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Abstract The dielectric properties of 
concentrated w/o-emulsions have 
been investigated, both at rest and 
during shear. The volume fraction 
water ranged from 0.50 to 0.95. The 
time domain dielectric spectroscopy 
techniques (TDS) was used to record 
the dielectric spectra, which covered 
the frequency region from 25 MHz to 
2 GHz. In order to simultaneously 
record rheological and dielectric data 
a modified viscometer of the coaxial 
cylinder type was applied. 

A close connection between the 
viscosity and the dielectric properties 
of w/o emulsions is demonstrated. 

The very large effects of shear both on 
the static permittivity and the dielec- 
tric relaxation time for the emulsion 
can partially be ascribed to the degree 
of flocculation in the system. At high 
shear rates, at which the emulsions 
are expected to have a low degree of 
flocculation, the observed dielectric 
properties differ from those expected 
from a theoretical model for spherical 
emulsion droplets. 
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Introduction 

Emulsions play an important role both in the industry and 
in household applications. The use of such systems covers 
a broad field, ranging from lubrication and cooling of 
heavy drilling equipment to the more delicate use of 
creams and ointments in daily beauty care. 

However, there may be technological problems con- 
nected with the processing of emulsified systems, and in 
many cases the presence of these systems is undesirable but 
unavoidable. This calls for reliable methods to both detect 
the onset of emulsification and to give a quantitative and 
qualitative description of the emulsion. 

Dielectric measurements on heterogeneous colloidal 
systems have been performed for many years, and the time 
domain dielectric spectroscopy (TDS) method has been 
found promising when it comes to investigating w/o-emul- 
sions [1]. In our group we have recently developed equip- 

merit for time domain dielectric analysis of these systems in 
high electric fields in order to study the electrically induced 
coalescence [2-3]. We have further reported on the dielec- 
tric properties of various w/o emulsions, ranging from 
systems based on crude oils to model margarines [4-7]. 

It has been demonstrated that the current theoretical 
models describing the dielectric properties of ideal hetero- 
geneous mixtures [8-11] have severe shortcomings when 
applied to w/o emulsions. Local variations in the volume 
fractions disperse phase are not accounted for, thus pro- 
cesses like flocculation and sedimentation must inevitably 
lead to deviations from these idealized models. We have 
lately suggested modifications to the existing models by 
incorporating factors like floc density and shape [5], but 
there is still ground to be covered before a complete 
theoretical description can be given. 

When flocculated emulsions are subjected to a shear- 
ing force, the floc aggregates may disintegrate, rendering 
an unflocculated system provided the shear rate is 
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sufficiently high. At even higher shear rates the emulsion 
droplets tend to be deformed, and may even be broken 
down to smaller units. 

In this work we present a new device that may be useful 
in the investigation of flocculated emulsions. The device is 
a modified viscometer, in which we have integrated a di- 
electric sensor. Thus it is possible to perform rheological 
and time domain dielectric measurements simultaneously. 
In this way we should be able to follow the de-ftocculation 
and other processes by means of two independent experi- 
mental techniques. Even though this particular experi- 
mental set-up lacks perfection the basic properties and the 
usefulness of the device are demonstrated. 

Theory 

Dielectric properties of W/O emulsions 

Works by Wagner [12] and Wiener [13], Bruggeman [14] 
and later Hanai [8-9] have given dielectric models that 
are applicable on emulsions. The Hanai equation gives the 
complex permittivity of an emulsion, * ~em as a function of 
the permittivity of the continuous phase, ~ 3, the permittiv- 
ity of the disperse phase, r and the volume fraction qb~, 
i.e., 

- ( 
~-~ - -  Y ~  7 = 1 - q b l  �9 ( 1 )  

~E2 -- ~I ) k ~em) 

In the derivation of Eq. (1) it is presupposed that the 
droplets are homogeneously distributed throughout the 
system, and that the droplets are spherical. In principle it is 
valid for a complete range of volume fractions, i.e., for 
0 <~ @ 1 ~ 1. When subjected to shear forces, or at very 
high concentrations, one can expect that the emulsion 
droplets take on a shape different from the spherical. If this 
is the case, the equations provided for by Boyle [11] or 
Boned and Peyrelasse [10] may be applied. The Boyle 
equation, valid for spheroidal inclusions with a parallel 
alignment, reads 

\ o,J 
while for a random orientation of dispersed spheroidal 
particles, Boned and Peyrelasse stated 

k~]em) Leem(1 + 3A) + ~ -- ~ )  

= 1 - 4~ �9 (3) 

In Eqs. (2) and (3), Ai and A are depolarization factors (or 
shape factors) along the axes in the spheroids, and are 
functions of the axial ratio, d and 3K (Eq. (3)) are functions 

of A. When At and A equals 1/3 (i.e., all three axis are iden- 
tical) Eqs. (2) and (3) are reduced to the Hanai equation. 

By inserting the dielectric parameters for the water 
phase and the oil phase into Eqs. (1), (2) or (3), one may 
calculate complete theoretical spectra for w/o emulsions at 
various volume fractions water. When Eqs. (2) and (3) are 
used, we can also allow for deviations from a spherical 
geometry of the dispersed droplets. The theoretical spectra 
display an extra dispersion in addition to the water disper- 
sion. The relaxation time of this extra dispersion is inverse- 
ly proportional to the conductivity in and the volume 
fraction of the water phase. Also deviations from sphericity 
affect the relaxation time and the permittivity levels. This 
relaxation is observed experimentally, and is associated 
with the polarization of the interfaces between the water 
domains and the oil domain. 

Given a random orientation, a dispersion of spheroidal 
droplets wilt always show higher permittivities than a dis- 
persion of spherical droplets (given equal volume fractions 
disperse phase). Also in the case where prolate (elongated) 
droplets are oriented parallel to an external electric field, 
the permittivity will be higher than for spherical droplets. 
Oblate droplets, on the other hand, give rise to lower 
permittivities than spheres. 

Effect of flocculation on the dielectric properties 
of W/O emulsions 

It has long been recognized that agglomeration or floc- 
culation of the dispersed particles in a heterogeneous mix- 
ture will alter the dielectric properties of the system [15]. 
The application of a shear force on the system may lead to 
a break up of flocculated aggregates, and Hanai utilized 
this effect when he validated his formula up to a volume 
fraction of water equal to 0.8. [16]. 

Recently, in order to gain more information on the 
floc structures, we have adopted a concept suggested by 
Dukhin et al. [17]. The permittivity of the floc, ef, can be 
introduced as 

e* =f(~baf, e*, e*), (4) 

where 4at is the volume fraction occupied by the droplets 
in the ftoc. Thus the total permittivity for the flocculated 
emulsion depends on the degree of flocculation 

* = f ( 4 ~ ,  ~?, ~) (5) e In 

with q~f representing the volume fraction of flocs. In [5], we 
generalized this model by also taking into account the 
shape of the flocs and of the droplets in the flocs, i.e., 

* ~* Ad3 e* = f(~bdf, q ,  2, (6) 
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and 

* = f ( r  f , e * , A f ) ,  enl (7) 

where Adf and Af are the shape factors for the droplets in 
the flocs and for the floc, respectively. 

The complex permittivity ~ and the resulting * gem are 
calculated by numerically solving, for instance, Eq. (3). 

Rheology of emulsions 

Very dilute emulsions will behave as simple liquid solu- 
tions and the viscosity is independent on the rate of shear 
(Newtonian flow behavior) [18]. The relative viscosity, r/r, 
for an emulsion containing a volume fraction ~b disperse 
phase is then given by the Einstein equation [18-20]; 

~?r = 1 + 2.54), (8) 

where 7Jr = 11/rlo. rl and 770 are the viscosities of the emul- 
sion and the continuous phase respectively. It is assumed 
that no interaction between droplets take place and the 
increase in viscosity is a result of a modification of the flow 
pattern near the droplet surface. These assumptions holds 
only as long as q5 < 0.01-0.05 [20, 18]. 

In more concentrated emulsions the dependence be- 
tween ~/r and ~b is more complex, and also other factors 
influence the flow properties of the system [18, 20-21]. 
The viscosities of the disperse phase and of the interfacial 
film [21], the droplet size, droplet size distribution, the 
droplet deformability and the interaction between the 
droplets all play important roles in this context. Thus, to 
describe the relation between ~b and the viscosity, only 
semi-empirical models are available [20]. 

A Newtonian flow behavior cannot be expected for the 
more concentrated emulsions, and both plastic (i.e., a min- 
imum shearing stress is required for flow to take place) and 
pseudoplastic (the flow takes place as soon as stress is 
applied) flows are often found for emulsified systems. 
These types of flow behavior have in common a progres- 
sive decrease of the viscosity as the shear stress is in- 
creased. However, above a limiting stress value the viscos- 
ity will in most cases remain unchanged. The plasticity (or 
pseudoplasticity) is due to, amount other factors, the ftoc- 
culation of the emulsion droplets. The initial decrease in 
the viscosity as the shear stress is increased is a result of 
a partial disintegration of the floc structures. The stress- 
independent viscosity is reached when all the aggregates 
are broken down. 

There seems to be an agreement that the ftocculation/ 
de-flocculation process governs the flow properties at 
low shear rates. However, the multitude of different floc 
shapes, floc densities, etc. that exist in emulsions makes it 

almost impossible to find a complete theoretical explana- 
tion on the non-Newtonian flow [18]. 

Experimental 

Preparation of emulsions 

The W/O emulsions were prepared by mixing dodecane 
and a NaCl-solution, with the volume fraction aqueous 
phase ranging fi'om 0.50 to 0.95. The aqueous phase con- 
tained 4% NaCI by weight. The bulk conductivity at room 
temperature of this phase was 43.3 mS/cm, as measured 
by a CDM 83 Conductivity Meter (Radiometer, Copen- 
hagen), operating at 50 kHz. As emulsifier Triton N-42 
(Nonylphenoxypolyethoxyethanol) was used. The amount 
of surfactant was adjusted to 1% of the total volume of the 
emulsions. 

After titrating the aqueous phase to the oil phase (with 
added surfactant) the mixture was vigorously shaken for 
2 rain by use of a vortex mixer (Vortex Genie 2, Scientific 
Industries). The emulsions were thereafter transferred to 
a viscometer of the coaxial cylinder type. 

Rheology measurements 

A coaxial type viscometer (Bohlin Visc 88 BV) was used. 
The outer cylinder had a inner diameter of 33.0mm, 
whereas the diameter of the inner cylinder (measuring 
spindle) was 30 mm. The measuring spindle was made in 
a low-permittivity plastic material. The outer cylinder was 
made in brass. 

The rotational speed of the spindle could be varied in 
eight steps from 20 rpm to 1000 rpm, corresponding to 
shear rates fi'om 24 s -1 to 1230 s-1. The viscosity was 
calculated after measuring the torque on the inner cylinder 
and its rotational speed [18]. 

Dielectric measurements 

The dielectric spectra were measured by using the time 
domain dielectric spectroscopy (TDS) technique. The 
method of total reflection was used [22, 23], where the 
sample is placed at the end of a coaxial line. Through 
a threaded hole in the outer, stationary cylinder of the 
viscometer a flat dielectric cell was inserted (Fig. 1). This 
allowed us to make dielectric measurements on the emul- 
sions both at rest and when a shearing force was applied 
(i.e., when the inner cylinder was rotated). The reflected 
pulses were observed in a time window of 40 ns. The pulses 
reflected from the empty cylinder and cylinder filled with 
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Fig. 1 Schematic view of the coaxial viscometer with the dielectric 
sensor inserted. A The inner cylinder (measuring spindle), B outer, 
stationary cylinder and C dielectric sensor 

emulsion were Fourier transformed at 150 frequencies in 
the range from 25 MHz to 2 GHz, and the complex per- 
mittivity of the emulsion was calculated. Air was used as 
the reference substance. The cell length was found after 
calibration with six reference liquids with known permit- 
tivities, and determined to be 0.65 mm. 

A Debye function, 

~* (co) - 1 + ico~ + ~o~ (9) 

was fitted to the experimental points. Here, es is the static 
permittivity, eoo the permittivity at high frequencies, z is the 
relaxation time, and finally co is the angular frequency. We 
have not included the relaxation of the aqueous phase in 
the fitting, as this gave only minor or no changes in the 
estimated parameters. 

Experimental procedure 

After transferring the emulsion into the outer cylinder of 
the viscometer dielectric measurements on the emulsion at 

rest were performed. At least 10 dielectric spectra were 
recorded, with 1-min intervals. The cylinder was mounted 
on the viscometer, on which the inner cylinder was already 
fixed. The dielectric measurements continued for several 
minutes at rest until the viscometer was started at the 
lowest rotational speed. Now the dielectric spectra were 
recorded at 30-60 s intervals over a period of 5-10 min. 
This was repeated for increasingly higher speeds up to the 
maximum speed attainable. After reaching the maximum 
speed we reduced it again while still recording rheological 
and dielectric data, until the shear rate was 0. At rest after 
finishing this cycle, dielectric spectra were recorded during 
various periods of time, ranging from 20 rain to several 
hours. 

For some of the samples we recorded spectra over 
a longer period at a given speed, while for other samples 
the speed settings were varied in a more random way. 

Results and discussion 

The mixing procedure applied cannot be expected to pro- 
duce the smallest droplets, nor an extremely narrow drop- 
let size distribution. This, and the relatively narrow range 
of shear for the viscometer limits the base set of the 
rheological data. We will therefore only discuss the main 
trends in these measurements. 

In Figs. 2, 4 and 5, we have plotted the average values 
of the viscosity I/, static permittivity ~s and the dielectric 
relaxation times z, respectively, versus the shear rate ~. For 
the samples where it is of importance, the direction of the 
change in 9 is indicated by the arrows (increasing rate: 
arrow to the right; decreasing rate: arrow to the left). 

In Fig. 2 the average viscosity of the emulsions is plot- 
ted versus the shear rate. Figure 2A shows the results for 
the emulsions containing from 50 to 80% aqueous phase. 
The viscosity increases as the volume fraction disperse 
phase increases, due to a more pronounced hydrodynamic 
interaction between the droplets [20]. The shear thinning 
behavior (i.e., the viscosity becomes lower as higher shear 
rates are applied) can be ascribed to a progressive break- 
down of flocculated structures [24]. 

For the emulsions with water contents of 80% and less, 
the theology seemed to be relatively unaffected by the flow 
history. On the contrary, for the emulsions containing 85, 
90 and 95% water, we note that the viscosity curves 
recorded for increasing shear rates do not coincide with 
the curves obtained when the rate is decreased. The viscos- 
ity is also higher after the maximal rate has been applied 
(Fig. 2B). The viscosity of concentrated emulsions is in- 
versely proportional to the droplet diameter [201 . At the 
highest shear rate the energy input is sufficiently high 
to break down the largest droplets. Also the packing 
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Fig. 2 The viscosity of w/o 
emulsions vs. shear rate. 
A Emulsions with volume 
fractions water ranging from 
0.50 to 0.80. B Emulsions with 
volume fractions water ranging 
from 0.85 to 0.95 

1,00 

%- 
g 

0,10 

0,01 

A 

" - . .  "lit. 

- . .  " i t  

..... �9 o ...... " ..... ,,. ' .... :~7"= 

�9 . . . . .  ~ . . . . . .  - - - : ' ~ : : : : , , , ~  . . . . . .  - . . : . t . .  - .-. .~.,  ~ 

, r , I ' ' ' I 

100 IO00 

Shear ra te[ l / s ]  

r (water) 

10000 

Io,oo [ &,.. 

o .  "" C L ' ~ .  -, 

1,o0 ? ...... o.. "~""'i',, o... " . . . .  ":::i'-" 
! ,, "o -, -. 
, '-o. ' " -  "::t:,. 

" . w  - - - c t  

...... - - , .  a ~  r * 

/[ '~ ' - -  ""*.. " " ~ -  " " , ,  
" - Q ~ " * - .  " " "  , , ) . .  " ' " ' o  . . . . .  " : o  0,10 / 

�9 - - i . .  " " ' , o .  

r 
0,01 E 

10 100 1000 

Shear rate [l/s] 

q) (water) 

10000 

conditions will be altered when the emulsions are sub- 
jected to shear forces, and there will be a time dependence 
on the rearrangement of the droplets. The pronounced 
hysteresis observed is thus probably a result of a combina- 
tion of these effects. 

Also, the dielectric parameters show a very strong 
dependence on the shear rate. This is illustrated in Figs. 3 
to 5. As an example, the dielectric spectra at various shear 
rates for an emulsion containing 80% water is given in 
Fig. 3A. Notable here are the changes in both the low 
frequency permittivity and the shift in the relaxation fre- 
quency. The high frequency permittivity is affected only to 
a small degree of variations in the shear rate. In Fig. 3B 
the variations in as for the same emulsion during the 
complete measuring period are shown. It is noteworthy 
that the change in permittivity levels takes place instan- 
taneously when the shear rate is altered. At constant shear 

rate the deviations in ~s are small. The fall in permittivity 
after approximately 15 rain occurred when the measuring 
spindle was forced into the outer cylinder. This action 
probably perturbed the state of the emulsion. However, 
when the emulsion was brought to rest again after measur- 
ing cycle, the initial permittivity level was almost reached. 

Figure 4A shows the average static permittivity for the 
emulsions with water contents up to 80%. (Please note 
that the permittivities marked on the Y-axis are measured 
when the emulsions are at rest, i.e., no shear force is 
applied.) Application of a shear force leads to a drastic 
reduction in es. The largest decrease, both in absolute value 
and relative to the permittivity at the highest shear rate is 
found for the emulsions containing 80 and 85% water 
(Fig. 4B). For these two samples the static permittivity is 
reduced from 324 to 60 and from 630 to 90, respectively. 
Except for the 70% and 80% emulsions, zs is unaffected by 
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Fig. 3 A The dielectric spectra 
of an emulsion with 80% water 
at various shear rates. The real 
parts are denoted (') while the 
imaginary parts of the spectra 
are denoted ("). The shear rates 
are 25 s - 1 (a', a"), 44 s - 1 (b', b"), 
77s -1 (c',c") 130s -1 (d',d") 
and 230 s- 1 (e', e"), respectively. 
B The static permittivity as 
a function of time during 
a complete measuring cycle. 
Measurements performed at the 
same shear rate are marked 
with similar symbols 
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the flow history, i.e., for a given volume fraction disperse 
phase and a given shear rate the permittivity is fairly 
constant. For  emulsions with 85, 90 and 95% aqueous 
phase the static permittivity at rest is very high (Fig. 4B). 
Again, a reduction in es when the shear rate increases is 
observed. However, when the shear rate is reduced from 
the maximum towards lower rates, es does not take on the 
same values as recorded when ~ increased. At the highest 
rates, e~ attains higher values (for 85 and 90% emulsions), 
while at low ~ the static permittivity reaches only substan- 
tially lower levels. Thus the hysteresis effect observed in 
the rheology data is reflected in anomalies in the dielectric 
data. 

The relaxation times show the same trend as the static 
permittivity (Fig. 5A, B). At rest or at low shear rates r is 
high, and an increase in ~; results in a marked reduction in 
z. The hysteresis effect in the most concentrated emulsions 

is reflected also in this parameter. At low rates of shear one 
finds that the relaxation time increases as the volume 
fraction water increases. This is expected fi'om, for in- 
stance, Eq. (1), given that the bulk conductivity of the 
disperse phase is equal for all the samples. However, the 
shear rate dependence of the relaxation time is not very 
pronounced for the least concentrated emulsions (50% 
and 55%) thus at intermediate and high shear rates the 
relaxation in these emulsions is actually slower than in the 
more concentrated ones (Fig. 5A). 

The averaged values of the static permittivity and the 
relaxation times at the various shear rates are plotted 
versus the volume fraction disperse phase in Figs. 6 and 7, 
respectively. In the same plots we also show the theoret- 
ically predicted parameters for a system consisting of inde- 
pendent droplets, as calculated by use of Eq. (1). For the 
samples containing 80% water or less, we note that the 
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Fig. 4 The static permittivity of 
w/o emulsions vs. shear rate. 
A Emulsions with volume 
fractions water ranging from 
0.50 to 0.80. B Emulsions with 
volume fractions water ranging 
from 0.85 to 0.95 
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static permittivity at rest or at low shear rates is higher 
than predicted from Eq. (1), but when the shear rate is 
increased the experimental values approach the theoretical 
ones. This effect was also observed by Hanai [9], and is 
probably due to the de-flocculation of the emulsions. 
However, the static permittivity continues to decrease to 
levels far below the Hanai-curve as the shear rate is further 
increased. Also, the relaxation times show the same trends 
as es when the rate of shear changes (Fig. 7). This behavior 
can be explained if one assumes that the emulsion droplets 
at these shear rates become increasingly elongated, and 
oriented in the direction of the flow in the viscometer. If 
this is the case, Eq. (2) can be applied and, in principle, the 
axial ratio of the droplets can be found (from Ai). Unfortu- 
nately, it is difficult to find one single Ai that at the same 
time explains the static permittivity and the relaxation time 
for a given sample at a given shear rate. When comparing 

Figs. 6 and 7, we note that the rate of shear for which ~s is 
closest to the values from Eq. (1) is in general lower than 
the corresponding rate for the relaxation times. 

For  the emulsions of the highest internal phase concen- 
trations (i.e., ~b >_ 0.85), both  e~ and r lay below the Hanai- 
curve in all the measurements, also when no shear is 
applied. At these high concentrations the droplets cannot 
take on a spherical shape, and an irregular polyhedric 
shape is more probable  [25]. Thus Eq. (1) should not be 
expected to give reliable estimates of the dielectric para- 
meters for these samples. 

Conclusions 

One common determining factor in the theoretical treat- 
ment of the rheological and dielectric properties of 
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Fig. 5 The relaxation time of 
w/o emulsions vs. shear rate. 
A Emulsions with volume 
fractions water ranging from 
0.50 to 0.80. 
B Emulsions with volume 
fractions water ranging from 
0.85 to 0.95 

1800 

1600 �9 

1400 

1200 

1000 

.~= 
N 800 

600 

400 

200 

0 - -  

1.0 

A 

ILl:. 
"-- \ .  

'..." "1 
" / . " . . .  

, ~ ,  ~ (water 

�9 ' - - - ~ : .  " . . . .  , , ,  ' , ' ,  . . 1 ~ - ~ 7 . 1  "-- .  " - : :  . . . : ' - .  " b :  " - . ' . .  
�9 " . . . .  " ' : " : : 8  . . . .  :1""  . . . .  ' " ' " ,  / ' -  ~ - ' a t ~ n  r 

. . . . . . . .  : t ' .  : ~ -  "~  "< ' - " .  . 

. . . . .  ; :  .......... . . . . . . .  o - . : - . - . : : , ~ : : : - ,  

. . . . . .  , , . : : : . .  "---= 

I - I I - -  I 

1 , 5  2.0 2,5 3,0 

Log (Shear rate) 

3000  

2500 

~ ~ 2000 t 

= 1500 

1000 

E 

500 

i 

o, � 9  

A . . . .  - o .  " "  - " � 9  - - . . .  

o . . . . .  - - . .  " , -  "a  

" " " : :  - "  - - o ' . , ,  ' .  

0 2- t t 

1,0 1,5 2,0 2,5 3,0 

B Log (Shear  r a t e )  

(water) 

Fig. 6 The static permittivity of 
w/o emulsions vs. volume 
fraction water. The bold line 
corresponds to values 
calculated from Eq. (1) 
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Fig. 7 The relaxation times of 
w/o emulsions vs. volume 
fraction water. The bold line 
corresponds to values 
calculated from Eq. (1) 
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emulsions is the degree of floccutation. With the device 
presented in this work we have shown that there is a con- 
nection between the viscosity and the dielectric properties 
of w/o emulsions subjected to shear forces. It would be of 
interest to extend the range towards both lower and higher 
shear rates in order to cover the de-flocculation process in 
more detail. By improving the experimental set-up and 
combining the rheological and dielectric data, one may be 

able to extract valuable information on the ftocculation in 
the emulsified systems. 
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