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Abstract
Surface conductivity can have a significant impact on the determination of the zeta potential, but it is normally not accounted 
for when applying the Helmholtz-Smoluchowski or Henry models. In this study, we investigate concentrated polymer 
dispersions using electroacoustics and both standard models. We also pay particular attention to the influence of surface 
conductivity, which is characterized by conductivity measurements of the dispersion and dispersion medium. The Dukhin 
number as a measure of surface conductivity is calculated according to Maxwell–Wagner-O’Konski theory. Zeta potentials 
were determined by means of colloid vibration current (CVI) and electrophoretic light scattering (ELS) methods. It has been 
found that neglecting surface conductivity in standard electrokinetic models can lead to large measurement errors of up to 
100% with increasing particle volume fraction. In this study, the surface conductivity is now correctly taken into account by 
using the conductivities of the dispersion and the dispersion medium. Alternatively, this influence can also be considered 
using the Dukhin number. The zeta potentials resulting from the CVI measurement are then in excellent agreement with 
ELS reference measurements over a wide volume fraction range.

Keywords  Colloidal vibration current · Latex dispersion · Dukhin number · Electroacoustics · Surface conductivity · Zeta 
potential

Introduction

The zeta potential is one of the crucial parameters for the 
characterization of the electrostatic interaction in charged 
colloidal dispersions. Optical methods such as electropho-
retic light scattering (ELS) are commonly employed to 
measure zeta potential, but their use is limited to diluted 
samples [1, 2]. As an alternative, electroacoustics has also 
enabled characterization of electrokinetic properties of col-
loidal dispersions [1, 3]. Electroacoustic phenomena can 
occur if the colloidal particles and the dispersion medium 
have a density contrast. The application of an acoustic field 

causes the particles and medium to move relative to each 
other due to inertia effects. This motion also affects the 
counter-ions that are located in the diffuse layer around the 
particle, resulting in a perturbation of the charge distribu-
tion and thus creating a dipole moment. The polarization 
of the diffuse layer can be measured as a colloid vibration 
current (CVI) or a colloid vibration potential (CVP) signal. 
The electrokinetic sonic amplitude (ESA phenomenon), on 
the other hand, is the inverse of the CVI and CVP phenom-
enon, with the driving force being an electric field instead 
of a hydrodynamic field and the measured quantity being a 
sound amplitude. This study is primarily concerned with the 
CVI phenomenon. Further information on the ESA and the 
CVP phenomenon can be found in a review by Hunter [4] 
and in the article by Marlow et al. [5], respectively. Recently, 
a review on the measurement of zeta potential by electroa-
coustic methods has been published, providing a compre-
hensive survey of the latest findings [6].

The typical result of electrokinetic studies is the static 
or dynamic electrophoretic mobility, which is a measure 
for the motion of particles in the dispersion medium. These 
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parameters depend in particular on the zeta potential. The 
relationship between these quantities can be described by 
various theories [7]. They differ primarily in the consid-
eration of various effects that influence the motion of par-
ticles. This involves that certain limits of validity have to 
be taken into account when applying these theories. The 
Helmholtz-Smoluchowski (HS) theory is widely known and 
applicable to particles of any shape and size [8]. However, 
it is only valid when the thickness of the diffuse layer is 
small compared to the particle size. If this condition is not 
met, the Henry theory should be applied, which is valid for 
low to moderate zeta potentials [9]. However, both theories 
neglect surface conductivity and polarization effects of the 
electrical double layer, which can have a significant effect on 
electrophoretic mobility, particularly at high zeta potentials. 
In this case, advanced theories should be employed in order 
to avoid inaccuracies [7]. Despite these drawbacks, HS and 
Henry theory are often used for the evaluation of electroa-
coustic phenomena due to their simplicity, so that a detailed 
study and comparison with the ELS method is of particular 
practical value.

Nevertheless, an investigation of the surface conductivity 
is useful, as it can have an influence on the effective electric 
field strength within the dispersion. A suitable parameter 
is the dimensionless Dukhin number, which can be deter-
mined by conductivity measurements [10–15] or frequency-
dependent studies of dielectric properties [16–21]. This 
study focuses on conductivity measurements of the disper-
sion and the dispersion medium. Several theories are known 
to calculate the Dukhin number using these values, including 
the Maxwell–Wagner-O’Konski (MWO) theory [22–24]. A 
detailed overview can be found in the publication by Van der 
Put and Bijsterbosch [11].

While electroacoustic methods have been extensively 
used for the investigation of inorganic materials like ceram-
ics and metal oxides [5], only few research papers are known 
for polymer dispersions. Most of them are focused on low 
particle volume fractions [25–32]. To our knowledge, only 
the publications by Ishikawa et al. [33], Hozumi and Furu-
sawa [34], and Rasmusson [35] deal with particle volume 
fractions above 10 vol%. The reasons are not clear, but the 
underrepresentation of polymer latices in electroacoustic 
research may be attributed to the weak measuring signal 
due to the rather low-density contrast. However, recent stud-
ies have shown that modern instruments can provide reliable 
results even for density differences of less than 0.01 g/L [33]. 
Therefore, it is worthwhile to clarify the capability of elec-
troacoustic measurement methods for the characterization 
of polymer dispersions.

In this study, we determine the zeta potential of highly 
concentrated polymer dispersions using electroacoustic 
methods. The zeta potential is calculated from the meas-
ured CVI signal by means of the HS and Henry theories. 

The influence of the surface conductivity on the effective 
electric field strength is considered by the Dukhin number. 
For this purpose, the conductivity of the dispersion and the 
dispersion medium is measured. As an electrokinetic con-
sistency test, the zeta potential is also determined by ELS 
measurements on diluted samples.

Theory

Typically, particles dispersed in an aqueous medium have a 
charged surface. These charges generate an electrical poten-
tial that is subsequently screened by counter-ions located in 
the Helmholtz layer and in the diffuse layer surrounding the 
particle. This arrangement is called electrical double layer 
(EDL). Application of an external driving field can cause 
particles, ions and liquid within the EDL to move relative 
to each other, resulting in a perturbation of the equilib-
rium state. At the slip plane, the velocity of the dispersion 
medium relative to the particle is zero and the correspond-
ing potential is called zeta potential. Its value depends on 
several influence factors, e.g. valence and concentration of 
electrolytes in the dispersion medium. In the absence of co-
ion adsorption, the absolute zeta potential decreases as ionic 
strength increases.

Furthermore, the disturbance of theequilibrium state can 
lead to a polarization of the EDL. Due to the EDL structure, 
there is a local excess concentration of counter-ions near 
the particle surface. Thus, the applied external field leads 
to an excess conductivity compared to the conductivity in 
the bulk medium Km . This quantity depends on the particle 
surface area and the surface conductivity Kσ . Typically, the 
particle itself is not conductive and behaves as an electrical 
insulator (dielectric). Therefore, it decreases the conductiv-
ity of the dispersion Ks . The extent of this effect depends 
on the particle volume and the medium conductivity Km . A 
measure for the balance of both effects is the dimensionless 
Dukhin number Du given in Eq. (1), which also includes the 
particle radius a . Like zeta potential, Du is not a constant 
particle property, as it depends on the ionic strength of the 
dispersion medium. It is also worth mentioning that the EDL 
can contribute to the surface conductivity both below and 
beyond the slip plane [7, 36]. These contributions are known 
as stagnant layer and diffuse layer conductivity, respectively. 
Therefore, the method for determining the Dukhin number 
should be able to account for both.

There are several external driving forces that can be used 
to generate a tangential fluid motion near a charged particle 
surface. One of the most frequently applied electrokinetic 

(1)Du =
Kσ

Km ⋅ a
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methods is electrophoresis. In this case, the charged particles 
are accelerated by an external electric field of strength Eext . 
The resulting particle velocity vp depends, among others, 
on the zeta potential � . The relation between these quanti-
ties can be described with the simple but very popular HS 
equation [8]:

where � is the electrophoretic mobility, �0 the vacuum 
permittivity, �m the relative permittivity of the medium, 
and � the dynamic viscosity. This equation is only valid 
for particles with a thin diffuse ion layer compared to the 
particle radius a , i.e. 𝜅a ≫ 1 , where � is the Debye-Hückel 
parameter:

with Avogadro constant NA , elementary charge e , Boltzmann 
constant kB , thermodynamic temperature T  , charge number 
zi and concentration ci (medium contains i = 1 to N ionic 
species).

If the thickness of the diffuse layer is not thin compared 
to the particle radius, the retardation effect of the hydrated 
electrolyte ions on the electrophoretic mobility is more accu-
rately characterized by the Henry function fH(�a) , shown in 
Eq. (4) [9]. This function can be calculated using the simple 
approximation Eq. (5) derived by Ohshima [37]:

Very often � cannot be calculated according to Eq. (3), 
since the exact composition of the dispersion medium is 
unknown. Instead, it is approximated utilizing the conductiv-
ity of the dispersion medium Km and Eq. (6) [1]. In this case, 
the average value of the presumed electrolyte should be used 
for the effective diffusion coefficient Deff.

The diffusion coefficient D± of cations ( +) and anions 
( −) can be calculated according to the Nernst-Einstein equa-
tion, where Λ0

±
 is the limiting molar conductivity of electro-

lyte ions at infinite dilution:

(2)� =
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|||
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||
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�0 ⋅ �m ⋅ �

�
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It is important to note that the HS and Henry theories 
neglect surface conductivity and EDL polarization (relaxa-
tion effect), which become relevant at high zeta potentials 
(especially for |𝜁 | > 50 mV). Furthermore, Eqs. (2) and (4) 
are only valid for dilute dispersions as they take the external 
field strength Eext into account. This condition is usually ful-
filled in electrophoretic light scattering (ELS) experiments. 
However, we have to consider that with increasing particle 
concentration, the field strength within the dispersion Eint 
deviates from the external field Eext because particles nor-
mally behave as electrical insulators. Moreover, the surface 
conductivity can also exert an influence on the internal elec-
tric field. A simple relationship between the internal electric 
field Eint and the external electric field Eext with the con-
ductivity of the dispersion medium Km and the dispersion 
Ks is shown in the Eq. 8 [38]. It should be noted that Ks also 
considers the surface conductivity of the particles.

This relationship provides the opportunity to extend the 
HS equation to concentrated systems [39, 40].

Equation (8) can likewise be applied to the Henry Eq. (4):

Equations (9) and (10) are becoming important for elec-
trokinetic investigations at high solid contents, like in elec-
troacoustics. At this point, it is worth mentioning that usual 
electrophoretic measurements involve stationary electro-
phoretic mobility, whereas electroacoustic measurements 
involve dynamic electrophoretic mobility. The concept of 
dynamic electrophoretic mobility �d was originally intro-
duced by O’Brien [41]. It relates electroacoustic parameters 
to relevant colloidal parameters, such as the zeta potential � . 
Dukhin and co-workers applied this concept to concentrated 
dispersions and to the CVI phenomenon [42–44]. In the case 
of the HS model framework, they obtained the following 
relationship:

(7)D± =
kB ⋅ T ⋅ Λ0

±
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2
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Here, CVIω→0 is the measured colloidal vibration current 
amplitude at low frequency, ΔP the pressure difference, A(�) 
is an instrument constant which is determined by calibration 
and F(ZT, Zs) a function of the acoustic impendence of the 
instrument transducer ZT and dispersion Zs . For non-porous 
particles, the density of the dispersion �s depends on the 
density of particles �p and medium �m and on the volume 
fraction of the particles � as follows:

Equation (11) is only valid for particles with a small 
thickness of the diffuse ion layer ( 𝜅a ≫ 1 ) and neglects EDL 
polarization effects due to surface conductivity (Du ≪ 1) . 
Additionally, the low-frequency limit given by Eqs. (13) 
and (14) must be observed, since the CVI signal may 
depend on the frequency of the ultrasonic wave � . This can 
be neglected if � is much lower than the frequency of the 
hydrodynamic relaxation �hd and the frequency of the elec-
trodynamic relaxation �MW (Maxwell–Wagner frequency).

As already mentioned, the relative conductivity Ks ⋅ K
−1
m

 
in Eq. (11) accounts for the influence of the nonconduct-
ing particles and the surface conductivity on the effective 
electric field within the dispersion. Therefore, the relative 
conductivity must be known in order to correctly determine 
the zeta potential using CVI measurements. For this purpose, 
we have taken a closer look at three different approaches that 
are valid at the low-frequency limit mentioned above.

Approach 1  Equation (15) describes the volume fraction 
dependence of the relative conductivity Ks ⋅ K

−1
m

 for parti-
cles which have no surface conductivity ( Du = 0 ) [22, 23]:

In this case, there is no need to measure the relative con-
ductivity. Only the volume fraction � of the nonconducting 
particles needs to be known. Due to its simplicity and conveni-
ence for the user, this formula is implemented by default in 
the software of the measuring device employed in this study. 
Therefore, determined zeta potentials have to be recalculated if 
the relative conductivity according to approaches 2 or 3 is to be 
used. For more details, refer to the supplementary information.

Approach 2  The relative conductivity can be directly calcu-
lated using measured conductivities of the dispersion Ks and 
the medium Km . However, the measurement of the conductiv-
ity of the dispersion medium Km can be quite tedious because 

(12)�s = � ⋅ �p + (1 − �) ⋅ �m

(13)𝜔 ≪ 𝜔hd =
𝜂

𝜌m ⋅ a2

(14)𝜔 ≪ 𝜔MW =
Km

𝜀0 ⋅ 𝜀m
= 𝜅2

⋅ Deff

(15)
Ks

Km

=
1 − �

1 + 0.5 ⋅ �

particles must be separated thoroughly. This task can become 
increasingly difficult with decreasing particle size and low-
density contrast between particles and dispersion medium.

In addition, one should bear in mind that the EDLs of 
individual particles might overlap at high particle volume 
fraction. This can also occur if the particles are separated 
by centrifugation. As a consequence, charge regulation in 
the interfacial area might be affected having an impact on 
the conductivity of the dispersion and dispersion medium, 
respectively. Accordingly, the measured conductivity data 
should be critically examined for systematic trends when 
the volume fraction increases.

Approach 3  The MWO theory describes the effect of surface 
conductivity on the relationship between Ks and Km [22–24]. 
In Eq. (16), the volume fraction � is involved as well as the 
Dukhin number Du.

An appropriate way to determine Du is to measure Ks and 
Km for at least two dispersions with sufficiently different parti-
cle volume fractions. Using Eq. (16), Du can then be calculated 
by least square fit. Compared to approach 2, the advantage is 
that the relative conductivity can be calculated using Eq. (16) 
for any other volume fraction, provided that Du is known for 
the investigated system and influences of the EDL overlap are 
small. Furthermore, Du is needed for calculations according to 
the advanced CVI theory, which takes the relaxation effect into 
account. This topic will be the subject of a forthcoming study.

Experimental

Materials

The following polymer latices were examined in this study 
(the sample identifier is based on the material and the particle 
diameter d50 in microns, i.e. material@d50 ): Three polyvinyl 
chloride (PVC) dispersions from Westlake Vinnolit GmbH & 
Co. KG (PVC@0.20, produced by emulsion polymerisation; 
PVC@0.78 and PVC@2.10, both produced by microsuspen-
sion polymerisation), one styrene-butadiene rubber dispersion 
of type Taktene S 62 F (SBR@0.23) from Arlanxeo Switzer-
land S.A., two polytetrafluroethylene dispersions of type PFA 
6900 GZ (PTFE@0.21) and PFA 6910 GZ (PTFE@0.08) from 
3 M Dyneon GmbH, one polyurethane dispersion (PU@0.07; 
synthesized as part of an unpublished master’s thesis of Chris-
tina Gassner at Heinrich Heine University Düsseldorf in 2021) 
and one poly(methyl methacrylate-co-butyl acrylate) dispersion 
(PBAMM@0.1; synthesized as part of an unpublished master's 
thesis of Sven Kroß at TH Köln in 2021).

(16)
Ks

Km

=
1 + Du − � ⋅ (1 − 2 ⋅ Du)

1 + Du + 0.5 ⋅ � ⋅ (1 − 2 ⋅ Du)
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Sample preparation

In general, a 150 mL dispersion of the required volume frac-
tion was prepared by diluting the highly concentrated stock 
dispersion. As the preceding preventive measures of most 
samples were not known, we considered a nitrogen blanket-
ing for avoiding carbon dioxide absorption to be dispensable. 
Due to partly limited sample quantities, different dilution 
procedures were followed, as described below.

In case of the PVC samples (PVC@0.20, PVC@0.78, 
PVC@2.09) and the PTFE samples (PTFE@0.08, PTFE@0.21), 
the particles were separated from the dispersion medium in an 
RC 5B Plus centrifuge from Sorvall with an SLA-3000 rotor 
(6 × 400 mL) at 10,000 rpm (≈17,500 RCF) and a run time of 
2–6 h at 4 °C. The supernatant was then used as a diluent for the 
stock dispersion. Therefore, the chemical equilibrium between 
the particle surface and the dispersion medium is maintained and 
any influence of the diluent on the electrical double layer can be 
ruled out. Furthermore, no pH adjustment was necessary. This 
procedure is called equilibrium dilution [1]. In all other cases, 
we refer to non-equilibrium dilution.

The original sample SBR@0.23 was dialyzed against deion-
ized water with a 200,000 MWCO membrane for 10 days to 
obtain the stock dispersion. The water was changed twice every 
day. Thereafter, it was assumed that only a negligible amount of 
electrolyte was present in the dispersion medium. Subsequently, 
the samples were diluted with a 2 mol L−1 KCl solution and 
deionized water adjusting a concentration of 10 mmol L−1 KCl 
in the dispersion medium.

All other samples were not pre-treated due to limited 
sample quantity. Instead, they were directly diluted and 
adjusted to a concentration of 10 mmol L−1 KCl in the dis-
persion medium using deionized water and a 2 mol L−1 KCl 
solution. Since these stock solutions may contain some elec-
trolyte, it cannot be excluded that slight differences in elec-
trolyte concentration have occurred in the dilution series.

In case of non-equilibrium dilution, the pH value usu-
ally changed as the degree of dilution increased. Appropri-
ate quantities of 0.1 M HCl or 0.1 M NaOH were therefore 
added with a microliter pipette to maintain the original pH 
value. We have estimated that the amount of electrolyte 
added in this way could have reached a maximum of 5% of 
the target concentration of KCl. Thus, this additional influ-
encing factor can still be considered acceptable in view of 
the uncertainty associated with non-equilibrium dilution.

Measurement of pH values

The pH value was determined using a 9615S-10D electrode 
from Horiba, which was connected to the DT-1202 meas-
urement device from Dispersion Technology. The pH elec-
trode was calibrated at room temperature using a three-point 

calibration method and buffer solutions with pH values of 
4.01, 7.00, and 9.21 from Mettler Toledo.

Determination of particle density

Densities were determined with a 50 mL glass pycnometer, 
which was tempered at 25 °C in a water bath and calibrated 
with deionized water before each measurement. To determine 
the particle density �p , the density of the original, undiluted 
dispersion �s was measured. The density of water at 25 °C 
(0.997 g/L) was used as the density of the dispersion medium 
�m . A sample of the dispersion was dried to constant weight 
at 80 °C to determine the particle mass fraction w . It was 
assumed that the dry residue consisted only of polymer. 
Finally, the particle density �p was calculated with the fol-
lowing equation, assuming that the particles are not porous:

Determination of conductivity data  
and Dukhin number

For the calculation of Dukhin number Du , the relative con-
ductivity Ks ⋅ K

−1
m

 has to be estimated at different particle vol-
ume fractions. Prior to the measurement of the conductivity in 
the dispersion medium Km , the particles have to be removed 
with a centrifuge. For this purpose, 35 mL of each sample was 
centrifuged for 2–8 h at 4 °C, and 25,000 RPM (≈130,000 
RCF) in an Optima XPN-90 ultracentrifuge of Beckman 
Coulter with rotor SW 28 (6 × 35 mL). The measurement of 
conductivities Ks and Km was performed with the conductiv-
ity electrode of the CVI measurement device DT-1202 from 
Dispersion Technology at room temperature. Each measure-
ment was repeated three times and the results were averaged.

The measured conductivities of the dispersion medium 
Km were also used to calculate the Debye-Hückel param-
eter � according to Eq. (6), as the compositions of the elec-
trolyte were unknown in the CVI measurements. The data 
obtained at various particle volume fractions were averaged.

Determination of zeta potential by CVI

CVI measurements were performed with DT-1202 from Dis-
persion Technology (software version: 12 m56030) at room 
temperature using a sonic frequency of 3 MHz and the “more 
precise” setup mode, which enhances the signal-to-noise ratio. 
To prevent settling and inhomogeneity, the samples were cir-
culated with a peristaltic pump during measurement.

Each sample underwent three repetitions of measurement, 
with the results being averaged. Subsequently, the mass fraction 
was determined in triplicate. Measurement of the ion vibration 

(17)�p =
�s ⋅ �m ⋅ w

�m − �s ⋅ (1 − w)
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current (IVI) was omitted because only dispersions with a par-
ticle volume fraction of more than 2.5 vol% were investigated. 
Therefore, the measured total vibration current (TVI) is essen-
tially determined by the CVI and not affected by the IVI.

Determination of zeta potential with ELS

ELS measurements were performed with ZetaSizer Nano ZS from 
Malvern Panalytical. While the equilibration time was set to 180 s 
and the number of runs to 50, attenuation, measuring position and 
voltage were selected automatically by the software. All measure-
ments were performed at 25 °C using a wavelength of 633 nm 
and folded capillary cells DTS 1070. The samples were diluted 
according to the protocol described in the “Sample preparation” 
section. The pH values were adjusted to the same values as for the 
CVI measurements using appropriate amounts of NaOH or HCl 
solution. To reveal multiple light scattering effects, measurements 
were performed at least at five different particle volume fractions. 
The volume fractions studied were approximately between 0.1 and 
0.001 vol%. Only zeta potentials of similar magnitude were aver-
aged (inappropriate particle concentrations were easily recognized 
by significantly deviating values).

Determination of particle size

With the exception of the samples PVC@0.78 and PVC@2.09, 
particle size distribution (PSD) was determined by dynamic 
light scattering (DLS) at 25 °C in polymethylmethacrylate 
macro cuvettes using ZetaSizer Nano ZS from Malvern Pana-
lytical at a wavelength of 633 nm. The signal was detected 
using backscatter detection at an angle of 173° and each single 

measurement was obtained from 15 sub-runs. The attenu-
ator and the measuring position were set automatically. For 
the refractive indices of the dispersed particles, the values in 
Table 1 are used and the absorbance was set to 0.01. For the 
dispersion medium, a dynamic viscosity of 0.8872 mPa·s and 
a refractive index of 1.334 were assumed. All samples were 
diluted according to the protocol described in the “Sample 
preparation” section and measurements were performed at 
least at five different particle volume fractions in the range of 
approx. 0.1 to 0.001 vol%. Only almost constant particle sizes 
were averaged in order to exclude errors resulting from multiple 
scattering effects.

In the case of samples PVC@0.78 and PVC@2.08, PSD 
was determined by laser diffraction spectroscopy (LDS) with 
MasterSizer 2000 and sampling unit Hydro 2000MU from 
Malvern Panalytical. The stirring speed was set to 1100 rpm. 
The sample was added to deionized water until laser obscura-
tion reached a value between 10 and 20%. All samples were 
measured in triplicate at room temperature at wavelengths of 
633 nm and 433 nm, the results were averaged by the measur-
ing instrument software. The same parameters for refractive 
index and absorbance were used for the DLS measurements.

Results and discussion

In this chapter, we present the results of our study in detail. 
Due to the numerous parameters that are considered, certain 
symbols are used that specifically address the various aspects 
examined. A list of symbols with a brief description can be 
found in Table 2. Detailed explanations are provided in the 
subsequent sections.

Table 1   Refractive indices used for the measurement of particle size

Sample PVC [45] SBR [46] PBAMM [47] PU [48] PTFE [49]
Refractive indexn 1.540 1.534 1.489 1.485 1.350

Table 2   Reference table of symbols

a The superscript indicates the evaluation method for the determination of the zeta potential: Helmholtz-Smoluchowski theory (HS) and Henry 
theory (H). The subscript refers to the measurement method used: colloid vibration current (CVI) and electrophoretic light scattering (ELS)

Symbola Description

K
s

Measured conductivity in the dispersion
K
m

Measured conductivity in the dispersion medium
�a

CVI
Ratio of Debye-Hückel parameter � (calculated on basis of Eq. (6) and the conductivity of the dispersion medium) and particle radius 
a ; used for the interpretation of CVI data

�a
ELS

Ratio of Debye-Hückel parameter � (calculated on basis of Eq. (3) and the electrolyte concentration of the dispersion medium) and 
particle radius a ; used for the interpretation of ELS data

Du Dukhin number calculated from the conductivity data of the dispersion and dispersion medium using MWO theory (Eq. 16), reflect-
ing surface conductivity in both diffuse and stagnant layer

�HS
CVI

Zeta potential calculated from CVI data using Helmholtz-Smoluchowski theory and Eq. (9)

�HS
ELS

Zeta potential calculated from ELS data using Helmholtz-Smoluchowski theory and Eq. (2)
�H
CVI

Zeta potential calculated from CVI data using Henry theory and Eq. (10)
�H
ELS

Zeta potential calculated from ELS data using Henry theory and Eq. (4)
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Evaluation of sample preparation and estimation 
of Dukhin number

Inappropriate dilution of the samples can change the ionic strength 
of the dispersion medium resulting in an impact on the electrical 
double layer and therefore on dispersion properties. As shown 
below, these effects can be well characterized by measuring con-
ductivities of the dispersion and the dispersion medium. This also 
offers the opportunity to determine the Dukhin number Du.

Changes in the ionic strength directly influence the Debye-
Hückel parameter � (cf. Eq. 3), whose reciprocal value is a 
measure of the thickness of the diffuse layer. The ratio of the 
particle radius a to this reciprocal is of particular importance 
for the application and interpretation of electrokinetic meth-
ods. Hence, it is advisable to record the �a values in the indi-
vidual measurements and compare them with each other.

In the case of the CVI measurements, the composition 
of the electrolyte and thus the ionic strength remained 
unknown. Therefore, � was calculated based on the con-
ductivity of the dispersion medium using Eq. (6). The data 
obtained at various particle volume fractions were aver-
aged and are listed in Table 3 in the column labelled �aCVI.

For ELS measurements, substantial sample dilution is 
required, resulting in the electrolyte concentration being 
primarily influenced by the diluent. Except for the PVC 
and PTFE samples, � was determined using Eq. (3) and 
the target concentration of 10 mmol L−1 KCl in the dis-
persion medium. However, the PVC and PTFE samples 
were diluted with their supernatant so that the �aCVI val-
ues can be adopted. The characteristic �a values obtained 
for the ELS measurements are presented in Table 3 in the 
column labelled �aELS.

Equilibrium dilution of polymer dispersions

Equilibrium dilution is best suited to exclude influences 
of the dispersion medium on the zeta potential and the 
Dukhin number. This can be achieved by dilution with pure 

dispersion medium after removing the particles. To verify 
the success of equilibrium dilution, the conductivities of the 
diluted and undiluted dispersion medium can be compared 
as shown below.

All PVC samples were diluted with their respective cen-
trifugate. As a representative example, the results obtained 
for sample PVC@0.20 are depicted in Fig. 1. The success of 
equilibrium dilution can be evidenced by the almost uniform 
medium conductivities Km in the supernatant of each sample 
(cf. dots in Fig. 1), which clearly indicates that the influence 
of a possible EDL overlap on the conductivity data is rather 
low at high particle volume fractions. This behaviour is also 
observed with all other PVC samples (for details see sup-
plementary information, Fig. S1A and B). Determination 
of relative conductivity Ks ⋅ K

−1
m

 is necessary for calcula-
tion of Dukhin number Du . The trend of the experimen-
tally determined Ks ⋅ K

−1
m

 values (cf. squares in Fig. 1) of all 

Table 3   Dukhin number Du , �a value, pH value and mean zeta potential of CVI and ELS measurementsa

a Superscript HS indicates evaluation according to Helmholtz-Smoluchowski theory and superscript H indicates Henry theory

Sample pH Du �a
CVI

�a
ELS �HS

CVI

[mV]
�HS
ELS

[mV]
�H
CVI

[mV]
�H
ELS

[mV]

PVC@0.20 9.0 ± 0.1 0.410 36.3 ± 0.3 36.3 ± 0.3 − 67.5 ± 1.7 − 67.9 ± 9.3 − 71.8 ± 1.8 − 72.3 ± 9.9
PVC@0.78 6.8 ± 0.1 0.254 216.5 ± 9.4 216.5 ± 9.4 − 69.7 ± 3.8 − 70.8 ± 6.5 − 70.5 ± 3.9 − 71.6 ± 6.6
PVC@2.09 9.6 ± 0.1 0.283 234.5 ± 2.9 234.5 ± 2.9 − 91.7 ± 2.3 − 89.6 ± 4.1 − 92.7 ± 2.3 − 90.5 ± 4.2
PTFE@0.08 9.8 ± 0.0 — 22.4 ± 0.9 22.4 ± 0.9 − 13.2 ± 1.2 − 14.8 ± 0.3 − 14.5 ± 1.3 − 16.3 ± 0.3
PTFE@0.21 9.3 ± 0.3 — 36.2 ± 0.4 36.2 ± 0.4 − 19.8 ± 1.0 − 21.0 ± 5.7 − 22.1 ± 1.1 − 22.4 ± 6.1
SBR@0.23 8.9 ± 0.1 0.256 34.3 ± 1.7 38.3 − 78.4 ± 1.0 − 74.9 ± 2.2 − 83.7 ± 1.1 − 79.5 ± 2.4
PU@0.07 8.8 ± 0.4 0.348 13.5 ± 2.4 11.4 − 38.7 ± 2.5 − 44.1 ± 3.6 − 44.7 ± 2.9 − 51.9 ± 1.3
PBAMM@0.10 8.6 ± 0.1 0.114 31.9 ± 8.1 16.3 − 52.7 ± 2.8 − 54.5 ± 2.3 − 56.5 ± 3.0 − 61.7 ± 2.6
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PVC samples can be clearly described by fitting with MWO 
theory (cf. solid line in Fig. 1). The values thus obtained for 
Du significantly deviate from zero indicating pronounced 
surface conductivity for these samples (see Table 3).

The PTFE samples, which were diluted with their respec-
tive centrifugate, also exhibit equilibrium dilution as can 
be seen from consistent medium conductivities (see Fig. 2 
and supplementary information, Fig. S1C). Nevertheless, 
the relative conductivity values Ks ⋅ K

−1
m

 do not comply with 
MWO theory because the extrapolated trend of Ks ⋅ K

−1
m

 
does not intersect the y axis at a value of one as expected. 
Consequently, the Du number cannot be determined using 
MWO theory. This behaviour is quite surprising and was not 
observed for any other sample in this study. The reason is not 
yet clear, but it is conspicuous that the PTFE samples are the 
only samples stabilized with non-ionic surfactants accord-
ing to the product data sheet. Remarkably, previous work by 
Bárány and Dukhin [12] also reported difficulties in describ-
ing the relative conductivity of particle dispersions stabi-
lized with non-ionic polymers, which have similar stabiliza-
tion mechanisms compared to non-ionic surfactants. While 
their results showed an unexpected behaviour in slope, the 
observed intercepts on the y axis were always one. However, 
it can be supposed that the observed relative conductivities 
of the PTFE samples may be attributed to the adsorption of 
non-ionic surfactants.

Non‑equilibrium dilution of polymer dispersions

The SBR@0.23 sample underwent dialysis prior to dilu-
tion, effectively removing most ions from the dispersion. 
Adequate amounts of KCl were then added to achieve a con-
stant electrolyte concentration in the stock dispersion and 

the diluted samples. The sample exhibited almost behav-
iour of equilibrium dilution, as only a slight decrease in Km 
was observed with increasing particle volume fraction (cf. 
Fig. 3).

Only limited sample quantities were available for the 
PBAMM and PU dispersions. Therefore, they were used 
as received and diluted in such a way that a constant KCl 
concentration was achieved in the dispersion medium (see 
the “Sample preparation” section). The assumption that the 
original ion concentration in the dispersion medium of the 
stock solution was almost negligible failed, since the sam-
ples show a pronounced increase in Km with increasing � 
(see supplementary information, Fig. S1D and E). This is 
likely caused by a higher ionic strength in the stock solution 
compared to the added electrolyte solution.

The presence of a noticeable trend in Km with varia-
tion of � indicates distinct non-equilibrium dilution for the 
PBAMM and PU samples. However, the relative conductivi-
ties Ks ⋅ K

−1
m

 are barely affected, and the values can be fitted 
quite well according to MWO theory because variations in 
Km are partly displayed in Ks as well. The fit procedure gives 
the Du number of SBR, PBAMM and PU. All values sig-
nificantly deviate from zero, indicating pronounced surface 
conductivity in these polymer dispersions (see Table 3).

Zeta potentials determined by CVI and ELS 
measuring methods

The electrophoretic mobility is one of the primary results 
obtained in electrokinetic experiments of charged parti-
cles. We used Eqs. (2) and (9) to calculate the zeta potential 
within the framework of the HS theory. Since this theory 
is only valid for thin EDL compared to the particle radius, 
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corresponding zeta potentials were also determined by 
means of the Henry theory using the �a values and Eqs. (4) 
and (10), respectively. Although both theories do not take 
surface conductivity into account, we will show in the fol-
lowing chapter that it can have a severe impact in the zeta 
potential determination at higher solids content.

Equilibrium dilution of polymer dispersions

PVC@0.20 was selected for comparison of the three 
approaches presented in the theoretical section, as it is the 
sample with the highest Dukhin number determined. The 
results using the HS theory for the individual CVI meas-
urements are shown in Fig. 4. The first approach (circles), 
which is generally employed by the used measuring device, 
does not consider the influence of surface conductivity 
on the internal electric field strength Eint , unlike the sec-
ond (triangles) and third (squares) approaches. In case of 
PVC@0.20, this first approach shows an increase in absolute 
zeta potential with increasing particle volume fraction. On 
the other hand, the second and third approaches result in 
nearly identical, constant zeta potentials, which basically 
do not depend on particle volume fraction. At low particle 
volume fractions, the discrepancy between the first approach 
and the other approaches is small, but increases almost lin-
early with increasing particle volume fraction. The zeta 
potential at the highest investigated particle volume frac-
tion is − 127.6 mV in the first approach, while in the sec-
ond and third approaches, the calculated zeta potential is 
about − 68 mV, indicating a deviation of nearly 100%. This 
emphasizes the importance of considering the influence of 
surface conductivity on the internal electric field strength 
Eint , especially for high particle volume fractions. For this 
purpose, the approaches 2 and 3 have proven to be very suit-
able. On the other hand, an increase in the absolute value of 

the zeta potential determined according to the first approach 
may indicate the presence of surface conductivity and should 
then be examined more closely. Furthermore, this feature 
also offers another opportunity for a rough estimation of the 
Dukhin number, as described in the supporting information.

Figure 5 shows the findings for all PVC samples tested. 
All zeta potential results are evaluated according to the third 
approach with the use of the HS theory. Over a wide range 
of volume fraction, the values remain almost constant within 
the measurement accuracy. This is quite remarkable, espe-
cially as the solids contents ranged up to 40 vol%. Dukhin 
and Reisel have recently shown for a silica dispersion that 
EDL overlap leads to a significant increase in zeta potential 
[50]. However, the polymer dispersions investigated in this 
study do not exhibit comparable behaviour and the influence 
of EDL overlap is assumed to be low. It should also be men-
tioned that the magnitude of the zeta potentials measured 
at low particle volume fractions decreased significantly for 
the samples PVC@0.20 and PVC@0.78. Therefore, these 
measurements were considered outliers due to measurement 
inaccuracy (unfilled data points) and were excluded from the 
calculation of the mean value.

As can be seen from the �a values, the determined thick-
ness of the EDL is very low. Only the sample PVC@0.20 
shows a slight increase in zeta potential when the Henry the-
ory is applied. Nevertheless, it should be noted that the zeta 
potentials of all three samples calculated with these standard 
models are quite high (> 50 mV). Consequently, it is to be 
expected that effects due to EDL polarisation (relaxation 
effect) are already present. The extent of this influence will 
be analysed in detail in a forthcoming study.

It was shown in the “Equilibrium dilution of polymer dis-
persions” section that it was not possible to determine Du for 
the PTFE samples with the MWO theory. This in turn means 
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that the third approach cannot be applied. Nevertheless, rea-
sonable zeta potentials can be determined using the second 
approach (see Fig. 6), which is based on the relative conduc-
tivity Ks ⋅ K

−1
m

 . Variations in the values are rather small and 
tolerable, so that the influence of a possible EDL overlap at 
high volume fractions is again regarded as low. Although 
the relative conductivities do not obey the MWO theory in 
this case, these results underline that they are a very good 
parameter to describe the effect of the internal electric field 
strength Eint in electrophoretic measurements.

Since zeta potential is a specific parameter for a charged 
surface under certain conditions, experimentally determined 
values should not dependent on the measurement method 
used. This quality check was called electrokinetic consist-
ency test by Lyklema [51] or integrated electrosurface inves-
tigation by Dukhin and Derjaguin [36]. The mean values 
of the zeta potentials determined with the CVI method for 
the different PVC and PTFE samples agree very well with 
the values determined by the ELS method (see Table 3), as 
the observed deviations are within typical error limits usu-
ally expected for zeta potential measurements, i.e. approxi-
mately 10% [52]. This applies both to the values calculated 
using HS theory and Henry’s theory. Thus, these results also 
strongly underline the reliability of the values obtained by 
the CVI measurement method when the influence of surface 
conductivity is correctly taken into account.

Non‑equilibrium dilution of polymer dispersions

As already mentioned, it was not possible to dilute the sam-
ples of several polymer dispersions investigated in this study 
with their centrifugate. Instead, the samples were prepared 
with a diluted electrolyte solution. Nevertheless, the char-
acterization with the CVI method succeeds and both the 

second and third approach show similar and relatively con-
sistent zeta potentials over a broad range of volume fractions 
(see Fig. 7). Only the PU and PBAMM dispersions reveal a 
slight trend in the zeta potential values. This is probably due 
to the quite pronounced non-equilibrium dilution, as can be  
seen from the conductivities of the dispersion medium (cf. 
Fig. S1D and E in the supplementary information). The 
plausibility of the CVI results can be checked again by com-
parison with the ELS data (refer to Table 3). The overall 
agreement of the values is still very good. This indicates that 
the CVI method proves to be quite robust even in the case of 
difficulties with the measurement protocol.

The �a values show that the retardation effect only has a 
small impact. Therefore, the zeta potentials according to the 
Henry theory are only slightly higher than those according to 
the HS theory. However, the magnitude of the zeta potentials 
again suggests that the relaxation effect should be taken into 
account to improve reliability, at least for SBR@0.23.

We have already pointed out that sample SBR@0.23 was 
diluted approximately under equilibrium condition, as indi-
cated by the conductivity data of the dispersion medium Km . 
Interestingly, the corresponding �aCVI and �aELS values are 
also in excellent agreement with each other. This implies 
that Eq. (6) can be used for a reliable approximation of the 
Debye-Hückel parameter if Eq. (3) is not applicable.

Only few studies are available in which the zeta potential 
of polymer dispersions was investigated using electroacoustic 
methods. Most of them have been focused on particle volume 
fractions below 10 vol%. Therefore, it is not surprising that 
they did not report about the influence of surface conductivity 
on zeta potential determination because this impact becomes 
evident primarily at high particle volume fractions. However, 
in the study by Ishikawa et al. [33] several polyacrylate lati-
ces were examined up to a concentration of approx. 27 vol% 
using the CVI method in a 10 mmol L−1 NaCl solution. The 
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main focus of their study was to examine the influence of par-
ticle volume fraction on the CVI signal, rather than exploring 
the relationship between zeta potential and volume fraction. 
For this purpose, they used a procedure comparable to our 
approach 1 and were able to understand the dependence of 
the CVI signal on the volume fraction. This in turn means 
that the polyacrylate samples examined by Ishikawa et al. 
showed negligible surface conductivities. The very good 
agreement of the zeta potentials determined with the CVI 
and ELS methods also supports this conclusion.

In the study by Rasmusson [35], among others, the dynamic 
electrophoretic mobility of a polystyrene dispersion was inves-
tigated up to a particle volume fraction of 18 vol%. It was 
found that the experimental data showed a much lower volume 
fraction dependence than calculated with various models. Pos-
sibly, these models do not consider the surface conductivity 
of the particles in an adequate way. As can be seen from Eq. 
(9), the volume fraction dependence of the dynamic electro-
phoretic mobility is accounted for by the relative conductivity 
Ks ⋅ K

−1
m

 in this study. By means of Eq. (16) it becomes clear 
that this influence decreases with increasing Dukhin number 
Du . Therefore, the polystyrene dispersion studied by Rasmus-
son presumably exhibited considerable surface conductivity.

Hozumi and Furusawa [34] studied various polystyrene 
latices with solid contents above 10 vol% using the CVP 
method. They observed an unexpected decrease in the abso-
lute zeta potential with increasing particle volume fraction, 
contrary to the findings in this study. Based on conductivity 
measurements of the dispersions, they attributed this phe-
nomenon to interparticle surface conductivity caused by an 
overlap of hairy layers on the particle surfaces. However, this 
parameter is not considered in the theory applied by Hozumi 
and Furusawa to determine the zeta potential, which is essen-
tially based on a Levine cell model [53]. They also showed, 
using silica reference measurements, that this model becomes 
inaccurate above a volume fraction of about 20 vol%. On 
the other hand, the theory applied in this study utilizes a 
Kuwabara cell model [54] for hydrodynamic parameters and 
a Shilov-Zharkikh cell model [55] for electrokinetic param-
eters. It takes into account the surface conductivity with the 
help of the multiplier Ks ⋅ K

−1
m

 , which is not used in the Lev-
ine cell model [56]. This may be one of the main reasons why 
such large differences in the volume fraction dependence of 
the zeta potential were observed compared to our study.

Conclusion

In this study, we investigated the zeta potential of aqueous 
polymer dispersions using the colloidal vibration current 
(CVI) measurement method at high particle concentration 
as well as the electrokinetic light scattering (ELS) meas-
urement method in the diluted state. The analysis of the 

CVI and ELS data was conducted by means of the standard 
models of Helmholtz-Smoluchowski (HS) and Henry, both 
neglecting surface conductivity effects such as the polariza-
tion of the electrical double layer. However, our study has 
revealed that surface conductivity can have an extraordinary 
influence on the accuracy of the zeta potential determination, 
especially at high particle volume fractions.

The specific investigation of polymer dispersions in this 
study addresses a notable gap in the literature. While elec-
troacoustic methods have been extensively applied in the 
investigation of inorganic materials, research on polymer 
dispersions is limited. Previous studies have mainly focused 
on low particle volume fractions [25–32] and have therefore 
not fully explored the capabilities of electroacoustic meth-
ods. Only few publications [33–35] have dealt with polymer 
dispersions with solids contents above 10 vol%. Since all 
polymer dispersions investigated in our study exhibit signifi-
cant surface conductivity, a distinctive aspect of our research 
is the examination of its influence on the zeta potential deter-
mination, especially in the field of electroacoustics.

As the volume fraction of particles increases, non-con-
ductive particles (dielectrics) diminish the effective internal 
field strength in electrokinetic experiments, while surface 
conductivity counteracts this effect. The second factor can be 
characterized by means of the dimensionless Dukhin number. 
This parameter was determined in our study on the basis of the 
Maxwell–Wagner-O'Konski theory [22–24] using conductivity 
data from the dispersion ( Ks ) and the dispersion medium ( Km ). 
Moreover, we have demonstrated that the relative conductivity 
Ks ⋅ K

−1
m

 correctly accounts for the influence of the particle vol-
ume fraction and the surface conductivity on the zeta potential 
determination within the framework of both standard models.

We have found that neglecting the surface conductivity can 
lead to measurement errors of up to 100%, especially for high 
particle volume fractions and dispersions with high Dukhin 
number. If necessary, the most reliable results are obtained 
by equilibrium dilution. Although some measurements in 
our study do not meet this condition, the zeta potential values 
determined by CVI measurement show remarkable consistency 
with the values obtained by ELS method when the surface 
conductivity is correctly taken into account. Since some of the 
investigated polymer dispersions also exhibit high zeta poten-
tials, the influence of the polarization effect on the CVI meas-
urement will be investigated in detail in future research work.
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