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ions (Gregory et al., 2019). To address this, Gregory et al. 
(2022) suggested replacing these terms with “charge- 
diffuse ion” for chaotropes and “charge-dense ion” for 
kosmotropes. The Hofmeister sequences in Fig. 1 are di-
rect HS (HSs). These data were derived from studies on 
hen egg white protein precipitation at low pH, where the 
protein is positively charged. Here, anions act as counter
ions, and cations act as co-ions. When the protein is nega-
tively charged (at basic pH), the roles of anions and cations 
as counterions and co-ions reverse, inverting the HS se-
quences (Boström et al., 2005); these reverse sequences are 
indirect HS.

The widespread presence of HS suggests that the ion 
properties play a fundamental role in their origin. Collins 
and Washabaugh (1985) initially identified 30 characteris-
tics of salt solutions, a list that has since grown with traits 
like ion size, polarizability, and hydration free energy, par-
tially aligned with Hofmeister trends (Gregory et al., 2021; 
Kunz et al., 2004b). However, variations and exceptions 
have prevented the establishment of clear Hofmeister pa-
rameters. Leontidis (2017) explored these properties and 
proposed that HS arises from a combination of ionic charge 
distribution, size, shape, and hydrophobicity.

Fig. 1 reveals the existence of a partial correlation be-
tween ion size and HS (Parsons and Ninham, 2009). Large 
symmetrical ions (e.g., I–) possess delocalized and polariz-
able electron densities, making them less effective at form-
ing orientation-dependent bonds, like hydrogen bonds. In 
contrast, small ions (e.g., F–) exhibit high-charge densities, 
enabling strong directional interactions. Consequently, 
large ions typically possess weak solvation shells (Collins 
et al., 2007), which facilitate their desolvation and interac-
tion with the cosolutes. The ion shape is another crucial 
factor because it can induce anisotropic charge densities 
(e.g., SCN–), unlike in monatomic ions. Other critical char-
acteristics influencing Hofmeister trends include ion polar-
izability, radial charge density, viscosity coefficients, 
solubility, ion pairing, and Lewis acidity/basicity. A previ-

ously reported extensive review provides comprehensive 
insights into these characteristics (Gregory et al., 2022).

HS can be reportedly reversed, or certain ions may ap-
pear at positions different from those in the original HS, 
depending on the characteristics of the surface of interest 
(Lyklema, 2009; Zhang and Cremer, 2009). Thus, discuss-
ing the universal characteristics of HS is challenging. 
However, in many cases, HS inversion or sequence varia-
tion can be explained by considering the surface’s hydro-
phobic/hydrophilic properties and charge sign. For 
example, the aggregation behavior of negatively charged 
colloids aligns with the usual direct HS, whereas positively 
charged colloids exhibit an inverse sequence. Another re-
versal is observed when the particle surface properties shift 
from hydrophobic to hydrophilic (López-León et al., 2003, 
2008). HS reversal due to pH changes has also been ob-
served for surfaces with dissociable functional groups 
(Dumont et al., 1990; Lyklema, 2003, 2009; Morag et al., 
2013; Schwierz et al., 2015).

This review focuses on SIEs, including HS, emphasizing 
the phenomena encountered in the handling of particle 
suspensions, such as ion accumulation on the particle sur-
face, electrokinetic phenomena of particles, and the coagu-
lation, dispersion, and rheological properties of particle 
suspensions.

2. SIEs at particle interfaces
Understanding and predicting ion behavior at particle 

interfaces—the most fundamental aspects at the micro-
scopic level—is crucial for the effective control and manip-
ulation of particle suspensions. This article provides an 
overview of the impact of ion hydration, ion concentration, 
hydrophilic or hydrophobic nature, and signs of charge 
density of particle surfaces on the ion behavior at particle 
interfaces. Furthermore, this study highlights the impact of 
SIEs on the electrical double layer (EDL) and Stern layer 
formed around the particle interfaces.

Fig. 1  Extended Hofmeister series (HS) of anions and cations. Tetraphenyl ions are included as super-chaotropes. Adapted with permission from Ref. 
(Bastos-González et al., 2016). Copyright: (2016) Elsevier B.V.
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2.1	Hydrophilic and hydrophobic characteristics 
of ions and particle surfaces

Levin and Santos (2014) proposed a theory suggesting 
that chaotropic anions tend to accumulate on hydrophobic 
colloids, whereas kosmotropic anions are excluded from 
surfaces. They indicated that chaotropic anions lose their 
hydration shells when interacting with hydrophobic inter-
faces, which plays a key role in determining the polariz-
ability and bare radii of the anion. Conversely, the high 
electrostatic solvation energy of kosmotropic anions pre-
vents their adsorption onto hydrophobic interfaces, ensur-
ing that they remain hydrated. In this context, the critical 
parameter is the hydrated radius of the anions. The pro-
posed theory is closely supported by experimental data on 
the interfacial tension excess at the air–water interface and 
the colloidal stability of polystyrene particles.

Schwierz et al. (2010, 2013, 2015, 2016) reported de-
tailed insights into the distribution of anions and cations at 
the solid–water interface of surfaces with various func-
tional groups using molecular dynamics simulations. 
Table 1 summarizes the surface affinities of halide anions 
and alkali cations on surfaces terminated with hydrophobic 
methyl (CH3), polar hydroxide (OH), polar carboxyl 
(COOH), and charged carboxylate (COO–) groups. The 
anions showed a clear reversal in binding affinity when 
compared with hydrophobic and hydrophilic surfaces. This 
situation is more complex for cations with a mix of direct, 
reversed, and partially altered series. To understand micro-
scopic surface affinity, discussing ion–surface interactions 
on hydrophobic surfaces (CH3-terminated) and hydrophilic 
(polar) surfaces (OH-terminated) is essential. The surface 
affinity of single ions can be quantified by calculating the 
free-energy profile (the potential of the mean force, PMF) 
(Fig. 2A and B). On hydrophobic surfaces, the affinity is 
proportional to the ion size, with larger ions (e.g., Cs+ and 
I–) exhibiting the strongest adsorption, whereas the affinity 
decreases as the ion size becomes smaller. The high affinity 
of large ions can be explained by hydrophobic solvation 

theory (Huang et al., 2008; Schwierz et al., 2013). In con-
trast, Li+ exhibits unique behavior as it retains its primary 
hydration shell, irrespective of its distance from the surface 
(Schwierz et al., 2013). Large ions shed hydration water 
molecules and preferentially adsorbed onto the hydropho-
bic surface (Fig. 2C), whereas smaller ions tended to retain 
their hydration shells and were more likely to be repelled 
from the hydrophobic interface. On hydrophilic OH- 
terminated surfaces, the affinity of anions is reversed, with 
smaller ions, such as F–, being less repelled and preferen-
tially adsorbed. This phenomenon arises from the strong 
interactions between the anions and hydrogen atoms of the 
OH groups, which possess a high surface-charge density 
(Collins, 1997). Specifically, anions preferentially interact 
with these high-charge-density hydrogen atoms, allowing 
small ions like F– to adsorb easily and form contact pairs 
with several surface hydrogen atoms simultaneously. In 
contrast, small cations are more inclined to interact with 
oxygen atoms, which possess a moderate surface-charge 
density, with Li+ showing the strongest surface affinity and 
K+ the weakest. Cs+ interacts favorably at large surface 
separations, exhibiting partially reversed behavior. The 
adsorption or exclusion of ions at surfaces is governed by 
direct ion–surface interactions, delicate balance of ion hy-
dration in bulk solutions, and energetic costs associated 
with partial ion dehydration during surface binding.

Table 1  Summarizes the ion-specific affinities of surfaces with different 
functional groups: hydrophobic methyl (CH3), polar hydroxide (OH), 
polar carboxyl (COOH), and charged carboxylate (COO–) groups. The 
ranking shows the ordering of anions and cations according to their sur-
face binding affinities, derived from single-ion free-energy profiles and 
interfacial tensions (Schwierz et al., 2010, 2013, 2015, 2016). Adapted 
with permission from Ref. (Schwierz et al., 2016). Copyright: (2016) 
Elsevier B.V.

Functional  
group

Anion binding 
affinity

Cation binding affinity

CH3 I– > Cl– > F– Cs+ > Li+ > K+ > Na+

OH F– > Cl– > I– Li+ > Cs+ > Na+ > K+

COOH F– > Cl– > I– Cs+ > Na+ > Li+

COO– F– ≥ Cl– ≥ I– Li+ > Na+ > Cs+

Fig. 2  Free energy profiles for cations (A) and anions (B) at the hydro-
phobic surface (solid lines) and the hydrophilic surface (dotted lines) 
depending on the ion–surface separation z. The PMFs at the hydrophilic 
surface are shifted vertically for clarity. (C) Simulation snapshots at the 
hydrophobic surface. Top: cations at z = 0.75 nm (minimum in the PMF 
of Cs+). Bottom: anions at z = 0.575 nm (minimum in the PMF of I–). 
Water molecules within 6 Å of the ions are shown, and their ionic sizes 
correspond to their Pauling radii. Extended Hofmeister series of anions 
and cations is also shown, with tetraphenyl ions included as super-chao-
tropes. Adapted with permission from Ref. (Schwierz et al., 2016). 
Copyright: (2016) Elsevier B.V.
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2.2	Signs of the particle surface charge and ion 
concentration

The surface-charge density sign has a significant impact 
on the HS. On negatively charged surfaces, strongly ad-
sorbing cations efficiently compensate for the surface 
charge, resulting in minimal stabilization for large cations 
(e.g., Cs+) (direct series). Conversely, on positively charged 
surfaces, specific cation adsorption increases the surface 
charge, leading to the maximum electrostatic stabilization 
by large cations (indirect series). For anions, the picture is 
opposite: on negatively charged surfaces, large anions 
(e.g., I–) further increase the surface charge (direct series), 
whereas on positively charged surfaces, large anions effec-
tively compensate for the surface charge (indirect series). 
In addition, a salt concentration-dependent HS reversal was 
observed. At low salt concentrations, a series of positively 
charged solutes (particles) followed an indirect order. 
However, at high salt concentrations, counterion adsorp-
tion overcompensated for the positive charge, resulting in 
effectively negative surfaces in the KCl and NaCl solu-
tions. In contrast, in the CsCl solutions, the positive charge 
was maintained but reduced in magnitude, leading to the 
reappearance of the direct series at high salt concentrations. 
Schwierz et al. (2016) summarized these results in a phase 
diagram of cationic HS as a function of surface-charge 
density and salt concentration, displaying the complete 
spectrum of direct, partially altered, and fully reversed HS.

2.3	The pH value of the dispersion medium
The acidic surface groups of oxides and proteins un-

dergo protonation or deprotonation depending on their pH, 
leading to changes in their surface charge and chemical 
structure. These changes modify the interactions between 
the surrounding ions and the hydration water, directly influ-
encing ion-specific adsorption. A notable example is the 
reversal in the cation-binding affinities between the un-
charged carboxyl (COOH) and charged carboxylate 
(COO–) surface groups (Table 1). At low pH, the carboxyl 
surface is protonated and thus charge neutral, favoring the 
adsorption of large cations (e.g., Cs+). In contrast, at high 
pH, carboxyl groups are deprotonated (COO–), and small 
cations (e.g., Li+ and Na+) exhibit higher affinity, leading to 
the observation of the reversed series.

The stabilization of surfaces containing acidic groups 
occurs via deprotonation and ion-specific adsorption. 
pH-dependent HS reversal is a characteristic of acidic sur-
faces. At low pH, the absolute value of the surface charge is 
small, and the series follows direct HS, with reversal occur-
ring near-neutral pH (Morag et al., 2013). This reversal 
from the direct HS at low pH to the reversed series at high 
pH was attributed to the inversion of cation-binding affini-
ties between the protonated (low pH) and deprotonated 
(high pH) acidic groups (Schwierz et al., 2015).

A Hofmeister phase diagram summarizing the efficiency 

of different cations in stabilizing surfaces containing acidic 
surface groups as a function of pH and salt concentration 
has been proposed (Schwierz et al., 2016). At an intermedi-
ate pH, the direct series dominated, whereas at a high pH, 
the reversal of cation affinities for protonated and deproton-
ated acidic groups explained the observed behavior. For 
instance, at high pH, small Li+ ions show higher affinity for 
carboxylate groups, resulting in stronger stabilization com-
pared to Cs+. For intermediate pH, Cs+ binds most strongly 
to neutral carboxyl groups and compensates for the nega-
tive charge of acidic surface groups more efficiently, which 
aligns with direct HS. At a low pH, the increased adsorp-
tion of Cs+ leads to the reversal of the effective surface 
charge, causing additional changes in the HS (Schwierz et 
al., 2015). In contrast, for the anions, the binding affinity 
did not significantly change with the deprotonation of the 
carboxyl groups. Consequently, the HS of the anions re-
mained largely unaffected by pH changes (see Table 1).

2.4	Electrical double layer and Stern layer
When a solid surface comes into contact with an aqueous 

solution, excess positive or negative charges are generated, 
leading to the rearrangement of ions in the adjacent electro-
lyte to shield the charges and form an EDL (Lyklema, 
1995; Morag et al., 2013; Siretanu et al., 2014). The EDL 
plays a fundamental role in controlling surface structures 
(Nihonyanagi et al., 2010; Toney et al., 1994), regulating 
interfacial reactivity (Bunton et al., 1991), interactions be-
tween particles, and mitigating interactions between drug 
carriers and cells (Jiang et al., 2015). The potential of a 
solid surface with an EDL generally exceeds the electroki-
netic potential, and this difference is often substantial. To 
account for this discrepancy, a Stern layer composed of 
non-specifically adsorbed ions has been traditionally pro-
posed. The thickness and potential of the Stern layer are 
significantly influenced by SIEs; however, their quantita-
tive evaluation is challenging.

Brown et al. (2016) used X-ray photoelectron spectros-
copy (XPS) from a liquid microjet to measure the absolute 
surface potential of silica nanoparticles in aqueous solu-
tions. They investigated the effects of specific cations (Li+, 
Na+, K+, and Cs+) in chloride electrolytes on the surface 
potential, shear plane position, and Stern layer electrostatic 
capacitance. Their findings showed a linear relationship 
between surface potential magnitude and hydrated cation 
radius, which was attributed to increased cation distance 
from the surface, causing a larger potential drop across the 
Stern layer. These results suggest that the microscopic ori-
gin of the specific ion effect lies in the larger electrostatic 
capacitance caused by the smaller hydrated cations ap-
proaching the Stern layer. Furthermore, the thickness of the 
Stern layer corresponds to the sum of the monolayer of 
water molecules hydrating the silica surface and the radius 
of the hydrated cation (Fig. 3). These findings closely align 



Tomonori Fukasawa / KONA Powder and Particle Journal No. 43 (2026) 47–62 Review Paper

51

with atomic force microscopy (AFM) imaging results, 
which directly visualize the ions within the Stern layer 
(Siretanu et al., 2014). Additionally, the Stern layer thick-
ness predicted at the limit of the zero-cation radius corre-
sponds to a monolayer of water molecules on the oxide 
surface, providing intuitive validation of the model. By 
employing a hydration-modified Poisson–Boltzmann 
model that includes soft non-electrostatic interactions to 
describe the hydration repulsion between counterions, the 
authors successfully reproduced SIEs quantitatively. This 
was achieved using only the measured surface-charge den-
sity and hydrated cation radius as input parameters.

Vibrational sum-frequency generation (vSFG) spectros-
copy was used to distinguish different populations of water 
molecules within the EDL at the silica–water interface 

(Darlington et al., 2017). Through a systematic analysis of 
the variations in the electrolyte concentration (10–100 mM 
NaCl), pH (surface deprotonation), and SFG polarization 
combinations, two pH-dependent water molecule regions 
were established: one located near the surface within the 
Stern layer and the other located further from the surface in 
the diffuse part of the EDL. Most strikingly, the orienting 
forces influencing different populations of water molecules 
exhibited significant variations with changes in pH at high 
salt concentrations. In the case of water molecules adjacent 
to the surface within the Stern layer, an increase in the pH 
from the point of zero charge (PZC) of silica (approxi-
mately pH 2) to higher levels led to enhanced alignment, 
reflecting the increasingly negative charge of the surface. 
In contrast, water molecules located farther from the sur-
face exhibited a net flip in orientation upon increasing the 
pH over the same range. These findings suggest the pres-
ence of oriented water near the PZC (under low pH condi-
tions). This oriented water is due to water being oriented 
farther from the surface, influenced by either interactions 
with cations at the surface or the positive potential resulting 
from the overcharging of the EDL (Fig. 4).

Tetteh et al. (2024) investigated the EDL’s structural 
characteristics at the silica–water interface, focusing on the 
orientation of water molecules and the hydrogen-bonding 
network. Using vSFG measurements, zeta potential analysis,  
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and the maximum entropy method, this study explored the 
effects of different cations (Li+, Na+, and Cs+) at pH 2 
(near-neutral surface) and pH 12 (highly charged surface) 
(Fig. 5). At pH 2, Li+ and Na+ disrupted existing water 
structure, while Cs+ promoted greater order. At pH 12, the 
water orientation and ordering in the diffuse layer reversed, 
with Cs+ enhancing ordering significantly. SIE trends var-
ied between Stern and diffuse layers: Cs+ facilitated stron-
ger ordering in the Stern layer, while Na+ and Li+ had more 
pronounced effects in the diffuse layer. This divergence 
highlights the distinct SIE characteristics of the two layers. 
Water molecules’ behavior in the Stern layer was pH- 
dependent, with changes in the order and orientation of the 
molecules as the pH shifted. Notably, Cs+ promoted inter-
layer hydrogen bonding among water molecules, poten-
tially contributing to the structural reversal at high pH 
values.

Lovering et al. (2016) also reported that the structure of 
water molecules in the Stern layer at the silica–water inter-
face depends on the identity of the cation. Using vSFG 
measurements, the authors investigated the effects of 
high-concentration salt solutions (NaCl, LiCl, CaCl2, 
MgCl2) and demonstrated that divalent cations (Mg2+, 
Ca2+) disrupt the ordered water structure more significantly 
than monovalent cations (Na+, Li+). They proposed a mech-
anism by which divalent cations generate a strong localized 
electrostatic field, inducing the hydrolysis of water mole-
cules. The residual amount of ordered water observed cor-
related with the pKa values of the cations (Mg2+ < Ca2+ < Li+ 
< Na+), revealing specific behaviors that cannot be fully 
explained by conventional EDL models.

3.	 SIEs on the electrokinetic phenomena of 
particles

Electrokinetic measurements (Delgado et al., 2007) have 
provided evidence of the ionic specificity of particle sus-
pension systems. The preferential accumulation of chao-
tropic ions (structure-disrupting ions) and the exclusion of 
kosmotropic ions (structure-forming ions) on hydrophobic 
surfaces has been confirmed through electrophoretic mo-
bility measurements conducted across various particle sus-
pension systems (Calero et al., 2011; López-León et al., 
2003, 2005, 2007, 2014; Scales et al., 1998).

3.1	The pH value of the dispersion medium, 
electrolyte concentration, and ion species

Saka and Güler (2006) investigated the effects of pH, 
electrolyte concentration, and ion species on the electroki-
netic properties (zeta potential and electrokinetic charge 
density) of montmorillonite. The magnitude of the zeta 
potential of montmorillonite decreased as the concentration 
of monovalent electrolytes increased due to the compres-
sion of the EDL. Furthermore, the influence of the different 
monovalent ions followed the order Li+ > Na+ > K+ > Rb+  
> Cs+. In other words, ions with smaller hydration radii re-
sult in a greater reduction in the magnitude of the zeta po-
tential. Furthermore, in the presence of multivalent ions 
(CaCl2 and AlCl3), the zeta potential transitioned from 
negative to neutral and eventually to positive as the con-
centration increased. For AlCl3, the zeta potential reverted 
to a positive value when the concentration exceeded 
0.5 mM. This change was attributed to the strong adsorp-
tion of Al3+ ions, which compressed the EDL.

3.2 Multiple anions
The effects of varying the concentration of multiple an-

ions on the electrophoretic mobility and diffusion potential 
of magnetite nanoparticles were investigated through ex-
periments and Monte Carlo simulations (Vereda et al., 
2015). Electrophoretic mobility measurements were con-
ducted at pH 4 with anion concentrations ranging from 5 to 
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200 mM. The results revealed that chaotropic anions 
(SCN–, ClO4

–) exhibited a limited effect in screening the 
positive surface charge of the particles, reducing mobility 
to values close to zero. In contrast, kosmotropic anions 
(SO4

2–, HC6H5O7
2–) effectively reversed the surface charge 

at low concentrations, causing a transition in mobility from 
positive to negative. This effect is particularly pronounced 
for citrate ions, which is attributed to their strong adsorp-
tion onto the iron oxide surface, resulting in the formation 
of metal-carboxylate surface complexes that facilitate 
charge reversal (Tombácz et al., 2013). The Monte Carlo 
simulations successfully replicated the experimentally ob-
served SIEs, emphasizing the critical role of ionic polariz-
ability and size in governing these behaviors.

3.3 Outer Helmholtz plane and slip length
Jalil and Pyell (2018) quantified the zeta potential and 

electrokinetic surface-charge density of amorphous silica 
nanoparticles depending on the type of counterions (Li+, 
Na+, K+, and guanidinium ion (Gdm+)) and their concentra-
tions (20–120 mM). Specifically, they investigated the 
characteristics of the outer Helmholtz plane (OHP) and 
analyzed the influence of the hydration properties of the 
counterions on the EDL and surface-charge characteristics. 
OHP is traditionally denoted as the boundary between the 
Stern layer and the diffuse (outer) layer composed of mo-
bile counterions, co-ions, and solvent molecules (Overbeek, 
1965). The absolute value of the zeta potential decreased in 
the order of Li+ > Na+ > K+ > Gdm+, and demonstrated a 
decreasing trend with increasing counterion concentration. 
The comparison between the spherical and planar particle 
models provided insights into the influence of particle cur-
vature on the electrokinetic properties. Moreover, the elec-
trokinetic surface-charge density reflected the trends in the 
zeta potential, and the effects of the counterion type and 

concentration were manifested in the charge distribution 
across the OHP and Stern layers. Notably, Gdm+, unlike 
other alkali metal ions, exhibits unique effects on the EDL 
owing to its weak hydration properties.

Fukasawa et al. (2020, 2021) investigated the effects of 
SIEs on the thickness of the slipping layer (slip length) us-
ing negatively charged hydrophobic polystyrene latex par-
ticles. The slip length is estimated to be several nanometers 
and plays a crucial role in electrokinetic behavior 
(Bhattacharyya and Majee, 2017; Gopmandal et al., 2017; 
Khair and Squires, 2009; Ohshima, 2004; Park, 2013; 
Zhao, 2010). Fukasawa et al. systematically examined the 
response of the ion distribution within the slipping layer 
and the electrophoretic mobility under various electrolyte 
concentrations (1, 10, and 50 mM) and electric field 
strengths. Under low electric field conditions, ions with 
smaller hydration radii such as Gdm+ and Cs+ accumulate 
more extensively within the slipping layer (Fig. 6). The ion 
accumulation within the slipping layer decreased as the 
electric field strength increased. In other words, ions with 
larger hydrated radii are less likely to accumulate within 
the slipping layer, leading to an increase in the magnitude 
of the electrophoretic mobility. Notably, Ph4As+, character-
ized by exceptionally strong hydrophobic interactions, 
formed a stable and highly concentrated layer within the 
slipping layer.

3.4	Hydrophilic and hydrophobic characteristics 
of particle surfaces

The impact of electrolytes containing alkali metal ions 
(Li+, Na+, K+, Rb+, Cs+), chlorides, and sulfate anions on 
the electrosurface properties of hydrophobic (polystyrene 
latex with surface sulfate (PS-SO3H) or carboxylic groups 
(PS-COOH)) and hydrophilic (SiO2, ZrO2, and bentonite) 
particles was investigated (Manilo et al., 2019). The  
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behavior of the zeta potential was examined, revealing 
distinct maxima in the dependence: at electrolyte concen-
tration = 0.1–1 mM for hydrophobic particles and 1– 
10 mM for hydrophilic particles. This phenomenon can be 
explained by two opposing effects: the polarization of the 
EDL, which increased the zeta potential at low electrolyte 
concentrations, and the compression of the EDL, which 
decreased the zeta potential at high concentrations. In con-
centrated solutions (> 1–10 mM), the magnitude of the zeta 
potential consistently decreased in accordance with direct 
HS along the sequence of Li+ to Cs+ cations. Conversely, in 
more dilute solutions, indirect HS was observed for certain 
particles (PS-COOH, SiO2, and ZrO2). This behavior likely 
reflects the phenomena related to the hydrophilic or hydro-
phobic nature of the surface, surface-charge density, and 
partial dehydration of the surface. The type of anion also 
affects the zeta potential. This behavior is attributed to the 
partial dehydration of the surface layer caused by sulfate 
ions, leading to a thinner hydration layer, a shift of the 
shear plane toward the surface, and an increase in the zeta 
potential. In addition, the relative electrical conductivities 
of both hydrophobic and hydrophilic suspensions demon-
strated a consistent reduction in the contribution of EDL 
polarization (surface conductivity) along the HS (Dukhin, 
1993; Garboczi and Douglas, 1996; Lyklema and Minor, 
1998; Zhao, 2011). In general, the variations observed in 
the zeta potential and electrical conductivity across the HS 
were closely associated with the differences in the ionic 
properties, such as radius and mobility.

4.	 SIEs on the aggregation and dispersion 
properties of particle suspensions

The aggregation–dispersion characteristics and gelation 
behavior of particle suspensions were significantly influ-
enced by SIEs. Studies on particle aggregation in electro-
lyte solutions have a long history, notably including the 
development of DLVO theory. This framework explains 
the behavior of charged colloidal particles at varying salt 
concentrations, predicting slow aggregation at low ionic 
strengths but rapid acceleration as the salt concentration 
increases. The critical transition is defined by the critical 
coagulation concentration (CCC), which is an important 
indicator of salt destabilizing power. A significant contribu-
tion of DLVO theory is its explanation of the Schulze–
Hardy rule, which asserts that multivalent counterions 
significantly reduce CCC (Oncsik et al., 2014; Schneider et 
al., 2011). However, factors other than ion valence also in-
fluence CCC, one of the most well-studied being SIEs.

4.1	Aggregation characteristics and dispersion 
stabilization of particle suspensions

López-León et al. (2008) comprehensively investigated 
the stability of diverse colloidal systems using a low-angle 
light-scattering instrument. They employed polystyrene 

latex particles with various surface functional groups, in-
cluding carboxyl, sulfonate, amine, and a combination of 
carboxyl and amine groups. In addition, protein-coated 
polystyrene particles were used to modify the surface hy-
drophobicity to partially hydrophilic, negatively charged 
hydrophilic silica particles, and positively charged hydro-
philic chitosan particles. Furthermore, their research fo-
cused on representative cations (NH4

+, Na+, Ca2+) and 
anions (SCN–, NO3

–, Cl–) from the HS, which encompass a 
wide spectrum of properties ranging from chaotropic to 
kosmotropic behavior. Distinct HS were observed on hy-
drophobic surfaces with negative and positive charges. On 
negatively charged surfaces, weakly hydrated anions, such 
as SCN–, were found to accumulate near the surface due to 
dispersion forces, thereby stabilizing the particles. Con-
versely, these anions destabilize positively charged sur-
faces. This reversal phenomenon can be explained by the 
dispersion force theory, which states that ion specificity is 
mainly determined by the polarity of ions in water 
(Boström et al., 2001, 2005, 2006; Kunz et al., 2004b; 
Ninham and Yaminsky, 1997; Salis et al., 2006). On hydro-
philic surfaces, a partial HS reversal was observed, in con-
trast to the behavior observed on the hydrophobic surfaces. 
Hydrophilic surfaces strongly interact with surrounding 
water molecules, forming a densely structured water layer. 
This structured water layer promotes the exclusion of cha-
otropic anions, such as SCN– and NO3

–, while facilitating 
the accumulation of kosmotropic anions, such as Cl–, near 
the surface. These results indicate that SCN– and NO3

– do 
not exhibit a stabilizing effect on hydrophilic surfaces; in-
stead, they cause destabilization. López-León et al. dis-
cussed the phenomenon of restabilization. Restabilization 
is generally attributed to the presence of strongly hydrated 
cations, such as Ca2+. These cations typically act as counte-
rions that enhance the water structure near hydrophilic 
surfaces and form a steric barrier that prevents particle ag-
gregation. The hydration forces responsible for restabiliza-
tion become stronger with an increase in the hydration 
number of the cations (Jungwirth and Tobias, 2006; 
Molina-Bolívar et al., 1996, 1997, 1998; Molina-Bolívar 
and Ortega-Vinuesa, 1999). López-León et al. (2008) ex-
perimentally demonstrated that restabilization can be in-
duced by cations and anions, including weakly hydrated 
ions such as SCN– and NO3

–. For a more detailed discus-
sion, please refer to the original study.

The SIEs on the aggregation of negatively charged 
montmorillonite (K+-montmorillonite) in various cation 
(Li+, Na+, K+, Rb+, Cs+) solutions were quantitatively dis-
cussed using the activation energy as an indicator, based on 
an analysis of aggregation rates obtained through dynamic 
light-scattering measurements (Tian et al., 2014). The ag-
gregation rate and CCC varied significantly depending on 
the cation type, with Li+ exhibiting the highest CCC and 
Cs+ showing the lowest CCC. The activation energy at 
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25 mM was highest for Li+ and lowest for Cs+. Further-
more, as the concentration decreased, the differences in the 
activation energies of the various cations became more 
pronounced. They also confirmed that the choice of anion 
(e.g., KNO3 vs. KCl) only negligibly affected the aggrega-
tion dynamics and that cations played a dominant role in 
the aggregation process. In conclusion, the observed SIEs 
were primarily attributed to the polarization effect, where 
the strong electric field on the surface of the montmorillon-
ite induced the deformation of the cation electron clouds.

The SIEs of monovalent ions on the surface charge and 
aggregation of anionic and cationic polystyrene latex parti-
cles were examined using electrophoresis and time- 
resolved light-scattering techniques (Oncsik et al., 2015). 
Weakly hydrated counterions, like N(CH3)4

+ and SCN–, 
were strongly adsorbed onto oppositely charged surfaces, 
reducing the surface-charge magnitude and CCC. Strongly 
hydrated counterions such as Li+ and F– did not adsorb, 
resulting in high surface-charge magnitudes and elevated 
CCC values. The CCC values followed the HS for nega-
tively charged sulfate latex particles, while exhibiting the 
reverse order for positively charged amidine latex particles. 
Co-ions with the same charge sign as the particle surface 
interact weakly with the surface, and the CCC is essentially 
independent of the nature of the co-ions. In the rapid aggre-
gation regime, the aggregation rate was determined by the 
nature of the particles, with no significant influence from 
the specific type of ions.

Higashitani et al. (2017, 2018) measured the rapid aggre-
gation rate of SiNPs using a low-angle light-scattering ap-
paratus. Their study explored in detail the dependence of 
aggregation rates on the particle diameter and the type of 
co- and counterions in 1:1 electrolytes, with a particular 
focus on the Gibbs free energy of hydration. For particles 
with diameters of approximately 300 nm or less, the aggre-
gation rate decreased exponentially as particle size de-
creased and as the magnitude of the Gibbs free energy of 
hydration for cations (counterions) and anions (co-ions) 
increased. The highly hydrated kosmotropic cation, Li+, 
exhibits lower adsorption compared to the poorly hydrated 
chaotropic cation, Cs+; however, it forms a thicker ad-
sorbed layer, as schematically illustrated in Fig. 7a. The 
thicker adsorbed layer enhances the stability of colloidal 
particles by creating a structured cation layer that generates 
repulsive forces between colliding particles. Furthermore, 
the coagulation rate in potassium solutions is influenced by 
the Gibbs free energy of hydration of anions (co-ions). Po-
tassium ions exhibit chaotropic properties. Highly chao-
tropic cations in concentrated solutions are likely 
excessively adsorbed onto the silica surface, leading to 
surface charge reversal (Dishon et al., 2009; Franks, 2002). 
Consequently, anions act as counterions on the silica sur-
face coated with potassium ions. Similar to cations, anions 
act as structure-determining ions, and their degree of hy-

dration is correlated with the thickness of the structured 
layer formed on the silica surface (Fig. 7b). Notably, silica 
nanoparticles with a diameter of 70 nm did not aggregate in 
1 M KNO3 and KSCN solutions. Nonspherical anions 
(NO3

–, SCN–), which exhibit weak cohesive interactions 
with potassium, formed fragile structures by randomly ad-
sorbing onto the excess potassium layer present on the sil-
ica surface (Fig. 7c) (Li et al., 2005). Higashitani et al. 
proposed that these fragile structures are partially disrupted 
by strong van der Waals attractive forces in the case of 
larger particles, whereas in smaller particles where the van 
der Waals forces are too weak to destroy the structures, 
they act as strong repulsive forces.

4.2 Gelation of particle suspensions
The gelation of silica nanoparticles in mixtures of mon-

ovalent ions and in mixtures of divalent and monovalent 
ions was investigated (Sögaard et al., 2021). From the per-
spective of gelation time, monovalent-ion mixtures gener-
ally follow direct HS. For instance, compared with 
mixtures of Li and Na salts, mixtures of Li and K salts ex-
hibited shorter gelation times, indicating that aggregation 
was promoted. In mixtures of divalent and monovalent 
ions, increasing the monovalent-ion concentration resulted 
in longer gelation times. This indicates that monovalent 
ions such as Li+ and Na+ can replace divalent ions like 
Mg2+ and Ca2+, which exhibit strong interactions with the 
silica surface. Furthermore, the authors demonstrated that 
the HS of divalent ions at the silica interface is highly de-
pendent on pH (Fig. 8). At pH below 9, the interaction be-
tween the silica surface and Mg2+ is weaker than that with 
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Fig. 7  Schematics of the adsorption of structure-determining ions. (a) 
Chaotropic Cs+ ions adsorb excessively on the silica surface, and the 
kosmotropic Li+ ions with the primary and secondary hydration shell 
form a thick adsorption layer to neutralize the silica surface. (b) Anions 
with different values of (–ΔGhyd) adsorb on the excessive potassium layer 
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to potassium make the fragile structure by adsorbing randomly on the 
excessive potassium layer on the silica surface. Adapted with permis-
sion from Ref. (Higashitani et al., 2018). Copyright: (2018) American 
Chemical Society.
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Ca2+, following conventional HS. In contrast, an inversion 
of the HS was observed at pH values exceeding 9. This 
phenomenon is attributed to the charge and hydration char-
acteristics of the silica surface: below pH 9, the weakly 
charged silica surface interacts more strongly with the rela-
tively less hydrated Ca2+ than with Mg2+. In contrast, above 
pH 9, the highly charged silica surface forms an ordered 
hydration layer, enhancing interactions with strongly hy-
drated ions such as Mg2+. These findings are supported by 
molecular dynamics simulations (Sögaard et al., 2021; 
Sthoer et al., 2019).

5.	 SIEs on the rheological properties of 
particle suspensions

SIEs induce microscopic changes in ion accumulation 
structures, surface charges, electrokinetic behavior, and 
interparticle interactions. These microscopic changes, in 
turn, significantly affect the macroscopic properties, such 
as the rheology of particle suspensions (Johnson et al., 
2000; Otsuki, 2018). This study primarily focused on shear 
yield stress, which is often referred to as static yield stress 
(Husband et al., 1993; Kelessidis and Maglione, 2008), as 
a rheological property of particle suspensions. The shear 
yield stress is the minimum applied stress required for vis-
coplastic materials to flow like a liquid, reflecting the inter-
nal structures of the suspension (Au et al., 2016) as well as 
the physical and chemical characteristics of the particles 
and dispersion medium. Several studies have been con-
ducted on this topic. The vane method was used to measure 
the yield stress. It employs the vane geometry to measure 
the shear stress at a low shear rate over a certain period of 
time, identifying the maximum stress as the yield stress 

(Boger, 2009; Dzuy and Boger, 1983, 1985; Keentok, 
1982).

5.1 Shear yield stress
The yield stress of homogeneously charged spherical 

particle suspensions was explained based on the DLVO 
theory, which describes interparticle interactions as the 
sum of van der Waals attractive forces and electrostatic 
double-layer repulsive forces. For instance, when the mag-
nitude of the particle surface charge is small, the electro-
static double-layer repulsion has a reduced effect on the 
yield stress, whereas the van der Waals attractive forces 
become predominant, facilitating particle coagulation and 
consequently developing yield stress.

A research group at the University of Melbourne pro-
posed a model that directly incorporates the DLVO theory 
into the yield stress by introducing a network structure term 
dependent on the particle size, solid volume fraction, and 
mean coordination number (Harbour et al., 2007a, 2007b; 
Johnson et al., 2000; Kapur et al., 1997; Scales et al., 
1998). Fundamentally, based on the DLVO theory, at the 
isoelectric point (IEP), where the zeta potential appears to 
be zero, the electrostatic repulsive forces disappear, result-
ing in the maximum yield stress. Notably, if particle– 
particle interactions are exclusively governed by DLVO 
interactions, then a linear correlation is expected between 
the yield stress and the square of the zeta potential (Firth, 
1976). Leong and Ong (2003) suggested that the intercept 
of an extrapolated line with the square axis of the zeta po-
tential represents the square of the critical zeta potential 
(Fig. 9). The critical zeta potential marks the transition be-
tween aggregation and dispersion. Specifically, particles 

Fig. 9  Relationship between the yield stress and the squared zeta (ζ) 
potential for γ-Al2O3 dispersions. Adapted with permission from Ref. 
(Leong and Ong, 2003). Copyright: (2003) Elsevier B.V.
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tend to aggregate when the zeta potential is below this 
critical value, whereas they remain dispersed above it ow-
ing to electrostatic repulsive forces. However, various 
studies have demonstrated that the linear relationship be-
tween the yield stress and the square of the zeta potential 
based on the DLVO theory is not universally applicable to 
all systems. Gustafsson et al. (2000) investigated the effects 
of pH (3–10) and NaCl concentration (0–1 M) on the yield 
stress and zeta potential of anatase (TiO2) dispersions. 
Their findings revealed that in the acidic branch below the 
isoelectric point, a linear relationship consistent with the 
theoretical predictions was observed, whereas in the alka-
line branch, particularly at high electrolyte concentrations, 
no such linear relationship was observed. Teh et al. (2009) 
examined the influence of surface chemistry on yield stress 
using slurries prepared from two types of kaolin clay. Their 
study highlighted that even with similar mineral composi-
tions, clay minerals often exhibit variations in the surface 
chemistry of particle edges, leading to distinct rheological 
and electrokinetic behaviors (Adachi et al., 2020; Johnson 
et al., 2000; Otsuki, 2018; Stul and Mortier, 1974). They 
employed small anionic additives such as citric acid to ho-
mogenize the surface chemistry of the particle edges, 
achieving similar yield stress–pH behaviors across differ-
ent kaolin clay slurries.

The deviation from the linear relationship between the 
yield stress and the square of the zeta potential arises from 
the presence of non-DLVO interaction forces (Israelachvili, 
2011). For example, under high electrolyte concentrations, 
ion–ion interactions, which are neglected in classical 
DLVO theory, become significant.

Johnson et al. (1999) reported that the yield stress of 
α-alumina particle (median diameter of 300 nm) in 1 M 
nitrate electrolyte increased depending on the type of mon-
ovalent cation in the following order Cs+ < K+ < Na+ < Li+ 
(Fig. 10). They focused on the impact of ion species on the 
interparticle distance, as the contribution of van der Waals 
forces becomes relatively more significant when the inter-
particle distance decreases. Thus, highly hydrated cations 
(e.g., Li+) could approach the α-alumina surface more 
closely, thereby reducing the interparticle distance, which 
enhanced the contribution of attractive forces and resulted 
in increased yield stress.

Franks (2002) reported the effect of monovalent cation 
species on the yield stress of submicron-sized silica particle 
suspensions in chloride electrolytes. He demonstrated that 
the maximum yield stress increased in the following order 
Li+ < Na+ < K+ < Cs+, which was the reverse of that ob-
served for α-alumina (Fig. 11). Furthermore, the pH at the 
maximum yield stress did not correspond to the IEP of the 
silica particles (pH = 2) and shifted to higher pH values in 
the following order: Li+ < Na+ < K+ < Cs+, similar to the 
maximum yield stress. The observed results were explained 
based on two factors. The first is the reduction in EDL re-

pulsion caused by the neutralization of particle surface 
charges in solutions containing the least hydrated cations 
(e.g., Cs+). The second is the additional attraction arising 
from ion adsorption (ion–ion correlation forces) (Guldbrand 
et al., 1984; Israelachvili, 2011; Kjellander, 1996).

Parsons et al. (2010) discussed the completely contrast-
ing trend observed between α-alumina and silica suspen-
sions in chloride electrolytes based on a modified 
Poisson–Boltzmann analysis. This analysis incorporates 
hydration effects into non-electrostatic ion–surface disper-
sion interactions based on ionic excess polarization and fi-
nite ion sizes. The EDL pressure between the particles 
revealed a direct HS (K+ > Na+ > Li+) for silica surfaces 
and a reversed series (Li+ > Na+ > K+) for alumina  
surfaces, which aligned the theoretical predictions with  
the experimental observations (with higher pressure  

Fig. 10  Shear yield stress (τy) behavior of α-alumina suspensions as a 
function of monovalent cation type and pH. The electrolyte concentra-
tion is (a) 0.01 mol dm–3 XNO3 and (b) 1.0 mol dm–3 XNO3. The alumina 
volume fraction is 0.250 in all cases. Key: (●) X = Li; (○) X = Na; (▲) 
X = K; (△) X = Cs. Adapted with permission from Ref. (Johnson et al., 
1999). Copyright: (1999) American Chemical Society.
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corresponding to lower yield stress). Furthermore, calcula-
tions using unhydrated ions suggest the possibility of sur-
face-induced dehydration on alumina surfaces.

5.2 Interaction and frictional forces
AFM measurements of the adsorption and short-range 

interactions between silica colloid and mica surface in 
monovalent chloride electrolyte solutions revealed a signif-
icant SIE (Vakarelski et al., 2000; Vakarelski and 
Higashitani, 2001). Highly hydrated ions (Li+, Na+) exhibit 
strong adhesive forces, whereas weak adhesion is observed 
for poorly hydrated ions (K+, Cs+). Donose et al. (2005) 
investigated the effects of various monovalent cations on 
the friction between silica surfaces using AFM. Their re-
sults revealed that smaller, strongly hydrated cations (Li+) 
exhibited superior lubrication performance compared to 
layers of larger, weakly hydrated cations (Cs+) (Fig. 12). 
Interestingly, unlike the case of a silica colloid interacting 
with a mica surface (Vakarelski et al., 2000; Vakarelski and 
Higashitani, 2001), no adhesion was observed. This result 
suggests that the interaction mechanisms at very short sep-
arations differ between silica-on-mica and silica-on-silica 
systems. Dishon et al. (2009) investigated the interactions 
between silica surfaces in monovalent chloride electrolyte 
solutions using AFM. Their findings demonstrated that 
specific cation adsorption directly affects the neutralization 
and reversal of the surface charge, the suppression of elec-
trostatic double-layer repulsion, and the emergence of van 
der Waals attraction. The adsorption increased monotoni-
cally in the order Cs+ > K+ > Na+, following the bare ionic 
radii of the cations. This trend reflects the influence of the 
hydration shells on the charged silica surface, suggesting 
that larger cations lose their hydration shells more readily 
and are adsorbed onto the surface. Their results were con-
sistent with the HS observed in the rheological experi-
ments.

This study focused on the shear yield stress as a key 
rheological property of particle suspensions and provided 
an overview of previous studies. For further insights into 

the effects of SIEs on the shear viscosity, compressive yield 
stress, and viscoelastic behavior, readers are encouraged to 
refer to the cited references (Channell and Zukoski, 1997; 
Colic et al., 1998; Jeldres et al., 2019; Johnson et al., 2000; 
Quezada et al., 2017; Zhou et al., 2001).

6. Conclusions
This review provides an overview of SIEs in particle 

suspension systems, emphasizing their fundamental and 
applied significance. By exploring phenomena such as 
electrokinetic behavior, aggregation–dispersion character-
istics, and rheological properties, the interplay between ion 
identity and particle surface interactions is highlighted. 
These findings underscore the importance of accounting 
for SIEs across various disciplines, including chemical, 
industrial, agricultural, environmental, biological, and 
medical sciences. SIEs are highly sensitive to slight varia-
tions in experimental conditions, which fosters academic 
interest and complicates the establishment of a theoretical 
framework, thus emphasizing the need for multifaceted 
evaluation. Although not extensively discussed in this re-
view, the impact of SIEs on the structural formation, me-
chanical strength, deformation of particle aggregates, and 
suspension internal structures, as well as their influence on 
gelation behavior and viscoelastic properties, are crucial 
topics. Furthermore, the effects of nonaqueous systems and 
organic ions on SIEs remain important areas of study, with 
potential for further advancement.

Li
Li

Li Li
Li

Cs Cs Cs Cs CsCs

Cs

Cs

Cs Cs Cs Cs Cs

−
+

−
+

+

−
+

−
+

− − − − − −

− − − − − −

Li

− − − −

− − − −

Li

Li

Li

Lubrication
layer

Pure Water

Lubrication
layer

1.0M CsCl

Lubrication
layer

H+ Li+ Cs+H2O

1.0M LiCl

Fig. 12  Schematic representation of hypothetical frictional mecha-
nisms. Adapted with permission from Ref. (Donose et al., 2005). Copy-
right: (2005) American Chemical Society.

100
1.0 M Cs+

K+
Na+

Li+

80

60

40

20

0
3 4 5 6 7

pH

Yi
el

d 
St

re
ss

 (P
a)

8 9 10 11

Fig. 11  Yield stresses of 40 vol% Geltech silica in 1.0 M chloride solu-
tion. The counterions are as indicated in the figure. Adapted with per-
mission from Ref. (Franks, 2002). Copyright: (2002) Elsevier B.V.



Tomonori Fukasawa / KONA Powder and Particle Journal No. 43 (2026) 47–62 Review Paper

59

Acknowledgments
This work was supported by JSPS KAKENHI, Grant 

Numbers JP23K04397 and JP20K05194, the Hosokawa 
Powder Technology Foundation (HPTF23301), and the In-
formation Center of Particle Technology, Japan.

Nomenclature
AFM	 Atomic force microscope
CCC	 Critical coagulation concentration
DH	 Debye–Hückel
EDL	 Electrical double layer
HS	 Hofmeister series
IEP	 Isoelectric point
OHP	 Outer Helmholtz plane
PMF	 Potential of mean force
PZC	 Point of zero charge
SIE	 Specific ion effect
vSFG	 vibrational sum-frequency generation
dStern	 thickness of the Stern layer
∆Ghyd	 Gibbs free hydration energy
Φ0	 reference potential
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