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Abstract—Stable hydrocarbon oil (hexadecane, C16)/nonionic surfactant (HCO-60, Span 80)/water system oil-in-
water nanoemulsions were prepared by the phase inversion composition method at elevated temperature. To minimize
droplet size, the composition ratio for stable nanoemulsions, we experimented by changing the HLB value, oil/surfac-
tant ratio, and droplet volume fraction. When the HLB,,, value 11, the nanoemulsions show a minimal sample droplet
size of 360.3 nm. By varying the oil/surfactant ratio from 0.6 to 1.4, we found the optimum oil/surfactant ratio to be
approximately 0.6, which corresponds to the minimum droplet size of 71.8 nm. We also varied the droplet volume frac-
tion; when the droplet volume fraction is 0.06, the droplet size is very small. For the emulsion with the minimal drop-
let size, the polydispersity index is less than 0.3, which reflects a good monodispersity of the nanoemulsion. Viscosity
and electrical conductivity measurements were carried out for determining the internal structure of the bicontinuous
phase during the emulsification. When the water content ranges from 4 to 6 w/w%, the systems may have a bicontinu-
ous or lamellar phase. Oil-in-water nanoemulsion stability assessment was performed by observing the droplet size as a
function of storage time; we did not observe any change in droplet size over the course of a month.
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INTRODUCTION

Emulsion-based delivery systems are classified as emulsions,
nanoemulsions, and microemulsions based on droplet size and ther-
modynamic kinetic stability [1-3]. Nanoemulsions are transparent
or translucent systems because of small droplets, ranging from 20
to 150 nm. The Brownian motion of these small droplets prevents
sedimentation or creaming; therefore, they exhibit increased kinetic
stability, long-term stability, and the unique property of having no
apparent flocculation or coalescence [4-6]. The ageing phenome-
non of nanoemulsions is generally related to Ostwald ripening.
Because of the Laplace pressure exerted on droplets, the smaller
droplets tend to lose material in favor of bigger ones through dif-
fusion into the dispersing phase [7,8]. It finally causes phase sepa-
ration of nanoemulsions.

Typically, two main approaches are used for the preparation of
nanoemulsions: high-energy and low-energy methods [9-11]. High-
energy methods such as microfluidizers, high-pressure homogeniz-
ers, or ultrasound generators, utilize mechanical energy to break
up macroscopic phases or to produce fine small droplets [12-14].
In contrast, low-energy methods utilize the chemical potential of
the components or environmental conditions, which makes changes
in the optimum curvature of surfactants by changing the tempera-
ture (at constant composition and phase inversion temperature;
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PIT method) or the composition (at constant temperature and phase
inversion composition; PIC method) [15-17]. These low-energy
methods are advantageous (favorable) in terms of cost because they
need no expensive equipment and are more energy efficient.

Nanoemulsification by phase inversion depends significantly on
the structure of the phase from which the emulsification is per-
formed. Sagitani et al. suggested that water content solubilized in
the oil phase was a key factor [18]. Only if sufficient water content
is solubilized can the oil phase be converted into an O/W nanoemul-
sion through the bicontinuous or lamellar phase [19-21].

We investigated the preparation of stable hydrocarbon oil (hexa-
decane)-in-water nanoemulsions by using a phase inversion com-
position method. We made an effort to find a minimal droplet size
selection of a nanoemulsion system by varying the hydrophilic
lipophilic balance (HLB) of the surfactant (with Span 80 and HCO-
60), the oil/surfactant weight ratio, and the droplet volume frac-
tion (@). In addition, we also did a study on the identification of
the inversion point. The long-term stability of the nanoemulsion
was evaluated by analyzing the droplet size, polydispersity index
(PDI), and Ostwald ripening rate.

MATERIAL AND METHODS

1. Material

Hexadecane (C16, oil phase) was purchased from Aldrich-Sigma
(USA). Nonionic surfactant of hydrogenated castor oil 60 (HCO-
60) and sorbitane monooleate (Span 80, cosmetic grade) were ob-
tained from Nikko Chemical Co. Ltd. (Tokyo, Japan) and Croda
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Chemicals, respectively. All reagents were used as received with-
out further purification. Water was deionized and Milli-Q filtered.
2. Methods
2-1. Nanoemulsion Preparation

The surfactants (Span 80 and HCO-60) were dissolved into the
oil phase, and then the surfactant-oil mixture and water phase were
placed separately in a water bath at 85 °C. The water phase was added
dropwise to the oil solution by the titration method. The experi-
mental parameters were maintained at a constant value at a stir-
ring rate of 300 rpm with a magnetic stirring and a water phase
addition rate of 2 mL/min. After the emulsification, the samples
were cooled to room temperature (~25 °C). The influence of nano-
emulsion compositions, such as the HLB value, oil/surfactant ratio,
and droplet volume fraction, was investigated.
2-2. Droplet Size and Polydispersity Index Analysis

Nanoemulsion droplet size and polydispersity index (PDI) were
determined by dynamic light scattering (DLS Otsuka ELS-Z2, Otsuka
Electronics, Japan) at a scattering angle of 165° utilizing an argon
laser. Droplet measurements were carried out at room tempera-

Table 1. According to water content, viscosity, and equipment

ture. The particle size was measured without additional dilution,
and an average value was determined by cumulative analysis and
its distribution was resolved by use of the CONTIN method [22].
2-3. Phase Inversion Point

To observe the phase changes, viscosity and conductivity meas-
urements were carried out for water content. In the case of viscos-
ity, only if samples contained bubbles did we eliminate them by
centrifuging (416, Labogene, Korea) and incubating in a water bath
at 37 °C. Viscosity of the nanoemulsions was measured with DV-E
and DV-II+ viscometers (RT, Brookfield, USA), and the measure-
ments were carried out at room temperature and in the same con-
tainer, by varying the spindle number and rotation speed (Table
1). Conductivity was measured by using a portable conductivity
meter (COM-100, HM Digital Inc., Korea).
2-4. Long-term Stability Test

The long-term stability of the nanoemulsions was assessed by
measuring the change in droplet size with storage time. The drop-
let size was determined at different time intervals (0, 4, 7, 11, 14,
18, and 21 days) by using dynamic light scattering. The samples

Equipment DV-E viscometer DV-II+Pro viscometer

Water content (%) 4 5 6 8 10 2 15 20 40 60
Spindle number 96 96 96 96 95 63 62 61 61 61
Rate 6 2 2 6 60 6 50 100 100 100

Table 2. Droplet size and polydispersity index as a function of the HLB value for samples with O/S=1:1 and ¢=0.1

HLB value 9.0 10.1 11.1
i | P
Intensity distribution s, H : '—;
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e () s e 26512430 SsL1s1874 0341787
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Polydispersity index 0.810 0.290 0.262
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Intensity distribution 2 H £ s
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Distribution results 70.8+3.9
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Polydispersity index 0.266 0.200 0.344
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were kept sealed at room temperature.
2-5. Statistical Analysis

All experiments are repeated three times and statistical analysis
was performed by Student’s ¢-test.

RESULTS AND DISCUSSION

1. Optimization of the Nanoemulsions by the PIC Method at Ele-
vated Temperature
1-1. Influence of the HLB Value

We examined the influence of the HLB value on nanoemulsion
formation. The proper HLB value of the surfactants in the emul-
sion system was a key factor for the formation of minimal drop-
lets [18]. This experiment was conducted by using a nonionic sur-
factant mixture consisting of Span 80 and HCO-60 emulsifier, which
had HLB values of 4.5 and 14, respectively. The mixing ratios were
regulated for minimal droplet size. The HLB values of the mixed
emulsifiers were calculated by Eq. (1).

HLB,,=HLB,xA%+HLB;xB%, 1)

where HLB,, HLB;, and HLB,,, are the HLB values of Span 80,
HCO-60, and the mixed emulsifier, and A% and B% are the weight
percentages of Span 80 and HCO-60 in the mixture, respectively.
All the HLB values used were obtained at room temperature.

The HLB,,, influences the droplet size of nanoemulsions obtained
by the PIC method [23,24]. The droplet size of the nanoemulsions
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obtained by varying the mixed surfactant composition is shown in
Table 2. Sample compositions of oil and surfactant mixture were
fixed at 5 w/w%, respectively. The sum of the oil and surfactant
mixture concentration is 10 w/w%. Especially, surfactant mixture
consist of 1.5 w/w9% Spna-80 and 3.5% HCO-60. According to Table
2, when the HLB,,, value has 11.1, it shows minimal sample drop-
let size of 360.3 nm, and in a range from 10 to 13, the PDI is less
than 0.3, which reflects a good monodispersity of nanoemulsions.
However, when the HLB,,;, value was 9 or 14, we obtained unsta-
ble emulsions and saw creaming phenomenon as soon as cooling
at room temperature occurred. Creaming phenomenon represented
the unstable emulsion system that droplets float in the emulsion
system. Therefore, we determined that in the following experiments
the HLB,,;, value the mixture of Span 80 and HCO-60 was fixed
at 11.1, because of minimal droplet size at the HLB value.
1-2. Influence of the Oil/Surfactant Weight Ratio

The oil/surfactant weight ratio is the core element for stable nano-
emulsion formation [9]. In a series of experiments, we investigated
the influence of the oil/surfactant weight ratio on the droplet size
and the PDI of the nanoemulsions, as presented in Table 3. The
total weight of the surfactant mixture was kept constant at 5 w/w%
(Span 80 [1.5w/w%]+HCO-60 [3.5 w/w%], HLB value was fixed
at 11.1), and the oil phase was varied (range of 3-7 w/w%). We ob-
served that each droplet size increased from 76.7 to 579.9 nm when
the oil/surfactant weight ratio increased from 0.6 to 1.4, respec-
tively. The PDI is less than 0.3, which reflects a good monodisper-

Table 3. Droplet size and polydispersity index as a function of the oil/surfactant weight ratio with HLB value=11
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0.6
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0.8

Intensity distribution
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-
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Distribution results
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Polydispersity index 0.281

0.223

Oil/Surfactant
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Intensity distribution
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Table 4. Droplet size and polydispersity index as a function of the droplet volume fraction (&) value with HLB value=11 and O/S=0.6

Droplet volume fraction 0.06 0.07 0.08
;
Intensity distribution i : £ : - :
" Otanater (1) - " oamete o) Dot ()
Distributi ult:
- ISTHIURON TSt 93.8+87.8 8724796 76.8+73.1
diameter (nm) std. dev
Polydispersity index 0.321 0.333 0.282
HLB value 0.10 0.12 0.16
} F £ ¥ £ 3
3 & i;' i g 9
Intensity distribution E W i i
! : i i i
1l | i
* e —— - " Dt (rem) -
Distribution results
. 107.3+99.4 125.3+112.8 182.5+173.5
diameter (nm) std. dev
Polydispersity index 0.329 0.335 0.378

sity of nanoemulsions. Also, emulsion turbidity is more transparent
as the oil/surfactant weight ratio decreases. Based on the above result,
we can conclude that a relatively higher surfactant concentration
in the oil/surfactant mixture makes the droplet size smaller. In other
words, droplet size decreases when the surfactant concentration
increases. The high surfactant concentration increases the stability
of the system because an excess of surfactant in the system is nec-
essary to stabilize the interface of the oil droplets against coales-
cence during emulsification [25]. In addition, nanoemulsion droplet
size was increased by reducing surfactant/water ratio at a fixed oil
ratio or by increasing the oil/water ratio at a fixed surfactant ratio
[26].

1-3. Influence of Droplet Volume Fraction (@)

In high-energy methods, when the range of the droplet volume
fraction is from 0 to 0.6 (0< @<0.6), stable nanoemulsions that will
monodisperse can generally be formed. The size distribution of
these emulsions did not change over a month [12]. In contrast, in
low-energy methods, most nanoemulsions are prepared at relatively
low volume fractions of the dispersed phase (0<@<0.2) [15]. The
effect of the droplet volume fraction on droplet size distribution
has been studied less frequently because of the disadvantage of stor-
age stability, especially when the droplets are concentrated [9].

In the droplet volume fraction experiment, we reduced the addi-
tion amount of the water phase, not the inner phase, to control the
droplet volume fraction. Once oil droplets were formed, the water
was added only as a diluent. The droplet size is governed by the
structure of the bicontinuous phase [27]. Other parameters of the

8000

7000

6000

5000

3000

Viscosity (cP)
8

2000

1000

N -
0.1 0.2 0.3 0.4 0.5

Droplet volume ratio

Fig. 1. Viscosity as a function of the droplet volume fraction with
HLB value=11, O/S=0.6.

HLB value and the oil/surfactant ratio were fixed at 11.1 and 0.6,
respectively. The droplet volume fraction, given by the oil volume
fraction plus the surfactant volume fraction, varied from 0.06 to
0.16 (Table 4). The droplet size increased with the increase of the
droplet volume fraction. However, the viscosity also increased as
the inner ratio increased. When the inner volume fraction was ap-
proximately 0.5, the viscosity of the nanoemulsion dramatically
increased (Fig. 1). It is considered to be a phenomenon caused by
the formation of a liquid lamellar phase rather than inner phase
interaction or formation of tumbling clusters [28].
2. Phase Inversion Point

As stated above, we determined the minimal droplet size com-
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position of the nanoemulsion. We obtained the minimal droplet
size composition with droplet size below 100 nm, which is only
the HLB value (11.1), the oil/surfactant weight (0.6), and droplet
volume fraction (0.08), respectively.

The phase inversion composition (PIC) mechanism by the low-
energy method follows below. The water phase was added drop-
wise to the oil phase. First, these systems form a W/O emulsion.
With adding of the water phase, the W/O emulsion is converted
to the bicontinuous or lamellar phase. Through these pathways, it
finally forms the O/W emulsion with smaller oil droplets (nano
size) upon further increase of the water content [21].

Typically, viscosity and electrical conductivity measurements
were confined to the internal structure region of the bicontinuous

—&— Viscosity  =-#&-- Conductivity

4000 r 180

Viscosity (Pa*s )
(srf) Auananpuod

Water content (%)

Fig. 2. Viscosity (Ill) and conductivity (A) as a function of the in-
creasing water content (%) with HLB value=11, O/S=0.6, and
droplet volume fraction=0.08.

or lamellar phase [29-31]. The results of viscosity and electrical
conductivity are shown in Fig. 2. Depending on water content, vis-
cosity gradually increased from 0% to 5%, and then 5% water con-
tent reached maximum value, and further water content decreased
viscosity. At the maximum value, we observed a gel-like forma-
tion, which indicated that they formed the bicontinuous or lamel-
lar phase at 5% water content. To demonstrate the bicontinuous or
lamellar phase, a further experiment was performed by use of electri-
cal conductivity (Fig. 2). Adding the water content was followed
by a linear conductivity increase from 0% to 4%. When a water
content of 4%-6% is reached, conductivity tends toward a con-
stant value. This result indicated that the structure of the system
changes from W/O emulsion to bicontinuous structure and/or
multiple emulsions with a high disperse phase volume fraction
[26,32]. Above 6% water content, conductivity gradually increases
when water is added. This development means that bicontinuous
structures convert to the O/W emulsion. By using viscosity and
electrical conductivity measurements, we can confirm the phase
inversion point. Consequently; a water content range of 0%-4% may
have W/O emulsions, and further water content, in the range of
4%-6%, may have a bicontinuous or lamellar phase. Above 6% water
content, this system forms the O/W emulsion. According to the
comprehensive experimental results of Section 3, and Section 4,
schematic phase behavior of a ternary system is shown in Fig. 3.
3. Long-term Stability

The irreversible droplet size increase of nanoemulsions arises by
two main mechanisms: coalescence and Ostwald ripening. First,
coalescence is caused by the collision of different droplets. Conse-
quently, droplets rupture and merge into one large droplet, and
the droplet size gradually increases. If coalescence is the driving
force behind instability of nanoemulsions, the change of droplet

Oil (hexadecane)

80

O/W nanoemulsion

bicontinuous

Water 20 o

Surfactant

60 80

Fig. 3. Schematic phase behavior of ternary water/nonionic surfactant mixture/hexadecane oil systems. HLB value was fixed at 11. (a) O/S
ratio=1.4, (b) O/S ratio=1.2, (c) O/S ratio=1.0, (d) O/S ratio=0.8, (e) O/S ratio=0.6.
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Fig. 4. The r of nanoemulsion as a function of time for samples
with HLB value=11, O/S=0.6, and droplet volume fraction=
0.08.

size with time may follow Eq. (2).
1/=1/r;—8x/3 Ft, )

where r is the average droplet radius after time t, r, is the value at
t=0, and F is the frequency of ruptures per unit on the surface of
the film. Although Eq. (2) was developed for concentrated systems,
we used it to confirm the stability of our system. We applied Eq.
(2) to our nanoemulsions with droplet size less than 100 nm, which
have optimal composition of the HLB value (11.1), oil/surfactant
weight ratio (0.6) and droplet volume fraction (0.08). As seen in
Fig, 4, the value of “10° r *” decreases slightly, implying that coales-
cence occurs at a slow pace [33]. Second, Ostwald ripening is caused
by the difference in solubility between small droplets and different
large droplets because of the different Laplace pressures. Lifshitz
and Slezov [34] and Wagner [35] independently produced a the-
ory, the so-called LSW theory, for Ostwald ripening of particles.
According to the following equation, the rate of Ostwald ripening,
wis

o =dr’/dt=8/9(C,.yV,.D)/pRT, (3)

where r is the average droplet radius, t is the time of storage, C,, is
the bulk phase solubility, yis the interfacial tension, V,, is the molar
volume of the oil, D is the diffusion coefficient of the oil phase in
the continuous phase, p is the density of the oil, R is the gas con-
stant, and T is the absolute temperature. Eq. (3) predicts a linear
relation between r’ and t. These linear plots mean that the main
driving force for an unstable system is the Ostwald ripening rate
[36,37].

The stability of these nanoemulsion systems was assessed by meas-
uring the change in droplet size with storage time at room tem-
perature (~25 °C). The droplet size of nanoemulsions prepared by
phase inversion composition at elevated temperatures little changed
over the 4-weeks (Fig. 5). This result implies that Ostwald ripen-
ing of our nanoemulsion system occurs at a constant speed (Fig. 6).

CONCLUSION

Nanoemulsions have been obtained in the hexadecane (C16)/

110

105

o
=]

Droplet diameter{nm)

o
-

80
0 5 10 15 20

Time (day)
Fig. 5. The 1’ of nanoemulsion as a function of time for samples

with HLB value=11, O/S=0.6, and droplet volume fraction=
0.08.

0 5 10 15 20
Time (day)

Fig. 6. Droplet diameter as a function of time for samples with HLB
value=11, O/S=0.6, and droplet volume fraction=0.08.

surfactant (HCO-60 and Span 80)/water system by phase inver-
sion composition at elevated temperature. A 3 w/w% oil concen-
tration and a 5 w/w% surfactant were used for nanoemulsion for-
mation. The proper HLB value of the surfactants and the struc-
ture of surfactant during the emulsification process in the emul-
sion system was a key factor for minimal droplets. We can confirm
the phase inversion point by use of viscosity and conductivity meas-
urements. The stability of the nanoemulsion was confirmed by the
droplet size change. The droplet size of the nanoemulsion did not
change over the 4-weeks. The PIC method at elevated temperature
is an attractive method for preparation of nanoemulsions because
this method leads to formation of higher inner phase volume nano-
emulsions with long-term stability.
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Table 1. Droplet size and polydispersity index as a function of the upper, the middle, and the lower in one system and dilution ratio with
HLB value=11, O/S=1:1 and ¢=0.1

HLB value (11.1) Upper Middle Lower

Intensity distribution

Difforontial Inensity (%)
Differentil Intensty (%)

Dfirertial 1nte

Distribution results 354.9+165.1 360.3+178.7 358241853
diameter (nm) std. dev
Polydispersity index 0.233 0.262 0.240
HLB value (11.1) 2-Fold dilution 3-Fold dilution

Intensity distribution

D¥fferential Infensty (%)
Differential Intensiy (%)

Distribution results 342.7+179.0 331.9+184.0
diameter (nm) std. dev

Polydispersity index 0.274 0.262
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