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Abstract

Water-in-kerosene emulsion stabilized with SPAN surfactant exhibits a slow transition (on scale of hours) from an emulsion to a mini-
emulsion state. We continuously monitor this transition in the relatively concentrated samples (5 vol.% water), without dilution, using acoustic,
electroacoustic and conductivity measurements. Continuous stirring prevents sedimentation. We confirm our measurements with microscopic

image analysis and by comparing with a stable water-in-car oil microemulsion stabilized with AOT.
Acoustic measurements yield information about the droplet size evolution in time. The original droplets, having a size of almout 0.4
slowly coalesce into larger droplets. After 10 h the droplet size has increased to atroufbthis point a mini-emulsion fraction appears with

a droplet size of only 25 nm and the droplet size distribution becomes bimodal. It takes another 24 h for the emulsion droplets to completely

transform into a mini-emulsion state.

The conductivity exhibits a rapid change during the first 10 h of emulsion coalescence, but the rate becomes much slower as the mini-emulsion

fraction begins to grow.

Electroacoustic measurements shows that the original emulsion droplets carry a substantial surface charge, which we are able to calculate

using Shilov’s theory for overlapped DLs.

The measured electroacoustic signal gradually decays with time. In the final state the mini-emulsion droplets generate practically no
electroacoustic signal and appear uncharged. This fact, combined with conductivity measurements, indicates a strong role for electrostatic
factors in emulsion stability and its transition to mini-emulsion state. We suggest that ion exchange between the exterior and interior diffuse

layers leads to a gradual collapse of the exterior DL and explains all the experimental observations.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Water-in-oil emulsion; Mini-emulsion droplets; Experimental observations

1. Introduction Depending on the properties of the liquids, the surfactant

content, the temperature, and mixing conditions, either of

Itis known that heterogeneous liquid-in-liquid system can these states might initially emerge. For instance, according

exist in two general states: to the classic review by Davies and Rid¢H], there are at 1
least three possible mechanisms for spontaneous emulsifiea-

o thermodynamically unstable emulsion with a droplet size tjon that might occur when two immiscible liquids are placeds

range on scale of microns; P~ in contact with each other, even without stirring. These mechs
e thermodynamically stable microemulsion with a droplet anjsms are: (1) interfacial turbulence; (2) negative interfaciad
size range on scale of nanometers. tension; (3) diffusion and stranding. Various authors have res

cently proposed additional mechanisms as described in the
review[2]. All of these papers relate to emulsions, butitis alsas
* Corresponding author. clear that if thermodynamic conditions allow, microemul-s
E-mail addressadukhin@dispersion.com (A. Dukhin). sions might also form spontaneously right after mixing. 2

0927-7757/% — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.colsurfa.2004.10.125
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It is also known that under certain conditions emul- croelectrophoresis, with regard to emulsions, is restricted
sions can be converted into microemulsions, and vice to aqueous systems. The most extensive evaluation of the
versa. For instance, revief2] mentions several reports water—oilinterface charging has been made using oil-in-water
in which simply a quick shift in temperature induced a emulsiong6]. The most recent review of the emulsion eleco
microemulsion—emulsion transition, papg] as an ex- trokinetics[5] mentions only aqueous emulsions. 81
ample. There is also an extensive theoretical review in  Electroacoustics in non-polar liquids employs a new the»
[2] of various models describing spontaneous emulsi- ory, recently created by Shilov et @f]. This electroacoustic s
fication. theory takes into account overlap of DLs and other peculiar

An emulsion—microemulsion transition is defined by a features of non-polar systerfs-10]. We present some pre- ss
large change in droplet size. The size of emulsion droplets is dictions of this new electroacoustic theory with regard to the
normally measured on a micron scale, whereas the size of thewater-in-oil emulsions iAppendix A 87
microemulsion droplets is in the nanometer range. However, In this work we deal only with water-in-oil emulsions. ss
this difference in sizes is not an absolute rule. There are moreElectroacoustics gives us the means to correlate the variatien
and more instances reported in literature of emulsions with in the electric surface properties with variation of the dropled
rather small droplet size. There is a special term introduced size. This is very important information for determining thex

for these systems—mini-emulsions. They can be identical to role of electrostatic factors in emulsion stability. o
microemulsions in droplet size, but still thermodynamically Summarizing, we can formulate the following two goalss
non-equilibrated as typical emulsions. of this paper: 9

In this paper we describe our observations on how a water- . L . S
in-oil emulsion evolves into a mini-emulsion. We are able to * st.udyl'ng water-in-oil _emulsions and mini-microem-
monitor this slow transformation thanks to new Acoustic and !SIOI‘]S, . . . %
. o : o illustrating new methods for characterizing emulsions and
electroacoustic characterization techniques based on ultra- "~ :
- mini—microemulsions. o8
sound[4]. These methods eliminate the need for any sample
preparation or dilution and allow us to continuously charac-  In order to achieve these goals we use our experience with
terize the emulsion evolution in time. the SPAN family of surfactants in kerosene. In our previous
Acoustic spectroscopy yields information about the parti- papers we showed that the conductivity linearly correlates
cle size distribution. This method has several advantages ovemwith the concentration of SPAN5]. This gives a simple way 102
light scattering and other sizing techniques that turn out to be to control the ionic composition of a non-polar liquid. Waters
crucial for this work. For instance, this method is much more in-kerosene emulsions with SPAN surfactants are very simple
suitable for polydisperse systems than light scattering be- and reproducible in preparation. They exhibit very interesting
cause weight basis is the innate basis of the measurement, asvolution intime, starting with coalescence and then 10 h later
with sedimentation. This is the only way to monitor droplets beginning a transformation into a mini-emulsion. 107
with sizes on micron and nanometer scale simultaneously.
Acoustic measurements are particularly useful if they
can provide data over a wide frequency range, for exam- 2. Materials and methods 108
ple 1-100 MHz. Emulsion droplets contribute to acoustic
attenuation at low frequencies below 10 MHz, whereas mi-  We used the surfactant sorbitan mono-oleate, known also
croemulsion droplets affect primarily the high frequencies as SPAN 80, by Fluka. We used three different surfactamt
around 100 MHz. This investigation shows that only those contents 0.5, 1 and 5wt.% relative to kerosene. System with
ultrasound-based instruments that are able to cover this widel% is the most convenient for illustrating observed effectsi.
frequency range are suitable for characterization of emulsions  We used kerosene from the hardware store. We tried sev-
and mini/microemulsions. eral producers of kerosene and discovered practically no in-
The other ultrasound-based technique, electroacousticsfluence of the kerosene origin on the results of measurements.
offers unique opportunities for characterizing electric surface We used a value of 2 for the dielectric constant of kerosene
properties of emulsions and mini-microemulsions. Although because it is not clear how impurities would affect this-
traditional microelectrophoretic experimeiffis6] do reveal number. 118
the importance of the electric surface charge on the water—oil  We used distilled water and water with 0.01 M KCI. 119
interface, they are restricted to working with very dilute sys- For emulsion preparation we add water to the kerosene
tems. There is always ambiguity left regarding the effect of solution with a certain concentration of the SPAN. Then we
the dilution on the emulsion. sonicate this solution for 2 min. The water content is 5 vol.%
Electroacoustics do not require dilution. This allows us to in all samples. 123
monitor the variation of electric surface properties continu-  We measured the droplet size of water in the kerosene
ously over many hours. emulsions using the DT-1200 by dispersion technology. The
Electroacoustics offer one more advantage over more tra-acoustic sensor of this instrument allows us to characterize the
ditional methods. It is able to give information about the particle size without dilution (for detail description géé). 12¢
electric surface properties in non-polar liquids, whereas mi- The average measurement time for these samples is ahaut
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6 min. These emulsions require continuous mixing to prevent stricted amount of time, shorter than in the case of the acoustic
settling, which is provided by the built-in magnetic stir bar measurement. 157
in the DT-1200 sample chamber. We tested reproducibility of the observed effect bys

Kerosene evaporates if chamber remains open. Preventionmrepeating the same experiment several times. All together
of this effect is not trivial in the case of acoustic measurement we have made 4313 measurements during 4 months frem
because variable gap between transducer and receiver caus&ecember 2003 to April 2004. We present some of these
variation of the internal chamber volume over the time. In repeated runs below. e
order to minimize this effect we cover top of the chamber
with flexible latex glove that could expand and contact during 3. Droplet size evolution by acoustic measurement
the measurement.

For conductivity measurements we used aModel 627 Con-  The attenuation frequency spectrum is the raw data for
ductivity Meter by Scientifica. It operates at 18 Hz with an  calculating the droplet size distributioRiig. 2 shows the at- 1
applied voltage of about 5)s. The measurement range is  tenuation curve as it evolves in timeig. 3 illustrates just 1
from 20 to 20,000 pS/cm. trends using simpler two-dimensional presentation. It indis

For electroacoustic measurement we use the Zeta Potentiatates that low frequency attenuation begins to decay right
Probe DT-300 (for detailed description gdé). This probe  after sonication stops. The high frequency attenuation begigs

163

could be inserted directly into the sample vessel, asitis shownto increase with a 10 h delay. 170
in Fig. 1 An external magnetic mixer prevents settling of  Increase ofthe high frequency attenuation is the most strik-
particles. ing feature of this process. It is quite reproducible as showa

Prevention of kerosene evaporation during conductivity— in Fig. 4. It occurs at different water and surfactant contentss
electroacoustic measurement is more complicated because of This evolution of the attenuation spectra reflects the varias
the conductivity probe structure. This probe consists of the tion of the droplet size distribution. The procedure and theory
two co-centric cylinders. Flow of liquid should move through  for the calculation the droplet size distribution from these atr
the probe. We insert this probe into the DT-1200 chamber tenuation spectra is given in our bopK. 177
from the top. Connecting cable creates problem for airtight  Fig. 5presents the droplet size distribution calculated at 5
sealing. In addition kerosene vapor affects properties of the intervals.Table 1presents input parameters that are required
sealant. As aresult we are able to keep chamber sealed for refor performing this calculation. 180

Fig. 1. Photograph of DT-300 Zeta Potential Probe inserted into the alumina—kerosene—SPAN 80 dispersion.
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22 17.9%wt water, 0.5% Span 80, 12/3/2003 12:10:17 PM
2.0 /
1.8 &
= 1.6 f 6.1%w1 water, 1% Span 80, 2/4/2004 12:16:21 PM
1.4 J 4

5
=
b

Span 80, 3/24/2004 10:09:08 AM

6.1%wt water, 5% Span 80, 4/1/2004 2:26:27 PM

4
s
iyt
W{‘,',',',’,‘.’,',%:,,,,,
s, tllu,”Fh,
0 50 100 150 200 250 300 350 400 450 500

measurement number

attenuation [dB/cm/MHz]

Fig. 4. Evolution of the attenuation at 100 MHz in time for various emul-
sions. Reproducibility test with 6.1 wt.% water-in-kerosene emulsion with

time, 5 ho 4 0 50 ©
TS Der iy ;710 20 (requeney 1wt.% of SPAN 80.

Fig. 2. Attenuation frequency spectra evolution in time. . . .
9 auency sp emulsion droplets, whereas the small size droplets contribute

. . i i to the high frequency attenuation. 197
181 It is seen that during the first 10 h the droplet size mono-

) , . - Droplet size distributions ifrig. 5are result of automatic s
w2 tonically increases, corresponding to simple coalescence of. - jation performed by DT-1200 software. It interprets ats

13 the o_riginal emul_sion droplets. During this initial period the tenuatiof™m.a rombination of intrinsic losses and thermal
1 median droplet size changes roughly from 0.4 a2 losses. Intrinsic losses are independent on the droplet size.
185 Then, suddenly after 10 h a fraction with an average size of It is simple volume averaged ultrasound attenuation in he-
186 25 Nnm appears. The content of this fraction increases duringmogeneous materials of the dispersed phase and dispersion
1w the next 30 h. The emulsion fraction continues to coalescence o qium. Thermal losses are droplet size sensitive, according
1.s  during this time, eventually reaching a size of abopunT. to the theory presented in our bopH. s

o  Thethird period in the emulsion evolution begins roughly g ghresents contribution of these two attenuation meche

o after 40 h. Atthis point the emulsion converts completely 10 5nisms to the last attenuation from the set presentBir2. 2o
1 the small size state. After this the attenuation spectra becomes}t is seen that theoretical attenuation fits experiment pretty

» stable and evolution of the droplet size stops. _ well with a fitting error of 5.6%. This fitting corresponds ta.s
193 Comparison of these droplet size distributions with atten-

104 UAtion spectra reveals a very simple correlation. The atten-

1

©

1

©

1

©

s Uation at low frequencies below 10 MHz corresponds to the *]
-/\. slat'll
{6 —A— 2/6/2004 10:05:10 AM 074
| —@— 2/4/2004 12:24:29 PM o] =
N10urs
1.4 40 — — =
1 10 hour:
= 121 del /\_— 11 hours
Rl sy Sy
g
g 1.0
= i e I a5 - N /\ 16 hmu'ﬂ
= 08 .
= 03
= . 21 hour
g 06 0-4 -/\ /\ J
zo
= 1 26 hour
0.4 40 A /\
36 hours
0.2_ ods /\ e 3 10111';]
0.0 ——Tr T T 41 hour
10° 10" 10° do J/\\ _i
T

Frequency [MHz] L TR T T
Diameter [um]
Fig. 3. Attenuation frequency spectra at the beginning and at the end of the

experiment. Arrows show trends in attenuation evolution. Fig. 5. Evolution of the droplet size distribution in time.
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Table 1
Thermodynamic properties of the kerosene and water phases around room temperature
Density (g/cm) Thermal conductivity Heat capacity (J/kg K) Thermal expansion Attenuation (dB/cm/MHz)-
(I/msK) (104K frequency (MHz)
Water 0.997 0.61 4.18 a7 «=0.0020
Kerosene 0.81 0.15 2.85 B «=0.0106»

the lognormal droplet size distribution with the median size perfect fit. It is our experience that fitting error of 5.6%s:
17 nm and standard deviation 0.22. is still quite large. We think that it happens because aef
In principle, there is another possibility for high frequency the presence of small fraction of the large droplets. Pres-
attenuation interpretation. It might be related to the scattering ence of this fraction could explain levelling of the attenuess
losses, instead of the thermal losses. In this case calculatioration curve at low frequency as it is shown kig. 3 for 2s:
would yield a larger droplet size with increasing high fre- the curve marked “end”. Instead of becoming practical &
quency attenuation. It is important to clarify why DT-1200 at low frequency it becomes stable at the level of about
software ignored this option and selected thermal effect over 0.1 dB/cm/MHz when frequency is below 10 MHz. Itis cleass
scattering. We could answer this question by forcing search- indication of the larger emulsion droplets. Unfortunately thise
ing routine in DT-1200 software into the particular range of attenuation is not sufficient to determine size and amouat
large sizes abovebm. of this droplets. That is why DT-1200 software has Sin:
The best solution in this range and corresponding theoreti- ply ignored them. Inability to fit perfectly this part of at-2«
cal fitting are shown iffrig. 7. The best median droplet sizeis tenuation spectra determines relatively large fitting error of
11.7pm. This droplet size distribution yields theoretical at- 5.6%. 204
tenuation that fits experimental data with error of 21.6%. This ~ We would like to stress the importance of being able ta
erroris much larger than in the case of the thermal attenuationcollect attenuation data over a wide frequency range. The
assumption (5.6%). This is the reason why DT-1200 software absence of frequency data below 20 MHz would simply miss
selected small droplet size with corresponding thermal mech- the variation of the emulsion fraction. Similarly, the absence
anism over larger droplet sizes with scattering mechanism. of high frequency data would miss the variation due to the
At the same time, combination of intrinsic and ther- small size fraction. 250
mal attenuation for only small droplet does not provide a At this point in the discussion we do not know the nature:
of the small droplets. They might be either microemulsios

2.0
T 107
@ 1.5+ -
g DT "3 E* 4G
ial T 0.8+ . .
=) 1
‘s 1.0 0.61 . N
z T /
e + I \ 04+ ' '
& s N N
B 0.2 . i
T ," \ o ‘o
00 T e 0.0 st , P ,
0.001 0.01 0.1 | 0.1 1 10 100 1000
diameter [um] diameter [micron]
2.0+ 20+
= i 1
[ v rerma = scatterin
s§& 9% v ICREE .
-— -
g =z 3 ® intrinsic £ S .,
5 E 1.0+ . . s 3 . e intrinsic
Zz A E51ot « TE
£ 5 .
2“.5“ P ::_. v theory totol <C§ ’o'v..
¥ " L 051 e + theory total
i
° < v
0.0 pid ot : * experiment ""_,of.-:.__....
1 10 100 0.0 poanfffent |

{  + experiment
frequency [MHz]| 1 10 100
frequency [MHz]
Fig. 6. Droplet size of the final mini-emulsion and corresponding exper-
imental and theoretical attenuation spectra. Droplet size does not reflectFig. 7. The best droplet size distribution assuming scattering mechanism of
small amount of large droplets because attenuation spectra does not contaimltrasound attenuation. Corresponding theoretical attenuation that fail to fit
enough information for its determination. experimental data.
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or mini-emulsion droplets. We use sedimentation analysis
and image analysis to answer this question. We also do not
know at this point the reason for the strange kinetic behavior.
Next we will consider electroacoustic measurements to help
get these answers, because it yields information about the
surface properties of the water droplets.

2.0
] no AOT

1.6

Attenuation [dB/cm/MHz|
i

4. Mini-emulsion or microemulsion?

0.0 . o . T - - e
i . i A A 10° 10' 10°
The evolution of the emulsion described in the previous Frequency [MHz]

section occurs under conditions of continuous stirring. We .
use a magnetic stirrer to prevent sedimentation of the original 1.0
emulsion. ]

If we turn the stirrer off after the system reaches a steady
state, the water droplets sediment. If system was a thermody-
namically microemulsion, we would observe no sedimenta-
tion effect. Hence sedimentation points toward a thermody-
namically unstable mini-emulsion. This mini-emulsion turns
into sedimenting emulsion when stirrer is turned off.

At the same time there is no phase separation. If we turn

—©— 1% AOT
—&— 1% AOT
—m— no AOT

PSD. weight basis
2
L1

the stirrer on again, the system exhibits the same acoustic ' 100 100 1t 100 10 10°

Diameter [um]

properties as before sedimentation occurred with the same
small droplet size. . o . . Fig. 8. Attenuation spectra of 5vol.% water-in-car oil emulsion and mi-
These observations indicate that we are dealing with an croemulsion stabilized with 1% AOT. Corresponding droplet size distribu-
unstable mini-emulsion, which undergoes coalescence aftettions.
stirring is turned off.
We performed two tests for confirming this conclusion.  in-car oil corresponds to the stable and optically transpass
First of all we compared acoustic properties of this un- ent microemulsion. This could be used as justification af
stable system with acoustic properties of another water-in- our earlier conclusion that lower attenuation at low frees
oil emulsion, which becomes definitely microemulsion after quency is indication of the smaller droplets sizes in the
adding surfactant. Itis water-in-car oil with AOT as stabilizer. case of water-in-kerosene emulsion at the final stages ofsits
Water in pure car oil builds up emulsion under influence of evolution. an
sonication, even without any additional surfactant. We pre-  Unfortunately optical test in the case of the water-ins.
pared such emulsion at 5 vol.% applying 1 min of sonication. kerosene emulsion is not that definite as in the case of the
Final emulsion has a white color, which is specific for emul- water-in-car oil emulsion. Water-in-kerosene emulsion rem
sions. Itindicates very high turbidity associated usually with mains opaque independently on variation of the acoustie
droplet sizes on micron scale. properties. However, it is not sufficient to claim that theres
Attenuation spectra and corresponding droplet size for this is no small mini- or microemulsion droplets in the systems
emulsion are shown iRig. 8 Median size is about2m, as at the end of its evolution. Small amount of larger droplets;
expected. could be responsible for the high turbidity. 319
At the second stage of this experiment we added 1% of  In order to verify this hypothesis we performed a micro=e
AOT to this emulsion. After 1 min of sonication this liquid scopic analysis of the final system after 40 h of stirring. We
becomes transparent with color practically identical to the used a dark field microscope with a digital camera to captuse
color of the original car oil. This simple observation is a def- images continuously for an hour. a3
inite proof that AOT converts emulsion into microemulsion. Fig. 9shows five snapshots of the emulsion image at intes:
Fig. 8 shows that acoustic properties have changed dramat-vals of 10 min. It is clearly seen that the size of the emulsian
ically as well. Attenuation becomes much smaller. Median droplets grows with time. However, the large droplets of mizs
droplet size becomes about 10 nm. cron size do not coalescence. The growth that we observeis
This experiment shows that there is clear correlation apparently related to the capturing of the very small droplets
between acoustics and optical properties of the stableby the larger ones. These small droplets look like bright dots

emulsion—-microemulsion transition. in the dark field. Microscopy does not allow estimate of theit
We could now compare attenuation spectra of water-in- sizes, which are clearly less than a micron. aa1
kerosene emulsionF{g. 3) with water-in-car oil emulsion This microscopic test confirmed that the system contains

(Fig. 8). There is clear similarity between these curves. a number of very small droplets, which slowly coalescenee
We know that low attenuation curve in the case of water- in larger droplets with higher degree of aggregative sta
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Start 10 minutes

40minutes

Fig. 9. Emulsion evolution after stirrer is turned off. The width of each picture is approximatelyrt00

bility. Stirring breaks quickly these large droplets into the Presence of this small fraction of larger droplets could exs

smaller ones. These small mini-emulsion droplets dominate plain high turbidity of the final mini-emulsion. Unfortunatelysss

the acoustic attenuation, which is measured under stirringwe could not estimate amount of these larger droplets neither

conditions. from acoustics nor from optical images. s
At the same time it confirms presence of larger droplets

with sizes on micron scale. This is the fraction that con-

tributes 0.1 dB/cm/MHz to the low frequency attenuation in 5. Surface charge evolution by electroacoustic and 349

Fig. 3 curve “end”. Apparently volume fraction of these conductivity measurements 350

large droplets is not sufficient for being reflected in the

droplet size distributions calculated from the attenuation  Electroacoustic measurement in non-aqueous systemssin-

spectra. volves three steps. a2
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The first step is calibration with 10% silica Ludox in 13000.0-]
0.01 M KCI aqueous solution. Thgpotential of this dis- ‘2(“*-‘-"
persion is—38 mV, which is the basis for calibration. 11000.0- SN T

The second step is the measurement of the electroacoustic 100"
signal of pure kerosene This gives us the value of the back- , "]
ground or ionvibration signal. Presence of surfactantdoes not = 3%
affect this background signal, as it is shown with measuring
kerosene that contains the surfactant. The DT-1200 software
allows us to save this value and to subsequently subtract this

vt T ot
i -ﬂﬁhﬁﬁz.

&

7000.0-

V1.absolute units

6000.0

(B

5000.0-

R X 4000.0 —m— 12/17/2003 10:48:16 A
background signal from further measurements. It is vector ] —v— 2/11/2004 12:03:03 ])_\;I
subtraction because electroacoustic signal is a vector witha ]
certain magnitude and phase. 200007
As a simple test that this subtraction works, we measured """
H ot H H 00T T T T T T T T T T T T
kerosene again, this time making the background subtraction. "8 T100 200 300 400 500 600 700 830 900 1000 1100 1200 1300 1400
This test gives us the value of the noise level of the electroa- tios minutes]

coustic measurement.

The third step is the actual measurement of the electroa-
coustic signal generated by the water-in-kerosene emulsion.
This signal substantially exceeded the noise level, as shownyields values 1318 and 1973. That is why we could state that
in Figs. 10 and 11Fig. 11illustrates reproducibility of this  eventually CVI reaches the noise level. 3%
effect. From this CVI behavior with time we can conclude thatze

With time, the CVI magnitude gradually decreases. Un-
fortunately we are not able to measure CVI continuously dur-
ing 40 h with existing experimental setup. We mentioned be-
fore that measuring chamber must be airtight for preventing
kerosene evaporation. Cable of the conductivity probe makes There are several ways to explain the peculiarities of this
this hard to achieve. Simple sealant that we use becomes afsystem, which will be discussed below. a9
fected by kerosene vapor. That is why conductivity and CVI We can use the CVI values at the initial stage of coas
measurement are conducted only during 20 h, as it is shownlescence for calculating the surface chasgef the water s
in Figs. 10 and 11 droplets. According to Shilov's theoryAppendix A EQ. s

However, we are able to measure conductivity and CVI of (A.8)), this calculation requires certain input parametersy
the final emulsions as a single point measurement even daysuch as the properties of liquids and the size of the water
after experiment finished. For instance, we stored emulsiondroplets. Acoustic attenuation measurements yield informa-
after 40 h of the attenuation measurement. Later we couldtion about the droplet size. As for the liquids propertiess
use this emulsion for CVI and conductivity measurement. we use the following valuesom = 0.8 g/cn¥; Pp= lglcn?;
For instance, after 8 days two consequent measurements CVh = 1.5 cp;em = 2; ¢p = 80. All these parameters are correcteds

for temperature. 406

100 Fig. 12shows the resulting values for the surface charge
N " evolution during the stage of emulsion coalescence. Itis seen
| S - that it decays quickly with time, decreasing by almost 10
\ 60 times during first 10 h. Surface charge decays with time mugh

0 R | Eisioarsoutery LB faster than CVI Fig. 11) because droplet size increases alu
[ most five times during this period. E@A.8) indicates that 2

iy B dynamic mobility and accordingly CVI are proportional tos
| the product of the surface charge by the droplet size. 414
He 400 600 800 1000 1200 1400 1600 1800 2000 jzt'iij The queStion arises about the mechanism for this effect.
time [acs) Does this mean that the adsorbed SPAN molecules are las-
ing charges they carry to the surface? Is there any other ex-
planation that would not involve restructuring of the SPAMs

Fig. 11. lllustration of reproducibility of the effect and electroacoustic mea-
surement.

e the microemulsion droplets do not contribute to the C\4:
signal, 303
e the emulsion droplets do contribute to the CVI signal. 2.

400

300

cum\ucl:\i:]

conductivity. 10E-10 S/m
ntent, %

mulsion

100

10000.0

8000.0

6000.0

absolute units

molecules? 419
= 40000 In answering these questions we should keep in mind:a
[ — clear correlation between the apparent surface charge degay

and the conductivity increase, as showiig. 10 It appears
that the droplets release ions into the kerosene while coalesc-

Fig. 10. Correlation between emulsion droplets content and measured con-INg- We suggest a model that explains this feature in the next
ductivity and electroacoustic signal. section. 425

0.0
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497 i ions in the kerosene phase with an approximate diffusion cer-
. [ efficient of 10-° cn?/s. If this assumption is validt, satisfies s
conductity the condition of overlapped DLs during the complete initiaks
Los 2 period of emulsion coalescence. This is a justification far
r using Shilov’s theory for calculating the surface charge. s
In the next section we suggest a model that links together
these experimental data. 450

i s i eI o i s i 0.6

conductivity 10E-10 S/m

iy | o

0.2

T S S e S TR e ST
100 200 300 400 500 600 700

0.008- time [minutes|

6. Discussion 451

0.007-

0.006-

We have established that the evolution of the water-im-
kerosene emulsion with SPAN 80 as emulsifier proceeds.in
three distinct periods. 454

Period 1: first 10 hThe water droplets are coalescing. Thes
0.001- S apparent surface charge of the droplets decays. The condsic-
) ) » tivity increases, eventually exceeding the initial value in the:
Fig. 12. Correlation between measured conductivity and calculated apparentk SPAN soluti
surface charge density. eros‘?“e‘ solution. . . 58

Period 2: between 10 and 40 fithe mini-emulsion frac- s
tion appears and grows. The emulsion droplets continue.to
nHle 0 coalescence. The CVI continues to decay. The rate of cea-
kerosene—SPAN 80 solution is about 31@0~ " S/m. The ductivity increase is much smaller. 162

conductivity of the initial emulsion is less than this value. It Period 3: after 40 hAll parameters are stable. There ares
appears that the water droplets adsorb SPAN and reduce theiq emulsion droplets. The water is in mini- and possibly mise

conductivity. However, with time the conductivity increases, croemulsion droplets. These droplets do notgenerate any G¥|
eventually exceeding the initial value in the kerosene—SPAN gjgng.

solution (sed~ig. 10.

Conductivity measurements allow us to estimate #he
value and determine the validity of Shilov’s theory in regard
to this system. Itis known that Shilov’s theory is valid only for
overlapped DLsFig. 13shows the relationship between the
volume fraction and, for overlapped DLs. A more detailed
description is given in our bodH]. Itis seen that at a volume

0.005+
0.004-

0.0034 surface charge

surface charge 10E-6 C/ cm. sq.

0.002

Itisimportant to mention that the conductivity of the initial

466
It is quite possible that there are multiple explanations af
this set of facts. Here we just suggest one of them. We do net
claim that it is the only one. We want to be absolutely cleas
that it is just one of, perhaps, several possible models. o
Our model is based on the assumption that the
water—kerosene interface with adsorbed SPAN remains un-
: : o changed. We assume that the SPAN molecules stabilized
fraction of 5% the DLs do overlap ifa< 1. Thisis therange  thjs interface almost instantly during initial sonication and:
of ica values when Shilov's theory can be applied. brought it to thermodynamic equilibrium. However, it is onlys
Fig. 12presentsc, values calculated using the measured 5 |ocal equilibrium for each small element of the interface s
conductivity and the particle size computed using attenuation e part of the SPAN molecules in the bulk of the somr
spectroscopy. We also assumed that there are simple smalfytion is responsible for the conductivity of the originaks

kerosene—SPAN solution. It means that they carry charge,
either as individual molecules, or as micelles (see our previr
ous papef15]). 481
0.4 It is also possible that at least a fraction of the adsorbed
SPAN molecules is charged and brings this charge to the
surface. a8
We assume that the electric charge of the water—kerosene
interface that is associated with adsorbed SPAN molecules
remains constant, time independent. Local thermodynamaic
equilibrium is the justification for this assumption. a8
We attribute the observed evolution of the parameters 40
ion exchange between the interior of the water droplets and
the bulk of the kerosene solution. 401
Initially the water droplets have an electro-neutral intes:
rior. lons are trapped inside of the large water droplet at
about equal amounts. The surface charge induced by ad-
Fig. 13. Estimate of the volume fraction of the overlap of the electric double SOrbed SPAN molecules is screened with an external diffuse
layer. layerinthe kerosene solutidrig. 14illustrates this structure. s

0.57

<
w
1

o
[N]
L

vfr of DL overlap

0.1

0.01 0.10 1.00 10.00 100.00
ka
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Initial emulsion droplet

o+ g
% + 4 " 4
Sereening diffuse layer | = et
+=- F A
\ = ”
S + o+
+ e +
o -

+ P Mini-emulsion droplet

o+ =
- + . 0" 4
-___'Jr
-+ _
BT
- w t

Screening diffuse layer + =

Fig. 14. lllustration of the double layer restructuring due to the ion exchange between interior and exterior of the water droplet.

The external diffuse layers are very thick due to the low electric charge is orders of magnitude more energy efficieat

ionic strength. They are overlapped. This gives rise to the than exterior one. 522

CVI signal. We could estimate the amount of eneYy: It is important to mention that charging up to a certaigs

required to charge this external DL to a certain level of level of the electric potential, instead of the electric chargey

surface charg® as: would lead to the opposite conclusion. We believe that in this
2 2 case we are dealing with the constant surface charge case

Wext = Q - Q (1) because it is related to the adsorption of thermodynamicailly

2Cext  epeoSkext determined amount of the surfactant. 528

whereS is the surface areaey the Debye parameter for The above-mentioned difference in energy for charging
external DLs. the DLs creates a driving force for co-ions to leave the inter

Obviously, there is another possibility to screen the sur- "or of the droplet. This simply means that there is a gradi:
face charge induced by SPAN adsorption. It could be done ent of co-ions electrochemical potential that drives co-iors
with screening diffuse layer inside of the particle. This sec- from the droplet out. This statistical process is slow because
ond opportunity would also take a certain amount of energy, 1on should become solvated by surfactant molecules on the

which we could estimate with following equation: kerosene—water interface. It is knoyt0] that only suffi- ss
) 5 ciently large ions could exist in non-polar liquids. This slowss
0 0

B2 leakage of co-ions from the droplet generates an internal eleg-
2Cin £pe0SKin tric charge that would screen the adsorbed surface charge.
Eventually this would lead to the complete collapsing af.
the external DL. The surface charge of the adsorbed SPAMN
would be completely compensated by the interior charge %f

)

Comparison of these two charging energies yields the fol-
lowing approximate result:

Win  emKext emKm Km _ the V\_/e_lter dropletFig. 14 illustrates this final stage of thes.
W = o =1 ok — 1 20k, 0001 (3)  transition. 43

ext pEin pem P This model could explain all observed features of the:
where we have assumed that the conductivity of water is aboutemulsion—mini-emulsion transition. 545

106/40 times larger then conductivity of kerosene, the effec-  Firstofall, it explains why the conductivity increases dufss
tive diffusion coefficientdesr being the same, and that the ing the coalescence period and eventually significantly ex-

Debye parameter can be given with the following equation: ceeds the conductivity level of the original kerosene—SPAdN
K solution (sed=ig. 10. This excess conductivity comes fromss
2

~ 4) the counter-ions released from the water droplets into the

€0 Deff kerosene. 551
This is certainly a very approximate estimate. However, it Alternative model that could potentially explain some o
clearly indicates that charging of the interior DL to a certain the observed facts with restructuring of the adsorbed SPAR

K
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molecules would not explain the excess conductivity. Thisis ~ We concluded thation exchange between the interior of the
a serious argument supporting the “ion exchange model”.  water droplets and the bulk of kerosene solution could explaia

The “ion exchange model” also explains the lack of the these experimental observations making no assumption abaut
CVI signal for the microemulsion. It happens because the restructuring of the adsorbed SPAN molecules with time. This
surface charge of the adsorbed SPAN molecules is com-ion exchange leads to agradual collapse of the exterior diffuse
pletely screened with the internal charge of the microemul- layer. The surface charge associated with the adsorbed SRAN
sion droplet. Consequently it looks from the outside as being molecules becomes screened with an interior diffuse layes.
electro-neutral. This process leads to the reduction of the surface tension and

In this model redistributing screening electric charge from eventual break up of the emulsion droplet into much smalles
the outside diffuse layer to the inside one is alimiting factor of mini- and possibly microemulsion droplets. The decay of the
the emulsion droplet break up into much smaller mini- and CVI signal and increasing conductivity are results of this iofr
possibly microemulsion droplets. Apparently this break up exchange. 618
occurs when a sufficient critical amount of energy is released
due to the collapsing external DL.

Another potential factor controlling this break up, droplet  Appendix A. Electroacoustic theory for water-in-oil 619
size, seems notimportant at all. We could conclude this basedemulsions and its verification 620
on the observation that the size of the emulsion droplets con-

tinues to grow during period 2. If break up would relate to  tjsknown that existing electroacoustic theofiéd 1-14] e
the droplet size, we would observe growth only up to certain for both ESA and CVI effects do not take into account ovee
maximum value of the size. It is obviously not the case. lapping of the double layers (DL). There is only one excep=

This break up is not exactly a spontaneous one because itjon, the recently created Shilov's thedij. oo
strongly depends on the presence of stirring. However, stir-  Assumption of isolated, not-overlapped, double layers res
ring with magnetic stir bar in the DT-1200 chamber is nota quires either alarge droplet radiasr a sufficiently high ionic e
vigorous one. Itis clear that reduction of the surface tension strength leading to a shorter Debye length. Fig. 11illus- e
is amostimportant factor. In this sense the observed phenom+rates approximately the range of volume fractignshere s
ena s similar to the "negative interfacial tension” mechanism assumption of isolated DLs is valid for giv@ta, fo”owing 629

of spontaneous emulsificati¢gy]. our book[4]. 630
It is also possible that combination of stirring and reduc- If we assume that thin DLs do not overlap, we can usesa

tion of the surface tension intensifies “interfacial turbulence” jidely accepted expression for the dynamic electrophoretic

described in the pap¢t6]. mobility uq (Eq. (5.28) in[4]), that is: 623
At the end, we would like to repeat that the suggested

mechanism explains all the experimental facts, but we could 2e0em¢(0p — ps)Pm ,

not claim that it is the only one to do so. There might be #d= 3,0, "~ Gs. @)1+ F(Du, ', ¢)) oo

some other explanations of the phenomena presented in this (A1) e

paper.

wheregg andey, are dielectric permittivities of the vacuumess

_ and liquid,¢ the electrokinetic potential, the dynamic vis- e

7. Conclusions cosity, om, pp and ps the densities of liquid, particle andess
_ . __dispersione’ = 22—, womw = Km K the conductivity s

We have established that water-in-kerosene emulsion with of the mediag the frequency of ultrAsound afdi = KIKma  sa0
SPAN 80 as emulsifier undergoes transition from emulsion the pukhin number that reflects the contribution of the sui
to mini-emulsion when being slowly stirred. This transition face conductivity®. a2

takes approximately 40 h and proceeds in three distinct peri-  FunctionG presents the contribution of hydrodynamic efs:
ods. fects, whereas functio reflects electrodynamic aspects ofus

Period 1: first10 hWater droplets are coalescing. The ap- the electroacoustic phenomena. o5
parent surface charge of the droplets decays. The conduc- | order to apply this theory to water-in-oil emulsions wess
tivity increases, eventually exceeding the initial value in the should simply introduce the conductivity of the particles i
kerosene—SPAN solution. the expression for functioR. A water-in-oil emulsion can ess

Period 2: between 10 and 40 A mini-emulsion fraction  pe considered as conducting particles in a non-conductiag

appears and grows in amount. The emulsion droplets con-media. In order to achieve this we should simply use mose
tinue to coalesce. The CVI continues to decay. The rate of general expression for the Dukhin number:
conductivity increase is much smaller.

Period 3: after 40 h All parameters are stable. There are Kp «°
no emulsion droplets. Water is in mini-emulsion and possible Du = Km + Km (A.2) o2
microemulsion droplets. These small droplets do not generate

CVI signal. whereK; is the conductivity of water droplets. 653

651
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This modified Dukhin number can be used in the general water-in-oil emulsions:

expression for th& function.

F(Du, o', ¢)
_ (1-2Du)(1-¢) + jo' (L —ep/em)(1 — ¢)
~ 2(1+ Du + ¢(0.5 — Du)) + jo' (2 + (ep/em)
+¢(1 — ep/em))

(A.3)

The properties of the water-in-oil emulsion allow us to
approximate the value of this function. It is known that the
conductivity of water is much higher than the conductivity of
non-polar liquids. This means that

Kp
Du~r~ P >1 A4
U > (A.4)

m

In addition, the dielectric permittivity of water is about 40
times higher than the permittivity of non-polar liquids:

i>>1

Em

(A.5)

Using these two strong inequalities we can neglect 1 in
comparisontothe relevant parameters in(Bo3). As aresult
we get the following approximate value for the functi®eim

A. Dukhin, P. Goetz / Colloids and Surfaces A: Physicochem. Eng. Aspects xxx (2004) XXX—XXX

670
1-— ] —2Du — ja)/(gp/gm) _
1—¢ 2Du+ jo'(ep/em)

F(Du, o', ¢) ~ -1 (A.6)

671
This approximate value is actually quite accurate due ¢o
the large conductivity and permittivity of water.
If we use this value for functior in Eq. (A.1) for

the dynamic mobility, we would come to the interestings
result:

673

674

676

K
Hd <K—p > 1, LN 1) =0 forthinisolated DLs only &~
m

Em
(A7)

678

679

This means simply thawater-in-oil emulsions with iSo- eso
lated and thin DLs should not exhibit any electroacoustig:
effect
It is possible to give a simple explanation to this unexss
pected conclusion. In order to do this we compare the electsic
field structure induced by the relative particle-liquid motiogs
for non-conducting and conducting particles, as illustrated s
Fig. 15
It is known that ultrasound generates particle motion reks
ative to the liquid due to the density contrast. In drawingo

682

687

Non-conducting partricle.

_|_

Colloid

Vibration

Q o

Conducting partricle.

+ =

Fig. 15. lllustration of the exterior DL polarization by the liquid flow relative to the particle surface induced with ultrasound.
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Fig. 15we assume that the particles move from left to right. only one other electrokinetic theory with a similar level ofis

This causes a liquid motion, relative to the particle sur- simplicity—Smoluchowski theory. o
face, which is illustrated with arrows above and below the  This general nature of Shilov’s theory is especially imrs
particle. portant for non-polar liquids. We have currently very littless

This motion of the liquid drags ions within the diffuse layer knowledge and few means to collect information about ions
towards the left pole of the particle. This redistribution of the in these liquids. We have published recently a paper that ad-

diffuse layer leads to the different results for conducting and dresses this issue in more defab]. 749
non-conducting particle. The calculation of-potential does require information ofiso
In the case of non-conducting particle, the surface chargethe ions, because it includes Debye length 751

cannot move. It retains its spherical symmetry. As aresult the
i i i i i 1RT1- . F
particle gains an excess negatlve charge at the right hand 3|d% _ &L (psoemaKz smh—g (A9)
pole and excessive positive charge at the left hand side pole. 3F o RT
It gains a dipole moment. This dipole moment generates an _
external electric field, which gives rise to the colloid vibration whereT is the absolute temperatuféthe Faraday constant, 7ss

current. R a gas constant. 754
In the case of a conducting particle, the charge carriers  This simple analysis leads us to the following concluss
inside the particle can follow the counter-ions of the DL that SIONS: 756

are being dragged to the left hand side pole. This means that o ) o
the surface Charge’ or Charge associated with the particle’. water-in-oil emulsion with isolated DLs should not genefrs:

loses its internal spherical symmetry as well as the charge ate any electroacoustic signal; 75
of the diffuse layer. Most importantly, each element of the ® Measurable electroacoustic signal generated by water-ia-
surface, as well as the adjacent diffuse layer, remains electro-  0il emulsion indicates that DLs are overlapped. 760

neutral. No external electric field appears and electroacoustic
effect is practically zero.

Does this mean that electroacoustics is useless for water-References 761
in-oil emulsions?
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