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Abstract In this work, formations of water-in-diesel oil nano-emulsions using water/mixed non-

ionic surfactant/diesel oil system have been studied. The high energy emulsification method was used

to form three emulsions using different water contents: 5%, 10% and 14% (v/v) namely; E1, E2 and

E3, respectively. These nano-emulsions were stabilized with emulsifiers having different Hydro-

philic–Lipophilic Balance (HLB) namely; span 80 (HLB = 4.3), emarol 85 (HLB = 11) and their

mixture (SE) with HLB= 10. The effect of water on the droplet size formation has been investi-

gated. The interfacial tension and thermodynamic properties of the individual and emulsifiers blends

have been studied. The interfacial tension (c) measurements at 30 �C were used to determine the crit-

ical micelle concentration (CMC) and surface active properties of these emulsifiers. The water drop-

let sizes were measured by dynamic light scattering (DLS). From the obtained data, it was found

that, mean sizes between 19.3 and 39 nm were obtained depending on the water content and concen-

tration of blend emulsifiers (SE). Also, the results show that, the interfacial tension (c) gives mini-

mum value (10.85 mN/m) for SE comparing with individual emulsifier (17.13 and 12.77 mN/m)

for span 80 and emarol 85, respectively. The visual inspection by TEM showed that the obtained

results support the data obtained by dynamic light scattering.
ª 2011 Egyptian Petroleum Research Institute. Production and hosting by Elsevier B.V.
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1. Introduction

Nano-emulsions are a class of emulsions that can be transpar-
ent or translucent (droplet size range 50–200 nm) or ‘‘milky’’

(up to 500 nm) [1–3]. Unlike microemulsions, which are trans-
parent and thermodynamically stable, nano-emulsions are only
kinetically stable [4–6]. However, the long term physical stabil-
ity of nano-emulsions (with no apparent flocculation or coales-

cence) makes them unique, and they are sometimes referred to
as ‘‘approaching thermodynamic stability’’. In contrast to
microemulsions, nano-emulsions are metastable and can be
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diluted with water without changing the droplet size distribu-

tion [7]. Simple emulsions are classified as water-in-oil (W/O)
or oil-in-water (O/W) depending on which phase constitutes
the disperse phase [8]. O/W nano-emulsions with droplet diam-
eters as low as 14 nm and high kinetic stability have been

reported by Solans et al. [9]. However, W/O nano-emulsions
are receiving increased attention since they were first reported
by Landfester et al. recently [10]. Others have described their

preparation by high-energy emulsification methods and used
them in a variety of organic and inorganic polymerization reac-
tions [11]. Depending on the preparation method, different

droplet size distributions are achieved, explaining why the route
of preparation can remarkably influence the emulsion stability.
Due to their small droplet size, nano-emulsions may appear

transparent, and Brownian motion prevents sedimentation or
creaming, hence receive increased stability. The formation of
emulsions with droplet size in the nanometer range (typically
in the range 50–200 nm) [12], can be achieved either by high-

energy emulsification methods (e.g. by high-shear stirring,
high-pressure homogenizers, or ultrasound generators) [13] or
by low-energy emulsification methods (e.g. phase inversion

temperature (PIT)) [14]. Although high-energy emulsification
methods allow great control of the droplet size and a large
choice of composition, low-energy emulsification methods are

interesting because they take advantage of the energy stored
in the system to promote the formation of small droplets. At
present, the diesel engine is still the most fuel-efficient combus-
tion engine [15]. The general public has considerable concerns

regarding the air pollution released by diesel engines, such as
gaseous pollutants, particulate matter and an obnoxious odor.
The pollutants that are emitted into the atmosphere from diesel

engines, such as NOx, HC, CO, SOx, CO2, PM, black smoke
and others, are often transformed into other noxious materials
that not only damage our ecology, but threatens human health

as well [16]. One of the most efficient methods to reduce pollu-
tant emission is to use an alternative clean fuel thereby to
reduce emission quantity right at the very origin of the air

pollution source. Diesel emulsion is considered one of the pos-
sible alternative fuels for curtailing the emission pollution of
combustion equipment such as diesel engines and large power
boilers [17,18]. Emulsion fuels are defined as emulsions of water

in fuel with the typical composition of 5–20% of water, surfac-
tant and the base fuel such as; kerosene or diesel. It is consis-
tently proven that emulsion fuels significantly lower emissions

of hydrocarbon (HC), carbon monoxide (CO), carbon dioxide
(CO2) and especially the hazardous NOx (Nitrous Oxides), and
also particulate matters (PM). The main objective of this work

is to prepare a water-in-diesel nano-emulsion fuel with different
percentage of water via a high energy method (Ultraturrax
homogenizer) and to study the effect of emulsifier concentra-

tions on the stability of these emulsions. Also, interfacial ten-
sion for individual and blend emulsifiers as essential factors
in the stability of nano emulsion was measured.
Table 1 Physical properties of diesel fuel fraction.

Experiment Value Standard method

Colour 2 ASTM D-156

Density at 15 �C (gm/cm3) 0.8427 IP – 160

Kinematics viscosity, at 40 �C (mm2/S) 3.268 ASTM D 445-03

Flash Point (�C) 67 IP 34/ASTM D93

Boiling point/range (�C) 150–300 ASTM D-86

Water content (wt.%) Nil ASTM D-4006-81
2. Experimental

2.1. Materials

In this study, technical grade diesel oil (Al-Tawn petroleum

company, Egypt) was used as the continuous emulsion phase.
The physical properties of this diesel oil are summarized in
Table 1. The technical grade emulsifiers used throughout the

investigation namely; sorbitan monooleate (Span 80) and poly
(oxyethylene) (20) sorbitan trioleate (Emarol 85) were
obtained from Sigma-Aldrech, germany and Nerol Chemicals,
Italy, respectively. The water in all experiments was demineral-

ized and doubly distilled.

2.2. Nano-emulsion formation

Nano-emulsions were prepared using ultraturrax homogenizer
(Ultraturrax pro 200, USA) as a high energy emulsification

method in two steps: firstly, preparing pre-emulsion by addi-
tion of water with different percentages (5%, 9% and 14%)
to a mixture of span 80 and emarol 85 (in ratio 20:80, respec-

tively), and diesel oil. The rate of addition was kept approxi-
mately constant with constant stirring at 800 rpm. Secondly,
the prepared pre-emulsions were stirred by ultraturrax homog-
enizer with high speed (20000 rpm) for 2 min. All experiments

were run at 30 �C.

2.3. Droplet size measurement

The mean droplet size of the prepared nano-emulsions was
determined using dynamic light scattering (DLS) (Zetasizer

Nano-ZS 90, Malvern, UK) at 30 �C.

2.4. Interfacial tension (IFT) for water/diesel oil interface

2.4.1. Interfacial tension measurements (c)
Different molar concentrations of span (80), emarol (85) and

their mixture in ratio (1:5, respectively) namely; SE were
dissolved in double distilled water and their interfacial tension
was determined at 30 �C using Lecomte De Nouy tensiometer

ring ‘‘Kruss model Gmbh’’. The instrument was daily regu-
lated by bi-distilled water (conductivity 1.1 · 106 X cm�1 at
25 �C) [19,20].

2.4.2. Critical micelle concentration (CMC)
CMC of the span (80), emarol (85) and SE was determined by

the method adopted by Rosen [21]. The interfacial tension–
concentration isotherms (IFVC) curves were plotted for the
prepared surfactants at different temperatures. The cmc values
were determined from the abrupt change in the slope of IFVC

curves.

2.4.3. Efficiency (PC20)
The efficiency (PC20) was determined from SVC curves by tak-
ing the concentration (mol/dm3) capable of suppressing the
interfacial tension by 20 mNm�1. The efficiency numbers have

been calculated by extrapolating to D= 20 the linear portion
of the IFVC curves [22].
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2.4.4. Surface excess concentration (Cmax)
Cmax is a useful measure of the effectiveness of adsorption of
surfactant at the liquid/air or liquid/liquid interface since it is
the maximum value to which adsorption can be obtained [22]

Cmax can be calculated from Gibbs Eq. (1):

Cmax ¼ �ð1=RTÞ � ðdc=d lnCÞ ð1Þ

where C is called surface excess concentration (mol/cm2), T is
absolute temperature (273 �C), R universal constant

(R= 8.314 Jmol�1 deg�1, and dc/d ln C is the surface activity
(slope of IFVC curves) [23].

2.4.5. Minimum surface area per molecule (Amin)
Amin is the minimum area per molecule in nm2/molecule at the
oil–water interface. The average area occupied by each

adsorbed molecule is given by Eq. (2) [23]:

Amin ¼ 1=ðNA � CmaxÞ ð2Þ

where Cmax is the surface excess in mol/m2, and N is
‘‘Avogadro’s number = 6.023 · 1023 molecule/mol’’.

2.4.6. Effectiveness pcmc

The effectiveness of adsorption or surface pressure pcmc of the

surfactant was also calculated from the Eq. (3), [22]

pcmc ¼ c0 � ccmc ð3Þ
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2.4.7. Thermodynamic parameters of micellization
The ability for micellization processes depends on thermody-
namic parameter (Standard free energy, DGmic). Most informa-
tion on the free energy of micellization has been obtained

indirectly through the CMC. The DGmic was be calculated by
choosing the following expression (Eq. (4)), for the standard
initial state of the non-micellar surfactant species a hypotheti-
cal state at unit mole fraction X, with the individual ions or

molecules behaving as at infinite dilution, and for the standard
final state, the micelle itself [24]

DGmic ¼ 2:3RTð1� aÞ log cmc ð4Þ

where R, the universal gas constant (R= 3.418 J/mol K), T,

the absolute temperature (T = t+ 273), and a, the fraction
of counter ions bound by micelle in case of ionic surfactants
(a = 0 for nonionic surfactants), and cmc, critical micelle con-

centration in g/mol.

2.4.8. Thermodynamic parameters of adsorption
Many investigators dealt with the thermodynamics of surfac-
tant adsorption at interface. The thermodynamic parameter
value of adsorption DGad were calculated via the following

Eq. (5) [25]:

DGad ¼ DGmic � 0:6:23pcmcAmin ð5Þ
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Figure 1 Nano-emulsion r3 as a function of time in system

water/SE/diesel oil at 5% water content, HLB = 10, different

concentration of SE and 30 �C.
3. Results and discussion

3.1. Nano-emulsion stability

The w/o nano-emulsions prepared in this work exhibited good
stability without phase separation during two weeks but with a
slight increase in the mean droplet size with time. The two

common probable breakdown processes in these systems are
coalescence and/or Ostwald ripening [26]. If coalescence was
the driving force for emulsion instability, changes in droplet

size with time are described by the following equation [27]

1=r2 ¼ 1=r2o � 8p=3xt ð6Þ

where r is the average droplet radius at time t, ro is the initial
droplet radius, and x is the frequency of rupture per the drop-
let surface area [28].

The said equation is used generally for the concentrated
systems, but it may be utilized to show whether coalescence
was the driving force for the instability. Another alternative
mechanism that explains the instability of nano-emulsions is

Ostwald ripening which arises from the difference in solubility
between droplets with different sizes. In this process, larger
droplets grow at the expense of smaller ones due to the molec-

ular diffusion through the continuous phase. The Lifshitz
-Slezov and Wagner (LSW) theory [29,30] gives an expression
for the Ostwald ripening rate (�x) as shown by the equation:

�x ¼ dr3=dt ¼ 8=9½ðC1cVmDÞ=dRT� ð7Þ

where r is the average radius of droplet, t is the storage time,
C1 is the solubility of the dispersed phase in the continuous

phase, c is the interfacial tension between the dispersed phase
and medium, Vm is the molar volume of the dispersed phase,
D is the diffusion coefficient of the dispersed phase in the con-
tinuous phase, d is the density of the oil (hexane), R is the gas

constant and T is the absolute temperature. A stable nano-
emulsion should have a small mean droplet size and a large
Ostwald ripening coefficient.

Eq. (7) implies a linear relationship between the cube of the
radius (r3) and time (t). By plotting the r3 of nano-emulsions
with different surfactant concentrations as a function of time

(t) as shown inFigs. 1 and 2, it was found that good linear plots
between (r3) and (t). Ostwald ripening rate can be calculated
from the slope of each straight line. The initial and final drop-

let size, and Ostwald ripening rate of the prepared nano-emul-
sions are shown in Table 2 and illustrated in Figs. 3 and 4.
Highly transparent nano-emulsion with initial droplet size
(19.3 nm) was obtained at 8% emulsifier concentration and

5% water content. This droplet size value increases slightly till
up to 67.2 nm after 360 h at the same condition. This may be
attributed to instability of nanodroplets, where the smaller one
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Figure 2 Nano-emulsion r3 as a function of time in system

water/SE/diesel oil at 14% water content, HLB = 10, different

concentration of SE and 30 �C.
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oil at 5% SE, HLB = 10 and 30 �C.
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Figure 4 Water droplet size vs. time in system water/SE/diesel

oil at 8% SE, HLB = 10 and 30 �C.

Table 2 Effect of blend emulsifiers concentration on the

initial radius (ro) and Ostwald ripening rate (�x) for water in

diesel nano emulsion at different water content, and surfactant

concentrations at 30 �C.

SE concentration Water content (wt.%) ro (nm) �x (m3 s�1 · 1021)

5% 5 25 0.394

10 30 0.728

14 39 1.208

6% 5 23.1 0.322

10 27.2 0.654

14 34.9 1.005

7% 5 22 0.208

10 25 0.628

14 31 0.850

8% 5 19.3 0.108

10 21 0.462

14 27.3 0.616
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of water nanodroplets will disappear by immigration to large
droplets via the continuous phase [24].

Accordingly, the droplet size of these prepared nano-emul-
sions increased with time. Therefore, the kinetics of nano-
emulsion stabilization may be attributed to Ostwald ripening
(i.e., diffusion of water droplet from small to the big droplets).
As mentioned before, the Ostwald ripening rate (�x), is direct
proportional to emulsifier concentration e.g., the Ostwald rip-

ening rate increases with increasing of the emulsifier concentra-
tion from 5% to 8%.

3.2. Effect of emulsifier concentration

The emulsifier plays a major role in the formation of nano-

emulsions. The high energy required for their formation can
be understood from a consideration of the Laplace pressure
(P)

P ¼ 2c=R ð8Þ

where R is the radii of curvature and emulsion drop, which
has to be overcome to break up a drop into smaller ones. Addi-
tional processes occur during emulsification, such as adsorp-
tion of surfactants and droplet collision, which may or may

not lead to coalescence [1].
Concerning Ostawald repining rates (�x), it is clear fromFigs.

1 and 2 and Table 2 that �x decreases with increasing of surfac-

tant concentration (from 3.943 to 1.082 · 1021 m3 s�1) at 5%
water content. This phenomenon is opposite to most results
reported in the literature [31]. The decrease in the Ostawald

repining rates (�x) with increase the emulsifier concentration
was discussed in the following items [32]:

1. The diffusion coefficient of micelles decreases as their

concentration increases, because crowding effects can
increase the viscosity.

2. The decrease in the average droplet size.

3. It is possible that association colloids other than micelles
are formed at relatively high emulsifier concentrations

4. It is possible that the emulsifiers form thick multi-layers

around the emulsion droplets, which retard the move-
ment of the water molecules from the droplets to the sur-
rounding aqueous phase.

5. Preliminary aggregates formed at low emulsifiers concen-
tration are loosely associated and likely to be slightly
interacting with water molecules.



ergy emulsification method 21
3.3. Effect of water content on nano-emulsions droplet size
The water droplet size (nm) against the time in system water/

SE/diesel oil at different emulsifier concentrations (5, and
8 wt.%) and 30 �C are shown in Figs. 3 and 4, respectively.
From these figures, it is obvious that the droplet size (nm)

increases with increasing of the water content (5, 10 and
14 wt.%). With increasing of the water content from 5, 10 to
14 wt.% at 8% emulsifier concentration and 30 �C, W/O

nano-emulsion with mean droplet size 19.3, 27.9 and 34 nm,
respectively, were obtained after 360 h and realized by increas-
ing addition of the dispersed water phase. When the concentra-
tion of dispersed phase (water concentration) increases in the

emulsion, the droplet sizes of water increases and possibly
the interfacial film thickness decreases. Therefore, increasing
of water percentage in the emulsion could decrease the stability

of the pronounced nano-emulsion [33].

Preparation of water-in-diesel oil nano-emulsions using high en
3.4. Interfacial tension and thermodynamic properties of used
emulsifiers

Emulsion droplets are normally stabilized by surfactants or
amphiphilic polymers. The adsorbed surfactant causes a lower-

ing in interfacial tension for easier emulsification and stabilizes
the droplet against coalescence by steric or electrostatic repul-
sion. Surfactants play a major role in the formation of nano-

emulsion. The high energy required to form a nano-emulsion
can be understood from a consideration of the Laplace pres-
sure P = 2c/R, where R is the average radius of curvature of

spherical emulsion drop. To break up a drop into smaller ones,
it must be strongly deformed and must overcome the Laplace
pressure P. Various processes can occur during emulsification,

such as break up of droplet, adsorption of surfactants and
droplet collision, which may or may not lead to coalescence
of droplets [34].

The interfacial tension is directly related to the amount

of stabilizer adsorbed and the nature of the interfacial layer
[35]. Generally, the IFT depends on the type of emulsifier
used to stabilize the water/diesel oil nanoemulsion, for

example, when the oil droplet contains sufficient concentra-
tion of the low polarity emulsifier, the interfacial at oil/
water interface is high. In contrast, the interfacial tension

was decreased with high polarity emulsifier [36]. But, the
presence of more than one surfactant molecule at the inter-
face leads to decrease of the IFT comparing with individual
emulsifier.

The interfacial tension properties for span 80, emarol 85
and (SE) at 30 �C are listed in Table 3 and illustrated in
Fig. 5. From these obtained data, it is obvious that the inter-

facial tension (c) decreased from 16.83 and 13.62 mNm�1 for
Span 80 and Emarol 85, respectively to 11 mNm�1 for SE.
Accordingly, the lowering of c causes a reduction in the droplet

size where the amount of surfactant needed to produce the
Table 3 Interfacial tension and thermodynamic properties for emu

Emulsifier CMC (mol dm�3) cIFT (mN/m) Cmax (10
11 mol/cm�2

Span 80 1.82 · 10�4 17.13 2.03

Emarol 85 4.25 · 10�5 12.77 1.91

SE 4.75 · 10�4 10.85 3.44
smallest drop size depends on the concentration of surfactant

on the bulk which determines the reduction in c, as given by
the Gibbs adsorption equation,

�dc ¼ RTCd ln a ð9Þ
where R is the gas constant, T is the absolute temperature

and C is the surface excess (number of moles adsorbed per unit
area of the interface).

By inspection the data listed in Table 3, it was found that
there is a relation between the surface active properties and

the efficiency of emulsifiers used to stabilize the W/O nano-
emulsion. This means that the maximum enrichment of the
emulsifier molecules on the interface was exhibited with the

emulsifier, which has the smallest Amin Also, a reversible pro-
portion between Amin and Cmax is noticed in Fig. 6, where with
a small Amin, the maximum Cmax should occurred.

The maximum Cmax was exhibited with the blend emulsifier
(SE) because the maximum synergism should happen with the
mixture components, the result of a good emulsification and

emulsion stabilization result was obtained. The individual
demulsifier Span 80 exhibited a lower Amin and higher Cmax

among the emarol 85 and SE emulsifiers. These results of sur-
face active properties for those emulsifiers consist of emulsion

stability for them. Based on this, the use of SE will strongly ad-
sorb to diesel droplets and, therefore, stabilize against coales-
cence in comparing with the use of span 80 or emarol 85

individually.
The results of the thermodynamic parameters of adsorption

are shown in Table 3 for the same emulsifiers and gave evi-

dence on the relation between the surface active proportions
and the emulsification efficiency. The more �DGad value, indi-
cates that the emulsifier molecules adsorbed strongly on the

interface. Generally, the �DGad is slightly greater than
�DGmic, which mean that the molecules prefer to adsorb on
the interface than to make micelles. Therefore, the maximum
�DGad (�17.18 KJ/mol) that was obtained with SE exhibited

the maximum emulsification efficiency, while �DGad of emarol
85 (�21.83 KJ/mol) is smaller than span 80 (�18.63 KJ/mol).
This means that the emarol 85 was adsorbed on the o/w inter-

face and provide protection against coalescence comparing
with span 80.

By comparing the data obtained from interfacial tension

properties and thermodynamic parameters (see Table 3) with
stability data of the nano-emulsions ( Figs. 1 and 2), it was
found that, there is a direct relationship between a reduction
of (c) and that obtained of the smallest droplet size. This

means that, the droplet radius decreases with the increase the
surfactant concentration and the decrease in interfacial tension
(c) of SE.

3.5. TEM image

The TEM image for the prepared nano-emulsion at 8% surfac-
tant concentration, 10% water content, HLB = 10, after 360 h
lsifiers at 30 �C.

) Amin (nm2) p (mN/m) DGmic (kJ /mol) DGad (kJ /mol)

81.71 59.23 �21.33 �18.63
86.89 54.87 �24.93 �21.83
48.16 61.15 �18.96 �17.18
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and 30 �C is shown in Fig. 7. This figure shows the formation
of transparent nano-emulsion with average spherical particle
size equal to 80 nm. The water droplet in the nano-emulsion

appears as a dark spherical shape, while the surrounding phase
of diesel is shown as a bright phase. Accordingly, the radius of

water droplet by TEM agreed with the data obtained by the
dynamic light scattering.
4. Conclusion

The present results demonstrate the suitability of emulsifier
blends to stabilize W/O nano-emulsion. The obtained nano-

emulsions with a mean average particle size between 19.3
and 39 nm were influenced by the emulsifier concentration
and water content. The stability of the studied emulsions in-

creases with increasing total emulsifier concentration at low
water content. Regarding interfacial tension and thermody-
namic properties of the used emulsifiers, the individual emulsi-

fiers span 80 and emarol 85 are not used as efficient emulsifiers
but the blend emulsifiers (SE) between them in specific ratio
with lowest interfacial tension is essential to obtaina very sta-

ble emulsion.
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