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a b s t r a c t

The conductivity behavior of doped hydrocarbon systems is studied by applying impedance spectroscopy.
In the case of 3,5-diisopropyl salicylato aluminum (III) the charge carriers are formed by dissociation of
the compound and their concentration is proportional to the square root of the solute concentration. In
hydrocarbon systems that consist of micelle forming compounds (sodium AOT/ lecithin) a linear depen-
dence of charge carrier concentration on solute concentration is observed in the concentration regime
where micelles are present.

The conduction mechanisms are studied by numerical solution of a Poisson–Nernst–Planck system that
describes the charge transport. We follow two different approaches to extract the degree of micelle dis-
sociation from the impedance data. Firstly, by computing the response of a linear approximation of the
Poisson–Nernst–Planck model, and secondly by computing the fully nonlinear response from direct
numerical simulations using finite elements. For high and moderate frequencies both approaches agree
very well with the experimental data. For small frequencies the response becomes nonlinear and the con-
cept of impedance fails. Furthermore, the numerically computed values for the degree of dissociation are
of the same order of magnitude as the values obtained with classical formulas, but still differ by a factor
of about 1/3. The direct numerical simulation allows new insight into the conduction mechanisms for dif-
ferent frequency regimes.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Several practical applications have been recognized for years
where tailoring electrical conductivity of hydrocarbon systems is
essential. A detailed understanding of ionics and charge generation
in nonaqueous systems is needed to develop successful strategies
for stabilizing nonpolar dispersions by tailoring particle particle
interactions [1–5]. Frequently, compounds that may enhance
hydrocarbon conductivity will influence particle charging. These
so-called charge control agents are used as an additive for the dis-
persion formulation of ink-jet printing and liquid toner systems
[6,7]. They are used to stabilize soot particles in engine oils [8,9]
or for application in electrophoretic displays [10]. Moreover, such
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compounds are indispensable additives in fuels to prevent electro-
static charging during handling.

Although the underlying mechanisms of ionic conduction in
aqueous environment are well-known there still is considerable
controversy about charge transport and charge generation in nonpo-
lar environment. In pure nonpolar media charge transport due to a
hopping mechanism of photo-generated electrons has been re-
ported [11,12]. In the case of doped hydrocarbons charged reverse
micelles have been identified to act as charge carriers in nonpolar
environment [1,13,4,14]. In this case the generation of charge carri-
ers and charge carrier size will be strongly influenced by the amount
of residual water present in the system [15]. For long-chained al-
kanes experimental conductivity data exist that differ by orders of
magnitude. The reasons for these differences in conductivity are
obvious: even traces of polar impurities that are dissolved in the
hydrocarbon may enhance the conductivity considerably.

Within the experimental section of this article the impedance
behavior of a nonpolar solvent doped with charge control agents,
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Fig. 1. IR spectra of 3,5-diisopropyl salicylic acid (dips) and the aluminum chelate
complex Al (dips)3.
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i.e. the micellar system lecithin (a-phosphatidylcholine)-hexadecane
and hexadecane solutions of an aluminum salicylic acid complex
compound (3,5-diisopropyl salicylato aluminum (III)) is addressed
and compared to data obtained for the well characterized micellar
hydrocarbon-sodium AOT system [16,17]. The concentration
dependent conductivity behavior of the aforementioned systems
is described by simple chemical equilibrium considerations.

Further insights into our experimental results including the spa-
tial distribution of ions are achieved by the formulation and solution
of an appropriate model describing the system. For small concentra-
tions we set up a time-dependent version of the Poisson–Nernst–
Planck (PNP) model coupled to the Stokes equation. For an introduc-
tion to the PNP model we refer to [18–22] and references therein.

Simulations are done for the lecithin–hexadecane system. With-
in the simulations the impedance calculated is fitted to the mea-
sured data of the system to determine the degree of dissociation.
The simulations were performed for a linearized time-periodic ver-
sion of the PNP-system and for the full nonlinear model. A short
derivation of the numerical method, including a justification of
the algorithms used, is given in the numerical section of this article.

Finally, we show that the values of the degree of dissociation of
charged micelles are of the same order of magnitude as the values
estimated from simple equilibrium considerations. Differences in
impedance behavior of micellar systems (AOT, lecithin) and the
aluminum salicylate system are also discussed and the cmc regions
of AOT and lecithin in hexadecane system are determined.

2. Experimental

2.1. Instrumental and chemicals used

Impedance analyses of solutions of AOT sodium salt (NaAOT) in
hexadecane, 3,5-diisopropyl salicylato aluminum (III) (Al (dips)3)
in hexadecane and lecithin in hexadecane, respectively, have been
carried out using the dielectric spectrometer Alpha-Analyzer
(Novocontrol) equipped with a ZGS head. Solutions were prepared
by dissolving appropriate amounts of AOT sodium salt, Al (dips)3 or
lecithin (Fluka, 99%), respectively, in hexadecane (95%, Alfa Aesar)
at room temperature. The water content of the hydrocarbon has
been determined to be (67.5 ± 2.8) mg/kg using the coulometric
Karl-Fischer titration device 720 KFS Titrino (Metrohm). Unless
otherwise stated the chemicals have been used without any fur-
ther purification. Prior to use the AOT sodium salt (Acros, 96%)
has been purified by re-crystallization from methanol (Roth,
P99.5% Ph. Eur.). The solutions were allowed to equilibrate for at
least 24 h at room temperature prior to impedance measurements.
The solutions have been introduced into a cylindrical sample cell
(BDS1307, Novocontrol) connected to the impedance analyzer.
Measurements have been performed at temperatures between
20 �C and 70 �C in the frequency range 10�4 Hz to 20 MHz (at 1 V
(root mean square)) in nitrogen atmosphere. Before performing
the measurements the sample cell has been thoroughly flushed
with the sample solution and has been equilibrated at the destined
temperature for 30 min which was sufficient to attain thermal
equilibrium. The temperature has been maintained constant
during impedance characterization with an accuracy of 0.1 K by
purging with dry nitrogen gas flow of desired temperature using
the Quatro Cryosystem (Novocontrol). Impedance data have been
evaluated using WinFit software (Novocontrol).

The size of micelles has been determined by dynamic light scat-
tering (DLS) using a Zetasizer Nano-ZS (Malvern Instruments).

2.2. Preparation of aluminum chelate complex

The synthesis of Al (dips)3 is outlined in detail elsewhere [23].
Briefly, 3,5-diisopropyl salicylic acid (96%, Acros Organics) is
dissolved in dried methanol (P99.5% Ph. Eur., Roth) and given to
a MeOH solution of an equimolar amount of AlCl3 (99.99% metal
basis, Sigma Aldrich) that contains the threefold molar concentra-
tion of sodium methoxide with respect to aluminum. This mixture
is allowed to react for 30 min. Then the solvent is withdrawn by a
rotary evaporator and the solid residue is dissolved in benzene. The
benzene solution is stored in a refrigerator at about 8 �C in order to
allow crystallization of formed NaCl. The supernatant is separated
by decantation and the solvent again is withdrawn by rotary evap-
oration at reduced pressure. After recrystallization from diethyl
ether, evaporation of this solvent and drying in fine vacuum the
aluminum complex is obtained as a powder. The reaction product
is readily soluble in hexadecane up to millimolal concentrations.

Formation of the metal chelate compound has been proven by
means of IR spectroscopy. IR spectra have been sampled using a
Digilab FTS3100 FTIR spectrometer in ATR setup. A shift of mC@O

of 3,5-diisoproyl salicylic acid from 1655 cm�1 (free acid) to
1580 cm�1 (chelate) is observed (Fig. 1). This shift to lower wave
numbers due to chelate formation between metal ions and salicylic
acid derivatives is due to a weakening of the C@O bond [24]. More-
over, the free acid is characterized by spectral bands at 1226 cm�1

and 1280 cm�1 [25]. These bands are not observed in the case of
3,5-diisopropyl salicylic acid acting as a complex ligand.
3. Results and discussion

3.1. DC conductivity in dependence on solute concentration

3.1.1. DC conductivity of AOT hexadecane solutions
Fig. 2 summarizes the dependence of low frequency conductivity

of sodium AOT solutions on concentration determined by imped-
ance analysis at 10�2 Hz. The magnitude of low frequency (com-
plex) conductivity shown is mainly governed by the real part of
conductivity and thus is a good approximation for DC conductivity.

As can be seen, conductivity r (Fig. 2) in dependence on solute
concentration c cannot be fully explained with well-known theo-
ries applicable to aqueous electrolytes. In the case of (complete)
dissociation of a binary 1:1-electrolyte in water – which holds
for small solute concentrations and small activities – the linear
dependence of conductivity on the square root of solute
concentration is well-known (Kohlrausch’s law). A closer inspec-
tion of Fig. 2 reveals, however, that the graph may be divided into
three sections: At low solute concentrations up to approximately
10�6 mol=kg the dependence of conductivity on concentration
may be sufficiently explained by a dependence on the square root
of the solute concentration (r / c1=2). A neutral solute NaAOT



Fig. 2. DC conductivity in the system sodium AOT–hexadecane at 293 K.

(a)

(b)

Fig. 3. (a) DC conductivity in the systems lecithin–hexadecane at 293 K. (b) Al
(dips)3–hexadecane at 293 K.
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molecule dissociates to form Na+ and AOT� ions as charge carriers
(regime 2). In the concentration range 10�6 mol=kg to approxi-
mately 10�4 mol=kg a plateau conductivity is observed whereas
there is a noticeable increase in conductivity for higher AOT con-
centrations. The plateau conductivity might be due to the (very
small) dissociation constant of sodium AOT that limits the concen-
tration of charge carriers present in the system (regime 2,
r ¼ rcmc ¼ constant). This behavior has been reported for the
AOT dodecane system and may be readily understood [2,3]: forma-
tion of small charged species like Na+ or AOT� – despite of a hydra-
tion shell which will be present due to trace amounts of water
dissolved in the hydrocarbon – is extremely unfavorable in nonpo-
lar media from a thermodynamic point of view. The Bjerrum length
lb, the characteristic length where the Coulombic energy between
two opposed point charges (of charge magnitude 1e) is counterbal-
anced by thermal energy kBT, accounts for this aspect:

lb ¼
e2

4pe0erkBT
; ð1Þ

with e: elementary charge, e0: vacuum permittivity, er: relative per-
mittivity, kB: Boltzmann constant and T: temperature.

The Bjerrum length is inversely proportional to �r: in a nonpolar
environment like hexadecane (er � 2) lb is about 28.0 nm (298 K)
whereas in polar media like ethanol (er � 25) and water (er � 81)
it is around 2.2 nm and 0.7 nm, respectively. Thus, the Bjerrum
length in nonpolar environment like hexadecane is about 40 times
larger than in water and charge recombination will occur if op-
posed charge carriers are not separated by lb or a larger (center–
center-) distance r. This has some important implications for non-
polar media:

� Only a minute number of charged species will be present, thus
dissociation is unfavorable and the probability for ion formation
is given by expð�lb=rÞ.
� Formation of ionic species of high charge density is energeti-

cally unfavorable, i.e. highly charged ions will not exist.
� ‘‘Stable’’ charge carriers must exhibit a low charge density, i.e.

they should be bulky ‘‘macro-ions’’ that carry a small charge
(jzj ¼ 1).

In nonpolar systems singly charged reverse AOT micelles have been
reported to act as charge carriers [1]. The increase in conductivity
for AOT concentrations of more than 10�4 mol=kg (see Fig. 2) may
be explained by ‘‘macro-ions’’, i.e. charged micelles that are formed
at high solute concentrations (regime 3). The cmc in nonpolar med-
ia is not a well-defined quantity but frequently a quite broad con-
centration range exists where a gradual formation of micelles
starts. In the case of sodium AOT dissolved in hexadecane a cmc
region in the concentration range 10�6 mol=kg to 10�4 mol=kg
may be identified from conductivity data. Macro-ions will be the
prevailing charge carriers for solute concentrations larger than
cmc (regime 3). Charge transport in hydrocarbon systems under
these conditions will be more effective compared to regime 1 where
only a small number of ‘‘ions’’ due to dissociation of molecular com-
pounds will be present.

3.1.2. DC conductivity of lecithin hexadecane and Al (dips)3

hexadecane solutions
Lecithin shows a similar dependence of conductivity on solute

concentration like AOT (see Fig. 3a). Again the course of conductivity
over solute concentration may be divided into the aforementioned
three regimes and a change in activation energy of conduction is ob-
served, too (see Fig. 7). In the case of lecithin this behavior is ex-
pected since the molecular structure resembles an amphiphilic
compound like AOT that forms micelles. The critical micelle concen-
tration of lecithin is known to be 9� 10�4 mol=kg in benzene for the
formation of ‘‘large’’ micelles [26,27] but a cmc has been reported of
about 4� 10�6 mol=kg, too, for the formation of ‘‘small’’ micelles.
The cmc of lecithin in hexadecane is expected to be in a comparable
concentration range. The small micelles consist of 4–5 monomeric
units of lecithin [28,29]. The size of reverse micelles formed in
hydrocarbons is influenced by the amount of water present in the
system: with minute amounts of water present depending on the
micelle volume fraction spherical micelles of diameters between
4.8 nm and 10.8 nm have been determined by SANS in a cyclohex-
ane–lecithin–water system [30]. Mackeben et al. [31] report spher-
ical lecithin micelles sized 5–12 nm present in an isopropyl
myristate–lecithin–timolol maleate system depending on water
and timolol maleate content. At higher water content worm-like mi-
celles have been observed [30,32]. DC conductivity of lecithin in
hexadecane presented in Fig. 3 shows a plateau conductivity in the
concentration range of about 5� 10�6 mol=kg to 2� 10�5 mol=kg,



Fig. 4. Estimated Debye length 1=j (see Eq. (6)) from DC conductivity in the
micellar systems lecithin–hexadecane and sodium AOT–hexadecane and in the Al
(dips)3–hexadecane system (charge carrier generation due to dissociation) at 293 K.
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i.e. this is identified to be the cmc region. In the lecithin–hexadecane
system there are only traces of water present. Therefore the micelles
are assumed to be of spherical shape. A micelle size of 7.0 nm
(hydrodynamic diameter) has been determined by DLS.

For Al (dips)3 no formation of micellar structures can occur. The
dependence of conductivity on concentration can be explained
sufficiently by a dependence on the square root of the solute con-
centration for concentrations up to millimolal concentrations, i.e.
the charged species are formed due to dissociation of the molecular
compound. For higher concentrations deviations from this depen-
dence are noticeable. Presumably the aluminum salicylate com-
plex will form charged adduct species at higher solute
concentrations that may act as charge carriers. A more complicated
mechanism of charge carrier generation is obvious (deviation from
r / c1=2 and r / c).

3.2. Charge transport in nonpolar systems

From DC conductivity data one may conclude that charge trans-
port in the systems studied is due to ionic conduction with a
dependence r / c1=2 for charge carrier generation due to dissocia-
tion and r / c for micellar charge carriers. In this case the conduc-
tivity r in solutions is related to ionic mobilities li and to the
concentration ni of charged species i present in the system:

r ¼
X

i

nijzijeli; ð2Þ

with li: mobility of species i;ni: concentration of species i; zi:
charge number of species i, and e: elementary charge.

For spherically shaped charged species the charge carrier mobil-
ity lj for species j may be related to the hydrodynamic radius Rj of
ion j:

jzjje ¼ 6pgRjlj; ð3Þ

with g: solvent viscosity.
The formation of charged micelles is claimed to be due to auto

dissociation of two (neutral) micelles [1–3]. If one assumes micel-
lar singly positively and negatively charged structures of same size
and charge generation due to disproportionation of neutral mi-
celles which is true in the case of AOT and lecithin it holds that

2M!Mþ þM�; ð4Þ

with M: micelle.
Under the aforementioned assumptions, i.e. jzij ¼ 1 the total

charge carrier number density n� in the concentration range where
charged micelles are the predominant charge carrier species may
be estimated from conductivity data [1]:

n� ¼
r6pgRi

e2 : ð5Þ

Applying above mentioned simplifications e.g. the Debye length
1=j in nonpolar systems may be calculated from Eq. (5) if the con-
ductivity and the hydrodynamic radius of the charge carriers pres-
ent are known:

1
j
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ere0kBT
6pgRir

s
: ð6Þ

The radius of sodium AOT reverse micelles in hydrocarbon media
(dodecane) is 1.56 nm [2,33]. For lecithin reverse micelles a hydro-
dynamic diameter of 7.0 nm has been determined by DLS. Only neg-
ligible changes in micelle size are expected under the given
experimental conditions [34,35]. Accordingly, the Debye lengths
summarized in Fig. 4 are obtained assuming the above mentioned
values for micelle size for AOT and lecithin and taking into account
the material parameter of hexadecane. For Al (dips)3 a radius of
0.8 nm has been estimated from complex constitution. The same
value has been assumed for the radius of the positively charged
counter ion. The Debye lengths obtained for these nonpolar systems
are in the range of 10�7 m to several 10�6 m. In aqueous systems
they are typically in the order of magnitude of nanometers. This im-
plies that electrostatic interactions in nonpolar media – in contrast
to aqueous systems – will be long-ranged due to low screening
(small er) and minute charge carrier concentrations (low r). The
equilibrium constant Keq;micelles for the disproportionation of mi-
celles (see Eq. (4)) is given by

Keq;micelles ¼
½Mþ�½M��
½M�2

¼ ½M��2

½M0 �M��2
¼ a2

ð1� aÞ2
: ð7Þ

Activities are treated as concentrations for the sake of simplicity.
The concentration of positively and negatively charged species Mþ

and M� is equal and may be expressed as M�. If we introduce the
total concentration of micelles in the system, M0, the equilibrium
constant may be expressed in terms of the degree of dissociation

a ¼M�

M0
; a ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Keq;micelles

p
1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Keq;micelles

p : ð8Þ

A simple linear dependence of M� on the total solute concentration
M0 is obtained. As outlined Eq. (7) only holds for a charge carrier
generation mechanism according to Eq. (4) that is not applicable
to the aluminum complex. Al (dips)3 is known to be a strong Lewis
acid and Brønsted acid [23], i.e. charge carrier generation will be
due to dissociation of the compound:

Al ðdipsÞ3 þH2O$ ½Al ðdipsÞ�3 � þ ½H3Oþ�: ð9Þ

In this case an equilibrium constant Keq;diss may be defined:

Keq;diss ¼
½Hþ�½Al ðdipsÞ�3 �
½Al ðdipsÞ�3

¼ a2
diss

1� adiss
c0: ð10Þ

The H+ ions might be transferred to water clusters within the organ-
ic solvent. According to Eq. (9) the total charge carrier concentration
is expected to be proportional to the square root of the solute con-
centration. This is obviously the case: evaluation of DC conductivity
data of the Al (dips)3 hexadecane system (see Fig. 4) leads to a linear
dependence of logð1=jÞ over logðcðAlðdipsÞ3ÞÞ with a slope

d logð1=jÞ
d logðcðAl ðdipsÞ3ÞÞ

� 1
2

d logð1=jÞ
d logðcðAOTÞÞ

¼ 1
2

d logð1=jÞ
d logðcðlecithinÞÞ : ð11Þ

If we assume that charge carriers are of spherical shape and jzij ¼ 1
and combine Eqs. (5) and (8) the following expression is obtained:



Fig. 5. Degree of dissociation a evaluated for AOT and lecithin micelles in
hexadecane at 293 K.

(a)

290 300 310 320 330 340 350
1,0x10-3

2,0x10-3

3,0x10-3

4,0x10-3

η(hexadecane)

η 
/ m

Pa
s 

temperature / K

1x1011

2x1011

3x1011

4x1011

5x1011

6x1011

7x1011

1/
σ  

/ c
m

/S
 

 1/σlecithin

(b)

Fig. 6. (a) Arrhenius plot of DC conductivity (lecithin–hexadecane system) in
dependence on temperature (symbols: experimental data; lines: fit function). (b)
Temperature dependence of inverse conductivity 1=r and solvent viscosity g.
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r ¼ aM0e2

6pgRi
: ð12Þ

a and the equilibrium constant Keq;micelles may be estimated. For cal-
culation of micelle number density it is assumed that the micelle
density is equal to the solvent density and that the aggregation
number is 30 for AOT and 18 for lecithin, respectively [17,30,31].

According to Fig. 5 only a minute fraction of micelles is charged.
This result is expected because the formation of charged species is
thermodynamically not favorable in nonpolar environment as out-
lined above. Obviously the micelle size does not depend on solute
concentration: a is more or less constant over a wide concentration
range although a slight decrease with increasing solute concentra-
tion might be noticed. The standard deviation of the degree of dis-
sociation (for more or less constant values of a) may be used as an
estimate of the error of this determination procedure. The mean
value (� standard deviation) of a ¼ ð2:2� 0:9Þ � 10�5 obtained
for the AOT hexadecane system is somewhat larger than data re-
ported for a NaAOT dodecane system (a ¼ 1:5� 10�5) [2]. For lec-
ithin a ¼ ð2:12� 0:51Þ � 10�3 is obtained. One might think of two
possible reasons for the slightly decreasing degree of dissociation
with increasing solute concentration: On the one hand the degree
of dissociation is known to be a function of solute concentration
and is only constant at small concentrations. It will decrease with
increasing solute concentration. This is in accordance with the
behavior observed. On the other hand a decreasing degree of disso-
ciation with increasing solute concentration also might be due to
an increasing mean size of micelles with increasing solute concen-
tration. In this case one would notice an apparent decrease of the
degree of dissociation with assuming a concentration independent
micelle size.

3.3. Temperature dependence of conductivity and equivalent circuit
representation for the lecithin hexadecane system

A change in charge carrier speciation in dependence on the total
solute concentration c, i.e. ions vs. charged micelles in addition to
the changes of the slope dr=dc can be identified by temperature
dependent measurements of conductivity. Larger charged struc-
tures like micelles are more stable compared to small ions. There-
fore a smaller activation energy for conduction in the micellar
regime compared to the concentration range where ions act as
charge carriers is expected. The activation energy that may be deter-
mined by temperature dependent conductivity measurements can-
not be attributed to a single process but is a quantity being
characteristic for the behavior of the whole system describing all
processes taking place within the system. The fact that this activa-
tion energy cannot be solely attributed to the conduction but e.g.
also might imply some contributions from the micelle auto-dissoci-
ation equilibrium has been indicated by using the term ‘‘apparent
activation energy of conduction’’. In Fig. 6a the Arrhenius plot for
the determination of the apparent activation energy of conduction
EA is depicted exemplarily for lecithin systems of different solute
concentration. The change of charge carrier regimes is noticeable
(c.f. similar slopes for concentrations in the range where micelles
are present, different slope for a solute concentration of
3:3� 10�6 mol=kg where no micelles exist). Typical correlation
coefficients between 0.997 and 0.999 are obtained. The activation
energies obtained reflect different mechanisms influencing charge
transport. First, with increasing temperature the charge carrier con-
centration is expected to increase due to shifted dissociation equi-
libria. Besides this change in the degree of dissociation with
increasing temperature the solvent viscosity decreases which will
lead to higher ion mobilities (see Eq. (3)). Besides a change in viscos-
ity one also might think of a change of micelle size with tempera-
ture. However in the systems under consideration with small
amounts of water only negligible changes of micelle radii in the tem-
perature range studied are expected [35,34,36]. Saad et al. [35] stud-
ied the temperature and pressure dependence of AOT reverse
micelle sizes in a n-heptane system that contained traces of water.
They found a small decrease in micelle size from ð1:54� 0:02Þ nm
at 293 K to ð1:45� 0:01Þ nm at 333 K (1 atm). Zulauf et al. [34] thor-
oughly characterized the ternary H2O/AOT/isooctane system. In the
presence of water exceeding the AOT amount by a factor of 10 or
more a remarkable temperature dependence of micelle size has
been reported (increase by a factor of 2 if the temperature is in-
creased from 293 K to 333 K). A constant micelle size of
ð1:5� 0:3Þ nm has been found in isooctane that only contained trace
amounts of water in the temperature range 293–368 K. A more or
less constant micelle size as studied by SANS has been reported
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for mixed reverse micelles consisting of AOT and lecithin in the tem-
perature range 293–343 K, too [36]. Thus, we conclude that in the
hexadecane systems under consideration being comparable to these
systems the increase in conductivity with temperature is mainly
due to changes in solvent viscosity and not micelle size. Fig. 6b sup-
ports this interpretation. The inverse conductivity 1=r and the sol-
vent viscosity g in dependence of the temperature are shown.
Both quantities decay exponentially with increasing temperature.

In Fig. 7 the apparent activation energy of conduction EA ob-
tained by Arrhenius evaluation (see Eq. (13)) of the DC conductiv-
ity r in the temperature range 293–333 K for different solute
concentrations of AOT, Al (dips)3 and lecithin is summarized.

lnðrÞ ¼ lnðr0Þ �
EA

kBT
; ð13Þ

with r: conductivity, EA: activation energy, kB: Boltzmann constant
and T: temperature.

Two distinct regions can be identified with respect to the
dependence of the activation energy on the solute concentration
(Fig. 7): with ions present as charge carriers i.e. in the case of small
concentrations of AOT sodium salt the activation energy for con-
duction is 0.5–0.6 eV whereas at higher concentrations of AOT
where micellization occurs an activation barrier of about 0.15–
0.2 eV is found. A very sharp decrease in the activation energy is
observed near the cmc. In the case of lecithin we observe a higher
activation barrier at smaller solute concentrations, too. At micelli-
zation a decrease in activation energy from 1.0–1.1 eV to 0.5–
0.6 eV is quantified. In the Al (dips)3 hexadecane system a change
in activation energy from about 0.6 eV to 0.3–0.2 eV occurs for sol-
ute concentrations of about more than 10�4 mol=kg, i.e. here the
transition from small ions as charge carriers to larger charge carri-
ers like charged dimers is more gradual. The change in the activa-
tion energy presented in Fig. 7 and the change of the slopes of DC
conductivity in dependence on solute concentration occurring near
the cmc (see Figs. 2 and 3) agree fairly well.
ΓPΓR

ΓR

Ω

Fig. 9. Schematic view of the fluid region X. The conducting surfaces CP are on the
left an right side. The symmetry boundaries are marked as CR .
3.4. Equivalent circuit representation for the lecithin hexadecane
system

The fact that doped nonpolar systems exhibit ionic conduction
may be noticed in equivalent circuit representations of impedance
data, too. Fig. 8 shows a Cole–Cole plot, i.e. the representation of
the negative imaginary part of complex impedance �IðZÞ over
the real part RðZÞ for the lecithin hexadecane system studied at
293 K for a solute concentration of 1:67� 10�4 mol=kg. Experi-
mental impedance data as well as simulated impedance data using
a direct numerical simulation (DNS) approach and a linear model
show a semicircular feature followed by a straight line. Thus, the
bulk impedance behavior of the micellar solutions approximately
can be described by a simple RC circuit (RjjC) in the equivalent cir-
cuit representation, i.e. using a Ohmic resistance R and a capaci-
tance C. In this case the impedance ZRCðxÞ is given by

1
ZRCðxÞ

¼ 1
R
þ ıxC: ð14Þ

The characteristic conductivity relaxation times s ¼ RC obtained for
the different equivalent circuit representations are comparable and
typically in the order of magnitude of some 10 ms to seconds and
show a dependence on solute concentration and temperature. In-
verse relaxation times are linearly increasing with increasing solute
concentration which is in accordance with an ionic conduction
mechanism.

The values for capacity and resistance obtained from the numer-
ical simulations are smaller than the values fitted from experimen-
tal data (see Table 1). The reason can be found in the deviations
shown in Figs. 10 and 11. For an explanation see Section 7.
4. Poisson–Nernst–Planck–Stokes model

Nernst–Planck is the model of choice if one considers ion trans-
port in dilute solutions. A key assumption is that one can neglect
interactions between individual ions. Therefore the PNP equations
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provide a mechanism to describe the response to an applied volt-
age. For large frequencies the perturbation of the static equilibrium
nþ ¼ n� ¼ N;N being the concentration of dissociated ions, is small
and the PNP approach is valid. We use this to determine the
concentration of dissociated ions. In the next subsection we
Table 1
(a) Evaluation of impedance data for a lecithin hexadecane system (293 K) using the Rjj
impedance data of a lecithin hexadecane solution (cðLecithinÞ ¼ 1:67� 10�4 mol=kg; T ¼ 2

c (mol/kg) R (X) Err R (%)

(a)

3:33� 10�5 6:65� 1010 0:47

1:67� 10�5 1:26� 1011 0:32

8:3� 10�6 2:03� 1011 0:45

3:3� 10�6 4:02� 1011 0:37

1:6� 10�6 7:29� 1011 0:56

R (X) C (F)

(b)
Experiment 1:5429� 1010 2:2569� 10�12

DNS 1:4186� 1010 2:1287� 10�12

Linear Sim. 1:4586� 1010 2:1666� 10�12
formulate the theoretical model. Starting from this model two
numerical methods (direct numerical simulation (DNS) and linear
simulation) are presented in Sections 6 and 5. With these methods
we are able to compare the experimental results with the theoret-
ical PNPS model (see Section 7).

4.1. Formulation of the theoretical model

For our theoretical model we begin with the time-dependent
Poisson–Nernst–Planck–Stokes system, see [37]. For a nonpolar li-
quid containing a number #Species of different ionic species the
describing equations are

�r � ðe0erruÞ ¼
X#Species

s¼1

ezsns; Poisson ð15aÞ

@tns þr � Js ¼ 0; Nernst—Planck ð15bÞ

q@tu�r � �pIþ lðruþru>Þ
� �

¼ �
X#Species

s¼1

ezsnsru; Momentum ð15cÞ

r � u ¼ 0: Continuity ð15dÞ

See Fig. 9 for a schematic view of the domain of interest.
For this system of nonlinear coupled partial differential equa-

tions with the electric potential u, ion density ns of species
s 2 f1; . . . ;#Speciesg, liquid velocity u and pressure p, we define
the ion fluxes Js by

Js ¼ �ns
Ds

kBT
rls � u

� �
; ð15eÞ

ls ¼ kBT ln ns þ ezsu; ð15fÞ

with diffusion constant Ds, Boltzmann constant kB, specific charge
ezs and temperature T. On the boundary the velocity is set zero.
The conducting surfaces CP are completely blocking (no ion trans-
fer), i.e. we have the following boundary conditions

u ¼ UpðtÞ ¼ UcReıxt ; @mls ¼ 0; ð15gÞ

where Uc is a different constant on each of the conducting surfaces
of the capacitor. At the remaining part of the boundary CR we use
symmetry conditions

@mns ¼ 0; @mu ¼ 0; ð15hÞ

which leads to conservation of ion number. Using this model we
compute the impedance–frequency response defined as the
C equivalent circuit representation. (b) Fitted values of experimental and simulated
93 K).

C (F) Err C (%) s (s)

2:33� 10�12 1:69 1:55� 10�1

2:35� 10�12 2:06 2:97� 10�1

2:36� 10�12 1:72 4:79� 10�1

2:32� 10�12 1:59 9:31� 10�1

2:23� 10�12 1:64 1:63

s (s)

3:48� 10�2

3:02� 10�2

3:16� 10�2
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quotient ZpðxÞ ¼ UpðtÞ=IpðtÞ of the applied voltage and the electrical
current. This concept only makes sense if IpðtÞ depends linearly on
Up. Note that by virtue of Gauss’ Theorem the electric current is gi-
ven by IpðtÞ ¼ e0erA d

dt @muðt;0Þ.

4.2. Non-dimensionalization of parallel plate capacitor with two
species

For the purpose of simplicity let us study the planar plate capac-
itor, for which the solution of the system above has a translational
invariance and hence no flow occurs, i.e. u 	 0.

If boundary effects at CR are neglected we can consider a 1D
parallel plate capacitor geometry X ¼ ½0; xc� instead of the full
geometry. It is understood that the capacitor extends in the
remaining two spatial dimensions, so that each plate has an area
A. We nondimensionalize using the characteristic values

½x� ¼ xc; ½n�� ¼ nc; ½u� ¼ Uc; ½t� ¼ tc;

which gives the nondimensional problem

�Du ¼ Rcðzþnþ þ z�n�Þ; ð16aÞ

@tn� ¼ Sc
�Dn� � ZKc

�r � ðn�ruÞ; ð16bÞ

where

Rc ¼ x2
c enc

e0erUc
; Sc

� ¼
tcD�

x2
c
; Kc

� ¼
tcD�eUc

kBTx2
c

: ð17Þ

so that the total ion content

N� ¼
Z 1

0
n�ðt; xÞdx > 0:

is conserved and the total charge vanishes, i.e. Nþzþ þ N�z� ¼ 0.
Now we want to find solutions of Eq. (16) which converge to
ð2p=xÞ-periodic functions, i.e. kn�ðt; �Þ � n�ðt þ 2p=x; �Þk ! 0 and
kuðt; �Þ �uðt þ 2p=x; �Þk ! 0 as t !1. This will generally result
in a nonlinear problem.

A linear dependence between Up and Ip can only be expected if
the applied voltage Up is sufficiently small. Therefore assume
u ¼ dbUeıxt on the boundary with d
 1 and proceed as follows.

5. Linear response to small voltages

The approximate problem can be dealt with much more effi-
ciently, but note that its validity may be restricted to small values
of d. For the moment we assume that the time-periodic responses
of the electric potential u and deviations of the ion density are (af-
fine) linear in the applied periodic input UpðtÞ and therefore that
the solution of the PNP Eq. (16) can be expanded as

n�ðt; xÞ ¼ n0
�ðxÞ þ dn1

�ðxÞeıxt þ e2ıxtOðd2Þ;
uðt; xÞ ¼ u0ðxÞ þ du1ðxÞeıxt þ e2ıxtOðd2Þ;

where the coefficients decay sufficiently fast.
Leading order problem Oðd0Þ. Substitution of the above relation

into the PNP equations and expanding with respect to d we obtain
to leading order

� Du0 ¼ Rcðzþn0
þ þ z�n0

�Þ;
0 ¼ Sc

�Dn� � ZKc
�r � ðn�ruÞ;

with boundary conditions u0ð0Þ ¼ u0ð1Þ ¼ 0 and @ml0
�ð0Þ ¼

@ml0
�ð1Þ ¼ 0. Furthermore we have conservation of ion contentZ 1

0
n0
�ðxÞdx ¼ N�:
The solution to this leading order equation is given by n0
�ðxÞ ¼ N�

and u0ðxÞ ¼ 0.
Next order correction Oðd1Þ: Computing the terms at next order

we obtain

�Du1 ¼ Rcðzþn1
þ þ z�n1

�Þ; ð18aÞ

ıxn1
� ¼ Sc

�Dn1
� þ z�Kc

�N�Du1; ð18bÞ

with boundary conditions u1ð0Þ ¼ 0;u1ð1Þ ¼ bU and Neumann con-
ditions @ml0

�ð0Þ ¼ @ml0
�ð1Þ ¼ 0. Here, we have used u0 	 0 from the

leading order computation. Since the ion content is fixed by the
leading order relation we need to imposeZ 1

0
n1
�ðxÞdx ¼ 0:

Using Gauss’s law and the definitions above yields

UpðtÞ ¼ dUceıxt bUð0Þ; ð19Þ

IpðtÞ ¼ dUceıxtðıxe0erA=xcÞ@mu1ð0Þ þ Oðd2Þ; ð20Þ

where @m is the derivative in normal direction. Therefore the imped-
ance is

Zpð f Þ ¼
bUð0Þxc

ıxe0erA@mu1ð0Þ : ð21Þ

In terms of a discretized weak formulation the OðdÞ problem for u1

and n1
� with frequency x ¼ 2pf amounts to solving

S �RczþM �Rcz�M B>1
zþKc

þNþS ıxMþ Sc
þS 0 B>2

z�Kc
�N�S 0 ıxMþ Sc

�S B>3
B1 B2 B3 0

0BBBB@
1CCCCA

u1

n1
þ

n1
�

k

0BBB@
1CCCA ¼

0
0
0
b

0BBB@
1CCCA;
ð22Þ

with standard mass matrix M and stiffness matrix S. For a more de-
tailed definition see Eq. (27) in the numerics section. The matrices
B1;B2;B3 and vector k account for the Dirichlet conditions for
u1;u1ð0Þ ¼ 0 and u1ð1Þ ¼ 1, and the ion content N� conservation,
respectively, and b the corresponding right hand side.

Obviously, the formulation (22) is immediately valid in any
number of spatial dimension or in complex geometries, except
for the definition of the electric current

IpðtÞ ¼
d
dt

Z
C
e0er@muðt; xÞdA;

where C is the conducting surface of the capacitor, from or to which
we want to measure the electric current.

Now for any given value x the impedance ZðxÞ can be com-
puted by solving Eq. (22) once.

In contrast to Brumleve et al. [19] who compute solutions of the
fully nonlinear system (of which they perform a Fourier transfor-
mation for a small input-response to obtain the impedance spec-
trum), we directly extract the impedance data for any given
frequency in one single step. In that respect our approach is similar
to the theory developed by Franceschetti et al. [38].

Eq. (22) requires the solution of a sparse linear equation once.
The finite element formulation has the advantage of being flexible
in complex domains in spatial higher dimensions and the no-flux
boundary condition is implemented in a natural way. The advan-
tage of their finite volume type method is that they can easier ac-
count for the singular case, i.e. convection dominated problems
and strong electric fields [38].
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6. Direct numerical solution

Compared to the approach in the previous section, the calcula-
tion of the impedance response by solving the full system is much
more involved. The results obtained by direct numerical simula-
tions (DNS) are, however, valid in all regimes, not only in the linear
response regime. Additionally, the DNS offers more insight into dif-
ferent mechanisms of the impedance response of the system.

6.1. Method

We consider the same dimensionless form of the PNP system as
before for Eqs. (16a) and (16b). This allows us to use different
mobilities and charge numbers without having different time
scales for each ion species.

�Du� Rc
X

s

zsns ¼ 0; ð23Þ
@tns � Sc
sDns � Kc

szsr � nsruð Þ ¼ 0; s ¼ 1; . . . ;#Species: ð24Þ

The choice

xc ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e0erkBT

e2nc

s
; tc ¼

x2
c

D
; Uc ¼

kBT
e
; ð25Þ

leads to the usual dimensionless formulation with Rc ¼ 1; Sc ¼ 1 and
Kc ¼ 1. The system 23,24 constitutes a differential algebraic equation
(DAE) of index 1. This means that the first time derivative of the
Poisson equation can be transformed into an explicit expression
for @tu. The sometimes ignored fact about DAE is that order reduc-
tion may occur, when higher order time stepping methods are used
for time discretization of this nonlinear system, see [39–42]. A time
discretization which does not suffer from order reduction in the
case of a DAE of index 1 is called algebraically stable.

Since the above system is also stiff, an A- or L-stable (implicit)
scheme is required. In order to avoid unnecessarily small time
steps because of possible oscillations, an L-stable scheme is
preferable.

Splitting the system into two linear ones seems appealing at
first sight. However, while this idea works very well for small ion
concentration, where the coupling between the Poisson and
Nernst–Planck equation is weak, for higher concentration a very
small time step is required to get a stable solution. Therefore we
solve the fully coupled problem.

For sufficient accuracy, the time discretization scheme should
be of second order. There are only two feasible schemes known,
which fulfill the requirements stated above. The first one is BDF2
[43], a multistep method. The second one, called DIRK (2,2) [44]
is a diagonally implicit Runge–Kutta method. The BDF2 method re-
quires only one nonlinear solve in each time step, whereas the spe-
cific Runge–Kutta method requires two nonlinear solves. For this
reason, we selected BDF2 as our algorithm of choice. Note that
BDF2 needs two previous time steps. To start the simulation one
can calculate the first time step with a one step method, or assume
to start the simulation at rest. In this case the values at time
t�1 ¼ �s are the same at time t0 ¼ 0.

Linear finite elements are used for space discretization. Com-
pared to finite differences, finite elements allow for a more natural
way to incorporate the flux boundary condition Eq. (15h) and the
possibility to use local grid adaptivity in an easy way. In our case,
adaptivity is mandatory to resolve the boundary layers. Compared
to existing computational work on PNP system, see [18–22], our
approach differs in the way that we combine finite elements with
a higher order time discretization scheme that is free from order
reduction.
After time and space discretization, a nonlinear system has to
be solved in each time step. We apply Newton’s method. In prac-
tice three to four iterations are sufficient in every time step. The
iteration matrix of the method is (example for two species)

JFðu;n1;n2Þ

¼
S �Rcz1M �Rcz2M

cKc
1z1S½n1� M þ c Sc

1Sþ Kc
1z1K½ru�

� �
0

cKc
2z2S½n2� 0 M þ c Sc

2Sþ Kc
2z2K½ru�

� �
264

375;
ð26Þ

with c ¼ 2
3 s and s the time step size. The four different submatrices

resulting from the finite element space discretization are

Mi;j :¼ ð/j;/iÞ; Si;j :¼ ðr/j;r/iÞ; ð27aÞ

K½ru�i;j :¼ ðru/j;r/iÞ; S½n�i;j :¼ ðnr/j;r/iÞ; ð27bÞ

where M is the standard mass matrix and S the standard stiffness
matrix. The two other matrices are a weighted convection matrix
and a weighted stiffness matrix. /i are the linear finite element ba-
sis functions and ð�; �Þ is the standard L2 inner product.

With the solutions given at time tk and tk�1 the solution at time
tkþ1 is calculated by the following procedure.

� Set /k;0 ¼ /k;nk;0
1 ¼ nk

1 and nk;0
2 ¼ nk

2.
� Solve
JF uk;n;nk;n
1 ;nk;n

2

� � uk;nþ1

nk;nþ1
1

nk;nþ1
2

264
375 ¼ �F uk;n;nk;n

1 ;nk;n
2

� �
; ð28Þ
until
F uk;nþ1;nk;nþ1
1 ;nk;nþ1

2

� �
6 tol: ð29Þ
� Set /kþ1 ¼ /k;nþ1;nkþ1
1 ¼ nk;nþ1

1 and nkþ1
1 ¼ nk;nþ1

1 .

The function F is defined by

Fðu;n1;n2Þ :¼
0

M 1
3 nk�1

1 � 4
3 nk

1

� �
� cKc

1z1S½n1�u
M 1

3 nk�1
2 � 4

3 nk
2

� �
� cKc

2z2S½n2�u

264
375: ð30Þ

This procedure has been implemented in MATLAB, where matrix
structures and direct solvers are ready to use.

7. Numerical results

The aim of the simulations is to give a better estimate for the
degree of dissociation a. For this purpose impedance results from
the simulations are matched with impedance results from the
experiments by varying the degree of dissociation. The complex
impedance is evaluated in the following way. The voltage on the
right capacitor plate is given by

Up ¼ bU eı2pf
� �

: ð31Þ

The electric field on the capacitor plate is assumed to have the form

Ep ¼ bEI eı2pf�ı/
� �

; ð32Þ

where / is the phase shift. This assumption is valid for a wide area
of high frequencies. With this and Gauss’ law the electric current
from/to the capacitor is

Ip ¼ ere0A _E ¼ 2pf ere0AbE eı2pf�ı/
� �

; ð33Þ

where A is the area of the capacitor. Finally, the complex impedance
is



Table 2
Input parameters for the simulations.

g (N s/m2) D (m2/s) A (m2) er (1) T (K)

2:780� 10�3 2:206� 10�11 3:612� 10�4 2.046 293
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Zpðf Þ ¼
Up

Ip
¼

bUeı/

2pf ere0AbE : ð34Þ

For the evaluation of Zp the phase shift / and the amplitude bE are
evaluated from the electric field data, given by E ¼ �ru. To find
the best approximation of the simulations to the real experiments
the functional

vðaÞ ¼
X

f2Frequencies

Zpðf ;aÞ � ZEðf Þ
� �2 ð35Þ

is minimized using a derivate free minimization algorithm
(fminbnd). Here, the degree of dissociation a is the dependent var-
iable in the functional.

The geometric extension of the capacitor is taken from the
cylindric sample cell (BDS1307, Novocontrol) mentioned in Sec-
tion 2.1. The cell consists of an inner stainless steel cylinder of an
outer diameter of 19.5 mm that is surrounded by a hollow stainless
steel cylinder of an inner diameter of 26.5 mm, i.e. the distance be-
tween the electrode surfaces is 3.5 mm. The total effective height
of the electrodes is 5 mm. Symmetry is assumed in z and azimuthal
direction. Since the curvature of the device is small, a purely 1d
simulation is justified.

The diffusion coefficient D is calculated from the Stokes–Ein-
stein equation
Table 3
Optimal values for the degree of dissociation a obtained by comparing the experimental results with the simulations.

Lecithin solute conc. n (mol/kg) 1:67� 10�2 8:35� 10�4 1:67� 10�4 3:34� 10�5

Degree of dissociation a (1) 0:554� 10�3 0:463� 10�3 0:461� 10�3 0:783� 10�3
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Fig. 12. Characteristic results for regime I: the variation of the ion concentration is very
plots on the right indicate the Debye length.
D ¼ kBT
6pgR

; ð36Þ

where g is the dynamic viscosity of hexadecane and R the hydrody-
namic radius determined by DLS from Section 3.1.2.

For very small frequencies the capacitor is fully charged and
discharged in each period. This contradicts the assumption made
in Eq. (32). For that reason not all frequencies are considered in
the minimization process. The parameters used in the simulation
are displayed in Table 2. The results of the simulations for the lec-
ithin system are printed in Table 3. These are similar to the results
in the experimental chapter, see Fig. 5. The impedance data are gi-
ven in Fig. 10. In the low frequency regime the curves do not fit due
to the reasons stated above. We could have obtained much better
agreement with the experimental result if we had increased the
micelle diameter by a factor of 4–5. However, we were not able
to find any justification in literature for these diameters. In this
case the linear simulation seems to fit better with the experimental
curve as its minimum reaches the minimum of the experimental
curve. In contrast, the asymptotic behavior for low frequencies is
better matched by the direct numerical simulation.

Three different regimes of impedance behavior can be observed
in the simulations. These regimes are marked in Fig. 10.

I Polarization: The micelle concentration changes only locally
near the capacitor plates. The area where these small
changes occur are in the range of a 1–2 Debye lengths. There
is no noticeable influence on the electric potential. The elec-
tric field response is in phase with the applied voltage. See
Fig. 12 or Animation I in the online version.
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Fig. 13. Characteristic results for regime II: the variation of the ion concentration is still symmetric and small. The difference to regime I is the influence on the electric
potential and a phase change. The straight line in the detailed plots on the right indicate the Debye length.
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II Mixed: The ion transport still occurs in the small range of a
few Debye lengths. In this area the electric potential is influ-
enced by the ion concentration. The gradients become stee-
per. Also a phase shift can be observed between the
applied voltage and the ion concentration due to the inertia
of the lecithin micelles. The distributions of the positively
and negatively charged ions remain symmetric on each
plate. See Fig. 13 or Animation II in the online version.

III Exponential layers: In this regime huge exponential layers
start developing on the capacitor plate. The local concentra-
tion is about 1000 times larger than the equilibrium concen-
tration. The size of the layer is still in the scale of a few Debye
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Fig. 14. Characteristic results for regime III: the ion concentration shows a pronounced
the capacitor is smaller. The straight line in the detailed plots on the right indicate the
lengths. The distributions of positively and negatively
charged ions are unsymmetrical. A small part of the electric
potential is blocked – the maximum gradient inside the
capacitor is reduced. The change in phase is maximized.
See Fig. 14 or Animation III in the online version.

Regimes I and II can be considered as linear. The Poisson equa-
tion and the Nernst–Planck equation are only weakly coupled in
these regimes. Thus, the linear approximation returns good results
compared to the DNS, but fails to catch the nonlinearities of regime
III (see the asymptotic behavior for low frequencies in Figs. 10 and
11 or the right side of the Cole–Cole plot in Fig. 8).
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J. Schmidt et al. / Journal of Colloid and Interface Science 386 (2012) 240–251 251
8. Conclusions

Impedance measurements have been performed to characterize
charge transport in doped hydrocarbon systems. A purely ionic
charge transport mechanism has been identified. DC conductivities
of systems forming reverse micelles, i.e. hexadecane solutions of
sodium AOT and lecithin have been compared to conductivities
of an aluminum chelate compound (Al (dips)3). In the micellar sys-
tems for minute solute concentrations conductivity is dependent
on the square root of the solute concentration, i.e. charge carriers
are formed by dissociation of AOT or lecithin molecules. With
increasing solute concentration a plateau conductivity is observed.
This concentration range may be identified as cmc region. After
micellization has occurred, a linear dependence of conductivity
on solute concentration is observed and charged micelles are the
predominant charge carriers. Only minute quantities of micelles
are ionized. From a simple model the fraction of ionized micelles
has been estimated to be 2:2� 10�5 in the case of AOT and
2:13� 10�3 in the case of lecithin. The mean value of
a ¼ 2:2� 10�5 obtained for the AOT hexadecane system is compa-
rable to the data reported by Roberts et al. [2] for a NaAOT dode-
cane system (a ¼ 1:5� 10�5). With a direct numerical simulation
(DNS) of the PNP system the degree of dissociation has been ex-
tracted from the real lecithin system by a least squares fit. A degree
of dissociation of about a ¼ 0:5� 10�3 was obtained which is the
same order of magnitude as compared to the simple model [1,6].
The results from the linear simulations are similar to the results
of DNS but consume far less computational time. For high and
moderate frequencies the model describes the impedance results
very well. This is sufficient to extract meaningful data from the
experiments. The experimental impedance data and the simulated
impedance behavior show a semi-circular feature in the Cole–Cole
representation, i.e. the system can be described by a simple RC cir-
cuit. For small frequencies, however, we observe that the imped-
ance from a nonlinear simulation and the one from a linear
simulation deviate from each other and the experiment. This is
due to three reasons: First, very high ionic concentrations arise
in the simulations near the capacitor plates. In the real system this
would affect local viscosity. This effect is not considered by the PNP
model. Second, the response of the system depends on the applied
voltage in a nonlinear fashion and using higher harmonic modes in
the experiment would increase the accuracy of the impedance re-
sponse. The concept of linear response theory as well as the linear
impedance have to be modified to describe the behavior of the
electrolyte, e.g. steric effects have been considered by Kilic et al.
[45]. Third, for low frequencies large forces act on the fluid. This
can lead to instabilities. The assumption of a zero flow field is no
longer justified. The change in charge carrier speciation was proven
by temperature dependent conductivity measurements: a change
in activation energy of conduction in the cmc region occurs. In
the Al (dips)3 hexadecane systems charge carriers are formed up
to millimolal solute concentrations solely by dissociation and con-
ductivity is proportional to the square root of the solute concentra-
tion. The predominant mechanism that increases conductivity with
increasing temperature in the micellar systems is an increase in ion
mobility due to decreasing solvent viscosity.

In the future we will characterize PNP systems in the presence of
a fluid flow which implies a more complex capacitor geometry
including the nonlinear relation between flow and charge transport.
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