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Abstract

In this work, we study the charge formation and the characteristics of the electrical
double layer in a nonpolar medium using electrical impedance spectroscopy. To stabi-
lize the free ionic species, a nonionic surfactant is added to the system. The conduc-
tivity and permittivity of the medium are obtained from high- to medium-frequency
impedance data. Based on the correlation between (viscosity-adjusted) conductivity
and surfactant concentration, we conclude that charge formation occurs due to a dis-
proportionation mechanism. We accordingly estimate the concentration of the charge
carriers in the sample and the Debye length of the diffuse double layer. The capaci-
tance of the electrical double layer can be extracted from the low-frequency impedance
data. We use this data to calculate the electrode distance of an equivalent parallel plate

capacitor. It is found that this distance is on the order of magnitude of Angstroms,



indicating that the measured electrical double layer capacitance is in fact the Stern

layer capacitance.
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Introduction

The stabilization of free electric charges in nonpolar media is rather difficult due to the
Bjerrum length which is considerably larger than in polar media.!? The Bjerrum length
is defined as lp = €?/(4me,e0kpT), where e is the elementary charge, e, is the relative
permittivity of the medium, ey is the permittivity of the vacuum, kp is the Boltzmann
constant and 7' is the temperature.? It can be considered as the distance at which the
electrostatic potential energy is equal to the thermal energy. ? In polar and nonpolar media, I3
is roughly 1 and 30 nm, respectively. If the electric charges are separated with a distance less
than [z, the electrostatic attraction overcomes the diffusion due to the thermal energy, which
results in a recombination of opposite charges. Consequently, the existence of free charges in
a nonpolar medium is considerably less likely compared to a polar medium. * Nonetheless,
in the presence of large entities, such as surfactant aggregations, free electric charges can be
stabilized in nonpolar solvents. 1™ Surfactants are macromolecules which carry a considerable
dipole moment.® Above a certain concentration, they form aggregates which are commonly
called inverse micelles. On the one hand, an inverse micelle can reduce the Bjerrum length
by its larger permittivity. On the other hand, charges can be sterically-stabilized since
relatively-large micelles keep them apart with a distance larger than the Bjerrum length. 16
Moreover, inverse micelles form around traces of water and such a polar inverse micelle core
also reduces the electrostatic interactions which facilitates the ionization.!'® The possible
origin of the ionizable species include impurities on the level of ppb, traces of fatty acids in
the nonpolar solvent, as well as impurities in the surfactant along with traces of water. ® The
stabilization of electric charges and their effects in nonpolar media are reported in numerous

studies which are summarized in several comprehensive review articles. ™9

Despite the unfavorable nature of nonpolar solvents in terms of electrical charges, they

have important respective applications including the prevention of flow electrification in oil

11,12 13,14 15-17 18

industries, electrorheological fluids, electrophoretic displays, printer toners,



and drug delivery.!%2% Still, the charge formation and interactions in nonpolar media are
by far less understood compared to those in polar media. !> Likewise, it is unclear whether
the conventional electrical double layer (EDL) theories can be applied to charged surfaces in
contact with such systems.?! For example, since the charge content is usually much smaller
than in a polar medium, the question of the minimum charge amount that is necessary to

establish an EDL can be asked.

There are various experimental methodologies to study the charge formation and the
EDL of dispersed and bulk solids in contact with nonpolar liquids; these include but are not

6,10,22-28

limited to electrical conductivity measurements, electrophoretic mobility measure-

3441 or total internal reflection microscopy. 42

ments,?® 33 transient current measurements,
Recently, Yezer et al. %34 used electrical impedance spectroscopy (EIS) to study the EDL
of mixtures of dodecane and the nonionic surfactants OLOA 11000, Span 80, and Span 85.
This method can be favorably-used to determine the conductivity and the permittivity of
the mixture as well as the capacitance of the EDL at the respective interface of an electrode.
However, to conduct such experiments which resolve EDL effects, a setup with an extremely
low electrode distance, typically on the order of magnitude of 10 pum, is necessary. For
larger electrode distances, the required frequency range is below the resolution of common
potentiostats. Yezer et al. established such a low electrode distance by using dispersed silica

43,44 However, such microparticles also acquire EDLs and therefore

microparticles as spacers.
form increased conductivity pathways between the electrodes. These “short circuits” disturb
the local potential distribution. Likewise, the particle volume displaces liquid and silica has

a two times higher permittivity compared to dodecane. Thus, setups with narrow electrode

distances which contain particle-free liquids are more desirable.

The first objective of our study is to characterize the charge formation of a nonpolar

medium in the presence of a nonionic surfactant. The nonionic surfactant is chosen to



ensure that it acts as a (steric) stabilizer rather than a dissociable charge controlling agent.
In contrast to the work of others, we take the viscosity change due to the surfactant addition
into account. The other main novelty of this work is that we resolve the EDL structure of
planar electrodes in contact with such nonpolar mixtures. For this purpose, we apply EIS
measurements in two custom-made cells which we discuss in the Experimental Section. In the
Results and Discussion Section, we present water content, viscosity and inverse micelle size,
along with typical impedance spectra that we measure. We introduce appropriate equivalent
circuits necessary for the spectra interpretation. From regression of the equivalent circuit,
we infer the properties of the mixtures and the characteristics of the EDL in terms of Stern

and diffuse layers. Finally, this article is concluded with a summary section.

Experimental Section

In this section, we give information on the chemicals and methods that are used in this work.

Chemicals

Dodecane (C;5Hy) with a permittivity of 2 is used as the nonpolar solvent (mixture of iso-
mers, ACROS Organics, Germany). The nonionic surfactant sorbitan monooleate (C,,H,,Oy),
known commercially as Span 80 (TCI America, Portland, OR, U.S.A.), is used as the solute.
Span 80 has a 16 carbon chain tail, a polar sorbitan head, and a permittivity of 4.7.%% The
critical micelle concentration (CMC) of Span 80 in dodecane is reported to be 1.9-107° M.
In order to prepare the sample mixtures, Span 80 is dissolved in dodecane at concentrations
varying from 1 mM to 1 M. The chemicals are used as received from the supplier without fur-
ther purification. All glassware used in the preparation of solutions are cleaned thoroughly

with DI water and isopropyl alcohol and placed in an oven to dry overnight. Humidity of



the environment is not controlled but each solution is stored in a sealed bottle when not in

use to prevent water uptake from the environment.

Sample Characterizations

The water content of the samples are measured with a Karl Fischer (KF) titration Coulometer
KF 756 (Metrohm, Switzerland). A sample volume of 1 - 3 mL is injected into the system
for each test. Hydranal™-Coulomat AG (Honeywell Fluka, Germany) is used as the analyte

solution.

To measure the size of the inverse micelles, we employ dynamic light scattering (DLS)
using a Zetasizer Nano ZS (Malvern, U.K.). The angle of detection is set to be 173° in order
to maximize the detection of the light scattered by the very small inverse micelles. The value
of the refractive indices of dodecane and Span 80 are set to be 1.421 and 1.48, respectively.
An absorption value of 0.001 is used as the minimum possible value for the instrument since
the samples are transparent. The samples are placed in a glass cuvette, type PCS 1115
(Starna, U.K.) and measurements are carried out at an instrument temperature of 25 °C.
Viscosity of the samples are measured at room temperature with a falling ball viscometer

(Gilmont Instruments, Barrington, 1L, U.S.A.).

Electrical Impedance Spectroscopy

EIS measurements are performed with an Autolab PGSTAT302N potentiostat /galvanostat
(Metrohm Autolab B.V., Netherlands). Sinusoidal excitation signals with two different am-
plitudes of 10 and 50 mV are used in this work. Comparison shows that there are almost
no differences between the results; however, an amplitude of 50 mV reduces the noise in the
spectra. The frequency range of the experiments is adapted to the two different measure-

ment cells (details given below). Each measurement is conducted at room temperature with



at least three replicates. The regression of the impedance spectra is performed with the

software NOVA 1.11 (Metrohm Autolab B.V., Netherlands).

We utilize two different measurement cells since this allows for a convenient detection of
the bulk and the EDL phenomena that we are interested in. Figure 1 (left) shows a sketch of
cell 1 which is comprised of two circular indium tin oxide (ITO) electrodes that are coated
on a boro-aluminosilicate glass wafer (non-alkaline grade, University Wafer, U.S.A.). The
ITO electrodes have a diameter of 50 mm, a thickness of 0.7 mm and a surface resistivity of
around 10 £/sq. Two custom-made holders separate the electrodes with a 2 mm gap. The
holder components are printed using a Miicraft+ 3D printer (Miicraft, Hsinchu, Taiwan).
The wires are physically in contact with the electrodes through an opening in each holder.
To perform the measurements, the assembled cell is placed in a petri dish which is filled with

the liquid sample.

Cell 1 Cell 2

PMMA sheet

_ copper sheet
wire ITO coated glass

z conductive screw o

=

separation gap 3‘ \

3D printed holder
ITO coated PET

Figure 1: Sketch of the two different cell designs employed for the EIS measurements.

Figure 1 (right) shows the design of cell 2. It is composed of two ITO electrodes coated
on a polyethylene terephthalate (PET) film (Aldrich Chemistry, St. Louis, MO, U.S.A.).
The electrodes have a thickness of 127 um and a surface resistivity of around 10 €2/sq. Each
electrode is attached to a PMMA sheet. A metallic screw is placed through a hole in the

PMMA sheet and connects the electrode to a copper sheet that serves as external electrical



contact. First, the surface of the bottom electrode is covered with a liquid film of the sample.
Then, the other electrode is placed on top of the wetted lower electrode which establishes a

electrode distance without using any spacer.

The surface area and electrode distance of cell 1 is known. However, this electrode
distance is relatively large, resulting in a very high ohmic resistance of the liquid, which
suppresses any EDL effect in the impedance spectra. The wetted surface area of cell 2
can be directly measured and usually varies in the range of 21 — 23 cm?. The electrode
distance in cell 2 is the thickness of the liquid film. It is extremely small, which promotes
the characteristics of the EDL in the impedance spectra, but its exact value is unknown.
Nevertheless, both cells allow for the measurement of the bulk properties of the sample
and we use results from cell 1 to infer the electrode distance in cell 2. In detail, we use EIS
measurements in the frequency range of 1 MHz to 100 Hz in cell 1 to measure the capacitance
which is then used to calculate the (bulk) permittivity of the sample. Subsequently, EIS
measurements are performed in a frequency range of 1 MHz to 10 mHz in cell 2. From the
measured liquid bulk capacitance, and the bulk permittivity from the cell 1 measurements,
the electrode distance of cell 2 can be determined. Once the electrode distance is known, the

impedance spectra can be evaluated in terms of the sample conductivity and EDL properties

at the electrode interface.

Results and Discussion

In this section, we first report the results of the KF titration and viscosity of the samples, as
well as the inverse micelle size measurements. These data are required for further evaluation
of the phenomena that we investigate. Then, we present impedance spectra of exemplary

samples measured in cell 1 and 2. Based on these spectra, we discuss the sample permit-



tivity and conductivity accompanied with further discussion about diffusivity, charge carrier

concentration as well as the EDL characteristics.

Water Content

The water content of the samples as a result of the Span 80 concentration in dodecane is

shown in Figure 2. We observe a constant increase in the water content when we add the
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Figure 2: Sample water content versus Span 80 concentration in dodecane. The standard
deviation of the measurements is smaller than the size of the symbols.

surfactant. This increase is linear with a very high coefficient of determination of R? = 0.997.

A regression results in

Cw Cs
= 0.3268
ppm mM

+17, (1)

where ¢, and ¢, are the water and Span 80 concentration in the sample, respectively. This
linearity indicates that the water in the samples originates from the surfactant. The maxi-
mum water content, observed for the sample with the maximum surfactant concentration, is

335 + 8 ppm, which corresponds to less than 0.04 wt%. The presence of water facilitates, !

9



or is even necessary, 2" for the formation of the inverse micelles. In addition, water traces, or
any other impurity, was suggested as the possible source of ionizable species in the solutions
of a nonionic surfactant in nonpolar media.?" Ionic species can also dissociate in water that
is present in the system. Therefore, any addition of water to a nonpolar system, with or

without surfactants, increases its conductivity. 3

Viscosity

The sample viscosity is required for the DLS measurements and for the estimation of the
charge carrier concentration. Figure 3 shows the viscosity for different samples of Span 80
dissolved in dodecane. The viscosity increases from 1.3 mPa.s for pure dodecane to 16.4
mPa.s for the sample containing 1000 mM of Span 80. Above concentrations of around 500
mM, the addition of surfactant considerably increases the viscosity. A suitable correlation

between viscosity n and surfactant concentration is

! :2-10—8(03 )3—1-10—5(i)2+43-10—3i+13 2)
mPa.s mM mM ‘ mM
having a very high coefficient of determination of R? = 0.999. In addition, Dukhin et al.®
showed that the viscosity of Span 80 in toluene follows a semi-empirical mixing rule according
to

Eqs

(0 Vin) = 21I0(m V1) + 22I0(12V2) + 2122075, (3)

where 7;, V;, and x; are viscosity, molar volume and mole fraction of mixture m or
component 1,2, respectively, F15 is the molecular interaction energy, R is the universal gas
constant and 7 is the temperature. Applying Equation (3) to fit our viscosity measurements
results in a slightly lower but still excellent coefficient of determination of R? = 0.998. The

molecular interaction energy is then obtained to be -10.9 £ 0.2 kJ which is comparable to

10
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Figure 3: Sample viscosity versus Span 80 concentration in dodecane. The standard deviation
of the measurements is smaller than the size of the symbols.

the -21.3 kJ which was reported by Dukhin et al. for mixtures of Span 80 in toluene.

Inverse Micelle Size

The (equivalent) hydrodynamic diameters d, of the inverse micelles in a Span 80 concentra-
tion range of 5 to 250 mM in dodecane are shown in Figure 4. Here, we report the average
diameter based on the intensity distribution of the DLS measurements. It should be noted
that for concentrations above 250 mM, we could not obtain reliable results. It seems that
the size somewhat decreases with increasing surfactant concentration; the drop is lower at
the higher surfactant concentrations. At the lowest concentration of 5 mM, the average size
is 8 £ 4 nm. A smaller average size of 4 £ 1 nm is measured for the sample with 250
mM. These results are in good agreement with those reported in ref. #” The relatively large
standard deviations suggest a broader distribution of inverse micelle sizes within the sample.

Thus, we cannot be sure whether the average micelle size really decreases since the change is

11



more or less within the standard deviations of the measurements. In fact, most of the com-
mercial surfactants are mixtures of various molecular structures which can produce a range
of inverse micellar configurations with different sizes.?® The large standard deviation is also
in agreement with the discussion provided in ref.® regarding the fact that inverse micelles,
especially made from nonionic surfactants, and with different charges do not have equal sizes.
In addition, Dukhin et al.*® discussed that a charged inverse micelles should be smaller than
ta neutral inverse micelles due to the interaction between polar head and central charge. In
the DLS measurements, we indeed measure the size of uncharged inverse micelles as they are
abundant in the sample. Moreover, it was reported that inverse micelles made from Span
80 are rather not spherical. #"* This is not a problem since the equivalent diameter that we
measure is that of a sphere which behaves like a (non-spherical) entity. Nonetheless, for the
estimations that we perform below, we consider the inverse micelles to have spherical shape
and we choose an average equivalent diameter of 5 nm over all concentrations. This value
is also in good agreement with the diameter of 4 nm reported by Karvar et al. 3" which is

derived from transient current measurements.

Electrical Impedance Spectroscopy

EIS measurements of mixtures of Span 80 and dodecane are carried out using both cell 1
and cell 2. Figure ba shows typical spectra of samples with low, intermediate and high
concentrations measured in cell 1. For all concentrations, there is (a segment of) a semicircle
which represents the capacitive and resistive behavior of the liquid bulk along with the
resistive behavior of the electrodes. The higher the surfactant concentration, the more of the
semicircle perimeter can be seen in the spectrum. The diameter of the semicircle decreases
with increasing surfactant concentration. Indeed, the difference between the two intersects of

the spectrum with the x-axis (real part of the impedance) corresponds to the ohmic resistance

12
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Figure 4: Average inverse micelle size (equivalent hydrodynamic diameter) versus Span 80
concentration in dodecane.

of the sample. This behavior is related to the conductivity increase even though we add a
nonionic surfactant. The spectra obtained using cell 1 are fitted (solid line) to the equivalent
R(RC) circuit shown as insert in Figure 5a. In this circuit, R, is the ohmic resistance of the
electrodes while Ry, and C} are the ohmic resistance and the capacitance of the liquid bulk,
respectively. The geometry of cell 1 is known which enables us to calculate the permittivity

of each sample from the measured capacitance (reported below).

Next, we present results from EIS measurements using cell 2. The impedance spectra of
samples containing 25, 100 and 1000 mM Span 80 are shown in Figure 5b — d, respectively.
There are three distinguishable regions in these spectra: (i) the high frequency semicircle
related to the liquid bulk properties; (ii) a mid-range frequency distributed response which
arises from the transport effects; (iii) and another tail-like segment of a low frequency EDL
semicircle. We note that for higher surfactant concentrations, the high-frequency semicircle
and the EDL segment become smaller and more pronounced, respectively. In addition, the

mid-range frequency distributed region (the influence of transport effects) becomes smaller

13
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Figure 5: Typical EIS spectra of various concentration of Span 80 in dodecane measured in
cell 1 or 2: a) 10, 100 and 1000 mM Span 80 measured in cell 1; b) 25 mM Span 80 measured
in cell 2; ¢) 100 mM Span 80 measured in cell 2; d) 1000 mM Span 80 measured in cell 2.
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as the concentration increases.

All impedance spectra that are measured with cell 2, are fitted (solid lines) to the
equivalent circuit shown as the inset in Figure 5b. This circuit is a simplified form of an
equivalent circuit that is adequate for the interpretation of most electrochemical spectra. 99!
Here, R., C, and R, have the same definition as in the liquid bulk circuit used in Figure 5a.
The impedance Zp capturing the transport effects is a distributed element reflecting the
diffusion in the system. When mobility and size of a diffusive species are very different, the
respective impedance does not have a single time constant. %% As mentioned above, the
size of the inverse micelles in our system features a rather large standard deviation. This
indicates a certain size and mobility distribution which results in the appearance of the mid-
range frequency distributed response in the spectra. We observe the best regression quality
if Zp is described by a parallel combination of a resistor R; and a Warburg element W,.
The EDL tail is captured by a constant phase element (CPE) Qgp; which usually gives a
better regression of the capacitive EDL effect since it accounts for the non-ideality of the
electrode surface.® °® The impedance of a CPE is defined as Zg = 1/Qq(jw)™ where Q) is
the CPE coefficient, n is an empirical shape factor with a value between 0 and 1, j is the
imaginary unit and w is the angular frequency. Note that the equivalent circuit in Figure 5b
includes only one element for the transport and one for the EDL effects since both electrodes
in the cell are equal. The regression results for all spectra are reported in the Supporting

Information. The respective elements of the equivalent circuits are used to compute the

liquid bulk conductivity as well as the capacitance of the EDL.

Permittivity

The permittivity of the samples are derived from the impedance spectra measured with cell
1. In detail, the liquid bulk capacitance Cj is obtained from the regression of the equivalent

circuit shown in Figure 5a to the measured spectra. Knowing the electrode distance d and

15



the surface area of the electrodes A, the relative permittivity corresponds to

Cyd
== 4
Er ey’ (4)

where g( is the permittivity of the vacuum. The results for e, versus the surfactant con-
centration in dodecane are shown in Figure 6. We observe a linear correlation between the

relative permittivity and the surfactant concentration. A respective regression results in

C
,=9-107"—= +20. 5
£ v (5)

Surfactant molecules carry a substantial dipole moment; ° this explains the observed increase

in the sample permittivity when surfactant is added.
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Figure 6: Relative permittivity of samples with various concentrations of Span 80 in dode-
cane. The standard deviation of the measurements is smaller than the size of the symbols.
The dashed line shows the linear regression.
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Conductivity

The liquid bulk resistance Ry, that can be extracted from an EIS spectrum is very informative
with respect to the formation and interactions of the charge carriers in a nonpolar medium.
This resistance can be converted to the medium conductivity if the cell geometry is known.
As discussed above, we use the permittivity results from cell 1 along with Equation (4) to
calculate the electrode distance in cell 2. Generally, this electrode distance is in the range of

50 to 80 pum and we can calculate the sample conductivity according to

o=—. (6)

The so-inferred conductivity results are plotted in Figure 7 on a log-log scale since a respective

correlation can be conveniently described with a power law. We observe that the medium
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Figure 7: Electric conductivity of samples with various concentrations of Span 80 in dode-
cane. The standard deviation of the measurements is smaller than the size of the symbols.
The dashed line shows the power law regression.

conductivity o increases with the addition of the nonionic Span 80 surfactant. The regression

17



of the data to
o

nS/m = 1566 <rrfls\/[)0.8 (7

results in a very high coefficient of determination of R? = 0.996. There are two well-known

models for describing the charge generation in nonpolar media in the presence of surfactants;
i.e., the disproportionation and the dissociation model. ¢ In the disproportionation model, it
is assumed that two neutral inverse micelles collide, exchange electric charge, and form two
oppositely-charged inverse micelles. 3462357 If there is neither a change in the viscosity nor in
the inverse micelle size, this model predicts a linear correlation between the medium conduc-
tivity and the surfactant concentration. 93! The disproportionation model does not eliminate
the possibility of the existence of the neutral ion-pairs but predicts there is no influence of
the ion-pairs on the conductivity. %°® In contrast, the dissociation model %953 assumes that
a neutral entity, such as molecules or ion-pairs, can dissociate into two oppositely charged
species. Below a critical concentration, which corresponds to a inverse dissociation constant,
this model results in a quadratic dependency between medium conductivity and surfac-
tant concentration. At higher concentrations, but still below the critical concentration, the
quadratic dependency results in a decrease of the conductivity slope. This would imply the
recombination of dissociated species into neutral ion-pairs. Above the critical concentration,

the theory predicts a square root dependency for the conductivity. 6

For a reasonable prediction of the conductivity, we use the common correlation for

diluted electrolytes
22¢;D;
—F i\ = F? o 8
T D ®

where \;, ¢;, z;, and D;, are the mobility, concentration, valency and diffusivity of the ionic

species i, F'is the Faraday constant, R is the universal gas constant and 7' is the temperature.

18



The diffusivity can be approximated with the Stokes-Einstein equation

RT

D=—""_ 9
37TNaU77dh ( )

where N,, is the Avogadro number. We further define y as the charged inverse micelles
fraction and N,, as the aggregation number of an inverse micelle. We also do the reason-
able assumption that positively- and negatively-charged inverse micelles have the same size
and diffusivity. Hence, we can express the correlation between conductivity and surfactant

concentration according to
(2F)?*xcs

__Eh)Txes 10
7 3a N Nagnds, (10)

For the identification of the charge formation model, the fact that the medium viscosity can
considerably change with the surfactant content is usually disregarded. If we consider that z,
X, Nag, and dj, are constant, Equation (10) reveals that the viscosity-adjusted conductivity
o’ = on is a linear function of the surfactant concentration. We test this hypothesis in
Figure 8. A linear dependency between ¢’ and ¢, is observed up to around 250 mM. This
indicates that in this concentration range, the charge formation takes place according to the
disproportionation model. At higher concentrations than 250 mM, higher viscosity adjusted-
conductivities are measured than predicted. This could be related to interactions between
the increased number of inverse micelles which may increase the fraction of charged inverse
micelles or lower the aggregation number which results in smaller and more mobile inverse
micelles. To summarize, our viscosity adjusted conductivity approach clarifies that the
(drastic) change in the conductivity slope in Figure 7 (if plotted on a linear scale), is related
to the viscosity change of the medium and not to the formation of ion-pairs. This is also
supported by the fact that the nonlinear behavior of ¢’ at higher concentrations has an
increasing slope. The slope as a result of the dissociation model is expected to be decreasing.

In conclusion, there is no indication for the validity of the dissociation model while the

behavior up to 250 mM surfactant concentration follows the disproportionation model.
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Figure 8: Viscosity-adjusted conductivity for various concentrations of Span 80 in dodecane.
The dashed line results from the linear regression of the data up to 250 mM.

We use the conductivity data to estimate the concentration of charged inverse micelles
in our samples. Note that the following analysis is of rather qualitative nature and the re-
sults are expected to be on the right order of magnitude and not necessarily precise values.
Here, we assume that the inverse micelles have an equivalent hydrodynamic diameter of 5
nm. Likewise, a charged inverse micelle is not significantly smaller and carries an elementary
charge (z = £1). We limit the concentration range of interest to the linear regime of the
viscosity-adjusted conductivity. The average diffusivity of the inverse micelles in this range
of concentrations is calculated using Equation (9); we arrive in 5.3-107'" m?/s. This value is
similar to the diffusivities reported in the literature for various inverse micelles in nonpolar

media, 24:43:44,57,64

The aggregation number of Span 80 in dodecane is reported to be between
3 to 20 for the concentration range.*” Hence, we assume an aggregation number of 10. Using
these material properties along with Equation (10), we calculate y ~ 3.2-107° as the aver-

age fraction of charged inverse micelles. This value is very similar to those reported for the

ionic aerosol-OT (AOT) (y = 1.2-107°),?* nonionic OLOA 371 (x = 2 - 107°),% nonionic
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OLOA 11000 (y = 4-107°),'% ionic AOT (x = 1.5-107°) , ionic zirconyl 2-ethyl hexanoate
(x = 2.7-107%),? ionic Na-AOT (x = 2.2-107°) and ionic Li-AOT (x = 2.2-107°),% all in

dodecane.

The knowledge of the amount of charged inverse micelles allows us to compute the ionic

strength of the medium according to I = 357=. This in turn allows the determination of the
ag

(approximate) thickness of the EDL; i.e., the Debye length

ereoRT 1/2
lD:< 2122[ ) . (11)

We plot the computed Debye length versus the ionic strength as well as versus the surfactant

concentration in Figure 9. The Debye length decreases from approximately 250 nm to 80
nm as the concentration increases from 25 to 250 mM. Regression of the data reveals that

043 " This minor deviation from

the calculated Debye length changes according to Ip o ¢,
the inverse square root dependency is related to the changing medium permittivity due to
surfactant addition which is included in our data evaluation but not in the solution of the
Poisson-Boltzmann equation. In the next section, we present the measured EDL capaci-

tances. Based on this, we calculate the thickness of an equivalent parallel-plate capacitor

and compare it to the Debye length results presented here.

Electrical Double Layer Capacitance

From the values of the CPE, obtained from the regression of the EIS spectra measured
in cell 2 to the equivalent circuit, we can calculate the equivalent EDL capacitance Cgpr,.

Here, we follow Burg et al.®6:57 and use their equation for blocking electrodes with a planar
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Figure 9: Debye length versus ionic strength and Span 80 concentration. The dashed line
shows the proportionality according to Ip o ¢; %43,

distribution of time constants. It is
1/n 71;"
Cepr =20y Rs" (12)

where R, is the resistance in series with the CPE. In our system, it is R, = R, + Ry + Ry.
The factor of 2 in Equation (12) is added since we have two equal electrodes but use only
one CPE to capture their effects. The specific equivalent capacitances (triangular symbols)
for various concentrations of Span 80 are plotted in Figure 10. It can be seen that, despite
the surfactant concentration change over order of magnitudes, the equivalent capacitance
remains on the same order of magnitude. In detail, there is a slight decrease from around 7
to 4 uF/cm? when the Span 80 concentration increases from 10 to 1000 mM. This surfactant
concentration range corresponds to an ionic strength range of around 20 to 2000 nM, when we
use the parameters of the charged micelles also for the concentrations above 250 mM. Since

in a nonpolar medium the relative permittivity is not significantly impacted by the electric
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Figure 10: Specific EDL capacitance Cgpy (triangles) and the electrode distance § of an
equivalent parallel-plate capacitor (circle) versus the concentration of Span 80.

field, we can assume the same permittivity value for the liquid bulk and the EDL. Therefore,
the equivalent capacitance along with the respective permittivities and Equation (4) allows
us to calculate the electrode distance ¢ of an equivalent parallel-plate capacitor. Given the
parallel, planar and very smooth nature of our electrodes, this is a very reasonable approach.
We plot this electrode distance as a function of surfactant concentration in Figure 10 (right
axis) as open circles. Doing so, we find that this electrode distance slightly increases with

increasing surfactant concentration but stays always on the order of magnitude of 1 A.

According to the Gouy-Chapman-Stern model, the EDL consists of an immobile Stern
layer and a mobile diffuse layer. Consequently, the overall EDL capacitance corresponds
to a serial combination of the Stern layer capacitance and the diffuse layer capacitance. In
our similar work on EIS in aqueous solutions, we showed that at very low ionic strengths,
the overall EDL capacitance is dominated by the Stern layer capacitance.® This is not in

agreement with the expectation of retrieving the lower capacitance. At low ionic strengths,
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the diffuse layer capacitor should be the dominating capacitance for the two capacitors in
series. We related this controversial finding to the very low concentration of the ionic species.
The results indicated that a certain ionic strength is required to form a measurable diffuse
layer capacitor. Below that certain ionic strength, the diffuse layer probably does not form
accordingly or does not behave like a (ideal) capacitor. In the present work, where we can
easily adjust extremely low ionic strengths in the medium, we have also strong indications
that we measure the Stern layer capacitance. This supports our concept of a minimum ionic
strength for diffuse layer formation. The thickness calculated from Equation (4) and the EDL
capacitance should therefore be considered as the thickness of an EDL which consists of a
sole Stern layer. Consequently, the concept of the Debye length, which is based on the Gouy-
Chapman theory of a diffuse layer, should not be applied at very low ionic strengths. The
decrease in the EDL capacitance and increase in apparent Stern layer thickness as a function
of the concentration, shown in Figure 10, should be attributed to adsorption of neutral
(surfactant) species which results in the displacement of the counter-ions (charged inverse
micelles); cf. Ref.% Dukhin et al.”™® also investigated the influence of nonionic surfactant
adsorption on the Stern layer (slipping plane) of alumina particles dispersed in an aqueous
electrolyte. Despite the fundamental differences, there are still similarities to our work. The
nonionic surfactant Tween 80 considerably reduced the alumina zeta potential by shifting
the slipping plane but only in the range of moderate ionic strengths. There was essentially
no influence of the surfactant on the zeta potential observed at high ionic strength, where
the diffuse layer is suppressed which is comparable to our case of extreme low ionic strength

where the diffuse layer is not formed.

24



Summary

The focus of the present study is the investigation of the charge carrier and electrical double
layer formation in a nonpolar medium in the presence of a nonionic surfactant. For this
purpose, we employ electrical impedance spectroscopy to measure liquid bulk and EDL
properties in two custom made cells filled with samples of Span 80 in dodecane in the

concentration range of 1 to 1000 mM.

A typical spectrum measured in this study can be divided into three different regions:
(i) a high frequency liquid bulk semicircle; (ii) a mid-range frequency transport region;
and (iii) a low frequency EDL region. From the liquid bulk semicircle data, we extract
the medium permittivity and conductivity. It is found that the medium permittivity is a
linear function of the surfactant concentration. The medium conductivity increases with
the surfactant concentration which indicates that the nonionic surfactant causes a charge
carrier formation. Conductivity data are adjusted with the viscosity of the medium and
a linear relationship is found for surfactant concentrations up to 250 mM. This linearity
reveals that the charge formation obeys a disproportionation mechanism. We calculate that
the average fraction of charged inverse micelles in the concentration range of 25 mM to 250

mM corresponds to around 3.2 - 10~® while the Debye length varies from 250 nm to 80 nm.

The equivalent capacitance of the electrical double layer is retrieved from the low fre-
quency EDL data of the spectra. For the entire range of concentration, the equivalent

2. Keeping the parallel, planar

capacitance varies only slightly from around 7 to 4 pF/cm
and smooth nature of our electrodes in my mind, the electrode distance of an equivalent
parallel plate capacitor is found to be on the order of angstrom. In other words, the Stern
layer capacitance is measured in our EIS measurements and no significance of a diffuse layer

in determining the equivalent capacitance is found in this study. Hence, the concept of the

Debye length should be avoided in media with very low ionic strength.
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