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a b s t r a c t
Different emulsiﬁcation techniques lead to emulsions with different targeted properties speciﬁc to their
intended use. In this study, emulsions are generated using several emulsiﬁcation techniques. They are
compared as regards the component droplet size distribution and their stability in time. A particular
technique based on the “Tessari” (known as double syringe system – DSS, as well) method – used originally
for foam generation – is evaluated for emulsion production. Results show that DSS method leads to
emulsions with mean droplet size about two orders of magnitude larger than in the case of emulsions
obtained by conventional high speed and high pressure homogenizers (HPH). However, DSS emulsions
have comparable viscosity behavior with the emulsions obtained by conventional methods and are stable
for time intervals of a couple of hours which is convenient for speciﬁc medical applications. Furthermore,
this study evaluates the effect of small quantities of some emulsion stabilizers on the mean droplet size
distribution of emulsions. In the examined narrow range of values no signiﬁcant modiﬁcations of the
mean droplet size distribution was observed.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
Emulsions are deﬁned as heterogeneous systems of one liquid
dispersed in another, in the form of droplets, with droplet sizes
that range from nanometers up to 100 m. In particular conditions,
emulsions may consist of oil droplets dispersed in a continuous
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water phase (oil-in-water) or of water droplets dispersed in a
continuous oil phase (water-in-oil), at different oil/water ratios.
Each droplet is coated with surfactant (emulsiﬁer) molecules that
are necessary for both satisfactory emulsiﬁcation (achieving small
droplets of the dispersed phase) and emulsion stability (slowing
down phase separation) [1]. Usually, the two liquid phases are chosen to be fully immiscible and chemically non-reactive whereas
their mixture is thermodynamically unstable [2]. When the two liquids are highly immiscible, the dispersed phase cannot exchange
molecules with the continuous phase, and therefore the effect of
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Ostwald ripening is avoided, which can lead to an increased stability of the emulsion.
Numerous studies have been conducted on emulsions due to
their widespread applications in domains with daily impact like
food, pharmaceutical and cosmetic products. Most of these studies
are devoted to assess different types of emulsiﬁcation techniques
and evaluate the emulsions stability, usually through analysis of
droplets sizes [3–8].
Emulsion’s stability depends on several factors including the
physical properties of the interfacial ﬁlm, the density and viscosity
of the continuous phase, the addition of surface active substances
as well as the type of added surfactant/nanoparticles, the presence
of electrostatic or steric barriers on the droplets, the droplets size
distribution, the oil/water ratio, and the temperature of the mixture
[9,10]. The addition of surface active substances to one or both of the
liquid phases affects droplet size distribution and droplet–droplet
interactions. By adding surfactants, surface tension decreases due
to adsorption of surfactant molecules at the interface, which leads,
on one hand, to smaller size dispersed droplets and, on the other,
induces viscoelastic properties to droplets interfaces and so delays
droplets coalescence [11,12]. Both effects yield increased emulsion
stability.
In order to create an emulsion, energy must be provided to a
mixture of immiscible liquids. This is usually done by mechanical or pseudo-mechanical means such as rotor–stator systems
(high speed homogenizers), high pressure homogenizers, ultrasonic probes, micropore size membranes, microﬂuidizers, phase
inversion systems, etc. An emulsion is obtained by dispersing one
phase into another, that leads to an increase of the interfacial area
which is directly related to the amount of energy – W – used for
emulsiﬁcation, as shown in Eq. (1) [13]
W =  × A

(1)

where  is the interfacial tension and A is the change of the interfacial area.
By using mechanical techniques, droplet break-up leads to generation of new droplets with smaller dimensions as function of the
energy provided by the emulsiﬁer. The new interfacial area corresponding to these new droplets may be fully or partially covered by
surfactant molecules depending on surfactant concentration in the
bulk. If this is not high enough to cover the new droplets’ surface or
if surfactant adsorption to the surface is very slow then drop coalescence increases counterbalancing drop breakage. In other words
any further droplet size reduction is not possible under the given
conditions and emulsiﬁcation has reached its maximum capacity.
This is why the type of surfactant and its concentration are of equal
importance with the employed emulsiﬁcation technique as regards
emulsion stability.
The rotor–stator method to mix immiscible components within
a solution is a widely used technique due to its capabilities to produce emulsions in controlled conditions by varying the rotation
speed, the type of rotor, etc. In rotor–stators, mechanical energy is
the driving force for droplet disruption. One of the most widely used
homogenizers is the Ultra Turrax system, which is utilized in this
paper too, that provides rotation speeds up to 30,000 rpm. The high
pressure homogenizer (HPH) is a system that mixes immiscible
components under a high pressure difference, with the utilized ﬂuids being pushed through a small oriﬁce with high velocity, which
creates the conditions for droplet breakage.
Although most emulsion applications on controlled drug delivery focus on the generation of nanoscale droplets aiming at long
lasting stability of the emulsion, a method that can generate moderately stable mixtures of immiscible substances in an easy and
reproducible manner may have multiple applications in medicine.
For instance, some dermatology treatments using emulsions of
immiscible drugs require stability of just a few minutes to perform

the therapy [14]. Such moderately stable emulsions sufﬁce to have
droplets dimensions of the order of microns. Nevertheless, to be
really effective for clinical treatment these emulsions should be
produced easily, in short time, in small quantities, with minimum
effort and skill, using a simple and cheap (replaceable) apparatus.
The above constitute the motivation for the present work.
This paper reports for the ﬁrst time the application of the
“Tessari” method to generate emulsions of immiscible liquids.
The “Tessari” method is a cheap, easy and readily applicable
technique, utilized so far to generate foams [15–17]. This article
compares emulsions produced by a double syringe system (DSS) –
which applies the known “Tessari” method – with emulsions produced by other established emulsiﬁcation techniques, namely, two
rotor–stator systems and a high pressure homogenizer (HPH). Comparisons refer to emulsions stability in time as it is appraised from
the initial droplet size distribution right after emulsiﬁcation.

2. Materials and methods
In this study, Vancomycin (VCM, purchased from Sigma) solution at a concentration of 10−4 M (0.15 mg/ml) in water was
selected as the continuous aqueous phase whereas vitamin A with
concentration of 7 × 10−2 M (20 mg/ml) in sunﬂower oil (commercially available in pharmacies) is the dispersed oily phase. Studies
on this particular system have been reported in articles aiming at
controlled drug delivery that evaluate the droplet size as function
of different emulsiﬁcation parameters and of different properties of
the involved ﬂuids [17,18]. Other publications report on simple or
layered droplets properties and on the possibility to modify them
by laser radiation [19,20–27].
The employed oil and water volumes range from 10% to 50%
for the oil, and from 90% to 50% for water, respectively. In [18],
using high speed and high pressure homogenizers for emulsiﬁcation, it was shown that the 10% oil to 90% water is the optimal ratio
for the smallest droplet size distribution and the highest emulsion
stability. In order to increase the emulsion stability, the nonionic surfactant Polysorbate 80 (commercially known as Tween
80) is dissolved in the aqueous phase at 50 ppm concentration.
A 3200 ppm concentration was used only for the measurements
made on the emulsions generated with high speed homogenizer
followed by the HPH. Due to its low partition coefﬁcient Polysorbate
80 remains mainly in the aqueous phase.
To increase the stability of emulsions, three other substances
(Xanthan gum, Nonaethylene glycol monododecyl ether and Glycerine) are also added to the aqueous phase. Xanthan gum is an
anionic polymer with stabilizing and thickening properties commonly used in food and cosmetic industry. It behaves like a
non-Newtonian ﬂuid with a strongly shear-thinning character. It
is used in emulsions, as it exhibits low bulk viscosity when subjected to high shear rates during emulsiﬁcation and then becomes
very viscous when it is left to settle after emulsiﬁcation, increasing
the stability of the obtained emulsion. Recent evidence supports
an additional role for polysaccharides like Xanthan gum which
may interact with surfactants at the interface affecting also the
interfacial rheological properties of the system, e.g., increase the
dilatational viscosity and so act to increase the stability of emulsions [28]. Nonaethylene glycol monododecyl ether (C30 H62 O10 ) is
a nonionic surfactant that is commonly used in cosmetic and medical applications, while Glycerine is a viscous ﬂuid that is extensively
used in pharmaceutical procedures but has applications in the food
industry, cosmetic and medical domains, as well.
Emulsiﬁcation is performed by (a) two rotor–stator systems, (b)
HPH and (c) a double syringe system (DSS). The ﬁrst rotor–stator
system consists of a stirred tank furnished with a variable speed
Rushton turbine. The rotor speed is varied between 300 and
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600 rpm. Mixing is conducted inside a bafﬂed, cylindrical stirred
tank (H = 19.5 cm, inner diameter = 7 cm) with a Rushton turbine of
diameter 4.6 cm, placed 1.7 cm above the bottom. The volume of
the mixture in the tank is 270 ml and the mixing time is 240 min.
Because of the relatively large size of the produced droplets (see
below), right after the mixing period a 0.5 ml sample is retracted
instantly from the vessel using a 5 mm inner diameter tube (wide
enough to prevent droplets jamming) and is added to a dense solution of surfactant in order to prevent droplets coalescence [18,27].
The second rotor–stator system is a high speed homogenizer (Ultra
Turrax T25). The mixing procedure is similar with that applied for
the Rushton turbine. The only difference with the ﬁrst rotor–stator
is the mixing time, since in the case of the high speed homogenizer
15 min of mixing are used.
The HPH used for these measurements is an APV2000 homogenizer with a pressure difference across the emulsiﬁcation oriﬁce
of 800 bars. The volume of the mixture in the homogenizer was
300 ml.
The DSS method uses two syringes connected through a small
plastic three-way stopcock typically used in transfusion of medical
ﬂuids. One syringe contains the aqueous phase and the other the
oily phase. For these measurements two 5 ml syringes that contained 4 ml of water based solution and 0.4 ml of oil were used. The
two ﬂuids are pumped several times through the three way stopcock in a cyclic fashion (in–out), creating in this way the needed
high shear rate that leads to droplet breakage. This technique is
somewhat similar with the HPH method, but the pressure difference can reach maximum 6–8 bars [29] in the case of DSS, while the
HPH uses 800 bars. On the other hand, the DSS is cheaper to use and
easier to apply, even outside a lab or industrial facility (e.g. a medical doctor’s cabinet). In the present study, 50 pumping cycles were
applied to mix the immiscible ﬂuids and create an emulsion. The
working conditions for all the reported experiments were similar
to the ones presented in [18].
Droplet size distributions are measured by light scattering using
a Malvern Mastersizer E2000 system. For veriﬁcation, the droplet
size distribution of some samples is measured also with a Carl Zeiss
Microscope system type Axiostar Plus equipped with a Canon camera. The measurements are repeated several times for each run in
order to verify the reproducibility of results and increase their statistical conﬁdence. In order to evaluate the rheological properties
of the mixture, the viscosities of the utilized immiscible ﬂuids and
of the generated emulsions are measured. For these measurements
a rheometer (Physica MCR 301 Anton Paar) is used that employs a
cone/plate test cell to evaluate the viscosity as function of the shear
rate. Viscosity measurements are conducted at 25 ◦ C.

3. Results and discussion
The viscosity values of the two immiscible liquids without
any additives are: oil = 49.2 mPa s for the oily vitamin A solution
and aqueous = 1.08 mPa s for the aqueous Vancomycin solution. As
regards emulsiﬁcation, the relatively high viscosity of the oily phase
restricts droplet breakage and so leads to emulsions with larger
droplets. As for the stability, the low viscosity of the continuous
aqueous phase indicates an easy and fast phase separation. This is
more so for mixtures with low volume percentage of the dispersed
oil phase. However, in emulsions with higher than ∼35% oil, dispersed droplets are in contact with each other forming a network
of interconnected droplets inside the aqueous phase. In this case,
phase separation is delayed due to shearing when droplets slide
and squeeze among other droplets. This is ampliﬁed for droplets
covered by surfactants which do not only resist coalescence but
also give interfacial rigidity to droplets. In emulsions where the
dispersed phase is at such a high volume percentage, it is the
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Table 1
Droplets mean diameters for different types of emulsiﬁer and oil volume percentage.
Method

Stirred
tank

Ultra
Turrax
HPH

Conditions

D[4,3] m

D[3,2] m

D[1,0] m

450 rpm 50% oil
450 rpm 40% oil
450 rpm 30% oil
450 rpm 20% oil
450 rpm 10% oil
10,000 rpm 50% oil
10,000 rpm 30% oil
10,000 rpm 20% oil
10,000 rpm 10% oil
800 bar 50% oil
800 bar 10% oil

588
482
348
315
227
73.4
33
24.6
0.423
78.5
1.241

453
273.6
262
194.3
149
50.5
9.4
5.6
0.162
0.7
0.337

94.7
78
60.7
39
32
11.1
0.88
0.27
0.070
0.097
0.072

viscosity of the emulsion and not the viscosity of the immiscible
phases that dictates emulsion stability. The above discussion needs
to be adjusted when additives are used that modify drastically the
viscosity values.
For the droplets size distribution, three statistical mean diameters are considered: D[4,3] (volume or mass moment mean – De
Brouckere mean diameter), D[3,2] (surface area moment mean –
Sauter mean diameter), and D[1,0] (number-length mean) which
are given by Eq. (2)
D[4,3] =

˙d4
,
˙d3

D[3,2] =

˙d3
,
˙d2

D[1,0] =

˙d
˙n

(2)

where d is the individual droplets’ diameter and n is the number of
the measured droplets [30].
All three mean diameters are presented below for comparison
purposes. D[1,0] is weighted toward the droplet population with the
largest number of droplets in the emulsion which is usually that of
the smallest droplets. D[4,3] is weighted toward the droplet population which occupies the largest volume in the emulsion which is
usually that of the largest droplets. D[3,2] is weighted toward the
droplet population that presents the highest interfacial area in the
emulsion which is usually that of an effective (not actual) droplet
size computed from the combination of different size and number
of droplets. For low volume fractions of the dispersed phase it is
D[4,3] that describes better emulsion stability since large droplets
separate freely by buoyancy. For high volume fractions of the dispersed phase, D[1,0] describes better phase separation since small
droplets can move between large droplets that are in contact but
they rise slowly because of their small size. In most other cases,
D[3,2] are better indicators of emulsion stability. In all the dimensions measurements the observations were started immediately
after the preparation of the samples.
First, an effort is made to identify the oil volume percentage
(within the examined range) that yields the smallest mean droplet
size using the aforementioned mechanical emulsiﬁers. Table 1
shows the values of the three mean statistical droplet diameters
for emulsions produced using different ratios of oil in water containing Tween 80 at a concentration of 50 ppm (0.005%). It is seen
that with increasing oil fraction, droplets diameters also increase
leading, apparently, to emulsions of lower stability. Indeed, visual
observations show that the time needed for phase separation,
decreases drastically as the oil percentage increases and in some
cases separation is visible immediately after stopping the emulsiﬁcation procedure. This is why for the low speed rotor–stator
method the sample taken from the mixing tank is “frozen” in surfactant (the extracted sample is placed in a big quantity of surfactant
that suppresses the coalescence effect between droplets). There is
approximately an order of magnitude difference between D[4,3] and
D[1,0] for the stirred tank and almost two orders of magnitude difference for HPH. This indicates that HPH generates not only small
droplets but also wide droplet size distributions. Ultra Turrax is
closer to HPH performance. In every case, the smallest droplets are
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Fig. 1. Droplet size distribution for the DSS emulsion obtained by light scattering measurement function (a) of the number of measured droplets and (b) of the droplet
volume.

produced with 10% oil in the emulsion. The rest of this study focuses
on these emulsions.
Next we examine the effect of the type of emulsiﬁer and the
intensity of the emulsiﬁcation process. For rotor–stator emulsiﬁers
the intensity is reﬂected at the rotor speed (rpm). Table 2 presents
the mean statistical droplet diameters for emulsions containing
10% oil and Tween 80 at a concentration of 50 ppm as function of
the type of emulsiﬁer and the process intensity.
It is evident that as the rotor speed increases the mean diameter of droplets decreases. This effect is the result of an increasing
amount of energy dissipated by the homogenizer to the sample
which leads to droplet disruption. Ultra Turrax reaches droplets
size even at the nanometer scale. This holds also for HPH. Combination of Ultra Turrax with HPH practically does not reduce
further the droplet size but droplets around 60–70 nm are already
small enough. The emulsion obtained with the DSS technique is
formed by droplets with dimensions smaller than the ones obtained
with the stirred system. On the other hand, DSS gives much larger
droplets: D[4,3] and D[3,2] are almost two orders of magnitude larger
whereas D[1,0] one order of magnitude larger than in the Ultra Turrax and HPH systems. Yet, the smaller droplets with DSS are about
1 m in diameter which is a droplet dimension still capable of yielding stability to an emulsion. The emulsions obtained by HPH, high
speed homogenizer and DSS also present an increased stability (e.g.
the DSS emulsion containing a Tween 80 concentration of 50 ppm,
presents no phase separation for as long as 2.5 h after the mixing
is stopped, while the emulsions obtained by Ultra Turrax followed

by HPH containing 3200 ppm are stable for more than two weeks
[18]).
The size distribution in the DSS emulsion is better illustrated
in Fig. 1. The number of droplets with diameters less than 1 m is
about 80% (calculated cumulatively) of the total droplets population (Fig. 1a), whereas droplets with diameters larger than 10 m
occupy about 95% (calculated cumulatively) of the oil volume
(Fig. 1b).
In Fig. 2, a microscope image of an emulsion obtained with the
DSS method is presented. Using the scale bar in the picture one can
easily recognize the families of droplets identiﬁed by laser diffraction: the large droplets with diameters close to 20 m and the small
droplets with diameters close to 1 m. Unfortunately, droplet size
distributions from digital images are not easy to estimate due to
the excessive contact and partial overlap of droplets. Qualitatively
speaking, though, results by light scattering agree with results from
optical microscopy. In addition, DSS emulsion has a macroscopic
milky appearance similar to the Ultra Turrax emulsions and unlike

Table 2
Statistical mean droplet diameters for different types of emulsiﬁers and process
intensity for 10% oil volume in the emulsion (see also [18]).
Method

Stirred
tank
Ultra
Turrax
HPH
Ultra Turrax
followed by HPH
DSS

Conditions

D[4,3] m

D[3,2] m

D[1,0] m

300 rpm
350 rpm
400 rpm
450 rpm
600 rpm
10,000 rpm
20,000 rpm
800 bar
20000 rpm + 800 bar

445
351
310
227
190
0.423
0.326
1.241
0.285

404
253
218
149
121
0.162
0.135
0.337
0.133

110
62.3
53.3
32
22.4
0.070
0.065
0.072
0.063

50 cycles

25

13.6

0.969

Fig. 2. Microscope images of an emulsion produced by the DSS method.
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Table 3
Statistical mean droplet diameters for the DSS emulsion following the addition of
certain emulsion stabilizers – 10% oil in the emulsion.

Fig. 3. Droplet size distributions resulting from different emulsiﬁcation techniques.

the emulsion in the stirred tank where free oil even ﬂoats at the
top.
The droplet size distributions of the different emulsiﬁcation
techniques expressed in number % is presented in Fig. 3. DSS yields
a narrow droplet size distribution which is very advantageous for
medical applications like controlled drug delivery.
In Fig. 4 the viscosity results for the 10% oil emulsions are
presented. One can observe that emulsions with smaller droplets
dimensions (stable homogenous emulsions) attain lower values
and are less dependent on shear rate than the emulsion produced
in the stirred tank containing bigger droplets. For the latter, the
existence of such large droplets makes viscosity measurements
prone to errors due to phase separation inside the rheometer test
cell. This is inferred also from the viscosity value at 10 s−1 shear
rate which is close to the value of the pure oily vitamin A solution: oil = 49.2 mPa s. Moreover, the DSS emulsion exhibits similar
shear-thinning behavior with the Ultra Turrax and HPH emulsions
(similar slope of viscosity versus shear rate). All in all, one would
expect good stability against phase separation of the DSS emulsion.

Fig. 4. Viscosity measurements on the emulsion function of different type of homogenizing method.

Stabilizer, % of total volume

D[4,3] m

D[3,2] m

D[1,0] m

DSS emulsion with no additives
C30 H62 O10 0.5%
Xanthan gum 0.03%
Xanthan gum 0.15%
Tween 80 3%
C30 H62 O10 0.5% + Tween 80 0.1%
C30 H62 O10 0.5% + Tween 80 1%
C30 H62 O10 0.5% + Tween 80 5%
C30 H62 O10 0.5% + Tween 80 10%
C30 H62 O10 0.5% + Glycerine 0.1%
C30 H62 O10 0.5% + Glycerine 1%
C30 H62 O10 0.5% + Glycerine 3%
C30 H62 O10 0.5% + Glycerine 7%
C30 H62 O10 0.5% + Glycerine 10%
C30 H62 O10 0.5% + Glycerine
0.1% + Xanthan gum 0.1%
C30 H62 O10 0.5% + Xanthan gum 0.02%
C30 H62 O10 0.5% + Xanthan gum 0.07%
C30 H62 O10 0.5% + Xanthan gum 0.1%
C30 H62 O10 0.5% + Xanthan gum 0.3%

25
19.0
27.6
25.5
25.0
25.2
25.9
30.7
29.1
21.7
24.7
19.2
17.2
20.8
26.8

13.6
10.1
15.2
11.8
13.6
13.4
9.17
17.8
16.8
11.6
18.8
15.4
10.1
11.6
13.9

0.969
1.00
0.97
0.99
0.97
1.00
1.14
1.17
1.11
0.98
1.07
1.07
0.97
1.01
0.98

21.2
23.7
17.3
10.0

10.4
11.0
11.2
6.2

1.01
1.00
1.03
1.02

An effort is made, next, to improve the stability of DSS emulsions by adding small quantities of certain additives that can act
as stabilizers. Table 3 shows the droplets dimensions for different
emulsion stabilizers added to the liquid/liquid mixture.
The addition of different stabilizers in the examined range of
concentrations has in general no strong effect on droplets dimensions. Some additives have minor effects on some statistical mean
diameters with no clear trend whatsoever. To this end, it appears
that there is no real beneﬁt to add such small quantities of these
substances to oil–vitamin A/water–VCM emulsions produced by
the DSS mehtod. For medical applications the already obtained
droplets size (below 20 m) seems to yield good enough stability
to the produced emulsions.

4. Conclusions
The main goal of this study is to compare different emulsiﬁcation techniques from the point of view of droplets dimensions
and of their viscosity. It is observed that the easy to use double
syringe system (DSS) can provide droplets with larger dimensions
than the ones obtained with other established high-energy homogenizing techniques (using high rotor speed or high pressure drop)
but smaller than the droplets obtained with a conventional stirred
tank method. At the same time, the stability and homogeneity
of the emulsions obtained with the DSS technique is higher than
those obtained by the stirred tank technique (rotation speeds up to
600 rpm).
On the other hand, the DSS technique proves to be able to
produce emulsions with viscosity properties similar to the ones
obtained with high speed homogenizers and HPH but at much
lower energy consumption. It is also observed that small quantities
of emulsion stabilizers do not inﬂuence the droplets size distribution in the examined range of concentrations.
Therefore, although the DSS method is not a standard emulsiﬁcation technique, it could be used to obtain moderately stable
emulsions which may be important in speciﬁc medical applications.
One conclusion is that by using a low concentration of nontoxic surfactant, such as Tween 80, in emulsions produced by DSS method
one may obtain stable emulsions for time intervals long enough in
order to allow their use in medical applications. This appears to be
a realistic approach since emulsions and/or foams [31,32] are currently applied in medical treatment immediately after preparation.
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