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Effects of dielectric decrement on surface potential
in a mixed electrolyte solution*
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Surface potential is an important parameter related to the physical and chemical properties of charged particles. A
simple analytical model for the estimation of surface potential is established based on the Poisson–Boltzmann theory with
the consideration of the dielectric decrement in mixed electrolyte. The analytical relationships between surface potential and
charge density are derived in different mixed electrolytes with monovalent and bivalent ions. The dielectric decrease on the
charged surface strongly affects the surface potential at a high charge density with different ion strengths and concentration
ratios of counter-ions. The surface potential based on the Gouy–Chapman model is underestimated because of the dielectric
decrement on the surface. The diffuse layer can be regarded as a continuous uniform medium only when the surface charge
density is lower than 0.3 C·m−2. However, the surface charge densities of many materials in practical applications are
higher than 0.3 C·m−2. The new model for the estimation of surface potential can return to the results obtained based on
the Gouy–Chapman model at a low charge density. Therefore, it is implied that the established model that considers the
dielectric decrement is valid and widely applicable.

Keywords: surface potential, colloidal particle, dielectric decrement, charge density, electrolyte
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1. Introduction
Surface potential is an important parameter of nano-

colloidal particles. It determines many ion–surface and
surface–surface interactions, such as ion adsorption and trans-
port near the surface,[1–3] interparticle force,[4] aggregate
stability[5] and deposition phenomena.[6] Therefore, the esti-
mation of surface potential is a significant issue in colloidal
and interfacial chemistry. However, an important physical fac-
tor, dielectric decrement at the solid–liquid interface, has been
neglected in theories for the estimation of surface potential.

The theories and methods of estimating the surface poten-
tial have been proposed based on the double-layer theory,[7–13]

the second harmonic generation method,[14,15] x-ray photo-
electron spectroscopy method,[16] and replacement by zeta
potential.[17] The double-layer[7–9] and second harmonic
generation[14,15] methods are mainly based on the Gouy–
Chapman (GC) model and density functional theory.[10,11]

The hydration repulsion between particles is taken into ac-
count in the experimental method based on x-ray photoelec-
tron spectroscopy.[16] The surface potential is usually replaced
by the zeta potential that only depends on the magnitude of the
shear interface charges. In this study, the surface potential is
the potential at the original plane of the diffuse layer or Stern
plane, and the shear plane is far from Stern plane[17,18] so it
cannot be used as a substitute.

A strong electric field, up to hundred millions volt per

meter, exists near a charged surface.[2] The electric field influ-
ences the water molecules at the interface, which can signif-
icantly reduce the dielectric constant of the medium.[19] The
lower dielectric permittivity in this strong electrostatic field
will further enhance the complexity of the charged ions into
neutral species.[20,21] In predecessors’ methods to measure the
surface potential,[22,23] the dielectric decrement was neglected
and the surface potential was thus inaccurately estimated.

Furthermore, mixed electrolyte solutions, rather than a
single-electrolyte solution, are often encountered in practical
applications. Zhao et al. provided a concise description of
the GC theory for NaCl/CaCl2 mixtures,[24] which is one of
the electrolyte mixtures with monovalent and divalent ions
(co-ions and counter-ions). In fact, the interfacial behaviors
described by Poisson–Boltzmann (PB) theory depend on the
electrolyte composition with different ionic species. However,
a simple analytical method of estimating the surface poten-
tial in mixed electrolytes considering the dielectric decrement
should be established to conveniently apply the PB theory.
A theory that more accurately describes the surface potential
would provide us with a much more in-depth understanding
and a more rational approach to investigating the interfacial
behaviors.

The principles for the estimation of the surface potential
in mixed electrolytes were proposed in our previous study;[25]

nevertheless, the effects of the dielectric decrement on surface
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potential were neglected. Therefore, an analytical method to
estimate the surface potential by considering dielectric decre-
ment is established, and the effects of the dielectric decrement
on the surface potential are investigated in this study.

2. Theory
2.1. Surface potential estimation considering dielectric

decrement based on the Poisson–Boltzmann equation

According to the PB equation and the definition of the
electric field E = dϕ/dx at boundary x→∞, E = 0, and ϕ = 0,
and at the Stern plane x → 0, E = E0 and ϕ = ϕ0, one obtains

g(E0) =
2RT
ε0

∑
i

fi(e−ZiFϕ0/RT −1), (1)

where

g(E0) = 2D0E2
0 −

∫ E2
0

0
DdE2, (2)

g(E0) is a function of the electric field strength at the solid–
liquid interface, E0 is the electric field strength at the surface,
ε0 is the vacuum dielectric constant, D is the relative dielectric
function of the medium, D0 is the relative dielectric constant at
the charged surface, Zi is the valence of ion species i, fi is the
concentration of ion species i in bulk solution, F is the Faraday
constant, R is the gas constant, T is the absolute temperature
and ϕ0 is the surface potential of the particle.

Equation (1) shows that if the function g(E0) is known,
the surface potential can be calculated theoretically.

When the dielectric decrement is neglected, Eq. (2) be-
comes g(E0) = E2

0 Dw, where E0 = σ0/ε0D0, thus g(E0) is ac-
tually a function of surface charge density σ0, and g(E0) =

σ2
0 /(ε

2
0 Dw), where Dw is the relative permittivity of water in

bulk solution. Therefore, Eq. (1) can be written as

∑
i

fi(e−ZiFϕ0/RT −1) =
σ2

0
2ε0DwRT

. (3)

In the GC theory, the dielectric property in the diffusion layer
is assumed to be a continuous medium such as water.[26] How-
ever, the dielectric constant at the surface with strong electric
field can be reduced to a very low value.[19]

In this study, we select a dielectric function:

D = 1+
Dw −1√

1+nα2E2
, (4)

where n= 0.128 is the parameter fitted by a Langevin function
of the dielectric constant,[27,28] Dw is the relative permittivity
of water, α = pw/kT , pw is the magnitude of the water dipole
moment, k is Boltzmann constant and T is the absolute tem-
perature. At T = 298 K, α = 3.94×10−9 m·V−1.

Substitution of Eq. (4) into Eq. (2) leads to

g(E0) =
2E2

0 (Dw −1)√
1+nα2E2

0

− 2(Dw −1)
nα2

×
(√

1+nα2E2
0 −1

)
+E2

0 . (5)

The relationship between the electric field strength and charge
density can be obtained by the Gauss theorem E =σ/ε0D, and
combining it with Eq. (4), one obtains

σ0

E0ε0
= 1+

Dw −1√
1+nα2E2

0

. (6)

Equation (6) shows that once the surface charge density is de-
termined in advance, the electric field strength at the surface
can be calculated.

Combining Eqs. (5) and (1), we obtain

2E2
0 (Dw −1)√
1+nα2E2

0

− 2(Dw −1)
nα2

(√
1+nα2E2

0 −1
)
+E2

0

=
2RT
ε0

∑
i

fi(e−ZiFϕ0/RT −1). (7)

Therefore, the surface potential can be estimated by using
Eq. (7).

2.2. Analytical method of estimating surface potential in
mixed electrolyte

Although Eq. (7) can be used to estimate the surface
potential, analytical expressions are not derived in different
mixed electrolytes, and the calculations are complex. There-
fore, in the following subsections we will derive simple an-
alytical expressions of the surface potential in different elec-
trolytes.

2.2.1. Single electrolyte

For 1:1 (AB) single electrolytes, the valence ions A and B
are ZA = 1 and ZB = −1, respectively, and their ion concen-
trations are related by fB = fA. Equation (7) can be written
as

ε0g(E0)

2RT
= fA

(
e−Fφ0/RT −1

)
+ fA

(
eFφ0/RT −1

)
. (8)

For a 1:2 (C2D) single electrolyte, the valence of ions C and D
are ZC = 1 and ZD = −2, respectively, and their ion concen-
trations are related by fD = fC/2. Equation (7) can be written
as

ε0g(E0)

2RT
= fC

(
e−Fϕ0/RT −1

)
+

1
2

fC
(

e2Fϕ0/RT −1
)
. (9)

For a 2:1 (EM2) single electrolyte, the valence of ions E and
M are ZE = 2 and ZM = −1, and their ion concentrations are
related by fM = 2 fE . Equation (7) can be written as

ε0g(E0)

2RT
= fE

(
e−2Fϕ0/RT −1

)
+2 fE

(
eFϕ0/RT −1

)
. (10)

When e−ZcounterionFϕ0 ≫ e−ZcoionFϕ0 , a general expression is ob-
tained in different single electrolytes:

e−ZFϕ0/RT =
ε0g(E0)

2RT f
+ r, (11)
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where Z is the valence of counterion, f is the concentration of
counterion, r is the corresponding constant for different elec-
trolyte: r = 2 for 1:1 electrolyte, r = 3 for |Zcounterion|:|Zcoion|=
2:1 electrolyte, and r = 3/2 for |Zcounterion|:|Zcoion|= 1:2 elec-
trolyte.

2.2.2. 1:1+1:1 mixed electrolytes

For 1:1+1:1 ( AB + A′B’) mixed electrolytes, the va-
lence of ions A and A′, and B and B’ are ZA = ZA′ = 1 and
ZB = ZB′ = −1, and their ion concentrations are fB = fA and
fB′ = fA′ . Equation (7) can be written as

ε0g(E0)

2RT
= ( fA + fA′)

(
e−Fφ0/RT −1

)
+( fA + fA′)

(
eFφ0/RT −1

)
. (12)

When e−ZcounterionFϕ0 ≫ e−ZcoionFϕ0 , equation (12) can be
rewritten as

e−Fϕ0/RT =
ε0g(E0)

2RT ( fA + fA′)
+2. (13)

2.2.3. 2:1 + 1:2 mixed electrolytes

For 2:1 + 1:2 ( EM2 +C2D) mixed electrolytes, the va-
lence of ions E, M, C, and D are ZE = 2, ZM = −1, ZC = 1,
and ZD =−2, respectively, and their ion concentrations are re-
lated by 2 fE = fM and fC = 2 fD. Equation (7) can be written
as

fE e−2Fϕ0/RT +2 fE eFϕ0/RT + fC e−Fϕ0/RT +
1
2

fC e2Fϕ0/RT

=
ε0g(E0)

2RT
+3 fE +

3
2

fC = m1. (14)

For a negatively charged surface ϕ0 <0, if equation (14) satis-
fies:

∣∣∣∣∣ fC e4Fϕ0/RT +4 fE e3Fϕ0/RT

fC e4Fϕ0/RT +4 fE e3Fϕ0/RT −2m1 e2Fϕ0/RT +2 fC eFϕ0/RT

∣∣∣∣∣≤ 5% (15)

or

0.95 fC e3Fϕ0/RT +3.8 fE e2Fϕ0/RT

+ 0.1m1 eFϕ0/RT −0.1 fC ≤ 0 (16)

by omitting the higher-order small quantity 0.95 fC e3Fϕ0/RT ,
equation (16) can be rewritten as

3.8 fE e2Fϕ0/RT +0.1m1 eFϕ0/RT −0.1 fC ≤ 0. (17)

Thus

0 < eFϕ0/RT ≤
−0.1m1 +

√
0.01m2

1 +1.52 fC fE

7.6 fE
. (18)

Equation (14) can be simplified into

−2m1 e2Fϕ0/RT +2 fC eFϕ0/RT +2 fE = 0. (19)

The solution of Eq. (19) is

eFϕ0/RT =
− fC −

√
f 2
C +4 fEm1

−2m1
. (20)

For a positively charged surface ϕ0 > 0, if equation (14) satis-
fies

2 fE e−2Fϕ0/RT +2 fC e−Fϕ0/RT

2 fE e−2Fϕ0/RT +2 fC e−Fϕ0/RT +4 fE eFϕ0/RT + fC e2Fϕ0/RT

≤ 5% (21)

or

−1.9 fE e−2Fϕ0/RT −1.9 fC e−Fϕ0/RT +0.2 fE eFϕ0/RT

+ 0.05 fC e2Fϕ0/RT > 0, (22)

equation (14) can be rewritten as follows:

2 fE eFϕ0/RT +
1
2

fC e2Fϕ0/RT −m1 ≈ 0. (23)

The solution of Eq. (23) is

eFϕ0/RT =
−2 fE +

√
4 f 2

E +2 fCm1

fC
. (24)

2.2.4. 2:2 + 1:2 mixed electrolytes

For 2:2 + 1:2 (EM +C2D) mixed electrolytes, the va-
lence of ions E, M, C, and D are ZE = 2, ZM = −2, ZC = 1,
ZD =−2, respectively, and their ion concentrations are related
by fE = fM and fC = 2 fD. Equation (7) can be written as

fE e−2Fϕ0/RT + fE e2Fϕ0/RT + fC e−Fϕ0/RT +
1
2

fC e2Fϕ0/RT

=
ε0A
2RT

+2 fE +
3
2

fC = m2. (25)

For a negatively charged surface ϕ0 <0, if equation (25) satis-
fies ∣∣∣∣∣ 2( fE + fC) e4Fϕ0/RT

2( fE + fC) e4Fϕ0/RT −2m2 e2Fϕ0/RT +2 fC eFϕ0/RT

∣∣∣∣∣
≤ 5% (26)

or

0.95(2 fE + fC) e3Fϕ0/RT +0.1m2 eFϕ0/RT −0.1 fC ≤ 0, (27)

Equation (25) can be rewritten as follows:

−2m2 e2Fϕ0/RT +2 fC eFϕ0/RT +2 fE ≈ 0. (28)
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The solution of Eq. (28) is

eFϕ0/RT =
− fC −

√
f 2
C +4 fEm2

−2m2
. (29)

For a positively charged surface ϕ0 > 0, if equation (25) satis-
fies

2 fE e−2Fϕ0/RT +2 fC e−Fϕ0/RT

2 fE e−2Fϕ0/RT +2 fC e−Fϕ0/RT +(2 fE + fC)e2Fϕ0/RT

≤ 5% (30)

or

0.05(2 fE + fC) e2Fϕ0/RT −1.9 fC e−Fϕ0/RT

− 1.9 fE e−2Fϕ0/RT ≥ 0, (31)

Eq. (25) can be rewritten as follows:

1
2
(2 fE + fC)e2Fϕ0/RT −m2 ≈ 0. (32)

The solution of Eq. (32) is

e2Fϕ0/RT =
2m2

2 fE + fC
. (33)

2.2.5. 2:2 + 2:1 mixed electrolytes

For a 2:2 + 2:1 (EM +CD2) mixed electrolyte, the va-
lence of ions E, M, C, and D are ZE = 2, ZM = −2, ZC = 2
and ZD = −1, and the ion concentrations are fE = fM and
2 fC = fD. Equation (7) can be written as

fE e−2Fϕ0/RT + fE e2Fϕ0/RT + fC e−2Fϕ0/RT +2 fC eFϕ0/RT

=
ε0A
2RT

+2 fE +3 fC = m3. (34)

For a negatively charged surface ϕ0 <0, if equation (34) satis-
fies ∣∣∣∣∣ fE e4Fϕ0/RT +2 fC e3Fϕ0/RT

fE e4Fϕ0/RT +2 fC e3Fϕ0/RT −m3 e2Fϕ0/RT

∣∣∣∣∣≤ 5% (35)

or

1.05 fE e2Fϕ0/RT +2.1 fC eFϕ0/RT −0.05m3 ≤ 0, (36)

equation (34) can be rewritten as follows:

−m3 e2Fϕ0/RT + fE + fC ≈ 0. (37)

The solution of Eq. (37) is

eFϕ0/RT =

√
fE + fC

m3
. (38)

For a positively charged surface ϕ0 > 0, if equation (34) satis-
fies

( fE + fC) e−2Fϕ0/RT

( fE + fC) e−2Fϕ0/RT +2 fC eFϕ0/RT + fE e2Fϕ0/RT ≤ 5% (39)

or

0.05 fE e2Fϕ0/RT +0.1 fC eFϕ0/RT

− 0.95( fE + fC) e−2Fϕ0/RT ≥ 0, (40)

equation (34) can be rewritten as follows:

1
2
(2 fE + fC)e2Fϕ0/RT −m3 ≈ 0. (41)

The solution of Eq. (41) is

eFϕ0/RT =
− fC +

√
f 2
C + fEm3

fE
. (42)

3. Results and discussion
3.1. Dielectric decrement at the solid–liquid interface

Based on the distribution of electric field in the diffuse
layer, the dielectric decrement in the double layer can be ap-
proximatively estimated by using Eq. (4). In the present study,
the dielectric decrement in a single 1:1 single electrolyte is
used as an example to be described at the solid–liquid inter-
face.

The potential distribution in the 1:1 electrolyte is[29]

eFϕ(x)/2RT =
1+ eFϕ0/2RT −

(
1− eFϕ0/2RT

)
e−κx

1+ eFϕ0/2RT +
(
1− eFϕ0/2RT

)
e−κx

, (43)

where κ is the Debye parameter, κ =
√

2πF2 f/ε0DwRT , f
is the concentration of counterion and Dw is the relative per-
mittivity of water in bulk solution. It is important to mention
that the potential distribution is derived by using classical PB
equation.

Thus the electric field E = dϕ/dx, specifically

E(x) =
dϕ

dx

=
4RT κ

F

(
1− eFϕ0/RT

)
e−κx(

1+ eFϕ0/2RT
)2 −

(
1− eFϕ0/2RT

)2 e−2κx
.

(44)

Combining Eqs. (4) and (44), the variation of relative dielec-
tric function of the medium as a function of position x can be
obtained to be

D = 1+
Dw −1√√√√1+nα2

(
4RT κ

F

(
1− eFϕ0/RT

)
e−κx(

1+ eFϕ0/2RT
)2 −

(
1− eFϕ0/2RT

)2 e−2κx

)2
. (45)

126801-4



Chin. Phys. B Vol. 27, No. 12 (2018) 126801

The surface potential in Eq. (45) is estimated by Eq. (11),
and the dielectric function is shown in Fig. 1. The dielectric
constant at the charged surface decreases with surface charge
density increasing (Fig. 1(a)). The dielctric constant obviously
decreases when the surface charge density exceeds 0.1 C·m−2.
The dielectric decrement mainly occurs at a distance of 0.5 nm
from charged surface (Fig. 1(b)).
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Fig. 1. Dielectric constant as a function of (a) surface charge density in an
inhomogeneous dielectric medium and (b) distance from charged surface in
0.001 mol·L−1 of a 1:1 electrolyte solution.
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Fig. 2. (color online) Comparison between surface potential and zeta potential
of montmorillonite with charge density of 0.1129 C·m−2 in KNO3 electrolyte
solutions. Data were cited from our previous study.[18]

Theoretically, the electric field in a double layer depends
on the salt concentration, because the thickness of a double
layer is determined by electrolyte concentration.[18] Gavish et
al. provided a model of dielectric properties as a function of

salt concentration with considering the electric field created
by ions.[30] In the present study, the correlation between ions
is neglected and the electric field is generated by the surface
charges of nano-colloidal particles.

The surface potential is usually replaced by the zeta
potential.[31,32] Based on the theoretical calculation of
Eq. (11), it is now possible to provide a comparison between
the surface potential and zeta potential in KNO3 electrolyte
solution.[18] The zeta potential is much lower than the surface
potential, which implies that the position of the shear plane is
far away from the Stern plane.[17,18,31] These differences are
supported by the experimental determinations.[33]
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Fig. 3. (color online) Comparison between surface potentials from this study
and the GC model for negatively charged particles with different charge den-
sities in 1:2 + 2:1 mixed electrolyte solutions for fC = 0.001 mol·L−1 (a),
0.01 mol·L−1 (b), and 0.1 mol·L−1 (c). Lines represent values calculated
from this study with considering dielectric decrement, and symbols refer to
values estimated from the GC model.
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3.2. Effect of dielectric decrement on surface potential in
a 2:1 + 1:2 mixed electrolyte solution

Based on the theoretical calculation of Eqs. (3) and (20),
it is now possible to compare the GC theory (without consid-
ering the dielectric decrement) and this study (considering the
dielectric decrement) in 2:1 + 1:2 mixed electrolyte solutions.
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Fig. 4. (color online) Comparison between surface potentials obtained from
this study and the GC model for negatively charged particles with different
ion strengths in 1:2 + 2:1 mixed electrolytes. Lines represent values calcu-
lated from this study considering dielectric decrement and symbols refer to
values estimated from the GC model.
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Fig. 5. (color online) Comparison between surface potentials obtained from
this study and the GC model with different concentration ratios of counter-
ions in 1:2 + 2:1 mixed electrolytes. Lines denote values calculated from
this study with considering dielectric decrement and symbols refer to values
estimated from the GC model.

The surface potential increases with charge density in-
creasing (Fig. 3), decreases with ion concentration increasing
(Fig. 4) and decreases with concentration ratio of divalent to
monovalent counter-ions increasing (Fig. 5). The dielectric
decrement has little effect on the surface potential for a rel-
atively low surface charge density. When the charge density
exceeds 0.3 C·m−2, the dielectric decrement of the particles
significantly affects the potential and increases with charge
density increasing (Fig. 3). Figures 4 and 5 show that for the
particles with a charge density of 0.5 C·m−2, the surface po-
tential is underestimated by the GC model at any ion strength
and different counter-ion concentration ratio, which is because
the dielectric constant significantly decreases for high charge

density (Fig. 1). For a low charge density, the new model can
automatically return to the GC model (Fig. 3).

3.3. Effect of dielectric decrement on surface potential in
a 2:2 + 1:2 mixed electrolyte solution

Based on the theoretical calculation of Eqs. (3) and (29), a
comparison between the GC model and this study is performed
in a 2:2 + 1:2 mixed electrolyte solution.
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Fig. 6. (color online) Comparison between surface potentials obtained from
this study and the GC model for negatively charged particles with dif-
ferent charge densities in a 2:2+1:2 mixed electrolyte solutions for fC =

0.001 mol·L−1 (a), 0.01 mol·L−1 (b), and 0.1 mol·L−1 (c). Lines represent
values calculated from this study with considering dielectric decrement and
symbols denote values estimated from the GC model.

The results for 2:2 + 1:2 electrolytes shown in Figs. 6–
8 are similar to those observed for 2:1 + 1:2 electrolytes
(Figs. 3–5), which indicates that the difference between a
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monovalent ion and a bivalent co-ion is insignificant for the
estimation of the surface potential. For the particles with a
charge density of 0.5 C·m−2, the surface potential is also un-
derestimated by the GC model at any ion strength (Fig. 7) and
different counter-ion concentration ratios (Fig. 8) due to the
decrease of dielectric constant at the surface with high charge
density (Fig. 1). For a low charge density, the new model can
automatically return to the GC model for a 2:2 + 1:2 elec-
trolyte (Fig. 6).
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Fig. 7. (color online) Comparison between surface potentials obtained from
this study and the GC model for negatively charged particles with different
ion strengths in 2:2 + 1:2 mixed electrolytes. Lines represent values calcu-
lated from this study considering dielectric decrement and symbols denote
values estimated from the GC model.
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Fig. 8. (color online) Comparison between surface potentials obtained from
this study and the GC model in different concentration ratios of counter-
ions with 2:2 + 1:2 mixed electrolytes. Lines represent values calculated
from this study considering dielectric decrement and symbols refer to val-
ues estimated from the GC model.

3.4. Effect of dielectric decrement on surface potential in
a 2:2 + 2:1 mixed electrolyte solution

Based on the theoretical calculations of Eqs. (3) and (38),
it is possible to compare with the GC theory without consid-
ering the dielectric decrement and this study with considering
dielectric decrement in 2:2 + 2:1 mixed electrolyte solutions.

The trends in 2:2 + 2:1 electrolytes shown in Figs. 9–11
are also similar to those in the above systems. For particles
with high charge density (e.g., 0.5 C·m−2), the surface po-
tential is also underestimated by the GC model (Figs. 10 and

11) due to the decrease of dielectric constant at such a sur-
face (Fig. 1). For a low charge density, the new model can
automatically return to the GC model in 2:2 + 2:1 electrolytes
(Fig. 9). However, compared with the above two systems, the
bivalent counter-ion significantly reduces the surface potential
because the interactions between bivalent counter-ions at the
charged surface are stronger than those between monovalent
ions at the surface.
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Fig. 9. (color online) Comparison between surface potentials obtained from
this study and the GC model for negatively charged particles with differ-
ent charge densities in 2:2 + 2:1 mixed electrolyte solutions, for fC =

0.001 mol·L−1 (a), 0.01 mol·L−1 (b), and 0.1 mol·L−1 (c). The lines are
calculated from this study considering dielectric decrement, and the sym-
bols denote values estimated from the GC model.

It is worth mentioning that only the ion–surface Coulomb
interaction is considered in the present study. Based on the
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theory established in this article, the other factors regarded as
the origins of Hofmeister effects, such as ion volume, disper-
sion and induction effects, will be taken into account in the
ion–surface interactions. Combining the dielectric decrement
with these factors, a more reliable theory for the estimation
of surface potential will be established in subsequent studies.
Furthermore, divalent ions show the evidence of specific ad-
sorption into a Stern layer and hence the existence of an iso-
electric point.[34] The charge states of variable charge surfaces
can be changed due to specific adsorption, thus the surface po-
tential can be changed.[35] In the Stern model the concept of
a specific adsorption potential was introduced.[36] In the fol-
lowing studies in this series, the use of an extended model for
conditions where specific adsorption potential takes place will
be demonstrated.
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Fig. 10. (color online) Comparison between surface potentials obtained
from this study and the GC model for negatively charged particles with
different ion strengths in 2:2 + 2:1 mixed electrolytes. Lines represent
values calculated from this study considering dielectric decrement and
symbols denote values estimated from the GC model.
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Fig. 11. (color online) Comparison between surface potentials obtained
from this study and the GC model with different concentration ratios of
counter-ions in 2:2 + 2:1 mixed electrolytes. Lines represent values cal-
culated from this study considering dielectric decrement and symbols
denote values estimated from the GC model.

4. Conclusions and perspectives
The principles of surface potential evaluation considering

the dielectric decrement in mixed electrolyte solutions are es-
tablished, and the effects of the dielectric decrement on sur-
face potential are analyzed. A simple and convenient ana-
lytical relationship between the surface potential and charge

density of nano/colloidal particles is derived. The surface po-
tential can be theoretically calculated as long as the surface
charge density of the particles is measured without solving the
numerical solution of the PB equation. Dielectric decrement
on the charged surface strongly affects the surface potential
for a charge density > 0.3 C·m−2 in different ion strengths
and concentration ratios of counter-ions. The hypothesis of
a homogeneous medium in the GC model obviously underes-
timates the surface potential and overestimates the dielectric
properties at the solid–liquid interface. This study provides an
approach to estimating the interfacial interactions and surface
potential by taking into account the Hofmeister effects, which
will be performed in subsequent studies.
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