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ABSTRACT

Hypothesis: Electric fields enhance surfactant transport to oil-water interfaces when the surfactant forms
charged aggregates in the oil phase. Hence, transport under electric fields could be used to detect charged
surfactant aggregates in nonpolar media.
Experiments: Two surfactants with different architecture were dispersed in Isopar-M. The transport of
surfactants to an oil-water interface under a constant electric field was quantified using a custom-built
electrified microtensiometer platform. Electrical conductivity of the oil with surfactant concentration
was also measured to determine the presence of charge carriers.
Findings: The charging mechanism of the oil phase, and field-enhanced transport was different for the
two surfactants. At low concentrations where the electrical conductivity of the surfactants is indistin-
guishable, dynamic interfacial tension measurements under electric fields can ascertain the presence
of charge carriers in Isopar-M. The transport of ionic surfactants in the aqueous phase was unaffected
by the field, confirming that the field-enhanced transport of oil-phase surfactants is due to electrophore-
sis of charge carriers. Moreover, the equilibrium interfacial tension was not found to change under an
electric field, suggesting the adsorption isotherm is independent of the field strength. We demonstrate
that dynamic interfacial tension measurements under electric fields is a sensitive technique to detect
charge carriers in nonpolar fluids.
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1. Introduction

Control and characterization of the transport of surfactants to
fluid-fluid interfaces is a key aspect to formulation design. In the
absence of external fields, the transport and adsorption of a surfac-
tant to an interface follows two simultaneous transport processes
[1-4]. Surfactant molecules near the interface undergo adsorption
and desorption from the bulk to the interface. This reduces the
local surfactant concentration near the interface, establishing a
concentration gradient across the bulk phases. Surfactant mole-
cules diffuse from the bulk to the interface due to this concentra-
tion gradient. For an initially clean interface, the interfacial
tension decreases on surfactant adsorption from the pure fluid-
fluid interfacial tension, and relaxes to an equilibrium. The rate
of surfactant transport is measured by the dynamic interfacial ten-
sion, and depends on the bulk concentration, isotherm, surfactant
architecture and the geometry of the interface [3,5-8]. For a given
system and geometry, it has been shown that the transport can be
controlled using bulk convection [9-11], demonstrating the utility
of external fields.

In nonpolar liquids, like oils, the addition of surfactants has
been shown to increase the electrical conductivity, even when
the surfactant is nonionic [12-18]. This is explained by the forma-
tion and stabilization of charged species due to the amphiphilic
nature of the surfactants. The origin of charge is thought to be
reverse micelles, with water trapped in the core of the micelle
and surrounded by the polar head groups of the surfactant. Two
neutral micelles undergo random collisions due to Brownian
motion and exchange an ion (usually identified as a proton), pro-
ducing two oppositely charged micelles. This mechanism is known
as disproportionation of charge [15-21]. Another proposed mech-
anism for the origin of charge is the steric stabilization of ionizable
impurities in oils by surfactant aggregates [13,22]. If the added sur-
factant is ionic, charges may arise due to partial dissociation of the
surfactant [14,19]. While the exact origin and constituents of
charge is still debated, we have recently shown that the transport
of charge-forming surfactant aggregates in oil can be precisely
manipulated using an external electric field [23].

A knowledge of the concentration of the charged species as a
function of the added surfactant concentration is used to deter-
mine the charging mechanism in nonpolar media [18]. This is
important in electrophoretic display technology [17,24], neutraliz-
ing streaming currents to prevent sparks and explosions in oil
transport [25], and preventing soot formation in internal combus-
tion engines [26]. Charge carrier concentration is usually deter-
mined by measuring the electrical conductivity of the nonpolar
solvent as a function of surfactant concentration. The conductivity
depends on the size and concentration of the charged species.
Hence, by measuring the size through dynamic light scattering
(DLS) [16,18] experiments, the concentration of charge carriers in
the nonpolar phase can be estimated. However, most commercial
surfactants are polydisperse, and light scattering experiments
detect aggregates of all sizes. Significant errors can arise if the
mean size of the aggregates is used to estimate the concentration
of charge carriers [18]. As an alternate approach, electrochemical
spectroscopy techniques can be used to measure the Debye length
and relate it to the ionic strength of the solution [18,27]. However,
the adsorption of charged species to the electrodes complicates the
analysis of the results [18]. Measurements of electrical conductiv-
ity is widely used to detect the presence of charged species in oils.
Commercially available non-aqueous conductivity —meters
employed for this purpose can measure conductivity > 107"
S/m. This puts a lower limit to the surfactant concentrations that
can be studied for the presence of charge carriers [19,22]. Develop-
ing a more sensitive technique to detect charged species in oils,

particularly at low surfactant concentrations can help understand
charging in nonpolar media.

Recently, using a custom-built electrified capillary microten-
siometer, we have shown that electric fields can be used to manip-
ulate surfactant transport from bulk oil phases to oil-water
interfaces, when the surfactant forms charged aggregates [23]. In
nonpolar fluids, the aggregation of surfactant molecules may occur
over a range of surfactant concentrations, rather than at a distinct
critical micellar concentration (CMC) [16,28-31]. The tendency of
the formed aggregates to acquire charge depends on the solvent
in which the surfactant is dispersed [19], and size of the aggregates
[15,19], which in turn is a function of surfactant architecture
[32-34]. In the previous work, we had dispersed two different sur-
factants in two different oils, and measured the interfacial tension
as a function of time, i.e., the dynamic interfacial tension, to estab-
lish electric fields as a tool to manipulate surfactant transport in
oils [23]. Here, we use surfactants having different structures and
charging behavior in the same nonpolar medium to determine if
dynamic interfacial tension measurements under electric fields
can be used to distinguish surfactants having different charging
mechanisms.

In the present work, two surfactants with different architecture
are dispersed in an alkane mixture, and the transport to an
oil-water interface measured under different electric fields. The
electrical conductivity of the oil is measured as a function of
the surfactant concentration to determine the presence of
charged species. The results are compared to our previous study
on the transport of a different surfactant in the same oil [23]. Next,
the transport of an ionic surfactant from the aqueous phase to the
oil-water interface is measured under electric fields. Finally, the
effect of electric fields on the equilibrium interfacial tension is
established. We provide further evidence that the coupling
between surfactant transport and electric fields occurs due to elec-
trophoresis of charged species. Measurement of the dynamic inter-
facial tension of oil-water interfaces is a sensitive tool to detect
charged species in oils, particularly at low surfactant concentra-
tions, and holds promise in understanding charging in nonpolar
media. In Section 2, we enlist the materials used and describe in
detail the experimental platform to perform the measurements.
In Section 3, we discuss the results of this work. In Section 4, we
provide the conclusions of our work.

2. Materials and methods
2.1. Materials

Isopar-M, an alkane mixture of dodecane and tridecane is
obtained from Exxon Mobil (Houston, TX) and used as received.
Two surfactants having a rake (R-M) and a double rake (DR-L) mor-
phology are obtained from the Dow Chemical Company (Midland,
MI) and dispersed in the oil phase. Both these surfactants are sili-
cone polyether surfactants and have a polyethylene glycol (PEG)
functionality. The DR-L surfactant has an additional functionality
of a dodecyl group. The structure of the two surfactants is shown
in Fig. 1, along with the structure of a poly-isobutylene succinimde
(OLOA 11000) surfactant for comparison to our previous work [23].
The exact molecular weight of the two rake surfactants was not
known, but reported by the supplier to be 2-5 kDa and 4-15 kDa
for the R-M and DR-L surfactants, respectively. Hence, surfactant
concentrations were reported as wt% in this work. Stock solutions
of 0.32 wt% R-M and 0.25 wt% DR-L were prepared in Isopar-M,
which were then diluted to different concentrations for the exper-
iments. In addition, 100 cSt silicone oil was purchased from Gelest,
Inc. For the aqueous phase, deionized (DI) water was taken from a
Barnstead UV Ultrapure II purification system (resistivity of 18.2
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Fig. 1. Structure of (a) R-M (rake morphology), (b) DR-L (double rake morphology) and
and that of OLOA 11000 was taken from Ref. [17].

MQ cm). The ionic surfactant cetyltrimethylammonium bromide
(CTAB) was purchased from Sigma-Aldrich (St. Louis, MO) at 99%
purity, and dissolved in the aqueous phase at a concentration of
3.64 x 107* wt% (10 uM), along with 5.84 x 107* wt% (10 mM)
sodium chloride. The critical micellar concentration (CMC) was
reported by the supplier to be 3.28—3.64 x 1072 wt% (0.9-1
mM) in water, so the concentration used was below the CMC.

2.2. Microtensiometer under electric fields

The experimental setup resembles the microtensiometer plat-
form, developed by Alvarez et al. [6], and is an electrified version
of the same. The schematic of the equipment is shown in Fig. 2,
with gravity pointing into the plane of the paper. The device con-
sists of a cell with a rectangular cross-section (25 mm

x 20 mm), machined out of Delrin ®. The cell is 40 mm deep,
and is filled with the oil phase fluid. There are two ports drilled
on opposite walls of the cell. The ports are designed to be at the
same height, although machining inaccuracy can result in a height
difference of around 10 pm. This translates to a hydrostatic pres-

sure difference of 0.08 Pa, which is nearly (9(10’5) smaller than

the capillary pressure, hence is negligible. A glass capillary contain-
ing the aqueous phase fluid is inserted through one of the ports,
and the other port is connected to one end of a differential pressure
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(c) OLOA 11000. The structures of the rake surfactants were provided by the supplier

transducer (Omega Engineering, PX409-001DWUS5V). The other
end of the pressure transducer is connected to the end of the glass
capillary using polyethylene tubing having an internal diameter of
1 mm. For this study, the glass capillaries were pulled to diameters
between 75 and 80 pm, using a PMP-102 micropipette puller
(Micro Data Instrument, Inc.). Capillaries used for pulling were
purchased from World Precision Instruments, Inc. (Sarasota, FL),
and have an internal diameter of 0.75 mm, and an external diam-
eter of 1 mm.

An interface between the oil and aqueous phase fluids is
pinned at the tip of the capillary using a constant pressure head.
This pressure head is generated using a water column attached to
the capillary through the “normally open” port of a three-way
solenoid valve, using polyethylene tubing (internal diameter of
1 mm). A high pressure head generated using a taller water col-
umn (~ 35 cm) is connected to the “normally closed” port of
the solenoid valve. A new interface is generated by pulsing the
pressure head behind the capillary phase fluid and ejecting a
drop. The transverse walls have glass windows, which enable
viewing the interface. The interface was imaged using a Labview
subroutine, with a camera (Point Grey Grasshopper) attached to a
Nikon microscope objective lens (20x). The captured image was
analyzed in situ by fitting a circle to the interface. The National
Instruments Vision toolbox was used for detecting the interface
and fitting a radius.
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Fig. 2. Schematic of the experimental setup. Gravity points into the plane of the paper. Top left inset shows COMSOL simulations of electric field lines around a capillary of

diameter 70 pm.

The walls with ports for the capillary and the pressure trans-
ducer are also provided with slots for the insertion of stainless steel
electrodes. Voltages in the range 0.1-0.8 kV were applied using a
high voltage source (Gamma High Voltage), setting electric fields
~ 0.05 — 0.4 kV/cm across the cell, along the axis of the capillary.
Switching the voltage on and off did not cause any fluctuations
in the signals obtained from the pressure transducer, verifying that
this range of voltage does not interfere with the electric signals of
the pressure transducer. An electric field larger than 0.4 kV/cm
caused the contact angle of the interface with the glass capillary
to change due to electrowetting [35]. Thus, fields larger than 0.4
kV/cm were not studied. COMSOL simulations were used to predict
the distribution of electric field lines in the cell around the capil-
lary. The simulations predict that electric field lines are not
affected by the walls of the cell when the gap between the wall
and capillary is more than 20 capillary radii. To ensure that the
capillary is within the field of view of the camera, and the electric
field lines are unaffected by the wall, it was placed at a distance of
6 mm (75 capillary radii) from the wall near the camera.

2.3. Interfacial tension measurements

Surfactant transport is quantified by the dynamic interfacial
tension, 7, of the interface. This is obtained from the instantaneous
normal stress balance across the interface, which can be written as

N 2y(t o
ap(t) = 20 AT,
R(t)

(1)

where AP is the Laplace pressure, R is the radius of curvature of the

interface, and ATN'E is the jump in normal electric stresses at the

interface, measured as the difference between electric stresses out-
side and inside the interface. The superscript, ~, denotes a dimen-
sional quantity. The electric stresses scale as SOEi, where ¢, is the
permittivity of the reservoir phase fluid, and E, is the applied elec-
tric field; and is used to non-dimensionalize stresses. Scaling length
with the capillary radius, R;, and the Laplace pressure using the
maximum capillary pressure (y/R.), the non-dimensional form of
the normal stress balance across the interface reduces to

2
AP(t) = W - CaEATE7

)
where Ca; = aoRcEi/y is the electric capillary number, which is a
ratio of the electric stresses to the capillary pressure, and the terms
without the superscript denote equivalent dimensionless quanti-
ties. Here, R and AT ~ O(1), and for the electric field strengths used

in this work, Car < (9(10’4). Thus, electric stresses were ignored
from the normal stress balance, and the dynamic interfacial tension
was calculated using the Young-Laplace equation,

(t) = %Af)(t) x R(t).

3)
The small value of the electric capillary number also ensures that
the electric field does not deform the interface, or cause any inter-
facial instability [36-39].

To verify that the scaling is correct and electric stresses can be
ignored from the normal stress balance, the interfacial tension of
oil-water interfaces with no added surfactant was measured under
the highest electric field chosen in this study (0.4 kV/cm), and com-
pared to the interfacial tension under no applied field. The result is
shown in Fig. 3, where the interfacial tension was measured for at
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Fig. 3. Interfacial tension of Isopar-DI water and 100 cSt silicone oil-DI water under
no field, and under 0.4 kV/cm.

least 1000 s. The interfacial tension of Isopar-DI water was mea-
sured to be 52 4+ 0.6 mN/m under no electric field, and 51.7 + 0.3
under 0.4 kV/cm; and that of 100 cSt silicone oil-DI water interface
was measured to be 3994+ 04 mN/m under no field, and
39.5+0.4 mN/m under 0.4 kV/cm. The measured values are in
agreement with previously reported values [8,40]. For experiments
under electric fields, a new interface was formed while the field
was switched on, and the interfacial tension was measured using
(3). Notably, the difference between the measured interfacial ten-
sion under zero field and the largest field applied is less than 1
mN/m, which is the error in interfacial tension measurement of
the technique [6,23]. The sudden application of the electric field
across an interface formed under zero field did not change the
interfacial tension. This shows that the interfacial tension of
Isopar-DI water and silicone o0il-DI water interfaces with no added
surfactant does not change under electric fields of up to 0.4 kV/cm.
A similar observation was recently made for xylene-water inter-
faces under electric fields of up to 0.82 kV/cm [41].

When surfactants are present, the interfacial tension of a new
interface starts at the value of clean oil-water interfacial tension
in the absence of surfactants, which is nearly 52 mN/m for an
Isopar-DI water interface. As the surfactant adsorbs to the inter-
face, the interfacial tension decreases and eventually relaxes to
an equilibrium. Similar to our previous study, the interface was
deduced to reach equilibrium when the interfacial tension does
not change by more than 1 mN/m for a period of at least 1000 s
[23]. During the experiments, data was collected at every millisec-
ond; however, for clarity, we first smooth the data using a piece-
wise cubic Hermite interpolating polynomial, and show 50 data
points spaced equally on a logarithmic scale in all the figures. For
a given surfactant concentration, the pressure head was held con-
stant at the same value, and changes in the interfacial tension
occurred due to a decrease in the radius of curvature of the inter-
face. This ensured that the initial condition for experiments con-
ducted under different electric fields at a fixed surfactant
concentration was the same.

3. Results and discussion
3.1. Transport of oil-soluble surfactants

The transport of the rake (R-M) and double rake (DR-L) surfac-
tants was measured to the Isopar-DI water interface, and is shown
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Fig. 4. Dynamic interfacial tension of (a) 4.8 x 10 wt% OLOA 11000, (b)
3.25 x 10* wt% DR-L and (c) 1.6 x 10 wt% R-M in Isopar-M. The dashed lines
represent the equilibrium interfacial tension.

in Fig. 4. For comparison, the transport of 4.8 x 10~* wt% OLOA to
the Isopar-DI water interface, which was measured in our previous
study, is also shown [23]. This data is reproduced from Fig. 2(a) of
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that paper, and corresponds to the dynamic interfacial tension of 4
1M OLOA [23]. At this concentration of OLOA, the interfacial ten-
sion of the Isopar-DI water interfaces relaxes to a steady state of
26.3 +£ 0.3 mN/m. The interface reaches steady state faster as the
strength of the applied electric field increases. Under a field of
0.4 kV/cm, the steady state is reached nearly four times faster than
under no applied field. The steady state interfacial tension is statis-
tically the same under all applied fields, as indicated by the dashed
line. The effect of electric field on surfactant transport is more
prominent at smaller values of the electric field. The dynamic
interfacial tension curves under 0.2 and 0.4 kV/cm nearly overlap
each other, although slightly faster dynamics was observed under
0.4 kV/cm. Clearly, electric fields enhance the transport of OLOA
to the Isopar-water interface.

The dynamic interfacial tension of 3.25 x 10™* wt% DR-L is
shown in Fig. 4(b) under different electric fields. For this system,
the pressure head was initially maintained at 1500 Pa. A smaller
pressure head generated a very flat interface (R(t)/R. > 2) during
the initial few minutes of the dynamics, which results in a large
error in the measurement of the radius of curvature of the inter-
face. The equilibrium interfacial tension at this concentration is
17.54+ 0.6 mN/m. In the figure, the dynamic interfacial tension
data is shown until an interfacial tension of around 30 mN/m. At
this value, the radius of curvature of the interface is very close to
the radius of the capillary, and the interface gets ejected from
the capillary tip if the pressure head is not reduced. Once this inter-
facial tension was reached, the pressure head was reduced to
750 Pa, and data was collected until the system relaxed to equilib-
rium. During the first 100 s, the transport of DR-L was only slightly
enhanced by the electric field. Beyond this time, there is clearly an
enhancement of the transport under electric fields. Under a field of
0.4 kV/cm, the interfacial tension reduced to 35 mN/m nearly three
times faster than under no applied electric field. This observation is
similar to the electric field-enhanced transport of OLOA 11000 to
an Isopar-DI water interface [23].

In contrast, the transport of R-M at a concentration of 1.6 x 10~
wt% was not affected by the electric field (Fig. 4(c)). The dynamic
interfacial tension curves obtained under all electric fields nearly
overlapped each other. The equilibrium interfacial tension at this
concentration was measured to be 34.3 - 0.8 mN/m. The equilib-
rium was found to be nearly independent of the electric field, sim-
ilar to measurements for the transport of OLOA 11000 and DR-L to
the Isopar-DI water interface (Fig. 4 (a) and (b)).

To further illustrate the effect of electric field on surfactant
transport, the time taken for the interfacial tension to drop to half
the interfacial tension of pure Isopar-DI water and the steady state
interfacial tension at a given surfactant concentration, ty,, was
plotted as a function of electric field. At the surfactant concentra-
tions shown in Fig. 4, this interfacial tension corresponds to a value
of 35 mN/m for OLOA, 36.5 mN/m for DR-L and 43 mN/m for R-M.
The result, shown in Fig. 5, clearly demonstrates that electric fields
enhance the transport of OLOA and DR-L to the Isopar-water inter-
face, but does not affect the transport of R-M at 1.6 x 107 wt%. A
one-way ANOVA test was performed to establish the statistical sig-
nificance of this conclusion [42]. The results are shown in Table 1.
This tests the null hypothesis that t;,, does not depend on the elec-
tric field strength. The F statistic here is defined as the ratio of vari-
ation between the mean t;,, under different field strengths to the
variation in t;,, for a given electric field. The large values of the F
statistic for OLOA and DR-L, along with the small p-value
(< 0.05) for these surfactants confirms that the null hypothesis is
rejected, and the result is statistically significant. For the R-M sur-
factant, the F statistic is small (< 1), and the p-value is large
(> 0.05), which implies that the mean t;, is statistically the same
under different electric fields. For the data taken under an electric

Time (s)

O OLOA 11000
A DR-L
o R-M

102

7/

0 0.05 0.1 0.5
Electric Field (kV/cm)

Fig. 5. Time required for the interfacial tension to drop to half the interfacial
tension of pure Isopar-DI water and the steady state interfacial tension. The filled
symbols on the left show the time under no applied field. The dashed and dash-
dotted lines are best fit lines to the data for OLOA and DR-L, respectively. The dotted
horizontal line shows the time is independent of the applied field strength for R-M.

Table 1

Results of a one-way ANOVA test for the null hypothesis that the time to reach half
the interfacial tension of pure Isopar-DI water and the steady state interfacial tension,
t12, does not change under an electric field.

Surfactant F statistic p value
OLOA 11000 33.39 1x10°8
DR-L 27.46 36x10°°
R-M 0.64 0.603

field, the time scale, t;,, for OLOA transport shows a power-law
scaling, with an exponent of 0.4, as shown by the dashed line in
Fig. 5. On the other hand, for DR-L, t;,, decreases linearly as the
applied field strength increases. An explanation for the observed
trend in the time scale would require a detailed analysis of the
adsorption isotherm, and is left as future work.
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Fig. 6. Electrical conductivity of Isopar-M as a function of concentration of added
surfactant. Symbols denote experimental measurements, and the dashed lines
show the trend in conductivity with surfactant concentration. The filled symbol on
the left axis denotes the conductivity of Isopar-M with no added surfactant.
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The electrical conductivity of Isopar-M as a function of the con-
centration of the two rake surfactants was measured, and is shown
in Fig. 6, along with the conductivity for OLOA in Isopar-M to com-
pare to our previous work [23]. The conductivity was measured
using a nonaqueous conductivity probe (DT 700, Dispersion Tech-

nology). This instrument has a resolution of 10> S/m; however
considerable noise was observed in the data at low surfactant con-

centrations (< 10~ wt%), where the measured average conductiv-

ity was < 10" S/m and the standard deviation was 25-50% the
average value. The conductivity at these low concentrations is
comparable to the measured conductivity of Isopar-M with no
added surfactant, which is shown by the filled symbol on the left
axis in Fig. 6. At higher concentrations, the electrical conductivity
of Isopar-M increases linearly with the concentration of OLOA,
both above and below the reported CMC in alkanes and alkane
mixtures having a composition similar to Isopar-M

(5 x 10°—=1.68 x 1072 wt%) [20,21]; and nearly as the square root
of the concentration of DR-L. There is no significant increase in the
conductivity with addition of R-M. The conductivity increases by

factor of 2 at a concentration of around 10~ wt%, however, further
addition of surfactant did not systematically increase the
conductivity.

Anincrease in electrical conductivity with surfactant concentra-
tion is indicative of the presence of charged species, which is
attributed to water-swollen inverse surfactant micelles, or ionic
impurities in oils sterically stabilized by surfactants [13-15,17-
22]. It has been suggested that in nonpolar liquids, a distinct
CMC may not exist, and aggregation of surfactant molecules into
micelles in nonpolar solvents may occur either at a distinct con-
centration, or gradually over a range of concentrations, depending
on the polarity of the surfactant molecule [28-31]. A linear
increase in conductivity with concentration can be explained by
disproportionation of charge by the collision of two neutral aggre-
gates - inverse micelles, or complexes of ionizable impurities with
surfactant molecules [15,17-22]. An increase in conductivity as the
square root of concentration is attributed to partial dissociation of
ion pairs, and has been observed with dioctyl sodium sulfosucci-
nate (NaAOT) in hexadecane at concentrations below the CMC
[14]. The structure of DR-L does not suggest any ionizable group.
Further, conductivity measurements and preliminary experiments
done with dynamic light scattering (DLS) did not reveal any dis-
tinct CMC. Hence, instead of determining the constituents of
charges, we conclude that addition of both OLOA 11000 and DR-L
to Isopar-M gives rise to charged species, most likely by different
charging mechanisms. An electric field will act on these species
and give rise to an electrophoretic transport, in addition to the dif-
fusive transport of the surfactant from the bulk to the interface. We
have shown previously that even under the smallest electric field
used in the experiments, the electrophoretic transport of the
charged surfactant complexes occur at least an order of magnitude
faster than the diffusive transport [23]. This manifests as an
enhanced transport, observed in the dynamic interfacial tension
measurement for OLOA and DR-L (Fig. 4 (a) and (b)). The difference
in the observed scaling of t;, with E,, for these two surfactants
could also be attributed to their different charging mechanisms
in Isopar-M, as evidenced by the conductivity data (Fig. 6).

Notably, the electrical conductivity of Isopar-M at the concen-
trations of the three surfactants studied in Fig. 4 is not statistically
different from each other, or from the conductivity of Isopar-M
with no added surfactant. As such, a measurement of the conduc-
tivity alone at these lower concentrations would lead to a conclu-
sion of the absence of charge carriers. The three surfactants,
however, show a different response under an electric field. In
particular, the field-enhanced transport of OLOA and DR-L are
indicative of the presence of charged species which respond to

the applied field. This demonstrates that at low surfactant concen-
trations, a measurement of the dynamic interfacial tension of oil-
water interfaces under electric fields is a sensitive tool to detect
the presence of charged species in oils.

The conductivity of Isopar-M increased by a factor of 2 with the
addition of R-M at a concentration of around 1072 wt%. Although
there is no significant increase in conductivity with further
increase in the concentration, the dynamic interfacial tension for
both R-M and DR-L was measured around this concentration to
check for field-enhanced surfactant transport. The results are

shown in Fig. 7(a) for 1.3 x 1072 wt% DR-L and Fig. 7(b) for

8 x 10~ wt% R-M. For both these systems, the interfacial tension
was observed to relax to values < 10 mN/m. At these low interfa-

cial tensions, the constant pressure head, A P needs to be reduced
to nearly 400 Pa, which is around four times the accuracy of the
pressure transducer. This compromises the accuracy of the mea-
sured interfacial tension. Consequently, an equilibrium interfacial
tension was not measured at these concentrations. Instead, the
dynamics of surfactant transport was probed till the interfacial
tension reduced to around 20 mN/m for the DR-L system, and 17
mN/m for the R-M surfactant. The transport of both surfactants
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at the higher concentration was faster for all fields when compared
to experiments performed at a lower concentration (Fig. 4). This is
in agreement with previous observations of faster transport of sur-
factants from more concentrated bulk solutions, when the trans-
port is in the diffusion limited regime [7,8]. Further, even under
no applied field, the interfacial tension relaxed to the measured
limits relatively fast, at around 600 s for DR-L and 80 s for R-M.
Given the narrow range in time for the decrease in interfacial ten-
sion, rather than measuring the transport over a range of different
electric field strengths, experiments were performed which started
under no applied field. A field of 0.2 kV/cm was then applied at 70 s
for DR-L and 15 s for R-M, analogous to experiments performed
with OLOA in Isopar-M [23]. For both the surfactants, the transport
dynamics changed instantaneously with the application of the
field. The dynamic interfacial tension curve shifted from the curve
obtained under no field throughout the experiment to the curve
obtained under 0.2 kV/cm throughout the experiment. Another
experiment was performed where the measurement was started
under 0.2 kV/cm, with the field being switched off at 50 s for
DR-L, and 8 s for R-M. Again, for both surfactants, the dynamics
changed at the instant the field was switched off, and the dynamic
interfacial tension curve shifted from the one obtained under 0.2
kV/cm throughout the experiment to the one obtained under no
field throughout the experiment. For both DR-L and R-M, an elec-
tric field enhanced the transport at these higher concentrations.
The enhancement in transport of the DR-L surfactant at the
higher concentration is expected, given a similar observation at a
lower concentration. It can be explained by the electrophoresis of
charge carriers under electric fields, the presence of which was
indicated by the increase in Isopar-M conductivity with addition
of DR-L (Fig. 6). On the contrary, the transport of R-M, which was
not affected by electric fields at a lower concentration

(1.6 x 10°* wt%), was influenced at 8 x 10> wt%. A field-
enhanced transport for R-M was also observed at an even higher

concentration of 1.6 x 102 wt%, but is not shown here. The con-
ductivity of Isopar-M remained relatively constant with increasing
concentration of R-M, until around 10~ wt%, where the conduc-
tivity almost doubled. This, coupled with the observation of a
field-enhanced transport around a similar concentration suggests
the presence of charged species, which most likely can be attribu-
ted to surfactant aggregates [13,15,19]. Although further addition
of surfactant did not show a systematic increase in the conductiv-
ity, previous studies have shown that the aggregation of surfac-
tants to micelles in nonpolar liquids can occur gradually over a
range of concentrations, depending on the polarity of the surfac-
tant [28,31]. The tendency of surfactant aggregates to acquire
charge and give rise to conductivity was shown to depend on the
size of the aggregates [15], which in turn depends on the surfactant
architecture [32-34]. Thus, the formation of charge carriers, charg-
ing mechanism, and coupling of electric fields and surfactant trans-
port in nonpolar liquids depends on the polarity and architecture
of the surfactant molecule. The field-enhanced transport of R-M
at a concentration > 8 x 107> wt % indicates that the surfactant
forms charged complexes in Isopar-M at around this concentration.
Below this concentration, the R-M surfactant does not contribute
to charging of the oil phase. The transport of surfactants to oil-
water interfaces can be precisely manipulated using electric fields
at these concentrations where the surfactant forms charged
aggregates.

We reiterate that the measurement of solely the electrical con-
ductivity of Isopar-M doped with R-M would not detect charge car-
riers, especially at a concentration of 8 x 10 wt% because the
conductivity till this concentration is not statistically different
from the conductivity of Isopar-M with no added surfactant.
Measurements of the dynamic interfacial tension for these low

conductivity systems is a more sensitive technique to ascertain
the presence of charge carriers, and detect changes in charge car-
rier concentration with the addition of small amounts of surfac-
tant. It is still unclear how the concentration of charge carriers,
or the charging mechanism can be determined from the dynamic
interfacial tension data or the observed scaling of t;,, with E
obtained from these experiments. Nevertheless, dynamic interfa-
cial tension measurement under electric fields shows promise to
understand charging in nonpolar media, particularly at low surfac-
tant concentrations.

3.2. Transport of ionic surfactants in aqueous phase

Next, the transport of the cationic surfactant CTAB from the
aqueous phase to the oil-water interface was studied under electric
fields. A 3.64 x 10~* wt% concentration of the surfactant was pre-
pared in a solution of 5.84 x 1072 wt% sodium chloride. Addition of
salt reduces the electrostatic repulsion between surfactant head-
groups, which increases the tendency of the surfactant to adsorb
at the interface. The result is shown in Fig. 8. The interfacial tension
relaxes to an equilibrium of 34.5 4+ 0.7 mN/m, indicated by the
dashed line. Evidently, the transport of the cationic CTAB does
not depend on the electric field. The electrical conductivity of

deionized water is nearly (9(106> larger than Isopar-M. Adding salt

further increases the conductivity. Due to the large difference in
conductivity, the aqueous phase can be considered to be a conduct-
ing fluid. The electric field inside the aqueous phase scales as the
ratio of conductivity of the oil to aqueous phase, and is nearly zero
[36]. Thus, although cationic surface active species are present in
the aqueous phase, there is no electric field to drive the charged
species to the interface. As a result, the transport of surfactants
from an aqueous phase to oil-water interfaces is not affected by
an electric field. This further verifies that the enhancement in
transport observed for oil-phase surfactants is caused by the elec-
trophoretic motion of charge carriers.

3.3. Equilibrium interfacial tension

Finally, the effect of electric field on the equilibrium interfacial
tension at the Isopar-DI water interface was measured. The result
is shown in Fig. 9 for OLOA 11000, DR-L, R-M and CTAB at a given
concentration for electric fields of up to 0.4 kV/cm. A one-way
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Fig. 8. Dynamic interfacial tension of 3.64 x 107* wt% CTAB in 5.84 x 1072 wt%
sodium chloride. The dashed line represents the equilibrium interfacial tension.
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Table 2
Results of a one-way ANOVA test for the null hypothesis that the mean equilibrium
interfacial tension does not change under electric field.

Surfactant F statistic p value
OLOA 11000 0.65 0.5823
DR-L 217 0.1265
R-M 0.95 0.4627
CTAB 0.38 0.7

ANOVA test (Table 2) shows that the value of the F statistic is O(1),
and the p value is > 0.05 for all four surfactants. Hence, it follows
that the equilibrium interfacial tension does not change under an
applied electric field of up to 0.4 kV/cm. Although a full adsorption
isotherm was not measured, we conclude that the isotherm
parameters do not change under electric fields.

4. Conclusions

The transport of surfactants which form charged aggregates in
nonpolar liquids is enhanced to oil-water interfaces under electric
fields. The accelerated transport occurs due to the electrophoretic
motion of the charged species under electric fields. The formation
of charge carriers and the charging mechanism depends on the
concentration, polarity and architecture of the surfactant mole-
cules [28-31]. Two surfactants with different architecture were
dispersed in Isopar-M, and the transport was measured to an
Isopar-water interface. The DR-L surfactant, having a double rake
morphology showed a field-driven transport at both concentra-
tions studied, analogous to the field-enhanced transport of OLOA
reported previously [23]. The R-M surfactant, with a rake morphol-
ogy showed a field-enhanced transport at the higher concentration
studied, and a field-independent transport at the lower concentra-
tion, which indicates that this surfactant forms charged aggregates
in Isopar-M above a certain concentration. The transport of ionic
surfactants in the aqueous phase was not influenced by an electric
field. The electric field in the aqueous phase is nearly zero due to
the large electrical conductivity of the aqueous phase compared
to the oil phase. This further verifies that the field-enhanced trans-
port for the oil-phase surfactants is due to electrophoresis of
charged species. The equilibrium interfacial tension did not change

on the application of an electric field, suggesting the surfactant
adsorption isotherm is not a function of the electric field.

At low surfactant concentrations, the electrical conductivity of
oils is very small. The sole measurement of the electrical conduc-
tivity could erroneously suggest the absence of charged species
in the nonpolar phase. We show that at these low concentrations,
measurement of the dynamic interfacial tension of an oil-water
interface under electric fields is a sensitive tool to detect the pres-
ence of charge carriers, which would go unnoticed by conductivity
measurements [19,22]. Notably, surfactants with different charg-
ing mechanisms show a different dynamic response to the electric
field. It remains to be determined how the concentration of charge
carriers, or the specific charging mechanism can be determined
from the dynamic interfacial tension data. Measuring the adsorp-
tion isotherm to obtain pertinent length scales for surfactant trans-
port, and a rigorous analysis of the time scale to reach half the
clean interfacial tension and equilibrium interfacial tension value
might offer useful information. The charging of nonpolar phases
at high surfactant concentrations, where electrical conductivity
can be confidently measured is relatively well explored [12-
19,22]. We demonstrate that dynamic interfacial tension measure-
ments under electric fields is a promising, sensitive technique to
understand charging in nonpolar media, particularly at low surfac-
tant concentrations.

Electric fields also show promise as a robust tool to selectively
manipulate surfactant transport to oil-water interfaces. For exam-
ple, in a dispersion containing both DR-L and R-M, the transport of
DR-L can be preferentially enhanced by switching on an electric
field, provided the concentration of R-M is low. A careful molecular
design of surfactant to control the range of concentrations where
the surfactants form aggregates and acquire charge will enable
precise and selective manipulation of the transport of oil-soluble
surfactants using electric fields. Moreover, electric fields selec-
tively act on surfactants in the oil phase. Hence, unlike other
parameters to control surfactant transport [3,5-11], electric fields
could be employed to preferentially transport oil-soluble surfac-
tants to oil-water interfaces in applications where surfactants from
both the aqueous and oil phase are adsorbing to the interface. The
application of electric fields to surfactants dispersed in oil provides
us with an opportunity to precisely and selectively manipulate
transport, and further understand charging in nonpolar media.
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