]. It follows direct or inverse Hofmeister series depending on the sign and density of surface charge, the
hydrophobicity and functional groups of the protein surface, and
the salt concentration [12,13,16]. In addition, the Hofmeister
effects of charged colloidal particles were found to be determined
by the valence of ions and ability of ions to interact with particle
surfaces [21–23].
Previous studies examined the intermolecular interactions of
NOM in the presence of a few naturally abundant cations including
Na+, Mg2+, Ca2+, and Ba2+ [9,24–33]. NOM readily forms aggregates
in the presence of Ca2+ and Ba2+ [24–28,30], but not in the presence
of Na+ and Mg2+ [26,30]. Ca2+ was reported to form bidentate or
monodentate inner-sphere coordination with carboxylic groups
in NOM [25,26,34]. The strong Ca2+-NOM interactions lead to
bridging effect and reduced electrostatic repulsion, facilitating
NOM aggregation [9,26,27,30]. Molecular dynamic simulations
suggest that Na+ and Mg2+ are not able to induce NOM aggregation
[26]. Consistently, Ca2+ was reported to induce much stronger fouling of membrane system by humic acids than Mg2+ [35]. Mg2+ has
very limited impacts on the adhesion force between NOM and
NOM-fouled membranes as measured by atomic force microscopy
[9]. Nevertheless, little is known regarding the aggregation behavior of NOM, a naturally abundant supermolcule, in the context of
Hofmeister ordering. Furthermore, the thermodynamic aspects of
these specific ion effects are still not clear, which hinders our
mechanistic understanding of NOM aggregation.
In the present study, we investigate the aggregation kinetics
and thermodynamics of a reference aquatic NOM, Suwannee River

NOM (SRNOM), in the presence of nine monovalent and divalent
cations. The initial aggregation kinetics of SRNOM was determined
using time-resolved dynamic light scattering (t-DLS). The cationSRNOM interactions were examined using electrokinetic, titration,
and calorimetric methods. The interaction energies between
SRNOM molecules in various solution chemistry were calculated
within the framework of the extended Derjaguin-LandauVerwey-Overbeek (XDLVO) theory in combination of electrokinetic
and surface tension measurements. Then, correlations were
explored between the SRNOM colloidal behavior and physicochemical properties of cations. Overall, this effort elucidates the
cation specificity for the intermolecular interactions of NOM and
the underlying mechanisms in the context of Hofmeister ordering
for the first time, which helps understand the significance of
Hofmeister phenomenon from environmental perspectives.
2. Materials and methods
2.1. Materials
All chemicals including calcium chloride dihydrate (>99%),
lithium chloride (>99%), sodium chloride (>99.5%), rubidium chloride (>99%), cesium chloride (99%), magnesium chloride (>99.5%),
strontium chloride hexahydrate (>99%), barium chloride dihydrate
(>99%), potassium chloride (>99%), hydrochloric acid, and tris
(hydroxymethyl) aminomethane (99%) were used as received.
SRNOM sample (2R101N) was provided by the International Humic
Substances Society (IHSS, St. Paul, USA). The elemental composition and acidic functional groups of SRNOM can be found in
Table S1. Deionized water (18.2 MOcm resistivity at 25 °C) produced by an ELGA Labwater system (PURELAB Ultra, ELGA LabWater Global Operations, UK) was used for all the experiments.
The 100 mg/L SRNOM stock solution was prepared by dissolving
SRNOM powder in deionized water with pH adjusted to 6.8.
2.2. Aggregation kinetic measurements
The experimental conditions for the measurements mentioned
below can be found in Table S2. The aggregation kinetics of SRNOM
was determined in various solution chemistry by t-DLS measurements using a ZEN 3500 Zetasizer Nano ZS (Malvern, Worcestershire, UK) equipped with a 532-nm laser. The SRNOM stock
solution was sonicated in a sonication bath (KH-800TDB, Kunshan
Hechuang Ultrasonic Instrument, China) at 50 W for 5 min before
the kinetic measurements. In the measurements, 0.2 mL of
100 mg/L SRNOM solution and pre-determined amounts of electrolyte stock solution and deionized water were introduced into
a disposable polystyrene cuvette (Sarstedt, Germany) to make a
sample with a total volume of 1 mL and SRNOM concentration of
20 mg/L. The NOM concentration is within the range of that found
in natural waters. The sample was briefly mixed and immediately
analyzed at 25 °C. The t-DLS measurements monitor the intensity
weighted average hydrodynamic diameter, dh(t), of SRNOM as a
function of time. The autocorrelation function was applied to data
collected every 7 s. Note that the hydrolysis of the cations is negligible in the tested conditions.
The initial aggregation rate of SRNOM was determined by
applying linear least square regression to the dh(t) data from the
initial value dh(0) to 1.5 dh(0). The attachment efficiency, a, is a
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key parameter to quantify the tendency of particle aggregation in
given water chemistry. It was determined by normalizing the initial aggregation rate in the solution of interest by that in the
diffusion-limited regime [36,37]. Stability curves of SRNOM were
constructed by plotting the a value as a function of the electrolyte
concentration. The initial aggregation rate in the diffusion-limited
regime was determined by averaging the initial aggregation rates
at the plateau of the stability curve. The critical coagulation concentration (CCC) was determined by the electrolyte concentration
where the diffusion-limited regime was achieved. Details about
the data analysis and the determination of a and CCC can be found
in the supporting information (SI).
2.3. Electrokinetic measurements
The f-potential of SRNOM was measured by phase analysis light
scattering (PALS) using the ZEN 3500 Zetasizer Nano ZS (Malvern,
Worcestershire, UK). Measurements were carried out using disposable folded capillary cells (Malvern, Worcestershire, UK) and five
measurements were made for each sample. All f-potential measurements were conducted at 25 °C. To explore the responses of
SRNOM surface potential to the electrolytes, 0.4 mL of 100 mg/L
SRNOM solution and pre-determined amounts of electrolyte stock
solution and deionized water were mixed to make a sample with a
total volume of 2 mL and SRNOM concentration of 20 mg/L. One
milliliter of the sample was introduced into a disposable folded
capillary cells (Malvern, Worcestershire, UK) and analyzed by Zetasizer Nano ZS. The concentration range of the electrolyte stock
solution was set from 1 mM to 800 mM.
2.4. Titration experiments
The release of H+ during the cation-NOM interaction was measured using titration experiments. Twenty mg/L SRNOM solution
was stirred under nitrogen purge and titrated by different cation
solutions at room temperature. The initial pH of the SRNOM and
cation solutions were adjusted to 6.8. The pH of the solutions were
recorded by a pH meter (FE20, Mettler Toledo, Switzerland) and
three measurements were made for each titration.

performed to measure the heat of dilution for each injection, which
was subtracted from the integrated data prior to curve fitting. The
data was fitted to a two-site binding model using Origin 8.5, and
the free energy change (DG, kJ/mol), enthalpy change (DH, kJ/mol),
and entropy change (-TDS, kJ/mol) for binding of cations to SRNOM
were determined.
2.7. Contact angle measurements
The SRNOM solution with different water chemistry was filtered through a reverse osmosis membrane (Reverse Osmosis CE,
GE Osmonics, USA) in a reverse osmosis system (HP4750, Sterlitech, USA) to form a cake layer on the membrane. The SRNOM
layer was dried by nitrogen gas under room temperature and then
subjected to static contact angle measurements. Static contact
angles of probe liquids including water, glycerol, and n-decane
on the surface of SRNOM layer were measured at least three times
at different locations by an optical contact angle measuring device
(OCA30, Dataphysics Instruments GmbH, Germany).
2.8. Calculation of the interaction energy of SRNOM in different water
chemistry
To better understand the interactions between SRNOM in different water chemistry, the XDLVO theory was applied to calculate
the total interaction energy (TOT) as the sum of the London-van
der Waals force (LW), the electrostatic force (EDL), and the Lewis
acid-base interactions (AB) (Eq. (1)) [30,38–41]:

UTotal ¼ ULW þ UEDL þ UAB

ð1Þ

The London-van der Waals interaction energy (ULW) for SRNOM
was obtained using Eqs. (2) and (3) [38,40]:

ULW ¼ 

"
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2.5. Cryo-scanning electron microscopy (Cryo-SEM) measurements
Two microliter solution with 1 g/L SRNOM and 300 mM NaCl or
100 mM CaCl2 was mounted on a copper holder, then the sample
was frozen by plunging into liquid nitrogen and immediately
transferred under vacuum into the chamber of the cryoattachment work station (ALLTO2500, GATAN, UK). The holder
was raised to 110 °C to sublime water and later coated with gold
at temperature <160 °C. After coating, the holder was transferred
into the Field Emission SEM (JSM-7800F, JEOL, Japan). The working
distance between the stage and the lens was 10 mm. The samples
were examined at a low accelerating voltage (3 kV) and the stage
temperature of 160 °C.
2.6. Isothermal titration calorimetry measurements
The binding interactions between SRNOM and cations were also
investigated using an ITC-200 calorimeter (MicroCal Co., USA). The
concentrations of SRNOM and cation solutions were 100 mg/L and
20 mM in Tris-HCl buffer (10 mM, pH 6.8), respectively. All solutions were degassed for 20 min under vacuum before the titration.
Experiments were conducted at 25 °C under magnetic stirring at
750 rpm. For each experiment, there was an initial thermal equilibrium time of 60 s. The cation solutions were titrated into SRNOM
solutions in 2 lL (first injection of 0.5 lL) aliquots with a 150 s
interval. Reference injections of buffer into SRNOM solution were

where A is the Hamaker constant, ap is the radius of SRNOM particle, h is the separation distance between the surfaces, h0 represents
the minimum equilibrium distance between SRNOM particles and
LW
was set to be 0.157 nm, and r LW
DBC and r w are the LW interfacial tension parameters for SRNOM and water, respectively.
The electrostatic interaction energy (UEDL) for SRNOM was calculated using Eqs. (4) and (5) [39]:

UEDL ¼ 2pe0 ew ap w2p expðjhÞ
ﬃ
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
P
e2 ni0 z2i
j¼
e0 ew kB T

ð4Þ

ð5Þ

where e0 is the dielectric permittivity of vacuum, ew is the dielectric
constant of water, wp is the f-potential of SRNOM particles, j is the
inverse of Debye length, e is the electron charge, ni0 and zi are the
number concentration and valence of ion i in the bulk suspension,
kB is the Boltzmann constant, and T is the absolute temperature.
Eq. (4) was sufficiently accurate to predict electrostatic interaction
energies even in asymmetrical electrolyte solutions (i.e., divalent
cation solutions), which are consistent with the direct force measurements [39].
The AB interaction energy (UAB) for SRNOM was obtained using
Eq. (6) [38,41]:
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UAB



h0  h
¼ pap kw DGAB
exp
h0
kw

ð6Þ

where kw is the characteristic decay length of AB interactions in
water (1.0 nm at 20 °C) and DGAB
h0 represents the Lewis acid-base
interaction free energy per unit area corresponding to ho , and can
be obtained using Eq. (7).
The DGAB of SRNOM particles in water was calculated using
Eq. (7) [38]:

DGAB ¼ 4

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

cþi ci þ

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

cþw cw 

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

cþi cw 


pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ


cþw ci

ð7Þ

where the subscript i represents SRNOM and w represents water,
and c+ and c are the electron-acceptor and electron-donor parameters of the polar surface tension component, respectively. For
SRNOM, the values of c+i and c
i can be calculated from measuring
the air-liquid-SRNOM contact angles (h) using three different probe
liquids (water, glycerol, and n-decane) with known surface tension
parameters and by solving Young-Dupré equation (Eq. (8)) [38]:

cTot
p ð1 þ coshÞ ¼ 2

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

LW
cLW
i cP þ

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

cþp ci þ

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

cþi cp

ð8Þ

where the subscript p represents the liquid used for contact angle
LW
+
measurement, including water (cTot
w = 72.8, cw = 21.8, and cw = cw
= 25.5 mJ/m2), glycerol (cTot
= 64.0, cLW
= 34.0, c+g = 3.92 and cgg
g

= 25.5 mJ/m2),
and
n-decane
(cTot
cLW
d = 23.8,
d = 23.8,
c+d = cd = 0 mJ/m2).
3. Results and discussion
3.1. Interactions between cations and SRNOM
The cation-NOM interactions were examined using electrokientic, titration, and calorimetric methods. The electrokinetic properties of SRNOM were examined over a wide range of monovalent
and divalent cation concentrations as summarized in Fig. 1. In
monovalent cation solutions, SRNOM became less negatively
charged as the salt concentration increased from 1 mM to
800 mM owing to charge screening (Fig. 1a) [30,42]. Note that
the high electrolyte concentration used here is to probe the potential charge reversal phenomenon. At any given salt concentration,
the f-potential of SRNOM follows the order of |fLi| > |fNa| > |fK| > |
fRb| > |fCs|, consistent with the order of cations in periodic group
IA and the hydrated ionic radii (Table S3). The f-potential of

SRNOM in divalent cation solutions became less negatively
charged as salt concentration increased at low cation concentrations (Fig. 1b). They are more efficient than monovalent cations
in reducing the surface potential of SRNOM, consistent with the
Schulze-Hardy rule [43]. The ability of divalent cations in reducing
the surface potential of SRNOM at a given concentration follows
the order of Ba2+ > Ca2+ > Sr2+ > Mg2+. As the salt concentration further increased, the f-potential of SRNOM reversed from negative to
positive in Ba2+, Ca2+, and Sr2+ solutions, but not in Mg2+ solutions.
The charge reversal concentration, cR, (i.e., the concentration of
electrolyte at the isoelectric point) follows the order of cR(Sr) > cR
(Ca) > cR(Ba). The order of Ca and Sr is not consistent with their positions in periodic group IIA. The charge reversal phenomenon cannot be explained by electric double layer models. It was
previously linked to formation of adsorbed layer of cationic polyelectrolytes, charge correlation effect, or specific sorption
[21,22,44–49]. We postulate that divalent cations, except Mg2+,
can strongly interact with SRNOM molecules, leading to the overcharging phenomenon.
Titration and ITC experiments were carried out to further
understand the cation-NOM interactions. The amount of H+
released from SRNOM during the titration of cations is summarized
in Fig. 2 (titration curves can be found in Fig. S1). Monovalent and
divalent cations have quite different H+ exchange patterns. Monovalent cations have low H+ exchange capacity as shown in Fig. 2a.
Their H+ exchange capacity follows the order of Cs+ > Rb+  K+ >
Na+, Li+. Divalent cations have higher H+ exchange capacity than
monovalent (Fig. 2b). Their H+ exchange capacity follows the order
of Ba2+ > Ca2+ > Sr2+ > Mg2+.
The ITC data for the interactions of SRNOM with all the cations
can be found in Fig. S2. There was small free energy change during
the titration of monovalent solutions into SRNOM solution, indicating weak interactions between these cations and SRNOM. The free
energy changes for divalent cations are all significantly negative,
suggesting spontaneous cation-NOM interactions (Fig. S2 and thermodynamic parameters including DH, DS, and DG for divalent
cation-SRNOM binding can be found in Table S4). For all the divalent cations except Mg2+, their |DH| was higher than |TDS |. Thus,
the interactions are mainly driven by enthalpy changes, except
Mg2+. The enthalpy changes followed the order of DHBa
(83.50 kcal/mol) > DHSr (2.90 kcal/mol) > DHCa (2.85 kcal/
mol) > DHMg (81.28 kcal/mol). The negative value of DH indicates
an exothermic binding reaction [35]. The electrokinetic, titration,
and calorimetric data agree with each other well. The interactions
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Fig. 1. f-potential of SRNOM as a function of (a) monovalent and (b) divalent cation concentration. Error bar represents one standard deviation from the mean of five
measurements.
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Fig. 2. Proton released during the titration of cations as a function of (a) monovalent and (b) divalent cation concentrations in 20 mg/L SRNOM solutions. Error bar represents
one standard deviation from the mean of three measurements.

divalent cations. There was no increase of SRNOM particle size in
the presence of 300 mM monovalent cations and 100 mM MgCl2
(the same ionic strength as 300 mM monovalent cation chloride
solutions) in 1 h (Fig. 3a and b). A close look at Fig. 3a and b
revealed different patterns among these cations. For monovalent
cations and Mg2+, the size of SRNOM initially decreased and stabilized afterward. This structural compacting phenomenon was
previously observed for NOM and polyelectrolytes [4,30,50,51].
The equilibrium particle diameter (de) in different cation solutions
follows the order of de(Li) > de(Na) > de(K) > de(Rb) > de(Cs) > de(Mg).

between monovalent cations and SRNOM are relatively weak.
Divalent cations, except Mg2+, can strongly interact with SRNOM,
directly altering its surface charge (see more details below).
3.2. Strong specific ion effects on the aggregation behavior of SRNOM
The initial aggregation kinetics of SRNOM in the presence of
monovalent and divalent cations is summarized in Fig. 3. The
impacts of these cations on the colloidal stability of SRNOM can
be divided into two groups: monovalent cations and Mg2+ vs. other
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Fig. 3. Initial aggregation profiles of SRNOM in (a) 300 mM LiCl, NaCl, KCl solutions, (b) 300 mM RbCl, CsCl, and 100 mM MgCl2 solution (i.e., the same ionic strength as
300 mM monovalent cation chloride solutions), and in (c) 10 mM different divalent cation solutions at pH 6.4 ± 0.2 measured by time-resolved dynamic light scattering.
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On the other hand, 10 mM CaCl2, SrCl2, and BaCl2 can induce significant aggregation of SRNOM as shown in Fig. 3c. The particle size
did not reach equilibrium in these electrolyte solutions in the test
period. At the given salt concentration (i.e., 10 mM), the initial
aggregation rate (r) increases as rSr < rCa < rBa (Fig. 3c). The aggregation data were generally consistent with the cryo-SEM micrographs (Fig. S3). In 300 mM NaCl solution, SRNOM presented as
irregular shapes with sizes in the sub-lm to lm range. In
100 mM CaCl2 solution (the same ionic strength of 300 mM NaCl),
SRNOM formed large network structures, consistent with previous
findings [32].
For divalent cations able to induce aggregation, the attachment
efficiency, a, of SRNOM was determined as a function of salt concentration (Fig. 4). The attachment efficiency, scaling from 0 to 1,
represents the probability of successful attachment during a collision event in given water chemistry. The stability plots of all
cations contain two distinct regimes. The attachment efficiency
initially increases with salt concentration, which is usually referred
to as reaction-limited regime. Then it reaches a plateau at unity as
the salt concentration exceeds the critical coagulation concentration (CCC), where the aggregation is controlled solely by the diffusion process (i.e., diffusion-limited regime). The CCC follows the
order of CCCSr > CCCCa > CCCBa (Fig. 4). These results suggest strong
cation specificity for the aggregation of SRNOM. If assume the
aggregation of SRNOM was controlled by DLVO forces (i.e.,
London-van der Waals force and electrostatic force), the critical
coagulation ionic strength (CCIS) will depend on the f-potential
[52]:

CCIS / f4

ð9Þ
1.8

Our data suggest that for SRNOM the CCIS / f (Fig. S4), indicating that additional force needs to be considered.
3.3. Interaction energies of SRNOM in electrolyte solutions
The interaction energies of London-van der Waals force, electrostatic force, Lewis acid-base interactions, and the total interaction
energy of SRNOM in electrolyte solutions were calculated in the
framework of XDLVO theory to better understand the observed
specific ion effects [30,38]. The contact angle measurements, surface tension components, Hamaker constant, and the Lewis acid-

Attachment Efficiency, α

base interaction free energy (DGAB
h0 ) for SRNOM in different water
chemistry can be found in Tables S5 and S6. The energy profiles
of SRNOM in 30 mM monovalent cation solutions are summarized

1
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Ba 2+

0.1
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Fig. 4. Attachment efficiency of SRNOM as a function of CaCl2, SrCl2, and BaCl2
concentration. Error bar represents one standard deviation from the mean of
triplicate measurements.
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in Fig. S5 and their total interaction energies summarized in Fig. 5a.
The Debye length of SRNOM is calculated to be 1.74 nm. Repulsive
Lewis-acid-base interactions (i.e., hydration force) became significant (>1 kBT) at distance of 6–7 nm, which is farther than the electrostatic force in the corresponding electrolyte solution (Table S7)
and the Debye length. Thus, the approaching SRNOM particles
experience significant hydration force first. Meanwhile, the interaction energies of Lewis acid-base interactions are orders of magnitudes higher than that of electrostatic force (Fig. S5). As a
result, Lewis-acid-base interactions are more important than the
electrostatic force in terms of both interaction range and strength.
The strong hydration force is consistent with the hydrophilic nature of SRNOM, which leads to high energy barrier for the attachments of SRNOM molecules [38,53]. High energy barrier (>1465.4
kBT) stabilized SRNOM molecules, leading to the minimal aggregation of SRNOM in monovalent cation solutions (Fig. 5a). The energy
barrier decreases with the order of cations in periodic group IA
from 1663.8 kBT (Li+) to 1465.4 kBT (Cs+). They are positively correlated to the equilibrium particle diameter (de) of SRNOM in different cation solutions (Fig. 5b).
The total interaction energies of SRNOM in 10 mM divalent
cation solutions are summarized in Fig. 6a (See detailed energy
profiles of SRNOM in divalent cation solutions in Fig. S6). The
energy barrier in 10 mM Mg2+ solution is 1090.9 kBT, which is
much lower than that in 30 mM monovalent cation solutions
(1465.4–1663.8 kBT). Nevertheless, it’s still high enough to stabilize SRNOM molecules. The energy barriers in 10 mM Ba2+, Ca2+,
and Sr2+ solutions are 71.1 kBT, 270.0 kBT, and 367.7 kBT, respectively. Thus, SRNOM aggregation was observed in these solutions
(Fig. 3c). The energy barriers are inversely correlated to the attachment efficiencies of SRNOM in different cation solutions (Fig. 6b).
These results suggest that the aggregation behavior of SRNOM
can be decently described by the XDLVO theory.
3.4. Correlations between the NOM colloidal behavior and
physicochemical properties of cations
Correlations between colloidal behavior of SRNOM and physicochemical properties of cations and the underlying mechanisms
were further explored (Figs. 7 and 8). For monovalent cations,
the equilibrium particle diameter of SRNOM (de) was chosen as
the colloidal behavior index. SRNOM has abundant carboxyl
(11.21 meq/g C) and phenolic (2.47 meq/g C) groups (Table S1),
providing electrostatic repulsion between functional groups and
resulting in stretched configurations [56–58]. Monovalent cations
can reduce the intramolecular electrostatic repulsion, leading to
a more compact configuration. Monovalent cations with small
ionic radii are highly hydrated in aqueous solution (see the ionic
and hydrated radii of all the cations tested in Table S3). They generally have weak influence on the Lewis-acid-base interactions,
consistent with the XDLVO calculations and a previous study
[30]. But monovalent cations with lower hydration free energy
(e.g., Cs+ < Rb+ < K+ < Na+ < Li+) has higher ability to induce cationNOM interactions as suggested by the electrokinetic, titration,
and ITC data and they are consequently more effective in reducing
hydration force. This agrees with a previous study which suggests
that Cs+ can form outer-sphere complexes with NOM [59]. Thus,
there is a strong linear correlation between de and hydration free
energy of mono-valent cation as shown in Fig. 7.
For divalent cations, the CCC was chose as the colloidal behavior
index. They have stronger interactions with SRNOM than monovalent cations as suggested by electrokinetic, titration, and ITC data.
Mg2+ behaves differently from other divalent cations and cannot
induce significant aggregation and charge reversal of SRNOM,
indicating that the direct interactions between Mg2+ and SRNOM
are moderate [26,30,60]. This agrees with a previous study which
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Fig. 5. (a) The total interaction energy (TOT) of SRNOM in 30 mM monovalent cation solutions; (b) the correlation between the energy barriers of SRNOM in 30 mM
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suggest Mg does not bind strongly to NOM due to its well defined
second hydration shell [60]. Consistently, Mg2+ has the lowest H+
exchange capacity and DHinteraction in all divalent cations (Fig. 2b,
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Fig. 8. Correlation between DShydration/DHinteraction of divalent cations and the
critical coagulation concentration (CCC) of SRNOM in the corresponding cation
solutions. DShydration values were adopted from the reference [54].
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Table S3). Other divalent cations can strongly interact with SRNOM
through outer-sphere or partially inner-sphere complexation
mechanisms [25,26,34]. These direct interactions significantly
reduce the surface charge (Fig. 1) and more importantly the Lewis
acid-base interactions of SRNOM molecules, leading to lower
energy barrier (Fig. 6). In some conditions, the Lewis acid-base
interactions even shift from repulsive (i.e., hydration force) to
attractive (i.e., hydrophobic effect). For example, the DGAB of
SRNOM decreased from 8.8 to 3.1 mJ m2 as CaCl2 concentration
increased from 10 to 100 mM. This is because that the bonded
cations neutralize the charge of SRNOM molecules and shield the
polar groups, leaving more hydrocarbon structures exposed to
the water phase [61]. In terms of surface tension, divalent cations
significantly reduces the electron-donor surface tension component (c) and increases electron-acceptor surface tension component (c+) of SRNOM (Table S6). In addition, divalent cations can
potentially bridge the carboxyl groups in different SRNOM molecules, resulting bridging effect which facilitates aggregation [24].
The ability of a cation to induce SRNOM aggregation is determined
by the ability of the cation to interact with NOM and its immediate
hydration shell. The binding enthalpy (DHinteraction) can reflect the
strength of the interactions between NOM and cations [62]. The
hydration entropy (DShydration) of ions can reflect the state of its
hydration shell, which was previously found to correlated well
the Hofmeister effects [13]. Thus, we chose DHinteraction to quantify
the cation-NOM interactions and DShydration to quantify the hydration states of cations. The CCC of SRNOM in different divalent
cation solutions increases linearly with DShydration/DHinteraction
(Fig. 8).

4. Conclusion
This study systematically reveals the Hofmeister phenomenon
in the colloidal behavior of NOM for the first time. It suggests that
our understanding of Hoffmeister phenomenon can be applied to
the aggregation behavior of NOM. We found that the colloidal stability of aquatic NOM was mainly determined by the Lewis acidbase interactions of NOM molecules. The ability of cations to
induce NOM aggregation was determined by cation-NOM interactions and their ability to modulate surface tension. Thus, the aggregation and attachment of NOM molecules in aquatic systems are
significantly influenced by some specific cations such as Ca2+,
Sr2+, and Ba2+. Many naturally abundant cations, including Na+
and K+, have limited influence on these processes. It indicates that
the concentrations of cations that can strongly interact with NOM
need to be determined for accurate prediction of NOM intermolecular interactions, in addition to general measurements of ion concentrations (e.g., conductivity). In engineered systems where
strong intermolecular interactions of NOM are detrimental (e.g.,
organic fouling of membrane systems or saturation of adsorption
capacity), NOM hydrophobicity in the source water is a key parameter for the treatment performance. The structural diversity of
NOM was not considered in this study. Future research is needed
to address the relationships between NOM structure and its interfacial behavior within the context of specific ion effects. There are
also great needs in developing convenient techniques for the quantification of NOM hydrophobicity.
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