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Evolution of water-in-oil emulsion controlled by droplet-bulk ion
exchange: acoustic, electroacoustic, conductivity and image analysis
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Abstract8

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.
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Acoustic measurements yield information about the droplet size evolution in time. The original droplets, having a size of abou�m,
lowly coalesce into larger droplets. After 10 h the droplet size has increased to about 5�m. At this point a mini-emulsion fraction appears w
droplet size of only 25 nm and the droplet size distribution becomes bimodal. It takes another 24 h for the emulsion droplets to c

ransform 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 mi

raction begins to grow.
Electroacoustic measurements shows that the original emulsion droplets carry a substantial surface charge, which we are able

sing Shilov’s theory for overlapped DLs.
The measured electroacoustic signal gradually decays with time. In the final state the mini-emulsion droplets generate pra

lectroacoustic signal and appear uncharged. This fact, combined with conductivity measurements, indicates a strong role for e
actors in emulsion stability and its transition to mini-emulsion state. We suggest that ion exchange between the exterior and inte
ayers leads to a gradual collapse of the exterior DL and explains all the experimental observations.

2004 Elsevier B.V. All rights reserved.

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

. Introduction

It is known that heterogeneous liquid-in-liquid system can
xist in two general states:

thermodynamically unstable emulsion with a droplet size
range on scale of microns;
thermodynamically stable microemulsion with a droplet
size range on scale of nanometers.

∗ Corresponding author.
E-mail address:adukhin@dispersion.com (A. Dukhin).

Depending on the properties of the liquids, the surfac
content, the temperature, and mixing conditions, eithe
these states might initially emerge. For instance, acco
to the classic review by Davies and Rideal[1], there are a
least three possible mechanisms for spontaneous emul
tion that might occur when two immiscible liquids are pla
in contact with each other, even without stirring. These m
anisms are: (1) interfacial turbulence; (2) negative interfa
tension; (3) diffusion and stranding. Various authors hav
cently proposed additional mechanisms as described i
review[2]. All of these papers relate to emulsions, but it is a
clear that if thermodynamic conditions allow, microem
sions might also form spontaneously right after mixing.

927-7757/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.colsurfa.2004.10.125
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It is also known that under certain conditions emul-21

sions can be converted into microemulsions, and vice22

versa. For instance, review[2] mentions several reports23

in which simply a quick shift in temperature induced a24

microemulsion–emulsion transition, paper[3] as an ex-25

ample. There is also an extensive theoretical review in26

[2] of various models describing spontaneous emulsi-27

fication.28

An emulsion–microemulsion transition is defined by a29

large change in droplet size. The size of emulsion droplets is30

normally measured on a micron scale, whereas the size of the31

microemulsion droplets is in the nanometer range. However,32

this difference in sizes is not an absolute rule. There are more33

and more instances reported in literature of emulsions with34

rather small droplet size. There is a special term introduced35

for these systems—mini-emulsions. They can be identical to36

microemulsions in droplet size, but still thermodynamically37

non-equilibrated as typical emulsions.38

In this paper we describe our observations on how a water-39

in-oil emulsion evolves into a mini-emulsion. We are able to40

monitor this slow transformation thanks to new Acoustic and41

electroacoustic characterization techniques based on ultra-42

sound[4]. These methods eliminate the need for any sample43

preparation or dilution and allow us to continuously charac-44

terize the emulsion evolution in time.45

Acoustic spectroscopy yields information about the parti-46
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croelectrophoresis, with regard to emulsions, is restricted77

to aqueous systems. The most extensive evaluation of the78

water–oil interface charging has been made using oil-in-water79

emulsions[6]. The most recent review of the emulsion elec-80

trokinetics[5] mentions only aqueous emulsions. 81

Electroacoustics in non-polar liquids employs a new the-82

ory, recently created by Shilov et al.[7]. This electroacoustic 83

theory takes into account overlap of DLs and other peculiar84

features of non-polar systems[8–10]. We present some pre- 85

dictions of this new electroacoustic theory with regard to the86

water-in-oil emulsions inAppendix A. 87

In this work we deal only with water-in-oil emulsions. 88

Electroacoustics gives us the means to correlate the variation89

in the electric surface properties with variation of the droplet90

size. This is very important information for determining the91

role of electrostatic factors in emulsion stability. 92

Summarizing, we can formulate the following two goals93

of this paper: 94

• studying water-in-oil emulsions and mini–microemu-95

lsions; 96

• illustrating new methods for characterizing emulsions and97

mini–microemulsions. 98

In order to achieve these goals we use our experience with99

the SPAN family of surfactants in kerosene. In our previous100

papers we showed that the conductivity linearly correlates101
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le size distribution. This method has several advantages
ight scattering and other sizing techniques that turn out
rucial for this work. For instance, this method is much m
uitable for polydisperse systems than light scattering
ause weight basis is the innate basis of the measurem
ith sedimentation. This is the only way to monitor drop
ith sizes on micron and nanometer scale simultaneou
Acoustic measurements are particularly useful if t

an provide data over a wide frequency range, for ex
le 1–100 MHz. Emulsion droplets contribute to acou
ttenuation at low frequencies below 10 MHz, whereas
roemulsion droplets affect primarily the high frequen
round 100 MHz. This investigation shows that only th
ltrasound-based instruments that are able to cover this

requency range are suitable for characterization of emul
nd mini/microemulsions.

The other ultrasound-based technique, electroacou
ffers unique opportunities for characterizing electric sur
roperties of emulsions and mini–microemulsions. Altho

raditional microelectrophoretic experiments[5,6] do revea
he importance of the electric surface charge on the wate
nterface, they are restricted to working with very dilute s
ems. There is always ambiguity left regarding the effec
he dilution on the emulsion.

Electroacoustics do not require dilution. This allows u
onitor the variation of electric surface properties cont
usly over many hours.

Electroacoustics offer one more advantage over mor
itional methods. It is able to give information about
lectric surface properties in non-polar liquids, whereas
 P
R

O

COLSUA 12749 1–1

s

ith the concentration of SPAN[15]. This gives a simple wa
o control the ionic composition of a non-polar liquid. Wa
n-kerosene emulsions with SPAN surfactants are very si
nd reproducible in preparation. They exhibit very interes
volution in time, starting with coalescence and then 10 h
eginning a transformation into a mini-emulsion.

. Materials and methods

We used the surfactant sorbitan mono-oleate, known
s SPAN 80, by Fluka. We used three different surfac
ontents 0.5, 1 and 5 wt.% relative to kerosene. System
% is the most convenient for illustrating observed effec

We used kerosene from the hardware store. We tried
ral producers of kerosene and discovered practically n
uence of the kerosene origin on the results of measurem
e used a value of 2 for the dielectric constant of kero

ecause it is not clear how impurities would affect
umber.

We used distilled water and water with 0.01 M KCl.
For emulsion preparation we add water to the kero

olution with a certain concentration of the SPAN. Then
onicate this solution for 2 min. The water content is 5 vo
n all samples.

We measured the droplet size of water in the kero
mulsions using the DT-1200 by dispersion technology.
coustic sensor of this instrument allows us to characteriz
article size without dilution (for detail description see[4]).
he average measurement time for these samples is
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6 min. These emulsions require continuous mixing to prevent129

settling, which is provided by the built-in magnetic stir bar130

in the DT-1200 sample chamber.131

Kerosene evaporates if chamber remains open. Prevention132

of this effect is not trivial in the case of acoustic measurement133

because variable gap between transducer and receiver causes134

variation of the internal chamber volume over the time. In135

order to minimize this effect we cover top of the chamber136

with flexible latex glove that could expand and contact during137

the measurement.138

For conductivity measurements we used a Model 627 Con-139

ductivity Meter by Scientifica. It operates at 18 Hz with an140

applied voltage of about 5 Vrms. The measurement range is141

from 20 to 20,000 pS/cm.142

For electroacoustic measurement we use the Zeta Potential143

Probe DT-300 (for detailed description see[4]). This probe144

could be inserted directly into the sample vessel, as it is shown145

in Fig. 1. An external magnetic mixer prevents settling of146

particles.147

Prevention of kerosene evaporation during conductivity–148

electroacoustic measurement is more complicated because of149

the conductivity probe structure. This probe consists of the150

two co-centric cylinders. Flow of liquid should move through151

the probe. We insert this probe into the DT-1200 chamber152

from the top. Connecting cable creates problem for airtight153

sealing. In addition kerosene vapor affects properties of the154

s for re155

stricted amount of time, shorter than in the case of the acoustic156

measurement. 157

We tested reproducibility of the observed effect by158

repeating the same experiment several times. All together159

we have made 4313 measurements during 4 months from160

December 2003 to April 2004. We present some of these161

repeated runs below.
162

3. Droplet size evolution by acoustic measurement 163

The attenuation frequency spectrum is the raw data for164

calculating the droplet size distribution.Fig. 2shows the at- 165

tenuation curve as it evolves in time.Fig. 3 illustrates just 166

trends using simpler two-dimensional presentation. It indi-167

cates that low frequency attenuation begins to decay right168

after sonication stops. The high frequency attenuation begins169

to increase with a 10 h delay. 170

Increase of the high frequency attenuation is the most strik-171

ing feature of this process. It is quite reproducible as shown172

in Fig. 4. It occurs at different water and surfactant contents.173

This evolution of the attenuation spectra reflects the varia-174

tion of the droplet size distribution. The procedure and theory175

for the calculation the droplet size distribution from these at-176

tenuation spectra is given in our book[4]. 177

Fig. 5presents the droplet size distribution calculated at 5 h178

i ired179

f 180
R
R

E
C

T

ealant. As a result we are able to keep chamber sealed
U
N

C
O

Fig. 1. Photograph of DT-300 Zeta Potential Probe ins
 P
R

O-
ntervals.Table 1presents input parameters that are requ
or performing this calculation.
COLSUA 12749 1–14

erted into the alumina–kerosene–SPAN 80 dispersion.
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Fig. 2. Attenuation frequency spectra evolution in time.

It is seen that during the first 10 h the droplet size mono-181

tonically increases, corresponding to simple coalescence of182

the original emulsion droplets. During this initial period the183

median droplet size changes roughly from 0.4 to 2�m.184

Then, suddenly after 10 h a fraction with an average size of185

25 nm appears. The content of this fraction increases during186

the next 30 h. The emulsion fraction continues to coalescence187

during this time, eventually reaching a size of about 7�m.188

The third period in the emulsion evolution begins roughly189

after 40 h. At this point the emulsion converts completely to190

the small size state. After this the attenuation spectra becomes191

stable and evolution of the droplet size stops.192

Comparison of these droplet size distributions with atten-193

uation spectra reveals a very simple correlation. The atten-194

uation at low frequencies below 10 MHz corresponds to the195

F of the
e

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
1 wt.% of SPAN 80.

emulsion droplets, whereas the small size droplets contribute196

to the high frequency attenuation. 197

Droplet size distributions inFig. 5are result of automatic 198

calculation performed by DT-1200 software. It interprets at-199

tenuation as a combination of intrinsic losses and thermal200

losses. Intrinsic losses are independent on the droplet size.201

It is simple volume averaged ultrasound attenuation in ho-202

mogeneous materials of the dispersed phase and dispersion203

medium. Thermal losses are droplet size sensitive, according204

to the theory presented in our book[4]. 205

Fig. 6presents contribution of these two attenuation mech-206

anisms to the last attenuation from the set presented inFig. 2. 207

It is seen that theoretical attenuation fits experiment pretty208

well with a fitting error of 5.6%. This fitting corresponds to209
N
C

O
R

R
E

ig. 3. Attenuation frequency spectra at the beginning and at the end
xperiment. Arrows show trends in attenuation evolution.
U

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/cm3) Thermal conductivity
(J/ms K)

Heat capacity (J/kg K) Thermal expansion
(10−4 K−1)

Attenuation (dB/cm/MHz)−
frequency (MHz)

Water 0.997 0.61 4.18 2.07 α = 0.002ω
Kerosene 0.81 0.15 2.85 10.6 α = 0.0106ω

the lognormal droplet size distribution with the median size210

17 nm and standard deviation 0.22.211

In principle, there is another possibility for high frequency212

attenuation interpretation. It might be related to the scattering213

losses, instead of the thermal losses. In this case calculation214

would yield a larger droplet size with increasing high fre-215

quency attenuation. It is important to clarify why DT-1200216

software ignored this option and selected thermal effect over217

scattering. We could answer this question by forcing search-218

ing routine in DT-1200 software into the particular range of219

large sizes above 5�m.220

The best solution in this range and corresponding theoreti-221

cal fitting are shown inFig. 7. The best median droplet size is222

11.7�m. This droplet size distribution yields theoretical at-223

tenuation that fits experimental data with error of 21.6%. This224

error is much larger than in the case of the thermal attenuation225

assumption (5.6%). This is the reason why DT-1200 software226

selected small droplet size with corresponding thermal mech-227

anism over larger droplet sizes with scattering mechanism.228

At the same time, combination of intrinsic and ther-229

mal attenuation for only small droplet does not provide a230

F per-
i reflect
s
e

perfect fit. It is our experience that fitting error of 5.6%231

is still quite large. We think that it happens because of232

the presence of small fraction of the large droplets. Pres-233

ence of this fraction could explain levelling of the attenu-234

ation curve at low frequency as it is shown inFig. 3 for 235

the curve marked “end”. Instead of becoming practical 0236

at low frequency it becomes stable at the level of about237

0.1 dB/cm/MHz when frequency is below 10 MHz. It is clear238

indication of the larger emulsion droplets. Unfortunately this239

attenuation is not sufficient to determine size and amount240

of this droplets. That is why DT-1200 software has sim-241

ply ignored them. Inability to fit perfectly this part of at-242

tenuation spectra determines relatively large fitting error of243

5.6%. 244

We would like to stress the importance of being able to245

collect attenuation data over a wide frequency range. The246

absence of frequency data below 20 MHz would simply miss247

the variation of the emulsion fraction. Similarly, the absence248

of high frequency data would miss the variation due to the249

small size fraction. 250

At this point in the discussion we do not know the nature251

of the small droplets. They might be either microemulsion252

F ism of
O
R

R
E

C
T

ig. 6. Droplet size of the final mini-emulsion and corresponding ex
mental and theoretical attenuation spectra. Droplet size does not
U
N

Cmall amount of large droplets because attenuation spectra does not contain
nough information for its determination.

u il to fit
e

 

ig. 7. The best droplet size distribution assuming scattering mechan
ltrasound attenuation. Corresponding theoretical attenuation that fa
xperimental data.
COLSUA 12749 1–14
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or mini-emulsion droplets. We use sedimentation analysis253

and image analysis to answer this question. We also do not254

know at this point the reason for the strange kinetic behavior.255

Next we will consider electroacoustic measurements to help256

get these answers, because it yields information about the257

surface properties of the water droplets.258

4. Mini-emulsion or microemulsion?259

The evolution of the emulsion described in the previous260

section occurs under conditions of continuous stirring. We261

use a magnetic stirrer to prevent sedimentation of the original262

emulsion.263

If we turn the stirrer off after the system reaches a steady264

state, the water droplets sediment. If system was a thermody-265

namically microemulsion, we would observe no sedimenta-266

tion effect. Hence sedimentation points toward a thermody-267

namically unstable mini-emulsion. This mini-emulsion turns268

into sedimenting emulsion when stirrer is turned off.269

At the same time there is no phase separation. If we turn270

the stirrer on again, the system exhibits the same acoustic271

properties as before sedimentation occurred with the same272

small droplet size.273

These observations indicate that we are dealing with an274

unstable mini-emulsion, which undergoes coalescence after275
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Fig. 8. Attenuation spectra of 5 vol.% water-in-car oil emulsion and mi-
croemulsion stabilized with 1% AOT. Corresponding droplet size distribu-
tions.

in-car oil corresponds to the stable and optically transpar-306

ent microemulsion. This could be used as justification of307

our earlier conclusion that lower attenuation at low fre-308

quency is indication of the smaller droplets sizes in the309

case of water-in-kerosene emulsion at the final stages of its310

evolution. 311

Unfortunately optical test in the case of the water-in-312

kerosene emulsion is not that definite as in the case of the313

water-in-car oil emulsion. Water-in-kerosene emulsion re-314

mains opaque independently on variation of the acoustic315

properties. However, it is not sufficient to claim that there316

is no small mini- or microemulsion droplets in the system317

at the end of its evolution. Small amount of larger droplets318

could be responsible for the high turbidity. 319

In order to verify this hypothesis we performed a micro-320

scopic analysis of the final system after 40 h of stirring. We321

used a dark field microscope with a digital camera to capture322

images continuously for an hour. 323

Fig. 9shows five snapshots of the emulsion image at inter-324

vals of 10 min. It is clearly seen that the size of the emulsion325

droplets grows with time. However, the large droplets of mi-326

cron size do not coalescence. The growth that we observe is327

apparently related to the capturing of the very small droplets328

by the larger ones. These small droplets look like bright dots329

in the dark field. Microscopy does not allow estimate of their330

sizes, which are clearly less than a micron. 331
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tirring is turned off.
We performed two tests for confirming this conclusio
First of all we compared acoustic properties of this

table system with acoustic properties of another wate
il emulsion, which becomes definitely microemulsion a
dding surfactant. It is water-in-car oil with AOT as stabiliz
ater in pure car oil builds up emulsion under influenc

onication, even without any additional surfactant. We
ared such emulsion at 5 vol.% applying 1 min of sonica
inal emulsion has a white color, which is specific for em
ions. It indicates very high turbidity associated usually
roplet sizes on micron scale.

Attenuation spectra and corresponding droplet size fo
mulsion are shown inFig. 8. Median size is about 2�m, as
xpected.

At the second stage of this experiment we added 1
OT to this emulsion. After 1 min of sonication this liqu
ecomes transparent with color practically identical to
olor of the original car oil. This simple observation is a d
nite proof that AOT converts emulsion into microemulsi
ig. 8 shows that acoustic properties have changed dra

cally as well. Attenuation becomes much smaller. Med
roplet size becomes about 10 nm.

This experiment shows that there is clear correla
etween acoustics and optical properties of the s
mulsion–microemulsion transition.

We could now compare attenuation spectra of wate
erosene emulsion (Fig. 3) with water-in-car oil emulsio
Fig. 8). There is clear similarity between these cur
e know that low attenuation curve in the case of wa
COLSUA 12749 1–1

This microscopic test confirmed that the system con
number of very small droplets, which slowly coalesce

n larger droplets with higher degree of aggregative
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Fig. 9. Emulsion evolution after stirrer is turned off. The width of each picture is approximately 100�m.

bility. Stirring breaks quickly these large droplets into the335

smaller ones. These small mini-emulsion droplets dominate336

the acoustic attenuation, which is measured under stirring337

conditions.338

At the same time it confirms presence of larger droplets339

with sizes on micron scale. This is the fraction that con-340

tributes 0.1 dB/cm/MHz to the low frequency attenuation in341

Fig. 3, curve “end”. Apparently volume fraction of these342

large droplets is not sufficient for being reflected in the343

droplet size distributions calculated from the attenuation344

spectra.

Presence of this small fraction of larger droplets could ex-345

plain high turbidity of the final mini-emulsion. Unfortunately346

we could not estimate amount of these larger droplets neither347

from acoustics nor from optical images. 348

5. Surface charge evolution by electroacoustic and 349

conductivity measurements 350

Electroacoustic measurement in non-aqueous systems in-351

volves three steps. 352
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The first step is calibration with 10% silica Ludox in353

0.01 M KCl aqueous solution. The�-potential of this dis-354

persion is−38 mV, which is the basis for calibration.355

The second step is the measurement of the electroacoustic356

signal of pure kerosene This gives us the value of the back-357

ground or ion vibration signal. Presence of surfactant does not358

affect this background signal, as it is shown with measuring359

kerosene that contains the surfactant. The DT-1200 software360

allows us to save this value and to subsequently subtract this361

background signal from further measurements. It is vector362

subtraction because electroacoustic signal is a vector with a363

certain magnitude and phase.364

As a simple test that this subtraction works, we measured365

kerosene again, this time making the background subtraction.366

This test gives us the value of the noise level of the electroa-367

coustic measurement.368

The third step is the actual measurement of the electroa-369

coustic signal generated by the water-in-kerosene emulsion.370

This signal substantially exceeded the noise level, as shown371

in Figs. 10 and 11. Fig. 11illustrates reproducibility of this372

effect.373

With time, the CVI magnitude gradually decreases. Un-374

fortunately we are not able to measure CVI continuously dur-375

ing 40 h with existing experimental setup. We mentioned be-376

fore that measuring chamber must be airtight for preventing377

kerosene evaporation. Cable of the conductivity probe makes378

t es af-379

f CVI380

m hown381

i382

I of383

t days384

a lsion385

a ould386

u ent.387

F ts CVI388

F d con-
d

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

yields values 1318 and 1973. That is why we could state that389

eventually CVI reaches the noise level. 390

From this CVI behavior with time we can conclude that:391

• the microemulsion droplets do not contribute to the CVI392

signal; 393

• the emulsion droplets do contribute to the CVI signal. 394

There are several ways to explain the peculiarities of this395

system, which will be discussed below. 396

We can use the CVI values at the initial stage of coa-397

lescence for calculating the surface chargeσ of the water 398

droplets. According to Shilov’s theory (Appendix A, Eq. 399

(A.8)), this calculation requires certain input parameters,400

such as the properties of liquids and the size of the water401

droplets. Acoustic attenuation measurements yield informa-402

tion about the droplet size. As for the liquids properties,403

we use the following values:ρm = 0.8 g/cm3; ρp = 1 g/cm3; 404

η = 1.5 cp;εm = 2; εp = 80. All these parameters are corrected405

for temperature. 406

Fig. 12shows the resulting values for the surface charge407

evolution during the stage of emulsion coalescence. It is seen408

that it decays quickly with time, decreasing by almost 10409

times during first 10 h. Surface charge decays with time much410

faster than CVI (Fig. 11) because droplet size increases al-411

most five times during this period. Eq.(A.8) indicates that 412

dynamic mobility and accordingly CVI are proportional to413

t 414

ffect.415

D e los-416
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his hard to achieve. Simple sealant that we use becom
ected by kerosene vapor. That is why conductivity and
easurement are conducted only during 20 h, as it is s

n Figs. 10 and 11.
However, we are able to measure conductivity and CV

he final emulsions as a single point measurement even
fter experiment finished. For instance, we stored emu
fter 40 h of the attenuation measurement. Later we c
se this emulsion for CVI and conductivity measurem
or instance, after 8 days two consequent measuremen

ig. 10. Correlation between emulsion droplets content and measure
uctivity and electroacoustic signal.
U
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he product of the surface charge by the droplet size.
The question arises about the mechanism for this e

oes this mean that the adsorbed SPAN molecules ar
ng charges they carry to the surface? Is there any othe
lanation that would not involve restructuring of the SP
olecules?
In answering these questions we should keep in mi

lear correlation between the apparent surface charge
nd the conductivity increase, as shown inFig. 10. It appear

hat the droplets release ions into the kerosene while coa
ng. We suggest a model that explains this feature in the
ection.
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Fig. 12. Correlation between measured conductivity and calculated apparent
surface charge density.

It is important to mention that the conductivity of the initial426

kerosene–SPAN 80 solution is about 310× 10−10 S/m. The427

conductivity of the initial emulsion is less than this value. It428

appears that the water droplets adsorb SPAN and reduce the429

conductivity. However, with time the conductivity increases,430

eventually exceeding the initial value in the kerosene–SPAN431

solution (seeFig. 10).432

Conductivity measurements allow us to estimate theκa433

value and determine the validity of Shilov’s theory in regard434

to this system. It is known that Shilov’s theory is valid only for435

overlapped DLs.Fig. 13shows the relationship between the436

volume fraction andκa for overlapped DLs. A more detailed437

description is given in our book[4]. It is seen that at a volume438

fraction of 5% the DLs do overlap ifκa < 1. This is the range439

of κa values when Shilov’s theory can be applied.440

Fig. 12presentsκa values calculated using the measured441

conductivity and the particle size computed using attenuation442

spectroscopy. We also assumed that there are simple smal443

F uble
l

ions in the kerosene phase with an approximate diffusion co-444

efficient of 10−5 cm2/s. If this assumption is valid,κa satisfies 445

the condition of overlapped DLs during the complete initial446

period of emulsion coalescence. This is a justification for447

using Shilov’s theory for calculating the surface charge. 448

In the next section we suggest a model that links together449

these experimental data. 450

6. Discussion 451

We have established that the evolution of the water-in-452

kerosene emulsion with SPAN 80 as emulsifier proceeds in453

three distinct periods. 454

Period 1: first 10 h. The water droplets are coalescing. The455

apparent surface charge of the droplets decays. The conduc-456

tivity increases, eventually exceeding the initial value in the457

kerosene–SPAN solution. 458

Period 2: between 10 and 40h. The mini-emulsion frac- 459

tion appears and grows. The emulsion droplets continue to460

coalescence. The CVI continues to decay. The rate of con-461

ductivity increase is much smaller. 462

Period 3: after 40 h. All parameters are stable. There are463

no emulsion droplets. The water is in mini- and possibly mi-464

croemulsion droplets. These droplets do not generate any CVI465

signal. 466
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ig. 13. Estimate of the volume fraction of the overlap of the electric do
ayer.
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l

It is quite possible that there are multiple explanation
his set of facts. Here we just suggest one of them. We d
laim that it is the only one. We want to be absolutely c
hat it is just one of, perhaps, several possible models.

Our model is based on the assumption that
ater–kerosene interface with adsorbed SPAN remain
hanged. We assume that the SPAN molecules stab
his interface almost instantly during initial sonication a
rought it to thermodynamic equilibrium. However, it is o
local equilibrium for each small element of the interfac
The part of the SPAN molecules in the bulk of the

ution is responsible for the conductivity of the origin
erosene–SPAN solution. It means that they carry ch
ither as individual molecules, or as micelles (see our p
us paper[15]).

It is also possible that at least a fraction of the adso
PAN molecules is charged and brings this charge to
urface.

We assume that the electric charge of the water–kero
nterface that is associated with adsorbed SPAN mole
emains constant, time independent. Local thermodyn
quilibrium is the justification for this assumption.

We attribute the observed evolution of the paramete
on exchange between the interior of the water droplets
he bulk of the kerosene solution.

Initially the water droplets have an electro-neutral in
ior. Ions are trapped inside of the large water drople
bout equal amounts. The surface charge induced b
orbed SPAN molecules is screened with an external di
ayer in the kerosene solution.Fig. 14illustrates this structur
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Fig. 14. Illustration 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 low497

ionic strength. They are overlapped. This gives rise to the498

CVI signal. We could estimate the amount of energyWext499

required to charge this external DL to a certain level of500

surface chargeQ as:501

Wext = Q2

2Cext
= Q2

εpε0Sκext
(1)502

whereS is the surface area,κext the Debye parameter for503

external DLs.504

Obviously, there is another possibility to screen the sur-505

face charge induced by SPAN adsorption. It could be done506

with screening diffuse layer inside of the particle. This sec-507

ond opportunity would also take a certain amount of energy,508

which we could estimate with following equation:509

Win = Q2

2Cin
= Q2

εpε0Sκin
(2)510

Comparison of these two charging energies yields the fol-511

lowing approximate result:512

Win

Wext
= εmκext

εpκin
=

√
εmKm

εpKm
=

√
Km

40Kp
≈ 0.001 (3)513

where we have assumed that the conductivity of water is about514

1 6 ffec-515

t he516

D ion:517

κ518

r, it519

c tain520

electric charge is orders of magnitude more energy efficient521

than exterior one. 522

It is important to mention that charging up to a certain523

level of the electric potential, instead of the electric charge,524

would lead to the opposite conclusion. We believe that in this525

case we are dealing with the constant surface charge case526

because it is related to the adsorption of thermodynamically527

determined amount of the surfactant. 528

The above-mentioned difference in energy for charging529

the DLs creates a driving force for co-ions to leave the inte-530

rior of the droplet. This simply means that there is a gradi-531

ent of co-ions electrochemical potential that drives co-ions532

from the droplet out. This statistical process is slow because533

ion should become solvated by surfactant molecules on the534

kerosene–water interface. It is known[10] that only suffi- 535

ciently large ions could exist in non-polar liquids. This slow536

leakage of co-ions from the droplet generates an internal elec-537

tric charge that would screen the adsorbed surface charge.538

Eventually this would lead to the complete collapsing of539

the external DL. The surface charge of the adsorbed SPAN540

would be completely compensated by the interior charge of541

the water droplet.Fig. 14 illustrates this final stage of the 542

transition. 543

This model could explain all observed features of the544

emulsion–mini-emulsion transition. 545

First of all, it explains why the conductivity increases dur-546

i ex-547

c PAN548

s m549

t the550

k 551

of552

t PAN553
U
N

C
O

R

0 /40 times larger then conductivity of kerosene, the e
ive diffusion coefficientsDeff being the same, and that t
ebye parameter can be given with the following equat

2 ≈ K

ε0εDeff
(4)

This is certainly a very approximate estimate. Howeve
learly indicates that charging of the interior DL to a cer
COLSUA 12749 1–1

ng the coalescence period and eventually significantly
eeds the conductivity level of the original kerosene–S
olution (seeFig. 10). This excess conductivity comes fro
he counter-ions released from the water droplets into
erosene.

Alternative model that could potentially explain some
he observed facts with restructuring of the adsorbed S
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molecules would not explain the excess conductivity. This is554

a serious argument supporting the “ion exchange model”.555

The “ion exchange model” also explains the lack of the556

CVI signal for the microemulsion. It happens because the557

surface charge of the adsorbed SPAN molecules is com-558

pletely screened with the internal charge of the microemul-559

sion droplet. Consequently it looks from the outside as being560

electro-neutral.561

In this model redistributing screening electric charge from562

the outside diffuse layer to the inside one is a limiting factor of563

the emulsion droplet break up into much smaller mini- and564

possibly microemulsion droplets. Apparently this break up565

occurs when a sufficient critical amount of energy is released566

due to the collapsing external DL.567

Another potential factor controlling this break up, droplet568

size, seems not important at all. We could conclude this based569

on the observation that the size of the emulsion droplets con-570

tinues to grow during period 2. If break up would relate to571

the droplet size, we would observe growth only up to certain572

maximum value of the size. It is obviously not the case.573

This break up is not exactly a spontaneous one because it574

strongly depends on the presence of stirring. However, stir-575

ring with magnetic stir bar in the DT-1200 chamber is not a576

vigorous one. It is clear that reduction of the surface tension577

is a most important factor. In this sense the observed phenom-578

ena is similar to the “negative interfacial tension” mechanism579

o580

uc-581

t ce”582

d583

sted584

m ould585

n be586

s in this587

p588

7589

with590
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t te of601

c602
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n ible604

m erate605

C606

We concluded that ion exchange between the interior of the607

water droplets and the bulk of kerosene solution could explain608

these experimental observations making no assumption about609

restructuring of the adsorbed SPAN molecules with time. This610

ion exchange leads to a gradual collapse of the exterior diffuse611

layer. The surface charge associated with the adsorbed SPAN612

molecules becomes screened with an interior diffuse layer.613

This process leads to the reduction of the surface tension and614

eventual break up of the emulsion droplet into much smaller615

mini- and possibly microemulsion droplets. The decay of the616

CVI signal and increasing conductivity are results of this ion617

exchange. 618

Appendix A. Electroacoustic theory for water-in-oil 619

emulsions and its verification 620

It is known that existing electroacoustic theories[4,11–14] 621

for both ESA and CVI effects do not take into account over-622

lapping of the double layers (DL). There is only one excep-623

tion, the recently created Shilov’s theory[7]. 624

Assumption of isolated, not-overlapped, double layers re-625

quires either a large droplet radiusaor a sufficiently high ionic 626

strength leading to a shorter Debye lengthκ−1. Fig. 11illus- 627

trates approximately the range of volume fractionsϕ where 628

a 629

o 630

se a631
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f spontaneous emulsification[2].
It is also possible that combination of stirring and red

ion of the surface tension intensifies “interfacial turbulen
escribed in the paper[16].

At the end, we would like to repeat that the sugge
echanism explains all the experimental facts, but we c
ot claim that it is the only one to do so. There might
ome other explanations of the phenomena presented
aper.

. Conclusions

We have established that water-in-kerosene emulsion
PAN 80 as emulsifier undergoes transition from emul

o mini-emulsion when being slowly stirred. This transit
akes approximately 40 h and proceeds in three distinct
ds.
Period 1: first10 h. Water droplets are coalescing. The

arent surface charge of the droplets decays. The co
ivity increases, eventually exceeding the initial value in
erosene–SPAN solution.
Period 2: between 10 and 40h. A mini-emulsion fraction

ppears and grows in amount. The emulsion droplets
inue to coalesce. The CVI continues to decay. The ra
onductivity increase is much smaller.
Period 3: after 40 h. All parameters are stable. There

o emulsion droplets. Water is in mini-emulsion and poss
icroemulsion droplets. These small droplets do not gen
VI signal.
 P
R

O
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ssumption of isolated DLs is valid for givenκa, following
ur book[4].

If we assume that thin DLs do not overlap, we can u
idely accepted expression for the dynamic electropho
obility µd (Eq. (5.28) in[4]), that is:

d = 2ε0εmζ(ρp − ρs)ρm

3η(ρp − ρm)ρs
G(s, ϕ)(1 + F (Du, ω′, ϕ))

(A.1)

hereε0 andεm are dielectric permittivities of the vacuu
nd liquid,ζ the electrokinetic potential,η the dynamic vis
osity, ρm, ρp and ρs the densities of liquid, particle an
ispersion,ω′ = ω

ωMW
, ωMW = Km

ε0εm
, Km the conductivity

f the media,ω the frequency of ultrasound andDu=κσ /Kma
he Dukhin number that reflects the contribution of the
ace conductivityκσ .

FunctionGpresents the contribution of hydrodynamic
ects, whereas functionF reflects electrodynamic aspects
he electroacoustic phenomena.

In order to apply this theory to water-in-oil emulsions
hould simply introduce the conductivity of the particle
he expression for functionF. A water-in-oil emulsion ca
e considered as conducting particles in a non-condu
edia. In order to achieve this we should simply use m
eneral expression for the Dukhin number:

u = Kp

Km
+ κσ

Km
(A.2)

hereKp is the conductivity of water droplets.
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This modified Dukhin number can be used in the general654

expression for theF function.655

F (Du, ω′, ϕ)656

= (1 − 2Du)(1 − ϕ) + jω′(1 − εp/εm)(1 − ϕ)

2(1+ Du + ϕ(0.5 − Du)) + jω′(2 + (εp/εm)

+ϕ(1 − εp/εm))

(A.3)657

658

The properties of the water-in-oil emulsion allow us to659

approximate the value of this function. It is known that the660

conductivity of water is much higher than the conductivity of661

non-polar liquids. This means that662

Du ≈ Kp

Km
	 1 (A.4)663

In addition, the dielectric permittivity of water is about 40664

times higher than the permittivity of non-polar liquids:665

εp

εm
	 1 (A.5)666

Using these two strong inequalities we can neglect 1 in667

comparison to the relevant parameters in Eq.(A.3). As a result668

we get the following approximate value for the functionF in669

water-in-oil emulsions: 670

F (Du, ω′, ϕ) ≈ 1 − ϕ

1 − ϕ

−2Du − jω′(εp/εm)

2Du + jω′(εp/εm)
= −1 (A.6) 671

This approximate value is actually quite accurate due to672

the large conductivity and permittivity of water. 673

If we use this value for functionF in Eq. (A.1) for 674

the dynamic mobility, we would come to the interesting675

result: 676

µd

(
Kp

Km
	 1,

εp

εm
	 1

)
= 0 for thin isolated DLs only 677

(A.7) 678

679

This means simply thatwater-in-oil emulsions with iso- 680

lated and thin DLs should not exhibit any electroacoustic681

effect. 682

It is possible to give a simple explanation to this unex-683

pected conclusion. In order to do this we compare the electric684

field structure induced by the relative particle–liquid motion685

for non-conducting and conducting particles, as illustrated in686

Fig. 15. 687

It is known that ultrasound generates particle motion rel-688

ative to the liquid due to the density contrast. In drawing689
R
E

C
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U
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R

Fig. 15. Illustration of the exterior DL polarization by the liquid
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flow relative to the particle surface induced with ultrasound.
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Fig. 15we assume that the particles move from left to right.690

This causes a liquid motion, relative to the particle sur-691

face, which is illustrated with arrows above and below the692

particle.693

This motion of the liquid drags ions within the diffuse layer694

towards the left pole of the particle. This redistribution of the695

diffuse layer leads to the different results for conducting and696

non-conducting particle.697

In the case of non-conducting particle, the surface charge698

cannot move. It retains its spherical symmetry. As a result the699

particle gains an excess negative charge at the right hand side700

pole and excessive positive charge at the left hand side pole.701

It gains a dipole moment. This dipole moment generates an702

external electric field, which gives rise to the colloid vibration703

current.704

In the case of a conducting particle, the charge carriers705

inside the particle can follow the counter-ions of the DL that706

are being dragged to the left hand side pole. This means that707

the surface charge, or charge associated with the particle,708

loses its internal spherical symmetry as well as the charge709

of the diffuse layer. Most importantly, each element of the710

surface, as well as the adjacent diffuse layer, remains electro-711

neutral. No external electric field appears and electroacoustic712

effect is practically zero.713

Does this mean that electroacoustics is useless for water-714

in-oil emulsions?715

716
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only one other electrokinetic theory with a similar level of743

simplicity—Smoluchowski theory. 744

This general nature of Shilov’s theory is especially im-745

portant for non-polar liquids. We have currently very little746

knowledge and few means to collect information about ions747

in these liquids. We have published recently a paper that ad-748

dresses this issue in more detail[15]. 749

The calculation of�-potential does require information of750

the ions, because it includes Debye length 751

σ = 1

3

RT

F

1 − ϕ

ϕ
ε0εmaκ2 sinh

Fζ

RT
(A.9) 752

whereT is the absolute temperature, F the Faraday constant,753

Ra gas constant. 754

This simple analysis leads us to the following conclu-755

sions: 756

• water-in-oil emulsion with isolated DLs should not gener-757

ate any electroacoustic signal; 758

• measurable electroacoustic signal generated by water-in-759

oil emulsion indicates that DLs are overlapped. 760
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The answer isNo.
So far we have considered a water-in-oil emulsion w

he thin isolated DLs. In the water-in-oil emulsions with ov
apped DLs the nature of electroacoustic effect is quite
erent.

Homogeneous distribution of the counter-ions elimin
olarization charges induced on the left hand side pole o
articles by the liquid motion. The electroacoustic effec
elated simply to the displacement current of the oscilla
otion of the particle surface charges.
There is only one electroacoustic theory that takes

ccount DLs overlap. It was created in the year 2002 by S
t al.[7]. It yields the following expression for the dynam
obility:

d = 2σa

3

ρm

ρsηΩ + iω(1 − ϕ)(2a2/9)ρpρm
(A.8)

hereσ is surface charge density,Ω a hydrodynamic dra
oefficient, andω the ultrasound frequency.

It is seen that there are no electrodynamic paramete
ither the particles or the media are involved in this exp
ion. This leads us to the conclusion that, in the cas
verlapped DLs, water-in-oil emulsions generate an e
roacoustic signal in a similar manner as non-conduc
articles.

According to the Shilov’s theory, in the case of ov
apped DLs, we can calculate the surface charge of the
icles from the dynamic mobility knowing nothing abo
he relevant ions or even the ionic strength. We know
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