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Abstract. The interaction between nano sphere droplets in translucent oil in water (O/W)
emulsion phases, so-called miniemulsion phases, was investigated by using light scattering
measurement techniques. We choose the ternary system of water/hexadecane/Mergital LT7 (the
main component is heptaethylene glycol mendedecyl ether). Rayleigh ratio measurement was
performed with changing dispersed phase volume fraetigrand it revealed the fact that the
osmotic compressibility is in good agreement with that of a hard sphere fluid. The dependence of
the collective diffusion coefficients, measured by dynamic light scattering experiments, is similar to
those observedin colloidal hard sphere suspensions. We found out that the ratio of the hydrodynamic
diameter to the hard sphere diameter is 1.19 and the volume fraction of dispersed droplets is given
by ¢ = 1.35¢'. Preparing miniemulsions with various water to oil ratios, it was revealed that
the ratiog/¢’ was varied from 1.01 to 1.33. This indicates that the underestimation of the total
volume of droplets calculated by the sum of surfactant and oil volume was not negligible. It is
therefore considered that the volume fraction of bound water on miniemulsion droplets should be
taken into account. We briefly discuss the idea that bound water plays an important role in obtaining
a homogeneous miniemulsion phase.

1. Introduction

Emulsions are widely used in industrial processes such as waste water treatment, mineral
recovery, paper manufacturing, foods and cosmetic industries, biotechnical and biomedical
tools. During the last decades, formation mechanisms and break-down processes of emulsions
have been studied experimentally and theoretically [1].

Recently, we have been interested in the emulsion system considered as a curious domain
in complex physics. In such a system, we expect that one can study basically morphological
formation [2]. Also, we will be able to develop new ideas and thoughts for studying a system
that has many components and shows many states or phases [3]. For instance, it is well known
that a ternary system of oil/water/nonionic surfactant shows diverse phases such as hexagonal,
cubic, lamellar liquid crystal, spherical droplets and inverted ones [4]. The interactions of only
three components allow the above-mentioned system to show these intricate and various forms.
We expect that such a system gives us an excellent sample for investigating morphological
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formations. We concentrate first on elucidating the evolutionary behaviour of the oil in water
(O/W) emulsion phase in a ternary system of oil/water/nonionic surfactant in this series of
papers, namely ‘Evolutionary behaviour of miniemulsion phases’.

In general, emulsion phases are thermodynamically unstable, because they include a very
large interface. D.L.V.O. theory gives animportant comprehension of the stability of emulsions
that have charged interfaces. It explains that the balance of the electrostatic repulsive force
and London-van der Waals force decides the interaction of dispersed particles. But it is
difficult to explain the stability of emulsions involving nonionic surfactants applying D.L.V.O.
theory. In these cases, we must consider the steric repulsive force between dispersed particles.
There are several reports that have pointed out the importance of this kind of interaction
force [5-7]. In these reports, an important role of solvation of the hydrophilic head group of
nonionic surfactants was suggested. But there are still many unsolved problems related to the
steric stabilization in emulsion systems. For instance, this is not only concerned with their
compositions, but also are dependent on the technique for emulsification. So it is desirable to
study the interaction between emulsion droplets for clarifying the stabilization mechanism of
emulsions.

Inthe previous reports [8, 9], we proposed a thermal protocol that has allowed us to produce
translucent O/W (oil in water) emulsions consisting of nano-sphere droplets. In spite of the
fact that these droplets had a much smaller diameter (about 30 nm), this O/W emulsion is not
a microemulsion, i.e. this phase is a thermodynamically metastable. As a matter of course,
this emulsion phase evolves to a thermodynamically stable one (in this case it will be Winsor’s
type 1). Hence we consider this emulsion phase one of the miniemulsion phases.

In these systems, the interaction between emulsion droplets can be investigated
experimentally by measuring the light scattering of the dispersion. Because the size of
miniemulsion droplets is small with respect to the wavelength of the incident light used,
the light scattering gives a direct measurements of a hard sphere interaction potential existing
between these droplets in terms of Percus—Yevick approximation [10] for hard sphere fluid
theory. Many researchers have applied this measurement technique in microemulsion [11-14].

In this report, we have chosen the ternary system of brine/ethyl oleate/Eumulgin O10
and water/hexadecane/Mergital LT7. Using the PIT (phase inversion temperature) method,
we can obtain a miniemulsion phase in these two systems. In order to find a way to prepare
a homogeneous translucent emulsion, we choose the former system. In this system we can
determine a PIT exactly by using electric conductivity measurements. We investigate the
relationship between the method of preparation of miniemulsion and the physical properties
of obtained miniemulsions using dynamic light scattering measurements. Then we determine
a thermal protocol for obtaining a homogeneous translucent O/W emulsion.

The main point of this paper is to discuss the hard sphere interaction between O/W
miniemulsion droplets using light scattering techniques. In the latter system, we can discuss
the droplet interaction avoiding the effect of electrolytes in the dispersion medium. Also, we
briefly discuss a role of bound water for the formation of homogeneous O/W miniemulsion
droplets.

2. Experiment

2.1. Sample preparation

Miniemulsions presented in this paper are ternary systems of brine/ethyl oleate/Eumulgin
010 (the main components are decaethylene glycol nmehexadecyl ether and decaethylene
glycol monon-octadecyl ether, GEO;o and GgEOyp) and water/hexadecane/Mergital LT7
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(the main component is heptaethylene glycol mardedecyl ether, GEO;). The brine is
prepared from distilled water and sodium chloride (1 M). Ethyl oleate and hexadecane were
purchased from Fluka. Eumulgin O10 and Mergital LT7 were graciously furnished by Sidobre
Sinnova. All materials were used without further purification. Using the PIT (phase inversion
temperature) method proposed by Shinoda and Saito [15], miniemulsion is prepared by a
thermal protocol under gentle agitation. The samples, which have been maintained under a
temperature of 25C, are diluted by the dispersion medium (brine or water) about 30 minutes
before each measurement.

2.2. Light scattering measurements

Relative scattering intensity and dynamic light scattering measurements were performed by
using a device which is made of an He—Ne laser=£ 6328 nm) of 15 mW, a photon
counting photomultiplier and a Malvern 7032 Multi-8 with 64 channels as the digital correlator.
Measurements of Rayleigh ratio were carried out with a DLS-7000 (Otsuka). Allmeasurements
are performed at a temperature of°’25

Dynamic light scattering measurements were performed by the homodyne method at
scattering angles from 3o 130. The relationship between the normalized first-order
electric field autocorrelation functiog™ (¢, t) and the single-clipped, photoelectron-count
autocorrelation functio2(q, t) is represented by [16]

G (g, 7) =B (1+B1g%(q, 1)) (1)
wheregq is the scattering vecter = (4wng/A) Sin(@/2), andp is the coherent factor which is
dependent on instrumental conditions. We employed the method of cumulants [17] in order
to analyse the obtaineg? (¢, v). Note that the relative scattering intensity can be estimated
by the base line B of52(¢q, t) asB « 1" (¢)? [17]. In the method of cumulantg®? (g, 7) is
represented by

Injg®(q. )| = —K1T+%K2f2— %sta*"“ (2)
wherek,, is themth cumulant. The first cumulant is concerned with theveraged diffusion
coefficient,D, = K1/q?, so we can estimate theaveraged hydrodynamic diameterusing
the Stokes—Einstein relation as follows.

kT
7 3D, )
wheren is the viscosity of the dispersion medium. The normalized second cumkijgiat?
is related to the variance of the distribution, and the third one is a measure of the skewness or
asymmetry of the distribution.

At a high volume fraction of the dispersion phase, the measured autocorrelation functions
deviated from a single exponential. According to Pusiesd[18], the autocorrelation function
should be composed of two independent modes for relatively high volume fractions and fairly
narrow distribution. In this case, thé (¢, r) was analysed by using a double exponential
function

gV, ) = A;exp(=Dsq*t) + A, exp(—D;q’7) &)
whereD, and D, are the diffusion coefficients for the faster decaying mode and the slower
decaying mode.

We wrote a program for the method of cumulants using PASCAL language (Borland:
Turbo PASCAL) based on a quasi-Marquardt algorithm with a non-linear least squares method
[19]. These calculations were carried out on a personal computer (PC-9821Xn). In this
program, we use equation (2) including the terms up to the third order.
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3. Results and discussion

3.1. The role of phase inversion temperature for preparation of homogeneous miniemulsion
phases

Firstitis desirable to clarify the role of PIT for obtaining ahomogeneous miniemulsion. We can
determine exactly a phase inversion temperature (PIT) by electric conductivity measurements
when we use brine as the dispersion medium [8]. Thus the ternary system of brine/ethyl
oleate/Eumulgin O10 is chosen. The volume ratio of water to oil (WOR) is equal to 5 and the
surfactant mass fraction is equal to 0.12.

Emulsions were prepared by a thermal protocol [8] with diverse initial temperatures varied
from PIT + 9°C to PIT — 2°C. We obtained a translucent phase when we chose a higher
temperature than the PIT. According to electric conductivity measurements, the continuous
phase or dispersion medium of the obtained translucent emulsion is brine. Figure 1 shows the
effect of the initial temperature on theaveraged hydrodynamic diameteand the normalized
second cumulaan/Klz of the obtained O/W emulsions. Note that we impose the dispersed
phase volume fraction of 0.01 in order to accomplish these measurements under the conditions
of infinite dilution. The minimum value of, was observed at the PIT as Shinoda and Arai
proposed [20]. On the other haith/K? values shows a significant difference between the
regions separated by the PIT. In general, it is hard to derive accurate valugs far > 2) by
the method of cumulants because of noise on measured autocorrelation functions. We could
not therefore consider that thé,/K? value indicates directly a variance of the distribution
of the obtained O/W emulsion. The great differencekisy K? values between two regions
is enough to consider that the distribution of the obtained emulsion is very different. Thus
it is concluded that we must choose an initial temperature higher than the PIT in order to
obtain a homogeneous O/W emulsion phase or that with a narrow distribution, the so-called
‘miniemulsion phase’.
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Figure 1. The z-averaged hydrodynamic. and the normalized second cumuldi/K? as a
function of the preparation temperature. The filled circ®3 é&nd the open circlesY) indicate
a; andK,/K? respectively.
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3.2. Hard sphere interaction between miniemulsion droplets

In the system mentioned in the previous section, we cannot discuss the droplet interaction
without the effects of electrolytes (sodium salt) in a dispersion medium. For study of
the interactions between miniemulsion droplets, therefore, we adopted the ternary system
of water/hexadecane/Mergital LT7. We adopted the optimal thermal protocol described in
the preceding section, which permits us to obtain a miniemulsion phase with a narrow size
distribution. In this section, WOR and the weight fraction of surfactant are fixed at 8 and 0.12,
respectively.
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Figure 2. (a) Variation of Ry with # at¢’ = 3.7 x 103 for water/hexadecane/Mergital LT7
miniemulsion, of which WOR is equal to 8 and the weight fraction of surfactant is @Mas
varied from 30 to 130°. The circles Q) are the measuregh and the solid line represents the mean
value. (b) The angular dependencezgfobtained from dynamic light scattering measurement at
scattering angles from 3@o 130°. The circles Q) are the measured and the solid line represents
the mean value.

Figure 2(a) shows the obtained excess Rayleigh r&josith the scattering angkefrom
30° to 130. The dispersed phase volume fractiphis fixed at¢’ = 3.7 x 10~ and it is
estimated by the fraction of oil and surfactant volurtiggndV;) to the total volume as follows

/ Vo + Vi
¢_VO+VX+Vw ®)
whereV,, is the variation fraction of wateiR, values were corrected by the solvent scattered
intensity measured independently. As a result, we found a slight depende®geoofo.
Furthermore, we checked that there is no angular dependenkg arhigh volume fraction

¢’. The z-averaged hydrodynamic diametersof miniemulsion droplets were measured
independently, and figure 2(b) shows the angular dependence dhe obtained:, varied

from 17.9 to 18.9 nm, and the mean value was 18.4 nm. Here again, we can find that there
is no angular dependence @f It is worth noting that we monitored, for 6 hours and the
obtainedz, did not change significantly.
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Figure 3. (a) Dependence of Rayleigh ratkyo on¢’. The scattering angle is fixed at‘9@ndg¢’

is varied from 152 x 103 to 1.11x 10~2. The circles Q) are the measurekho; the solid line was
calculated with equation (12) substituting = ng + 0.112p and¢ = 1.35¢’ with @ = 155 nm.
The inset graph shows the relati®go/¢ o« 1 + A¢. The circles Q) are calculated values from
experimental data, and the solid line in this figure was calculated by substitutind.5.7 nm,

«a = 145 andA = 117. (b) The¢’ dependence ob, obtained from dynamic light scattering
measurement. The circle®f are the measureB,, the solid line was drawn for extrapolating to
¢’ = 0 and we obtained 25 x 102 m? s1 as the extrapolated value fér,.

We measured the excess Rayleigh r&jg (the scattering angle was fixed atpat small
¢’ (¢’ < 0.012), and found a linear relation as shown in figure 3(a). Also dynamic light
scattering measurements were performed at several gfmalhd figure 3(b) represents the
dependence db, on¢’. We obtained 2%x 10~ m? s~ extrapolating measurdd, to¢’ = 0
and the hydrodynamic diameter of the miniemulsion dropletas determined as 18.5 nm.

We investigated the dependenceRsf) on ¢’ at higher volume fraction and the result is
presented in figure 4. Note that the maximum valug'os defined by the composition of
a prepared miniemulsiopf). In this systempg is equal to 0.2156.Rg increases linearly
at low volume fraction, then flattens off, and passes a peak, to decrease monotonically with
further increasing’. Similar curves were found by several authors [11-14] in microemulsion
systems.

Consider a liquid dispersion of spherical droplets whose diameters are small compared
with the incident light { = 6328 nm). Light scattering arises from concentration fluctuations
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Figure 4. The ¢’ dependence of Rayleigh ratRyo on at higher volume fractiog’. ¢’ is varied
from 0.01 to 0.2156. The circle$)) are the measureflgg, the solid line was calculated with
equation (10) substituting, = no +0.112)' and¢ = a¢’. As a result of non-linear least squares
fitting, the valuesx = 1.35 anda = 15.5 nm were obtained. The dashed line was calculated with
equation (15) withy’ = 0 and the same values feranda as above mentioned.

of droplets in a suspension. In this case Debye derived the following equation based on the
fluctuation theory of Einstein [21]. For the incident light polarized perpendicularly with respect
to the scattering plane, it is written as

2.2 2 -1
Ry = 47;4’15 (aans) P (iﬂ) : (6)
0 0o kT

Here Ry is the excess Rayleigh ratio at the scattering afigig is the refractive index of the
mixture, A is the wavelength of the incident light in vacuumis the particle number density
andIl is the osmotic pressure at a temperatreith Boltzmann’s constarik. Instead ofp,
we can use the volume fraction of dispersed droplatsing the expressiap = %pnas where
a is the droplet diameter. We supposed that in our case the miniemulsion droplets have the
interaction potential due to hard sphere repulsion. Hence the main contribufibmvtib be
written as the compressibility in the Percus—Yevick approximation derived from a hard sphere
fluid theory. Hiroike [22] and Baxter [23] proposed the following solution otk T

3
Ezﬁ{ o, Se % 3}. @
kT m|1-& (A—-§&)° (1-§)
If a monodisperse system with the diametes supposed;, will be represented as
b4
év = —pau = ¢)av_3. (8)

6

Substituting equation (8) into equation (7) yields the following expression for the osmotic
compressibility:

3¢ kT 6 (L+2p)2 )
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Figure 5. Dependence of the refractive indexon¢’. The circles Q) represent the experimental

data and the solid line was calculated with= ng + 0.112)’. The refractive index increment,
dng/d¢’, was determined as 0.112.

Thisis the solution of Wertheim [24] and Thiele [25] for the Percus—Yevick approximation. Vrij
[26] applied the hard sphere fluid theory to light scattering of a concentrated multi-component
system. Equations (6) and (9) give

27302 (On,\® 5. (1—¢)*

3t (a¢) oL
In a miniemulsion system, we assume that the volume fraction of dispersed dippliitbe
proportional to the volume fraction of dispersed phasas¢ = a¢'.

To apply equation (10), we must measure the refractive index increment of the obtained
miniemulsion. Refractive indices of obtained miniemulsiapg/ere measured using an Abbe
refractometer adding water as the dispersion medium. We found theds proportional to
¢’ in the whole concentration range as shown in figure 5. As a result of a least squares fit, we
could obtain the following relationshipt; = ng + 0.112¢'(dn,/0¢’ = 0.112), whereng is
the refractive index of water (1.3323).

Now equation (10) includes only two unknown parameteargnd«. The solid line
in figure 4 indicates the fitting result by using equation (10) with= no + 0.112p and
¢ = a¢’. As the result of a non-linear least squares calculation, we obtained 1.35 as
and 15.5 nm as the hard sphere diameter of miniemulsion drapléfée obtained 18.5 nm
as thez-averaged hydrodynamic diameteras mentioned above. Comparisonacénda,
shows that: is smaller thani,. This difference is to be expected becausés estimated by
the diffusive motion of a droplet while is derived from the repulsive interaction between
droplets. The ratio of the hydrodynamic diameter to the hard sphere, ginés 1.19, and this
is in agreement with another study for a microemulsion with nonionic surfactant [13]. For
small¢’, equation (10) is approximated by the following equation with the virial expansion
for the osmotic compressibilithi /£ T .

27352 \2
Ry = ong [ 0ng 23 [0} (11)
a4 \ 9 1+A¢

o = (10)
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A being a virial coefficient. Equation (11) follows a conventional expresgipRgg o< 1+A¢

[12, 38]. The inset of figure 3 shows a plotkf)’/ Rgp as a function o’ for ¢’ < 0.1, and we

found a straight line with a positive value af K is deduced from equation (11), and the solid
line in this figure was calculated by substitutimg= 15.7 nm,«¢ = 1.45 andA = 11.7. We
obtained: andw in agreement with those obtained in figure 4, Aus significantly larger than

the reported values [12, 38]. In the present state, it is difficult to discuss the obtained values in
detail, because of the error @r/Rgg. The experimental value fot may be overestimated,

but we consider that the agreement is qualitatively correct. At the regiopl fer 0.01, we
expect that this equation deduces a linear relatioR@sx ¢’ as shown in figure 3. In this
case, the following equation is practically useful.

27312 [ on,\?
Ry = 0 *) 4%, 12
=i (57 o 12

Using¢ = a¢’, therefore, we can evaluateandw from dRgp/d¢. As a fitting result, the
valuese = 1.35 anda = 15.6 nm were obtained and the solid line represents equation (12)
with those obtained values. We could confirm that equation (12) gives a good approximation
and obtained values are compatible with those given in figure 4.

Some authors [11, 12] assumed that droplets behave as solutions with a potential which
is the sum of a hard sphere repulsiiy s/ kT and a small attractive term represented by a
semi-empirical van der Waals-type attractive tdigp/kT. They often use an expression for
IIys/kT replacing equation (7) by the following equation.

Mys 6 (L+g+9¢?—¢%
kT~ a3n 1-9¢)3
This is the semi-empirical equation of Carnahan and Starling for the Percus—Yevick

approximation [27]. Forl,/kT, we can use the following expression as a perturbation
term.

(13)

I, 1

— = —-yP°. 14

T SV® (14)
Herey is a constant determined by an interactive potential of van der Waals type. Combining
equations (6), (13) and (14) makes it possible to obtain the following expression.

2n%n? (n\* o [A+292—¢%d—¢) |7
34 (8¢>“¢{ 1— 9 _W}
and considey’ as an adjustable parameter. This is in accordance with the apparent attractive
interaction found from the positive value of in equation (15). Fitting this equation to the
variation of Ry with ¢’ shown in figure 4, we found no significant value fgras a constant
for the attractive term. The dashed line in figure 4 shows the fitting result using equation (15)
with y* = 0 anda = 1.35. Hence we conclude that there is no great difference between
equations (10) and (15) in this rangegdf i.e. the attractive potential between droplets in our
system does not exist appreciably.

We performed dynamic light scattering measurements at higherThe normalized
diffusion coefficients of the faster and slower moflg,/ Do and D,/ Do, are given in figure 6.
At lower volume fraction,¢’ < 0.02, the individual autocorrelation functions are well
characterized by a single-exponential decay. In this case, onlpthealue was observed
by means of g-averaged diffusion coefficient on the cumulant analysis (equation (2)), and
a correspondingly low value of;/K2 = 0.05 was obtained. On the other hand, at a high
volume fraction of the dispersion phase, the measured autocorrelation functions deviated from a
single exponential. So obtained autocorrelation functions were analysed by using equation (4).

o = (15)




258 Y Katsumoto et al

20

0.0
0.00 0.05 0.10 0.15 0.20 0.25

e
Figure 6. The dependence db;/Dg and D;/Dg on ¢’. Fitting equation (4) to the obtained
autocorrelation function at eaghl, D and D, were estimated. Both of them are normalized by
Do, which is obtained by extrapolating to ¢’. Atlow volume fraction ¢’ < 0.1), only Dy was

observed. The circlesY) representD /Do, and the squares () D;/Do. The dotted line was
calculated by equation (16) substitutipg= 1.35¢" andkp , = 1.31.

D and D, were normalized with respect to the same valdg= 25.5 x 10-12m? s~1, which

is obtained by extrapolatin®, to ¢’ = 0 (see figure 3(b)). The concentration dependence of
Dy /DgandD; /Do, presented in figure 6, is very similar to that found in a colloidal hard sphere
system[13, 38] when we consider that the obtaiBg@ndD, represent the collective or mutual
diffusion coefficientD. and self- or tracer-diffusion coefficients;, respectively. According to
Puseyet al[18], the faster decaying mode describes stochastic compression—dilution motions,
and the slower one describes the exchange of different species in a colloidal hard sphere
system. At low volume fraction of dispersed dropkgiseveral authors give similar results for

the dependence db./ Dy and D,/ Dq on ¢ taking only pairwise hydrodynamic interactions
into account. The normalized collective diffusion coefficignt/ Do and the self-diffusion
coefficientD, / Dg are found to be

D./Do=1+kp ¢ (16)
D,/Do = 1- kD,t¢- (17)

Batchelor, for example, has given theoretically 1.45 and 1.83 (or 2.68) asand kp ;,
respectively [38, 39]. Fitting equation (16) to experimental dataXpyf Do with ¢ = 1.35¢,

we obtained 1.31 akp .. Though this is slightly smaller than 1.45 as the theoretical value
for kp ., it is quite similar to thép . value p . = 1.3) obtained experimentally by Olsson
and Schurtenberger [13]. So we could conclude Mat Dy observed in the dynamic light
scattering experiment corresponds to the normalized collective diffusion coefficient.

In the case of the normalized diffusion coefficient for the slower mgdeD,, a stronger
volume fraction dependence is observed in the dilute regime than predicted by equation (17)
with kp , = 1.83. Obtained),/ Dy values are well represented by a second-order polynomial:
D,/Do = 1—4.3¢ +5.642. Although the concentration dependence observed here is stronger
than predicted by theory [38], its tendency is similar to that found in the other colloidal system
[13,37]. We therefore concluded that the observed slower decay mpfler concentrated
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samples is probably associated with the self-diffusion of miniemulsion droplets. But due to
the small amplitude and the other contribution to the obtained autocorrelation function (noise,
polydispersity and so on), it is very difficult to discuss in detail at present.

3.3. Application of the relative intensity measurement techniques

In practice it is very useful to measure the variation of the relative scattering intééity)

with ¢’, because we can estimate it from the base line of the single-clipped, photoelectron-
count autocorrelation function. If we fix the scattering angle at #e Rayleigh ratiaRgg

will be represented by

1
Rgo = gn? -2 (18)

wherey is a constant dependent on instrumental conditiondgisdhe intensity of the incident
light. Substitution of equation (18) into equation (10) gives

Io 273 (ony\? 1—¢)*

ppe = fo 2 (005" gy L= &) (19)
@ 34\ 3¢ (1+29)?

In our instrument, it can be assumed that the intensity of the incidentljgbtvell stabilized

and the droplet diameterdoes not change in one step of measurements. The relative scattering

intensity 134’ is therefore expressed as follows

1— 4
Igrsl — (p/¢ ((1 . 292)))2

with ¢’ as the adjustable parameter. Figure 7 shows the variatiof§'cds a function of
volume fractionp’ for miniemulsions, which were prepared varying WOR from 4 to 10. Each
solid line in figure 7 indicates the fitting result by equation (20). The data for preparations
of miniemulsion and values for the adjustable parametare summarized in table 1. The
coefficientsx were varied from 1.01 to 1.33 with changing composition of the miniemulsion.

(20)

Table 1. Data for the fabrication of miniemulsions.

Weight fraction
Quantity of surfactant
WOR Qi Water  Surfactant  (mol 1) o4 o
4 0.1439 0.7361 0.1200 0.2642 0.2924 1.010
5 0.1191 0.7609 0.1200 0.2660 0.2636  1.159
6 0.1007 0.7793  0.1200 0.2676 0.2433 1.255
7 0.0883 0.7917 0.1200 0.2686 0.2277 1.310
8 0.0782 0.8018 0.1200 0.2694 0.2156  1.329
9 0.0703 0.8097 0.1200 0.2700 0.2061 1.331
10 0.0638 0.8162 0.1200 0.2706 0.1983 1.328

3.4. Bound water on the dispersed droplets

It is important to discuss the obtained valuesdoibecause we have no information for this
parameter from a theoretical approach in spite of its significance on the fitting procedure. In
general, it has been said that this underestimation of the dispersed phase volume fraction is
concerned with the asymmetrical geometry of emulsion droplets, for example, the difference
between the droplet diameter and the hard sphere one. As a result of Rayleigh ratio
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Figure 7. Variation of the relative scattering intensil&gl with ¢’ for miniemulsions, which were
prepared varying WOR from 4 to 10. Each solid line is the fitting result using equation (20)
substitutingp = a¢’. As a result, the obtained value fervaried from 1.01 to 1.33.

measurements, we found out that the hard sphere diameter is smaller than the hydrodynamic
one. Moreover the result of the theoretical analysis represented in figure 4 indicated that the
obtained miniemulsion is constituted of homogeneous droplets. It seems improbable, then,
that these values far > 1 are explained from underestimation of droplet diameters and
geometrical asymmetry.

Hence it may be reasonable to consider that these excess valplemrefdue to the error
of estimation represented by equation (5). If we suppose that the surfactant vijume
calculated dividing mass by its density 0.998 in a miniemulsion phase, we must consider the
valuea > 1 indicates the underestimation of the numerator of equation (5). We assume that
¢ is calculated by

Vo + Vx + wa
PEV AV,

HereV,, indicates the volume of bound water on O/W miniemulsion droplets.

From «, ¢’ and the hydrodynamic diameter measured by dynamic light scattering
measurements, it is possible to calculddg,, the total surface aredy, the number of
miniemulsion dropletgg and the minimum surface area per molecdfe (see table 2). We
could find the obtained values fa¥, in good agreement with the reported value of 0.573 nm
for the minimum surface area per molecule fapEO; at the aqueous solution/air interface
[28]. Figure 8 shows the variation 64, as a function ofp;. This curve implies that the
amount of bound water is concerned with the composition of the system.

(21)

3.5. Arole of bound water for the formation of homogeneous miniemulsion phases

It has been suggested that the excellent solubility of poly(ethylene oxide), PEO, in water is
due to some specific hydrogen-bond formation between the ethylene oxide units of PEO and
water molecules [29-31]. On the other hand, it has been indicated equally that the hydrophobic
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Table 2. Results of data analysis.

a; So no A
WOR (nm) ¢p (m?cm=3)  (droplets cnmt3)  (nMP)  Vjy, Nbw
4 229 0.2953 77.4 897 x 106 0.487 0.0032 0.67
5 21.7 0.3055 84.5 B10x 106 0.528 0.0471 9.83
6 20.7 0.3053 88.5 B75x 1016 0.549 0.0713 14.8
7 19.8  0.2982 90.4 .339x 106 0.559 0.0800 16.5
8 17.4 0.2865 98.8 039 x 1017 0.609 0.0804 16.6
9 16.1 0.2743 102.2 .255 x 1017 0.629 0.0773 155
10 14.8 0.2633 106.8 .851 x 1017 0.655 0.0737 15.1
0.10
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Figure 8. Variation of V;,,, as a function o estimated by using equation (21) with eactialue
listed in table 1.

interaction plays an important role for the accommodation of ethylene oxide chains in water,
which originates from the increased structuring water around the ethylene oxide chains [32, 33].
In a similar way, these effects will be expected in the case of nonionic surfactants, especially
poly(ethylene oxide) surfactants [34]. According to these suggestions, it seems plausible that
the volume of bound water in our system is due to the interaction between water molecules
and ethylene oxide chains as the hydrophilic head group of nonionic surfactants. In this case
we can derive the average number of bound water molecules per ethylene oxid&/¢hais
shown in table 2. Though it is difficult to evaluate an accurate valud/fgrbecausé/; must
be changed in an emulsion phase, obtained valuesftrare feasible in our estimation.

Many authors have described the number of ‘bound’ water molecules per ethylene oxide
repeat unit theoretically and experimentally [29—-34.and'’O NMR measurements revealed
that the water mobility of bound water in the PEO hydration phase is retarded by a factor of
2 to 5 compared with that of ‘free’ water in the bulk [29]. Moreover NMR measurements
of the chemical shifts of the CHand OH protons suggest that a hydrated complex is formed
comprising three water molecules per ethylene oxide unit[35]. Quasi-elastic neutron scattering
measurements supply evidence that strongly supports the existence of a 1:1 hydrated complex
[30]. From differential scanning calorimetry measurement, it was concluded that two water
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Figure 9. Variation of I5¢' with ¢’ for the emulsion, of which WOR is 3 and the weight fraction of
surfactantis 0.12, prepared by the same thermal protocol as described in section 3.1. The obtained
phase was monophasic, but it was cloudy compared with the miniemulsion phase. The @ijcles (

are measured values; the solid line was calculated with equation (20) with the valuesfbro00.

molecules per ethylene oxide unit are tightly bound to the PEO chain [32]. Several theoretical
approaches have suggested that physical bond formation between PEO segments and water
molecules [36] or the structuring of water around PEO segments [33] may be a major cause of
reentrant phase separation in the PEO—water system. In miniemulsions we 56 & the
nonionic surfactant, which has seven ethylene oxide units. So the average number of bound
water molecules per ethylene oxide unit is varied from 0.34 to 2.37. This is in agreement with
the above-mentioned experimental and theoretical results.

In figure 8, it is clear thav;,, depends ow,. The experimental curve fdr,, is seen to
have a peak and decrease monotonically with increasgjagp| > 0.22. This tendency may be
concerned with the microscopic geometry of miniemulsion droplets, PIT of each composition
of miniemulsion, the formation process of the miniemulsion and so on. At present, however,
we have no experimental data that can explain this tendency. We postpone the question until
more detailed data are obtained.

The experimental result in figure 8 implies that there is no positive valug,pfwhen
WOR is smaller than 3. This region corresponds to the condition that we could no longer
obtain a translucent O/W emulsion phase in this system. We obtained Winsor’s phase | when
WOR is equal to 1 and 2, and a monophasic but relatively opaque emulsion was obtained when
WOR is 3. The variation ofgg’ with ¢; for a WOR of 3 is represented in figure 9. This
experimental curve shows an anomalous behaviour and we could not adjust equation (20) to
these data (see the solid line in figure 9). So we conclude that the microstructure of the obtained
emulsion phase may be quite different from the other one. This indicates the fact that bound
water will play an important role for the formation or stabilization of a homogeneous O/W
miniemulsion phase; in other words, a positive valuéfgrallows us to obtain a homogeneous
O/W miniemulsion phase. Also, we remarked that it is possible to find the maximum value of
the variation ofV,,, with WOR, i.e. an optimal composition for a homogeneous miniemulsion
phase will exist. This may suggest equally animportantrole of the bound water in its formation.
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4. Conclusion

We investigated the hard sphere interaction of O/W miniemulsion droplets in the ternary system
of water/oil/nonionic surfactant by using light scattering measurement techniques. First we
elucidated the role of phase inversion temperature to obtain translucent O/W miniemulsion
phases. It was shown that the variation of the scattering light intensity with the dispersed
phase volume fractiogy’ can be analysed by the theoretical equation derived from a hard
sphere fluid theory with the Percus—Yevick approximation. We found out that the obtained
O/W miniemulsion droplets have a hard sphere interaction potential between them and this
system is homogeneous. At the composition for which WOR is 8 and the weight fraction of
surfactant is 0.12, the hard sphere diametereasured by Rayleigh ratio measurements was
15.5 nm, and the-average hydrodynamic diameterevaluated by dynamic light scattering
measurements was 18.4 nm. We found that the ratio of the hydrodynamic diameter to the hard
sphere diameter is 1.19 and the volume fraction of dispersed droplets is givea-ldy35¢’.

We also applied relative scattering intensity measurements as a practical technique, and
proposed a simple equation with two adjustable parameters for the data analysis. Measuring
the variation of the scattering intensity wiphin miniemulsions of various WOR, it was found
that theg ¢’ ratio varied from 1.01 to 1.33. It was therefore clarified that the volume fraction
of dispersed phas¢’ is obviously underestimated compared with If it is assumed that
bound water exists around ethylene oxide chains of nonionic surfactant, we could estimate the
number of bound waters per ethylene oxide chain, which varied from 0.67 to 16.6. It was clear
that the volume of bound waté#,,, depends on the dispersed phase volume fraction at the
preparation for miniemulsiog,. The obtained experimental curve g, is seen to have a
peak and decrease monotonically with increasif@t ¢, > 0.22. This experimental curve
implies thatV,,,, becomes negative g > 0.27. When we prepared a miniemulsion with
a ¢, value which corresponds to a negative value¥gy, we could not obtain a translucent
and homogeneous O/W miniemulsion phase. Hence we concluded that this suggests the fact
that the bound water plays an important role in obtaining a homogeneous O/W miniemulsion
phase.
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