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Abstract We studied experimentally and theoretically the
charge reversal of sulfate latex colloid in the presence of mono-
valent hydrophobic counterion TPP+ (tetraphenylphosphonium).
The intrinsic or chemical energy of adsorption of TPP+ on the
latex was evaluated from the concentration at charge reversal.
The isoelectric point (IEP) increases with increasing the surface
or electrokinetic charge density of sulfate latex spheres. That is, at
low surface or electrokinetic charge density, the charge inversion
concentration is low, and IEP shifts to higher values with the
increase of surface or electrokinetic charge density. The intrinsic
energy of adsorption decreases with increasing the surface or
electrokinetic charge density. Finally, our experimental and the-
oretical results suggest that the hydrophobicity is a determining
factor for the charge inversion of hydrophobic colloids, and the
intrinsic energy of adsorption also varies with the variations of
surface or electrokinetic charge density.

Keywords Hydrophobicity . Charge density . Charge
inversion . Intrinsic/chemical energy of adsorption

Introduction

Controlling aggregation and dispersion of colloidal particles
are two of the important subjects from scientific and industrial

points of view. Colloidal particles bear the surface electric
charge, which affects the interaction between particles and
thus determines the aggregation-dispersion. Aggregation oc-
curs at a charge neutralization condition induced by the inter-
action between oppositely charged interface and ionic sub-
stances such as polyelectrolytes [1–3], clays [4], multivalent
ions [5, 6], and surfactants [7, 8]. While the attachment of
strongly attracted and oppositely charged substances effec-
tively realizes the charge neutralization, the overdose of such
substances often results in the charge reversal and re-
dispersion of colloidal particles. In the measurements of elec-
trophoretic mobility, charge reversal or overcharging is ob-
served as a reverse of migration of charged particles.

Charge reversal or overcharging is induced by the over-
compensation of counterions adjacent to the surface of oppo-
sitely charged particle. The overcompensation by counterions
is considered to be driven by ion-ion correlation, specific
binding, hydrophobic interaction, and so on [5–7, 9]. The
importance of the effect of hydrophobicity and hydrophilicity
was clearly demonstrated by some studies, where the electro-
phoretic mobility of hydrophobic and hydrophilic particles
was measured in the presence of big hydrophobic ions
[10–12]. A simple theoretical analysis considering the adsorp-
tion at the Stern layer showed that the chemical or intrinsic
energy of adsorption and electrostatic energy are responsible
for the charge reversal, and the isoelectric point (IEP) is de-
termined by the intrinsic energy of adsorption and the surface
charge density [7, 10]. Several studies found the isoelectric
point of different hydrophobic and hydrophilic surfaces with
hydrophobic counterions and also evaluated the energy of
adsorption [7, 10, 11]. The obtained energy was comparable
to the half of the energy of transfer of hydrophobic ions from
water to nonaqueous solvent [11]. Also, a molecular dynamic
simulation showed that the IEP is proportional to the surface
charge density [10]. However, experimental evidence about
the effects of surface charge density and intrinsic/chemical
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energy of adsorption on the charge reversal is still lacking.
Therefore, we focus on the relation among surface charge
density of latex colloids and the intrinsic/chemical energy of
adsorption of hydrophobic counterion with charge reversal
concentration or IEP.

In this study, we examine the experimental and theoretical
relationship between the charge inversion of hydrophobic latex
colloids in the presence of hydrophobic tetraphenylphosphonium
cations (TPP+) and the intrinsic/chemical energy of adsorption of
TPP+ to latex particles of different charge density.

Experimental

Materials

Three IDC surfactant-free polystyrene sulfate latex spheres
(Thermo-Fischer) were used as colloidal particles in this study.
The manufacturer reported parameters of the three latex spheres
that are listed in Table 1. Before use, the three sulfate latex par-
ticles were dialyzed in a Visking tube, which was pre-cleaned in
a boiledNaHCO3 (kanto Chemical Co., Inc.) and EDTA (Sigma-
Aldrich) solution, against pure water. During the dialysis, the
electric conductivity of outer water was measured by an electric
conductivity meter (CM-30G TOA-DKK). The dialysis was car-
ried out until the electrical conductivity reduced to less than 2μS/
cm. After the dialysis, the three latex suspensions were standard-
ized using UV-Vis spectrophotometer (UV-1650PC, Shimadzu).

Two different electrolytes, KCl (JIS special grade, Wako Pure
Chemical Industries) and hydrophobic tetraphenylphosphonium
chloride (TPPCl) (EP grade, Tokyo Chemical Industry Co.),
were used to control salt concentration. In every preparation of
the solution, these two electrolyte solutions were filtered
(DISMIC 25HP 0.2 μm, ADVANTEC). Before the experiment
of electrophoretic mobility, used solution and suspension were
degassed under reduced pressure (GCD-051X, ULVAC). The
colloidal suspensions and salt solutions were prepared by using
pure water (Elix,Millipore). The pH of the suspensionwasmain-
tained at pH 4 with 0.1 mM HCl (JIS special grade, Wako Pure
Chemical Industries) to avoid the dissolving effects of CO2.

Experimental procedure

We measured electrophoretic mobility of the latex particles as
a function of salt concentration.

The electrophoretic mobility was measured with a Zetasizer
Nano ZS apparatus (Malvern Instruments). Measurements of
electrophoretic mobility were carried out as a function of salt
concentration, 0.0001–100 mM (TPPCl) and 0.1–100 mM
(KCl), at a temperature of 20 °C and pH 4. The concentration
of sulfate latex particles was maintained 5 mg/L in every mea-
surement. Samples were prepared from the latex suspension by
adding appropriate volumes of water and stock salt solutions to
adjust the particle and salt concentrations. The values of the
suspension pH were checked by a combination electrode (ELP-
035, TOA-DKK) and maintained a value at pH 4. We measured
the electrophoretic mobility of these three sulfate latex spheres in
KCl and TPPCl salts separately to compare the effect of
hydrophobicity.

Theoretical modeling

Surface charge-surface potential relationship

Experimental values of electrophoretic mobilities are compared
with theoretical values. Theoretical mobility is calculated by
using the theoretical models based on the standard electrokinetic
theories and the double-layer model with Poisson-Boltzmann
(PB) equation. The Gouy-Chapman model is used for the eval-
uation of surface potential ψ0 from the surface charge density σ0
in KCl solution. That is, we use Eq. (1):

σ0 ¼ 2kBTεrε0κ
e

sinh
eψ0

2kBT

� �
ð1Þ

1

κ
¼ εrε0kBT

2n0e2

� �1
2

ð2Þ

1
�
κ is the Debye length in a solution with the concentration

(number density) of electrolyte n0. The Debye length 1/κ is
considered as the thickness of the diffuse double layer. Other
parameters εr, ε0, T, kB, and e are the relative permittivity of
liquid, the vacuum permittivity, the absolute temperature, the
Boltzmann constant, and the elementary charge, respectively.
We assume ψ0 = ζ, where ζ is the zeta potential in KCl
solution. This assumption was verified by experiments
[13, 14]. In some cases, however, the reduction of charge
or shift of slipping plane is needed [4, 13–15]. As a result,
electrophoretic mobility in KCl solution is calculated from
the surface charge density.

Table 1 Some parameters of
studied particles reported from
manufacturer

Parameters Particle 1 Particle 2 Particle 3

Particle diameter (2a) (μm) 0.25 0.47 1.2

Density (g/cm3) 1.055 1.055 1.055

Surface charge density σ0 (C/m
2) −0.006 −0.049 −0.096

Electrokinetic surface charge density σk(C/m
2) −0.011 −0.037 −0.043
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The TPP+ ion is adsorbed strongly on the surfaces of the
polystyrene latex, and thus, we introduce the Stern layer as the
following Eq. (3) followed by [7, 11].

ГS ¼ 2rsCsexp −
eψd−Φ
kBT

� �
ð3Þ

where the Гs is the amount of adsorbed TPP ion in the Stern
layer, rs is the radius of adsorbed TPP+ ion, here we use 2r-
s = 0.94 nm [11], Cs is the bulk concentration of TPP

+ ion, ψd

is the diffuse layer potential, and Φ is the chemical/intrinsic
adsorption energy per ion. Here, we use the term intrinsic/
chemical energy of adsorption to indicate the energies other
than electrostatic part for the adsorption energy.

Therefore, the charge density of the Stern layer σs is thus

σs ¼ eNAГ s ð4Þ

where NA is the Avogadro number.
The diffuse layer charge σd is related to the diffuse layer

potential ψd by using the Gouy-Chapman theory [5]:

σd ¼ −
2kBTεrε0κ

e
sinh

eψd

2kBT

� �
ð5Þ

According to charge neutrality

σ0 þ σs þ σd ¼ 0 ð6Þ

Finally, the zeta potential ζ is obtained as follows [15]:

ζ ¼ ψ xsð Þ ¼ 4kBT
e

arctanh tanh
eψd

4kBT

� �
exp −κxsð Þ

� �
ð7Þ

where xs is the distance to the slipping plane. From
Eqs. (3)–(7), in the presence of TPP+, the zeta potential is
evaluated.

At an isoelectric point, ψd = 0, a simple relation can be ob-

tained between the charge reversal concentration CI
s and the

adsorption energy per ion Φ at isoelectric point followed by
[10, 11, 16]. That is,

CI
s ¼

σ0

e2rs
exp −Φ=kBT
� � ð8Þ

Electrophoretic mobility

We use an approximate formula called Henry’s equation,
which is applicable for low zeta potential ζ to convert

zeta potential to electrophoretic mobility of a sphere
with a radius a:

μ ¼ εrε0
η

ζf κað Þ ð9Þ

where η is the viscosity of medium and f(κa) is called Henry’s
function. An Ohshima’s appropriate expression for Henry’s
function is as follows[17]:

f κað Þ ¼ 2

3
1þ 1

2 1þ 2:5
κa 1þ2exp −κað Þf g

	 
3
2
64

3
75 ð10Þ

f = 1 corresponds to the Smoluchowski equation. The Eqs. (9)
and (10) assume that during electrophoresis, the potential dis-
tribution in the double layer around a spherical particle re-
mains spherically symmetric. In the case of high zeta poten-
tial, however, the double layer around the particle is deformed.
This double layer asymmetry is called relaxation effect which
is not taken into account in Eqs. (9) and (10). In the presence
of relaxation effect, we can calculate the mobility of a sphere
with a radius a by using O’Brien and White theory [18]
through the computer program.

An analytical equation of the mobility of a sphere with larger
zeta potential can be obtained by using Ohshima’s expressions
[17, 19, and 20]. It is known that taking account of the relaxation
is necessary to describe the electrophoretic mobility of silica,
latex, and lysozyme in previous researches [4, 14, 21–23]. If
we take account of the relaxation effect, the electrophoretic mo-
bility μ depends on the ionic drag coefficient of the i-th ion
specie λi

λi ¼ NAe2 zij j
Λ0

i

ð11Þ

where Λ0
i is the limiting conductance of i-th ion specie and zi is

the valance of the i-th ion specie. And the scaled drag coefficient
of i-th ion species mi is as follows:

mi ¼ 2εrε0kBT
3ηz2i e

2
λi ð12Þ

The approximate mobility μ in a z-z symmetrical electro-
lyte z = z1 = −z2 solution applicable to an order of 1

�
κa is

given from the following semiempirical mobility :

μ ¼ sgn ζð Þ εrε0
η

ζj j− 2F
1þ F

kBT
ze

� �
H

� �

þ sgn ζð Þ 2εrε0 kBT
3ηe

1

κa
−18 t þ t3

9

� �
K þ 15F

1þ F
t þ 7t2

20
þ t3

9

� �
−6 1þ 3�mð Þ 1−exp −

ζ
2

 ! !
Gþ 12F

1þ Fð Þ2 H þ 9�ζ
1þ F

�mGþ mHð Þ− 36F
1þ F

�mG2 þ m
1þ F
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with

ζ ¼ ze ζj j
kBT

ð14Þ

F ¼ 2

κa
1þ 3mð Þ exp

�ζ
.

2

	 

−1

	 

ð15Þ

G ¼ ln
1þ exp −�ζ

.
2

	 

2

0
@

1
A ð16Þ

H ¼ ln
1þ exp

�ζ
.

2

	 

2

0
@

1
A ð17Þ

K ¼ 1−
25

3 κaþ 10ð Þ exp −
κa

6 κa−6ð Þ ζ
� �

ð18Þ

t ¼ tanh
�ζ
.

4

	 

ð19Þ

where ζ is the magnitude of the scaled zeta potential and m
andm are the scaled ionic drag coefficients of counterions and
co-ions, respectively. In the case with TPPCl, m and m used
for cations are molar average values of those for TPP+ and H+.
The Eq. (13) is invalid for κa < 10. Therefore, we need to use
another expression available for the mobility to the third pow-
er of zeta potential in Henry’s equation. According to
Overbeek [24], the mobility expression to the order of ζ3 is
given as follows followed by Ohshima [17]:

μ ¼ 2εrε0ζ
3η

f 1 κað Þ− zeζ
kBT

� �2

f 3 κað Þ þ mþ m
2

 !
f 4 κað Þ

( )" #
ð20Þ

The first term on the right hand corresponds to Henry’s
equation that is (2/3) f1(κa) equals Henry’s function f(κa)
given by Eq. (10).

The final approximate expression of mobility of a sphere in
a z-z-type symmetrical electrolyte solution given by Ohshima
[17] is as follows:

μ ¼ 2εrε0ζ
3η

1þ 1

2 1þ 2:5
κa 1þ2exp −κað Þð Þf g

h i3
0
B@

1
CA

−
2εrε0ζ
3η

zeζ
kBT

� �2 κa κaþ 1:3exp −0:18κað Þ þ 2:5f g
2 κaþ 1:2exp −7:4κað Þ þ 4:8f g3 þ mþ m

2

 !
9κa κaþ 5:2exp −3:9κað Þ þ 5:6f g
8 κa−1:55exp −0:32κað Þ þ 6:02f g3

" #
ð21Þ

Results and discussion

Electrophoretic mobility in KCl solution

In this section, we describe the effect of KCl concentration on
the electrophoretic mobility of sulfate latex of different surface
charge densities (Table 1). The values of electrophoretic mo-
bility as a function of electrolyte concentration are shown in
Figs. 1, 2, and 3 for latex particles with manufacturer’s charge
density of −0.006, −0.049, and −0.096 C/m2, respectively. In
Figs. 1, 2, and 3, symbols are experimental data; the dashed
and solid lines are obtained using the theoretical model with
assumed electrokinetic charge densities of −0.011, −0.037,
and −0.043 C/m2 to fit the experimental data. The magnitude
of experimental electrophoretic mobility (EPM) shows the
maximum around 1–10mMand decreases at lower and higher
KCl concentrations. The solid lines are calculated by
Ohshima’s theory including the relaxation effect for large κ
Eq. (13), and the dashed lines are drawn by the Smoluchowski
equation, respectively. While the EPM by the Smoluchowski
equation monotonically decreases with decreasing KCl con-
centration, the Ohshima equation captures the maximum in

the magnitude of EPM as found for the experimental data.
That is, the relaxation effect is significant at low KCl
concentration.

From Figs. 1, 2, and 3, it is clear that the calculated
values of mobility agree well with experimental data at
salt concentrations 1–100 mM. At lower KCl concentra-
tions, however, the magnitude of calculated EPM is
higher than that of the measured one. This disagreement
indicates that there is a need to include additional ef-
fects to explain EPM behavior in the concentration be-
low this range. The agreement between experiment and
theory is acceptable for higher salt concentrations. For
lower salt concentration of KCl (<10 mM), however, the
agreement is less satisfactory. With the increase of sur-
face charge density, the disagreement also increases at
the lower concentrations (Figs. 2 and 3). The clear rea-
son for this disagreement is unknown.

While the manufacturer’s charge density and the electroki-
netic charge density fitted to experimental data do not agree,
they are correlated. In the following section, we use both man-
ufacturer’s charge and electrokinetic charge in the analysis as
possible charge densities.
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Electrophoretic mobility in the presence of hydrophobic
cation

In this section, we discuss the effect of tetraphenylphosphonium
chloride (TPPCl) concentration on the electrophoretic mobility
and charge reversal of polystyrene sulfate latex. The electropho-
retic mobility of the latex sphere is shown as a function of the
TPP concentration in Figs. 4, 5, and 6 for the three latex spheres
with electrokinetic charge density −0.011, −0.037, and −0.043C/
m2. In Figs. 4, 5, and 6, the symbols are experimental data, the
dashed lines are evaluated without considering the double layer
relaxation, and the solid lines are theoretical calculation including
the double layer relaxation.

The EPM of sulfate latex is negative at low concentrations
of TPP+ ion. As the concentration of TPP+ increases, the mag-
nitude of the negative mobility decreases and the mobility
reverses to positive; charge inversion is observed with TPP+

ion. The inverted mobility increases, goes through the maxi-
mum, and decreases with increasing the TPP+ concentration.

We observe a large inversion of the electrophoretic mobil-
ity of all the latex spheres. The concentrations of the mobility
inversion or isoelectric points (IEPs) increase with increasing
the surface charge density. The IEPs found from our experi-
ments are 0.0018, 0.45, and 1.85 mM of TPP+ ion concentra-
tion for the latex with the lowest, medium, and the highest
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charge density. This increase of IEP indicates that the higher
amount of TPP+ ions is necessary to neutralize the latex
spheres of higher charge density. A previous study [11]
showed that hydrophobic counterions gave rise to the mobility
reversal of hydrophobic particles at a concentration higher
than 1 mM of tetraphenyl arsonium chloride (Ph4As

+Cl−).
Another study [10] showed the effect of hydrophilic and hy-
drophobic natures of colloids on the mobility reversal induced
by hydrophobic counterion. They [10] explained that the
charge inversion occurs only when hydrophobic surfaces in-
teract with hydrophobic ions, and the charge inversion

disappears for hydrophilic colloids in the presence of organic
or inorganic counterions. It is interesting to note that a previ-
ous study [12] also found the effect of hydrophobic anion and
cation on the charge inversion and concluded that the anionic
counterion causes much more notable inversion compared to
cationic counterion. However, the charge density and hydro-
phobic interaction were unrevealed in their studies. In this
study, we tried to reveal the influence of charge density on
the charge reversal concentration in the presence of hydropho-
bic counterion (TPP+) and found that the IEP or the charge
inversion concentration of counterion increases with increas-
ing surface charge density.

As for the theoretical calculation shown as the lines in
Figs. 4, 5, and 6, we use the model described above with the
electrokinetic charge density of −0.011, −0.037, and
−0.043 C/m2 and the intrinsic adsorption energy of 11, 7
and 5.5 kBT for Figs. 4, 5, and 6, respectively. These values
of the adsorption energy are selected to provide the reasonable
agreement between theoretical IEP and experimental one.
Figure 7 is the plot of the intrinsic energy against electroki-
netic surface charge density. In this figure, we also plot the
adsorption free energy evaluated using Eq. (8) from the iso-
electric point with the surface charge density from manufac-
turer’s supply (Table 1) (dashed line in Fig. 7). In both cases
using electrokinetic and manufacturer’s surface charge
densities, we found that the adsorption free energy (Φ) is not
constant and decreases with surface charge density (Fig. 7). To
the best of the authors’ knowledge, this is the first to report the
dependence of the adsorption energy on the surface charge
density. This result does not support the assumption of the
previous study [10], which indicates that the bulk concentration
of counterion at IEP is proportional to the surface charge
density on the basis of molecular dynamic simulations with as-
suming a constant value of the intrinsic adsorption energy
Φ = 8.5 kBT. In this study, we found the highest intrinsic adsorp-
tion energy Φ = 11 kBT for the lowest electrokinetic charge
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density (−0.011 C/m2) and 10.5 kBT by using Eq. (8) from the
manufacturer’s surface charge density (−0.006 C/m2).
Subsequently, the lowest values of the intrinsic adsorption free
energy were found 5.5 and 6.3 kBT for electrokinetc and manu-
facturer’s surface charge density of −0.043 and −0.096 C/m2,
respectively. The previous study [11]mentioned the typical value
for the free energy of transfer for the family of some organic
cations (Ph4As

+,Ph4Sb
+,Ph4Ge

+, Ph4C
+,…) from water to non-

aqueous solvent as the order of 12 kBT is closely related to the
intrinsic energy of adsorption. It should be noted here that the
previous study [11] introduced a scenario that the organic cation
(Ph4As

+) accumulates near the colloid (sulfonated latex) surfaces
with two of four phenyl groups in contact (adsorbed) onto the
hydrophobic latex surfaces, making a hydration free energy 6
kBT. In this study, the maximum Φ is rather close to 12 kBT.
This means that nearly all the phenyl groups from TPP+ ion
adsorb on the surfaces of latex spheres which carry the lowest
surface charge density. Surface roughness, irregularities of sphere
shapes, co-ion effect near IEP, and the discrete distribution of
charge layer around the latex spheres are probable factors for a
little bit decrease of the intrinsic energy than 12 kBT. In any case,
from the above discussion of this section, it is clear that the
adsorption free energy/intrinsic energy of adsorption decreases
with the increase of charge density.

In addition, we assume that the distance to the slipping
plane is 1.25 nm in all the cases with TPP+. The slipping plane
distance used in this study is a little larger than the size of
TPP+ ion, 0.94 nm, indicating that some anomaly and irregu-
larities of TPP+ adsorption on the surface of hydrophobic latex
spheres. It is probably due to the roughness of the latex sur-
faces or the uneven distribution of giant phenyl groups on the
adsorbed surfaces. Also, dimerization of hydrophobic TPP+

ions at the surface is a possible mechanism. In some cases, in
the point near neutralization, there is a tendency to absorb the
anions on the surface also; probably, this uneven adsorption
may cause some effect in slipping plane. We need more stud-
ies clarifying this matter by observing the molecular level
observation and further experiments of other giant hydropho-
bic ions with hydrophobic colloids by viewing their pictorial
representation in the molecular level.

Conclusions

In this study, the charge inversion of sulfate latex particles by
hydrophobic monovalent counterions (TPP+) was investigat-
ed experimentally and theoretically as a function of the surface
charge density. We found that the charge inversion concentra-
tion or the isoelectric point for the latex with TPP+ increases
with the increasing of the charge density. Our simple theoret-
ical analysis showed that the intrinsic energy of adsorption
decreases with increasing the surface charge density of the
particles.

Acknowledgments This work is financially supported by the
KAKENHI (15H04563, 16H06382) from Japan Society for the
Promotion of Science. The authors wish to thank Prof. Yasuhisa Adachi
and Mr. Takuya Sugimoto for the support during this study.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

References

1. Adachi Y, Feng L, Kobayashi M (2015) Kinetics of flocculation of
polystyrene latex particles in the mixing flow induced with high
charge density polycation near the isoelectric point. Colloids Surf A
Phys i co chem Eng Asp 471 :38–44 . do i : 10 .1016 / j .
colsurfa.2015.02.011

2. Szilágyi I, Trefalt G, Tiraferri A, Maroni P, Borkovec M (2014)
Polyelectrolyte adsorption, interparticle forces, and colloidal aggre-
gation. Soft Matter 10:2479–2502. doi:10.1039/c3sm52132

3. TanW, NordeW, Koopal LK (2014) Interaction between lysozyme
and humic acid in layer-by-layer assemblies: effects of pH and ionic
strength. J Colloid Interface Sci 430:40–46. doi:10.1016/j.
jcis.2014.05.029

4. Kobayashi M, Nitanai M, Satta N, Adachi Y (2013) Coagulation
and charging of latex particles in the presence of imogolite. Colloids
and Surfaces A: Physicochem Eng Aspects 435:139–146.
doi:10.1016/j.colsurfa.2012.12.057

5. Jiménez ML, Delgado AV, Lyklema J (2012) Hydrolysis
versus ion correlation models in electrokinetic charge inver-
sion: establishing application ranges. Langmuir 28:6786–
6793. doi:10.1021/la3010773

6. Nishiya M, Sugimoto T, Kobayashi M (2016) Electrophoretic mo-
bility of carboxyl latex particles in the mixed solution of 1: 1 and 2:
1 electrolytes or 1: 1 and 3: 1 electrolytes: experiments and model-
ling. Colloids Surf A Physicochem Eng Asp. doi:10.1016/j.
colsurfa.2016.05.045

7. Somasundaran P, Healy TW, Fuerstenau DW (1964) Surfactant
adsorption at the solid—liquid interface—dependence of mecha-
nism on chain length. J Phys Chem 68(12):3562–3566

8. Pham TD, Kobayashi M, Adachi Y (2015) Adsorption of an-
ionic surfactant sodium dodecyl sulfate onto alpha alumina
with small surface area. Colloid Polymer Science 293:217–
227. doi:10.1007/s00396-014-3409-3

9. Lyklema J (2006) Overcharging, charge reversal: chemistry or
physics? Colloids Surf A Physicochem Eng Asp 291:3–12.
doi:10.1016/j.colsurfa.2006.06.043

10. Calero C, Faraudo J (2011) Interaction of monovalent ions with
hydrophobic and hydrophilic colloids: charge inversion and
ionic specificity. J Am Chem Soc 133:15025–15035.
doi:10.1021/ja204305b

11. Martín-Molina A, Calero C, Faraudo J, Quesada-Pérez M,
Travesset A, Hidalgo-Álvarez R (2009) Hydrophobic effect as a
driving force for charge inversion in colloids. Soft Matter 5:
1350–1353. doi:10.1039/b820489f

12. Perez-Fuentes L, Drummond C, Faraudo J, Bastos-Gonzalez D
(2015) Anions make the difference: insights from the interaction
of big cations and anions with poly(N-isopropylacrylamide) chains
and Microgels. Soft Matter 11:5077–5086. doi:10.1039/C5
SM00750J

Colloid Polym Sci (2016) 294:1671–1678 1677

http://dx.doi.org/10.1016/j.colsurfa.2015.02.011
http://dx.doi.org/10.1016/j.colsurfa.2015.02.011
http://dx.doi.org/10.1039/c3sm52132
http://dx.doi.org/10.1016/j.jcis.2014.05.029
http://dx.doi.org/10.1016/j.jcis.2014.05.029
http://dx.doi.org/10.1016/j.colsurfa.2012.12.057
http://dx.doi.org/10.1021/la3010773
http://dx.doi.org/10.1016/j.colsurfa.2016.05.045
http://dx.doi.org/10.1016/j.colsurfa.2016.05.045
http://dx.doi.org/10.1007/s00396-014-3409-3
http://dx.doi.org/10.1016/j.colsurfa.2006.06.043
http://dx.doi.org/10.1021/ja204305b
http://dx.doi.org/10.1039/b820489f
http://dx.doi.org/10.1039/C5SM00750J
http://dx.doi.org/10.1039/C5SM00750J


13. Chassagne C, Ibanez M (2013) Electrophoretic mobility of latex
nanospheres in electrolytes: experimental challenges. Pure Appl
Chem 85(1):41–51. doi:10.1351/PAC-CON-12-02-12

14. Kobayashi M (2008) Electrophoretic mobility of latex spheres in
the presence of divalent ions: experiments and modelling. Colloid
Polym Sci 286:935–940. doi:10.1007/s00396-008-1851-9

15. Borkovec M, Behrens SH, Semmler M (2000) Observation of the
mobility maximum predicted by the standard electrokinetic model
for highly charged amidine latex particles. Langmuir 16:5209–
5212. doi:10.1021/la9916373

16. Besteman K, Zevenbergen M, Lemay S (2005) Charge inver-
sion by multivalent ions: dependence on dielectric constant
and surface-charge density. Phys Rev E 72:061501.
doi:10.1103/PhysRevE.72.061501

17. Ohshima H (2006) Theory of colloid and interfacial electronic phe-
nomena, 1st edn. Academic Press, London

18. O’Brien RW, Hunter RJ (1981) The electrophoretic mobility of
large colloidal particles. Can J Chem 59:1878–1887.
doi:10.1139/v81-280

19. Ohshima H, Healy TW, White LR (1983) Approximation analytic
expressions for the electrophoretic mobility of spherical colloidal

particles and the conductivity of their dilute suspensions. J Chem
Soc Faraday Trans 2 79:1613–1628. doi:10.1039/F29837901613

20. Ohshima H (2005) Approximate expression for the electrophoretic
mobility of a spherical colloidal particle in a solution of general
electrolytes. Colloids Surfaces A 267:50–55. doi:10.1016/j.
colsurfa.2005.06.036

21. Kobayashi M, SkarbaM, Galletto P, Cakara D, Borkovec M (2005)
Effects of heat treatment on the aggregation and charging of Stöber-
type silica. J Colloid Interf Sci 292:139–147. doi:10.1016/j.
jcis.2005.05.093

22. Sugimoto T, Kobayash M, Adachi Y (2014) The effect of double
layer repulsion on the rate of turbulent and Brownian aggregation:
experimental consideration. Colloids and Surfaces A:
Physicochem. Eng. Aspects 443:418–424. doi:10.1016/j.
colsurfa.2013.12.002

23. Yamaguchi A, Kobayashi M (2016) Quantitative evaluation of shift
of slipping plane and counterion binding to lysozyme by electro-
phoresis method. Colloid Polym Sci. doi:10.1007/s00396-016-
3852-4

24. Overbeek JTG (1943) Theorie der Elektrophorese. Kolloid-
Beihefte 54:287. doi:10.1007/BF02556774

1678 Colloid Polym Sci (2016) 294:1671–1678

http://dx.doi.org/10.1351/PAC-CON-12-02-12
http://dx.doi.org/10.1007/s00396-008-1851-9
http://dx.doi.org/10.1021/la9916373
http://dx.doi.org/10.1103/PhysRevE.72.061501
http://dx.doi.org/10.1139/v81-280
http://dx.doi.org/10.1039/F29837901613
http://dx.doi.org/10.1016/j.colsurfa.2005.06.036
http://dx.doi.org/10.1016/j.colsurfa.2005.06.036
http://dx.doi.org/10.1016/j.jcis.2005.05.093
http://dx.doi.org/10.1016/j.jcis.2005.05.093
http://dx.doi.org/10.1016/j.colsurfa.2013.12.002
http://dx.doi.org/10.1016/j.colsurfa.2013.12.002
http://dx.doi.org/10.1007/s00396-016-3852-4
http://dx.doi.org/10.1007/s00396-016-3852-4
http://dx.doi.org/10.1007/BF02556774

	Charge reversal of sulfate latex induced by hydrophobic counterion: effects of surface charge density
	Abstract
	Introduction
	Experimental
	Materials
	Experimental procedure
	Theoretical modeling
	Surface charge-surface potential relationship

	Electrophoretic mobility

	Results and discussion
	Electrophoretic mobility in KCl solution
	Electrophoretic mobility in the presence of hydrophobic cation

	Conclusions
	References


