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Experimental Demonstration of the Stabilization of Colloids by Addition of Salt
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We demonstrate a general non–Derjaguin-Landau-Verwey-Overbeek method to stabilize colloids in
liquids. By this method, colloidal particles that initially form unstable suspension and sediment from the
liquid are stabilized by the addition of salt to the suspending liquid. Yet, the salt is not expected to adsorb or
directly interact with the surface of the colloids. For the method to work, the liquid should be a mixture,
and the salt needs to be antagonistic such that each ion is preferentially solvated by a different component
of the mixture. The stabilization may depend on the salt content, mixture composition, or distance from the
mixture’s coexistence line.
DOI: 10.1103/PhysRevApplied.2.024008

I. INTRODUCTION
The stability of colloidal suspensions is important for the
physical and chemical properties of pastes, paints, and inks
and in a variety of other applications in material science.
The van der Waals attraction between colloids can be
overcome by steric repulsion, where surfactants or polymers are chemically or physically attached to the surface of
the colloids and prevent them from aggregating [1]. In
many cases, these coatings are undesired, because they
change the surface chemistry, interfere with the activity of
functional groups, block the contact between colloids once
the suspension is dried, or affect the rheology of the liquid
[2]. Alternatively, the colloidal dispersion may be stabilized
electrostatically by means of charged molecules attached
or adsorbed to the particle surface, and the stability against
aggregation is achieved by the Coulombic repulsion
between the charged colloids. In the common DerjaguinLandau-Verwey-Overbeek (DLVO) paradigm [3,4], when
salt is added to an electrostatically stabilized colloidal
dispersion, the range of repulsion, set by the Debye length
λD , decreases and the colloids tend to aggregate [5,6].
In recent years, the importance of the preferential
solvation of ions in different solvents has been realized
[7,8] and used in emulsions of two immiscible liquids.
Leunissen et al. [9–11] used the preferential solvation and
resulting partitioning of antagonistic ion pairs to control
the stability and organization of charged colloids. A
recently published non-DLVO theory exploits ion solvation
to predict that both neutral and charged colloids can be
effectively suspended by the addition of salt [12] to
homogeneous mixtures. The key requirements are that
(i) the suspending medium is a mixture of liquids and
(ii) the salt is antagonistic; namely, the cation and anion are
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preferentially solvated in the different solvents [13]. The
ions are not required to interact with the surface of the
colloidal particle. The main advantage of the proposed
stabilization method over the prevailing practice is that
the stabilization is mediated by the liquid itself without the
presence of large molecules or the need to modify the
particle’s surface. The theory predicts that the underlying
mechanism should be effective in aqueous mixtures and it
has a unique dependence on temperature, salt content, and
mixture composition. Here we demonstrate experimentally,
with a select set of experiments on key combinations of
particles and liquids, that indeed colloidal stabilization
can be achieved by the addition of antagonistic salts as
predicted.
In order to test the theory [12], we study experimentally
the behavior of two types of neutral colloids: micron-sized
cross-linked polystyrene (PS) microspheres and graphene
sheets exfoliated from graphite particles. Two types of
liquid mixtures are employed: a mixture of water and 2,6lutidine which has a lower critical solution temperature [14]
and a mixture of water and acetonitrile which has an
upper critical solution temperature (UCST) [15]. In the
course of the experiments, we track the temporal behavior
of the dispersions in each one of the two pure solution
components alone, in the mixture in the presence of a
nonantagonistic salt (NaCl), and in the presence of an
antagonistic salt (NaBPh4 ). The suspensions of the PS
microspheres are studied by dynamic light scattering
(DLS), whereas for the graphite or graphene suspensions
visible-light-transmission spectroscopy is used. Cryo-TEM
imaging is carried out to complement the information
regarding the aggregation state, ζ-potential measurements
to ascertain particle neutrality, and contact-angle measurements to determine the affinity of the mixture components
to the solid surface.
According to the theory, the suspending efficiency of
the proposed mechanism depends on the solvent-mixture
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composition, salt concentration, and the temperature T in
terms of its distance from the coexistence line temperature
T t . The sensitivity to the experimental variables is clearly
demonstrated in Fig. 4 of Ref. [12]. Rather than carry out an
extensive search for the proper conditions, we use the
theory, adjusted to correspond to the experimental systems
at hand, to provide the guidelines for the judicious choice of
the experimental parameters. In what follows, we provide a
brief account of the theory [12] with the required modifications and calculation pertaining to the experimental
systems described above.
For colloids immersed in a generic mixture of two
solvents, the total free energy is given
R as a sum of volume
and
surface
contributions
F
¼
ðf m þ f es þ f ion Þdr þ
R
f γ drs , where rs is a vector on the surface. f m is the
mixing free energy density given by [16]
a3 f m ¼ kB T½ϕ log ϕ þ ð1 − ϕÞ logð1 − ϕÞ
þ χϕð1 − ϕÞ þ 12 Cð∇ϕÞ2 :

ð1Þ

Here ϕ is the local mole fraction of the more polar solvent,
kB is the Boltzmann constant, T is the temperature, χ ∼ 1=T
is the Flory-Huggins interaction parameter, a is a molecular
length, and C is a constant. The short-range interfacial
interaction of the mixture with the solid colloid surface is
given by f γ ¼ Δγϕðrs Þ þ σψðrs Þ, where Δγ is the difference between the surface tensions of the two liquids and
the solid (assumed chemically homogeneous) and σ is the
surface charge density of the colloid. A positive Δγ means
the surface prefers the less polar cosolvent. The new
stabilization mechanism is not based on specific interactions between the ions and the surface [17,18], and
hence these are not included here. The electrostatic energy
density f es ¼ −ð1=2ÞεðϕÞð∇ψÞ2 is expressed by the local
electrostatic potential ψ and the constitutive relation
between the dielectric constant and mixture composition
εðϕÞ, assumed linear.
The Gibbs transfer energy of moving an ion from one
solvent to another gives rise to numerous important
interfacial phenomena [19–21] and can even lead to
flocculation of colloids [22]. In the present context and
for a monovalent salt, the ions’ entropy, electrostatic
energy, and preferential solvation is modeled by
f ion ¼ kB Tfnþ ½logða3 nþ Þ − 1 þ n− ½logða3 n− Þ − 1g
þ eðnþ − n− Þψ − kB TðΔuþ nþ þ Δu− n− Þϕ:

ð2Þ

Here n are the average ion number density in the system,
and e is the elementary charge. The parameters Δu
express the affinity of the positive and negative ions toward
the polar phase [10,18,23]. When the antagonistic salt
used here, NaBPh4 , is added to the mixture of water and
2,6-lutidine, the Naþ cation is hydrophilic with Δuþ ≃ 6,
while the BPh4 − anion is hydrophobic with Δu− ≃ −16

[24,25], and thus both requirements (i) and (ii) listed above
hold. The colloids will be stabilized irrespective of the sign
of Δγ or Δu and as long as jΔuþ − Δu− j is large enough.
In equilibrium, the composition ϕ, ion densities n , and
electrostatic potential ψ satisfy the three coupled equations
δF=δϕ ¼ 0, δF=δn ¼ 0, and the Poisson equation
δF=δψ ¼ 0. The boundary conditions at the colloid
surface are n · ∇ψ ¼ σ=εðϕÞ and n · ∇ϕ ¼ −Δγ=C, where
n is a unit vector normal to the colloid surface. We calculate
the interaction between two neutral spherical colloids of
radius R separated by a distance D and immersed in a
mixture at average composition ϕ0 and ion density n0
as follows. We begin by solving the governing equations
for two flat plates a distance D apart. Once the equilibrium profiles are known, the pressure tensor Pik ¼
ðϕδf=δϕ þ nþ δf=δnþ þ n− δf=δn− − fÞδik − εEi Ek
is
obtained [26,27]. Here E ¼ −∇ψ is the electric field.
We define Ω as the integral of the osmotic pressure from
D to ∞. When the distance between the colloids is much
smaller than their size, D ≪ R, Derjaguin’s approximation
holds, and the total effective colloid potential is [2]
Z
UðDÞ ¼ πR

∞

D

ΩðD0 ÞdD0 −

AR
;
12D

ð3Þ

where A is Hamaker’s constant. In Eq. (3), we use a simple
form of van der Waals interaction, not taking into account
the wetting close to the colloid [28] and screening by the
salt [29]. The wetting layer around a hydrophobic colloid
in the water–2,6-lutidine mixture increases the van der
Waals attraction [28], though in our experiments the effect
is expected to be small, since the temperature is kept
relatively far from T c . In addition, as will be demonstrated
below, we do not observe stable suspension when the
hydrophilic salt (NaCl) is added, and this result implies that
salt screening of van der Waals interaction alone is not
enough to stabilize the colloids. We stress that the aim of
the simple theory we use is to isolate one possible
mechanism and show that it can be comparable to or even
larger than others in the stabilization.
Insight can be gained by a standard linear theory valid
when eψ ≪ kB T and jΔu ðϕ − ϕ0 Þj ≪ 1 hold. The potential and composition are then given as a sum of four
exponentials eqi z with the two wave numbers qi (i ¼ 1, 2)
given by q21 q22 ¼ 1=ðξλD Þ2 and q21 þ q22 ¼ 1=λ2D − 1=ξ2
−2n0 ðΔuþ − Δu− Þ2 =C, where ξ is the correlation length
modified by the salt [18,21]. For electrically neutral
colloids (σ ¼ 0), the amplitudes of the exponentials are
proportional to the difference in wettability of the two
solvents, Δγ, and the height of the barrier UðDmax Þ is
proportional to ðΔγÞ2 . When a value of approximately
10 mM of salt is used in the analytical expressions,
it follows that the barrier location Dmax is in the range
5–15 nm and the barrier height can be significantly
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larger than approximately 3kB T, thus preventing colloidal
coagulation.
II. EXPERIMENTAL DETAILS
A. Preparation and characterization
of polymer colloids
The spherical colloidal particles are synthesized by using
distillation-precipitation polymerization of divinylbenzene
[30]. The size distribution and shape are determined by
means of scanning electron microscopy using JSM-7400F
(JEOL) ultrahigh-resolution cold field-emission gun SEM;
see Fig. S2 in the Supplemental Material [31].
For the surface charge measurement, the colloids are
dispersed in ethanol, and their ζ potential is measured on
a Zetasizer Nano ZS (Malvern) at 298 K using a universal
dip cell. The measured peak value of the ζ potential
is 0  2 mV.
B. DLS of polymer particles
The mixture of water (deionized to a resistivity of
18.2 MΩ cm) and 2,6-lutidine (Sigma-Aldrich, purified
by redistillation, ≥ 99%) with 71 wt % water is prepared
at ambient temperature. The addition of the polymer
microspheres to the samples for the DLS experiments is
performed in two steps. First, the colloids are weighed, and
1 ml of the water–2,6-lutidine mixture and salt are added.
The sample containing the particles is then placed in the
ultrasonic bath and sonicated for 15 min. After sonication,
it is diluted with the same water-lutidine mixture, shaken,
and further sonicated for 3–5 min. Subsequently, it is
equilibrated at the required temperature (T ¼ T t − 6 K) by
waiting for 10 min.
DLS is measured on the CGS-3 equipped with a LSE5004 cross-correlator (ALV, Germany) at a constant angle
of 90° using clear glass vials (Sigma-Aldrich). Phase
diagrams are separately determined for the mixture in
the absence of salt and after the addition of 20 mM
NaBPh4 (see Fig. S5 in the Supplemental Material [31]).
For the solution mixture in the absence of salt at a water
weight fraction of 0.71 (ϕ ¼ 0.935), T t ¼ 307 K, and
experiments are carried out at T ¼ 301 K. With the salt
T t ¼ 321 K, and experiments are carried out at T ¼ 315 K.
During the experiment, the temperature is kept constant to
within 0.1 K by using a Julabo CF31 thermostat. Each
measurement consists of five runs of 10 s each and is
carried out at a beam wavelength of 632.8 nm. The CONTIN
algorithm is used for the extraction of the data. The StokesEinstein relation is employed for the calculation of the
hydrodynamic radius Rh . Since temperature and salt
impact the viscosity, we determine the viscosity for each
sample by using a Cannon-Fenske viscometer at the appropriate temperature and composition: (i) no-salt mixture
—T ¼ 301 K, η ¼ 2.25 mPa s; (ii) mixture with 20 mM
NaBPh4 —T ¼ 315 K, η ¼ 1.98 mPa s; (iii) mixture at

T ¼ 305 K, 20 mM antagonistic salt—η ¼ 2.12 mPa s;
25 mM salt—η ¼ 2.16 mPa s. The mass-weighted DLS
data are smoothed by using cubic interpolation. The
synthesis yields also smaller particles with diameter
< 500 nm. The contribution of these small colloids to
the total measured intensity is negligible and therefore
not shown.
C. Preparation of graphene
Graphite flakes are purchased from Sigma-Aldrich and
used as received. For each experiment 0.1 wt % are mixed
with the respective mixture and placed in a sonicator
bath (Elma, S 10 Elmasonic, Germany) for 3 h to allow
exfoliation. The sonicator is operated under ice cooling in
order to prevent heating and keep the temperature at
approximately 273 K throughout the process. To separate
the resulting graphene sheets from nonexfoliated graphite
flakes, samples are centrifuged at a constant temperature
(Hermle Z383K, R-max 9.6 cm, Germany, 277 K) at a rate
of 1000 rpm for 5 min.
D. Visible-light transmission in graphene dispersions
The visible-light transmission through the graphene
dispersions is measured by a Jasco V-530 UV-visible
spectrometer at a wavelength of 660 nm. We measure
the transmission in different mixtures of water (deionized
to a resistivity of 18.2 MΩ cm) and acetonitrile (SigmaAldrich, anhydrous 99.8%). Transmission values are converted into graphene concentration by using an extinction
coefficient of 3.0 × 103 l g−1 m−1 taken from the literature
[32]. The error in the concentration is estimated from the
standard deviation of several measurements for a mixture
with 20 wt % acetonitrile and the antagonistic salt.
III. RESULTS
Because of the coupling between the mixture composition, salt concentration, and temperature (distance from
coexistence line jT − T t j), we carry out a somewhat crude
iterative process. The full nonlinear potential is calculated
repeatedly for different salt concentrations and temperatures. Eventually, we settle on a set of values which,
conceded, are not optimized but provide the essence of the
stabilization mechanism. Figure 1 shows the full nonlinear
potential UðDÞ vs temperature and salt content. The solid
surface has a short-range chemical attraction to one of
the solvents. For a hydrophobic colloid, water is depleted
from its surface, and, due to the preferential solvation of the
ions, the vicinity of the surface has more hydrophobic than
hydrophilic ions [see Fig. S1(a) in the Supplemental
Material [31] ]. In the case of a hydrophilic colloid, the
more hydrophilic ions are enriched near it. Thus, the colloid
becomes effectively charged when either of the solvents is
adsorbed at the surface and entropically driven repulsion
appears at large distances [9–11]. The potential has a
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FIG. 1. Calculated effective potential between two colloids UðDÞ from Eq. (3) vs colloid surface separation D for varying
temperatures T (a) and salt concentrations n0 (b). The location of the barrier peak at Dmax decreases with increasing distance from the
coexistence line jT − T t j or with increasing salt n0 (λD decreases). The mixture composition is such that jT c − T t j ¼ 10 K. In
(a) n0 ¼ 20 mM is constant, while in (b) jT − T t j ¼ 6 K is constant. For the water–2,6-lutidine mixture containing the antagonistic salt
NaBPh4 , we used T c ¼ 311 K, a ¼ 3.4 Å, C ¼ χ=a, ε2;6-lutidine ¼ 6.9, εwater ¼ 79.5, Δγ ¼ 0.1kB Ta−2 , and Δuþ ¼ −Δu− ¼ 8. For the
colloidal PS particles, we used R ¼ 1 μm and A ¼ 2 × 10−21 J.

barrier at D ¼ Dmax and is attractive when D < Dmax due
to van der Waals attraction and critical adsorption [33].
As salt is added, Dmax shifts to lower values, while the
potential barrier increases. Guided by the results of the
calculation, we opt to use a salt concentration of n0 ≈
20 mM and jT − T t j ≈ 6 K. At this point, to further refine
the correspondence between theory and experiment, the
phase diagram for water–2,6-lutidine with 20 mM of
NaBPh4 is obtained (ϕc ¼ 0.879 and T c ¼ 311 K; see
Fig. S5 in the Supplemental Material [31]). Relying on the
phase diagram and the fact that the colloids are hydrophobic, we select for the experiments a solvent mixture
with a water weight fraction of 0.71 (ϕ0 ¼ 0.935), for
which T t ¼ 321 K and hence jT c − T t j ¼ 10 K as in
Fig. 1. The calculated salt-concentration dependence at
the selected temperature and mixture composition is shown
in Fig. 1(b), pointing towards the choice of 20 mM salt
concentration.
A. Experimental validation I
Cross-linked polystyrene colloids are prepared by using
distillation-precipitation polymerization. Their radius is
determined by scanning electron microscopy to be
R ¼ 0.85  0.3 μm, and their ζ potential is found to be
zero. The colloids and antagonistic (NaBPh4 ) or nonantagonistic (NaCl) salts are added to the mixture of water–
2,6-lutidine.
Visual inspection shows that the colloids coagulate and
sediment in pure lutidine, in the mixture without salt, or
when the salt is not antagonistic (NaCl). However, when
the antagonistic salt is added, the colloids remain suspended over a long time. When the antagonistic salt is
added to pure lutidine, the colloids coagulate immediately.
This result supports the notion that there is no significant

direct chemical interaction of the ions with the colloids.
These qualitative observations are quantified by DLS for
samples at jT − T t j ¼ 6 K. Figure 2(a) shows that the
distribution of sizes shifts in time to larger aggregates
when no salt is added to the mixture. The distributions in
Fig. 2(b), corresponding to an addition of 20 mM NaCl, are
similar in nature, and the size of aggregates shifts to larger
values with increasing time until they sediment. This
behavior is commonplace for neutral or slightly charged
particles, and it is revealed in our numerical calculation [12]
assuming hydrophilic salt (Δuþ ¼ Δu− ) even if the colloids’ surface potential is as large as 30 mV. A very different
behavior is observed for the antagonistic salt, as shown in
Figs. 2(c) and 2(d), where the aggregates are small and
stable throughout the entire measurement period of 20 min.
Based on the theoretical calculations shown in Fig. 1(a),
the energy barrier for aggregation at jT − T t j > 13 K
should be very low, favoring aggregation. This result is
confirmed by examining 20-mM and 25-mM solutions
of the antagonistic salt at T ¼ 305 K (jT − T t j ¼ 16 K) as
clearly indicated by the increase in size of the aggregates
depicted in Fig. 3.
B. Experimental validation II
To demonstrate the wide scope of the dispersion principle, we test it with a different type (carbonaceous) and
shape (sheets) of colloid and different solvent mixture
(UCST type). Measurements are carried out at room
temperature in a mixture of water and acetonitrile
(UCST, T c ≃ 272 K at a water mole fraction ϕc ≃ 0.64).
Carbon-based colloids, which disperse in pure 2,6-lutidine,
do not disperse in pure water or in acetonitrile.
We use ultrasonication to exfoliate graphene from
graphite flakes. UV-vis spectrometry of the suspensions
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FIG. 2. (a)–(c) Colloidal mass-weighted distribution vs hydrodynamic radius Rh , as obtained by dynamic light scattering. Curves
show distributions of polystyrene colloids in mixtures of water and 2,6-lutidine at different times (a) when no salt is added, (b) with
20 mM of NaCl, and (c) with 20 mM of the antagonistic salt NaBPh4 . Without salt or with NaCl, colloids form aggregates that grow in
time and eventually sediment from the solution. With the antagonistic salt, the aggregates are small and stable for the duration of the
experiment. (d) Number-weighted distributions for the suspension with NaBPh4 . All measurements are at jT − T t j ¼ 6 K.
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FIG. 3. Colloidal number-weighted distribution vs hydrodynamic radius Rh , as obtained by DLS. Curves show distributions of
polystyrene colloids in mixtures of water and 2,6-lutidine at T ¼ 305 K. (a) With 20 mM of the antagonistic salt NaBPh4 ,
jT − T t j ¼ 16 K, and (b) with 25 mM of the antagonistic salt. In both cases, colloids form aggregates that grow in time and eventually
sediment from the solution.
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preparation (see Fig. S4 in the Supplemental Material [31]),
indicating a stable dispersion.
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C. Experimental validation III
When NaBPh4 is added to the mixture of water,
acetonitrile, and cross-linked-polymer microspheres, the
concentration of dispersed polymer colloids is increased
by a mere 20%–30%. The reason for this relatively modest
increase compared to the one observed in a mixture of
water and 2,6-lutidine can be traced to the fact that
acetonitrile is significantly less hydrophobic than lutidine,
and hence the value of Δγ is too small for an effective
stabilization; see Fig. S3 in the Supplemental Material [31].
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IV. CONCLUSIONS
FIG. 4. Concentration of graphene dispersed in mixtures of
water and acetonitrile containing 20 mM of NaBPh4 at t ¼ 0.5 h.
UV-vis transmission measurements are performed at room
temperature jT − T t j > 25 K. The dashed line is the critical
water mole fraction. As clearly observed at concentrations above
critical, 0.85 ≲ ϕ ≲ 0.95, exfoliated graphene sheets remain
dispersed in the liquid mixture. Dispersed graphene sheets are
found even after 3 months.

is performed by measuring the transmission intensity at a
wavelength of 660 nm. The transmission values are converted to concentration estimates with the Beer-Lambert
law by using a literature value for the extinction coefficient
[32]. For a mixture (80 wt %, ϕ ¼ 0.90) with 20 mM NaCl
or in the absence of salt, the transmission after t ¼ 0.5 h is
100% within the experimental error, and therefore no
dispersion of graphene is obtained. The same holds for
pure acetonitrile and water. However, as shown in Fig. 4,
the addition of an antagonistic salt results in the exfoliation
of graphite, and a dispersion of graphene is obtained at
mixture compositions ϕ ≳ ϕc (see also Fig. S4 in the
Supplemental Material [31]). A small amount of graphene
(≈0.03 g l−1 ) is dispersed even in pure water with NaBPh4 .
We speculate that this dispersion is due to a specific
interaction of the hydrophobic BPh4 − ions and the graphite,
which can be incorporated into the theory [18]. The
dispersion is enhanced more than twofold when the
antagonistic salt is added to mixtures in the composition
range 0.85 ≲ ϕ ≲ 0.95. This increase cannot be accounted
for by an ion-surface interaction, since BPh4 − ions are
expected to adsorb less in the mixture containing a
nonpolar component. No stabilization is observed when
the antagonistic salt is added to pure acetonitrile. The
optimal dispersion at off-critical and water-rich mixtures is
in agreement with the theoretical prediction in Fig. 4 of
Ref. [12] for a hydrophobic surface. The concentration
of graphene decays slowly to about 25% of its value at
t ¼ 0.5 h within 24 h. However, for the sample with
ϕ ¼ 0.901, many graphene sheets are clearly observed
in cryo-TEM images taken 3 months after the sample

Dispersion of colloids by the addition of salts is a
versatile method and straightforward in practice. It has a
unique dependence on temperature and composition and
does not rely on direct adsorption of the ions on the
colloids. We do not attempt to optimize the preparation
protocol (e.g., longer or repeated tip sonication, different
salt concentrations, or variations in temperature or in
mixture composition). Such an optimization is expected
to greatly enhance the dispersion efficiency, and thus the
method outlined above could be potentially useful in
many cases where surfactants or grafting with polymers
is inadequate. For example, graphene is conventionally
dispersed with surfactants and is subsequently spin-coated
on a substrate. Currently, the coating is transparent, but
the surfactants degrade the in-plane conductivity; we
speculate that replacing the surfactants with salt that is
not adsorbed to the particle’s surface will increase this
conductivity significantly.
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