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coolant at temperatures below their freezing point was studied. This work is mainly focused on the size and
shape of the generated particles from phase change emulsified fats. Size of the particles is themajor or key factor
being considered during their formation, however, other factors that govern the particle size and shapewere also
observed. The operating parameters of the process were optimized in order to obtain particles of smaller size
ranges in the window of current operating conditions. The crystallization of complex emulsion matrices is very
difficult to control in the bulk at desired requirement. Hence, the emulsion drop to particle formation has advan-
tage in comparison with the bulk solidification or crystallization. The main objective of this work is to achieve
spherical emulsion particles in a direct contact cooling system. Parameters like: stability, characterization, viscos-
ity, and the effect of different energy inputs were examined. Moreover, the effects of the capillary size, interfacial
tension, temperature of the emulsion on the particle size were also monitored.
© 2015 The Chemical Industry and Engineering Society of China, and Chemical Industry Press. All rights reserved.
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1. Introduction
Thematerials used for the storage of thermal energy for a short span
of temperature are called phase change materials (PCMs). These mate-
rials absorb and release the thermal energy in the form of heat during
the loading and unloading of PCM storage, respectively. The phase of
these materials shifts from liquid to solid with the slight gradient of
temperature. The phase change materials (PCMs) have great impor-
tance in industry keeping in view their storage and transportation.
The smaller temperature interval influences the loading and unloading
capacity of PCMs significantly; hence, the properties of the PCM play
an important role for the proper design of the system. The storage ener-
gy is termed as phase change enthalpy [1,2]. Although, phase change
materials have been extensively studied for a number of applications
during the past few decades, their application in the formof solid spher-
ical particles below the freezing point has received great attention in re-
cent years [1–3]. Despite the fact that PCMs have a wide range of
potential applications in different fields, their use in the form of emul-
sion solid particles is limited, especially, in the area of pharmaceutical
industries. Therefore, the use of emulsion of phase change materials in
the form of solid particles is of great importance. Emulsion solidification
is one of the techniques among others for PCM systems. Generally, a va-
riety of PCMs may be employed for the preparation of solid particles,
.
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however, oils, fats and their commonly derivates available in themarket
are observed tomelt at ambient temperatures. Hence, their use as PCMs
is of great interest. They possess the properties that make them suitable
for the preparation of phase change materials (PCMs) in the tempera-
ture range of 0–110 °C. Below 0 °C, water, water–salts and water–or-
ganics eutectics exhibit high latent heats and above 110 °C, fatty acids
are not suitable for thermal application due to the thermal degradation.
Hence, palm oil with melting temperature range 35–40 °C was selected
as PCM despite the fact that it is widely used in the food industry. The
solidification behavior and drop formation pattern were obtained
from palm oil emulsion which was used as model substance in our pre-
vious studies [4,5].

Emulsions comprise the systems in which droplets of one liquid dis-
persed in another immiscible liquid. They are generally classified into
two types, namely, w/o and o/w emulsions. In the first type of emul-
sions, water droplets dispersed in the oil phase, and in the second
type oil droplets distributed in the water medium. Food emulsions lie
in the first type while water in the crude oil in the petroleum industry
belongs to the second category [6]. The emulsions can also be further
classified into more complex forms like: w/o/w or o/w/o emulsions.
These complex emulsions are referred as double emulsions. Emulsions
are not stable systems, so it is accepted that emulsifiers or surfactants
are used to stabilize the emulsion matrix [7]. Moreover, emulsifiers
have more affinity to the continuous phase than to the dispersed one;
thus Span, a nonionic emulsifiers with higher hydrophobic than hydro-
philic character is adequate to form w/o emulsion of palm oil, a phase
ustry Press. All rights reserved.
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change material. Generally emulsions can be produced by different
systems like: high pressure systems,membrane systems, ultrasonic sys-
tems, rotor systems and disc like systems as described briefly [8]. Differ-
ent parameters like: thermal and physical properties, preparation
method, surfactant type, mass ratio, and microstructure that influence
the emulsion properties of PCMs have been extensively studied [1,4,5,
9–12].

The mechanism of drop formation from a capillary tube, nozzle or
orifice into another immiscible liquid has received great attention for
over a century. Different variables that governed the drop formation
mechanism are density of dispersed and continuous phases, interfacial
tension, nozzle design including shape and size, and viscosities of both
phases [13]. When a disperse phase is injected into another immiscible
liquid at very low flow rate through an orifice or the capillary, two dif-
ferent drop formation mechanisms are observed. Qualitatively, these
mechanisms may be classified as: firstly, almost static growth at the
capillary tips, and secondly, the necking and the detaching. It is obvious
that the static approach as described here is insufficient to get through
the insight of the dripping dynamics [14], therefore, the effect of the vis-
cosity, flow rate and capillary diameters [15,16], drop generation in the
flowing medium [17,18], uniform wax particles in coolant below the
freezing point [19] have been studied extensively. The solidification be-
havior of drops produced from phase change materials (PCMs) has got
great importance. Therefore, the different parameters which influence
the process were studied. The purpose of this study was to monitor
the different factors like: the emulsion characteristic i.e., preparation
methods and energy inputs, viscosity of the emulsions, effect of capillary
size, interfacial tension and the temperature of the emulsion were ob-
served. In addition, the crystallizationmechanism that happenedwithin
the solid particles during solidification was also examined.

2. Experimental

2.1. Chemicals

Refined palm oil obtained from Fluka (Sigma-Aldrich Chemie GmbH,
Germany) having m.p. 30–40 °C and composition linoleic acid 6%–13%,
myristic acid 0.5%–6%, oleic acid 35%–50%, palmitic acid 35%–48% and
stearic acid 3%–7% was used as model substance for the preparation of
emulsions. Sorbitan laurate i.e., Span 20 received from Merck (Merck
SchuchardtOHG,Germany)was used as an emulsifier for the stabilization
of the emulsion. Berliner Blau löslich (Riedel-de Haën AG, Germany) and
Alizarin Red S (Fluka Chemie AG, Germany)were used as dyes for themi-
croscope analysis of the emulsions and the particles produced from the
emulsions. Polysorbate Tween 20 (Carl-Roth GmbH, Germany) was
used in the coolant to reduce the interfacial tension. All the chemicals
were used as obtained without further purification. Distilled water was
used for all the scheme of experiments.

2.2. Experimental method

The emulsions were prepared by using palm oil as a continuous
phase at different concentrations, distilled water as dispersed phase
and Span 20 as an emulsifier. Both palm oil and Span 20 were heated
at different temperatures separately before mixing. The surfactant was
then dissolved in the oil at the same temperature. After that distilled
waterwas added to themixture of oil and surfactant at the same temper-
ature. The water compositions in the emulsion matrices were varied
from 5%–30% by volume. The type of emulsion remains the same until
30% of water concentration in the emulsion. The mixture was then
stirred continuously for 30 min with a magnetic stirrer at 700 r·min−1

and the other matrices of emulsions were prepared with an ultra turrax
T25 (IKA® Labortechnik) at four different tip speeds (8000, 9500, 13,500
and 20,500 r·min−1). The temperature was kept constant throughout
the experiment. The emulsion was stable up to 30 min as reported pre-
viously [4,5]. The properties of the emulsions produced by a magnetic
stirrer and a rotor stator system were obtained with the help of a light
microscope (×100, VHX-500F) supplied by Keyence, Neu-Isenburg,
Germany attached to the microscope cell to maintain the temperature
of the emulsions alike with that of emulsion preparation. Whereas the
size and the shape of the solidified emulsion particles were measured
by a light microscope (×16.5, BH2) provided by Olympus, Tokyo,
Japan, also connected to the microscope cell to keep the temperature
similar to that of temperature of coolant during solidification. The viscos-
ity of the emulsions was measured by standard operating procedures
with the help of a Rotational Viscometer (VT550), Thermo Haake
GmbH, Germany. The schematic diagram of the experimental setup is
described by Fig. 1. In this figure, photographs of the actual experimental
setup andmagnified image of the solid particles obtained have also been
included.

The prepared emulsions were pumped using a syringe pump (Cole-
Parmer, VERNONHILLS, USA) through a capillary of various sizes situat-
ed at the bottom of the coolant vessel. The purpose of the emulsion
feeding by capillary of two different sizes was to generate uniform
drops of various sizes. The inner diameters of the capillaries used were
of 0.5 mm and 1.0 mm, respectively. The total volume of the emulsion
used for the preparation of emulsion drops from the capillary was 2–
3 ml and the experiments were terminated between 18 and 20 min,
so there was not much concern regarding the instability of the emul-
sion. The produced emulsion drops in the coolant (water) turned into
solid form in the coolant at low temperature. The height of the coolant
used in the jacketed vessel was 60 cm and it starts from the injection
point of the drops till the collection point of the particles. The total vol-
ume of the coolant was 2000 ml. The temperature of the coolant was
kept at 10 °C. Spherical drops of the emulsions were formed at the tip
of the capillary and started ascending in the continuous coolant
(water) system. The dropswere almost spherical at the start of their up-
ward acceleration. As the drops ascended in the coolant water, solidifi-
cation started. These semi-solid spherical drops hereafter called
particles were turned somewhat into an ellipsoid shape i.e., circular
from top view and disc like shape from side view [4]. The particles
were collected at the top of the coolant for further measurements.
Tween 20 was used in the coolant to reduce the interfacial tension be-
tween the coolant and the emulsion drops.

3. Results and Discussion

The experiments were carried out in order to observe the influence
of different parameters on the rheology of emulsions and their effects
on the size and the shape of the particles produced from these emul-
sions. These parameters include: emulsifier concentration, energy
input, viscosity, size of the capillary used for the drop formation, tem-
perature of the emulsions, and the effect of the interfacial tension be-
tween the working materials and the coolant. The drops of the
emulsion are then called particles after solidification in the coolant.
The size of the particles, obtained, was measured by a light microscope.
When the particles are not exactly spherical, but somewhat ellipsoid in
shape, then the particle diameter is described by an equivalent diame-
ter. The equivalent diameterwas calculated by Eq. (1) as described else-
where [3].

dp ¼ a2 � b� �1
3 ð1Þ

where, dp is the equivalent diameter of single particle and “a” and “b”
are the major and minor diameters of the individual particle measured
by Eq. (1), the equivalent diameter of single particle was then calculat-
ed. In these experiments, 20–30 particles were measured and then the
average valuewas used similar to themethod described in the literature
[3] where they used 40–60 particles for themeasurements of their sizes
and then mean value was calculated in case of solid particles.



Fig. 1. Schematic diagram along with experimental setup of emulsion preparation (A) and drop launching unit (B).
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3.1. Effect of surfactant concentration on the size of the particle

The equivalent diameter of particles at different surfactant concen-
trations was measured at various flow rates. The effect of surfactant
concentrations on the size of the particles is shown in Fig. 2. The flow
rate of the injected emulsion stream was varied from 8 to 18 ml·h−1.
The surfactant concentration was varied from 0.2% to 5% by volume.
Fig. 2 shows that the particles are up to 5 mm in size at 0.2% surfactant,
even at low flow rates. In Fig. 2, the column bar graphwas also included
which showed the effect of surfactant concentration on the particle size
for clarity and better understanding. The size was reduced to 3.5 mm
when a surfactant concentration of 2% by volume was used, and there
was no further decrease in size even when the surfactant concentration
was increased to 5%. It was observed that the surfactant concentration
of 2% by volume is sufficient for the stability of the emulsion. The obser-
vations are well in agreement with the results as reported in the litera-
ture [20] in the case of preparation of w/o emulsion with a magnetic
stirrer by the use of a mixture of Span and Tween surfactants with an
overall concentration of 5% by mass. Similarly, in the case of a rotor
stator system, the use of a surfactant concentration for the production
of stabilized w/o and w/o/w emulsions with Span series is monitored
[7]. The concentration was varied from 0.5 to 5% also by weight for the
stability of emulsions. Moreover, the concentration was increased to
Fig. 2. Effect of surfactant concentration on the equivalent diameter of the particles at differentfl
emulsions were produced by a magnetic stirrer at 60 °C and at 700 r·min−1 and 30% water by
decrease the interfacial tension between the drop at the capillary exit
and the coolant water. The interfacial tension was further decreased
by the use of detergent in the coolant. Furthermore, the size of particles
was observed in three different size patterns [3]. The classification was
made for the observation of the flow rate effect on the size of the particle
leaving the capillary exit.

It is noted that the particle equivalent diameter at a flow rate of
8 ml·h−1 and a surfactant concentration of 0.2% by volume was
5.0 mm. The equivalent diameter of particles decreased to 3.5 mm at
2.0% at the same flow rate. The formation of pure hexadecane particles
by 1.0 mm capillary in a coolant system was reported in the literature
[3]. They observed the formation pattern of the particles at three differ-
ent flow rates and categorize them into three different regions. Hence,
the particles obtained in our systemwith the similar size of the capillary
are in the range of 5.0 to 3.5 mm at different conditions. Likewise, the
formation of wax particles in direct coolant water system was studied
by Fang et al. [19], They achieved the spherical wax particles of good
shape and desirable flowability in a water-cooling tower. The semi-
refined and crystalline waxwas used to produce wax particles at differ-
ent temperatures of the coolant. They obtained wax particles of size 4–
5 mm using the capillary or nozzle with corresponding inner and outer
diameters of the nozzle of 0.96 and 1.28 mm, respectively. Therefore,
the results obtained in this study arewell in agreement as reported [19].
ow rateswith a capillary size of 1.0mmwith a) line symbol and b) column bar graphs. The
volume.



Fig. 3. (a) Lightmicroscopic image of the emulsion prepared at 700 (A), 8000 (B), 9500 (C), 13,500 (D), and 20,500 (E) rpm at 60 °C and 30%water by volume. Scale bar: 50 μm. (b) Droplet
size distribution corresponding to statistical values of the droplet diameter of the emulsion prepared at 700 (A) 8000 (B) 9500 (C), 13500 (D), and 20500 (E) r·min−1 at 60 °C and 30%
water by volume.
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3.2. Effect of energy inputs on the emulsion characteristics

The emulsions prepared at different energy inputs by a magnetic
stirrer and an ultra turrax system and their characteristics were mea-
sured with the help of a light microscope. The microscopic images of
the emulsions and the distribution of the water droplets in the emul-
sions are shown in Fig. 3(a) and (b), respectively. The droplet size distri-
bution of the emulsion matrices prepared by different methods and at
various energy inputs is plotted against the statistical values of diameter
of the droplets distributed in the w/o emulsions for better understand-
ing andmore clarity. It is noteworthy that as the energy input increases,
it is possible to produce smaller droplets and emulsions with a narrow
droplet size distribution. It was observed that the droplets distributed
in the emulsionproduced at 9500 r·min−1 arefinely distributed around
the average value. However, the reverse mechanism was observed as
the energy input was increased by increasing the tip speed as shown
in Fig. 3(b) (D, E) where the size distribution is not a narrow distribu-
tion. Moreover, some images showed creamy or gel-like character of
the matrix, which may be due to the coalescence of fine water droplets
present in the emulsions as observed in Fig. 3(a) (D, E). It might be that
the coalescence increased more than the droplet break-up as the speed
was increased.

3.3. Size of the particles

The size of particles plays a vital role in carrying and transportation
of different materials for their fruitful use. Therefore, attempts were
made to reduce the size of particles obtained by the emulsion drops.
Different parameters like: interfacial tension, effect of temperature of
the emulsions and the viscosity of the working materials were
monitored.

3.3.1. Effect of interfacial tension on the size and shape of the particles
The interfacial tension is one of the principal factors determining the

size of the drops from the capillary or the orifice. It is the responsible
force for keeping the drop attached to the capillary pore until the inter-
facial force is higher than the shear force applied. Moreover, the drop
grows at the capillary pore until the shear force is higher than the inter-
facial tension force. Therefore, hydrophilic detergent or an emulsifier
(Tween 20)was used in the coolant to reduce the interfacial tension be-
tween the coolant and the drops so that the two forces will attain
Fig. 4. Comparison between the sizes of the particles in the presence and absence of
detergent in the coolant obtained by 0.5 and 1.0 mm pore size of capillaries with 15%
water by volume and at 9500 r·min−1.
equilibrium much earlier. The concentration of emulsifier (Tween 20)
was 0.5% by volume.

It is to be noted that the hydrophobic emulsifier (Span 20) was used
for the emulsion stability. Figs. 4 and 5 illustrated the size and the shape
of the particles obtained in the presence and absence of the detergent in
the coolant. The emulsions were prepared at different temperature
ranges from50–9 °C. In Fig. 4, the equivalent diameter of the particles ob-
tained from emulsions of various temperatures is plotted against the
temperature of the emulsion. After drop detachment, an adequate
amount of surfactant (detergent) present in the coolant adsorbs at the
hemispherical interface before the critical pressure is reached to form
the next drop. The adsorption of the surfactant is a kinetic process and
is exhibited by the dynamic interfacial tension of the given surfactant
[21]. Hence, Tween 20, a non-ionic surfactant was used in the coolant
to provide a sufficient amount that adsorbs on the hemispherical inter-
face to reduce the interfacial tension between the forming drops at the
pore of the capillaries used. From Fig. 4, the equivalent diameters of par-
ticles observed at 50 and 90 °Cwithout an emulsifier (0.5% by volume) in
the coolant are 3.8 and 3.2mm, respectively. However, the equivalent di-
ameter of particles falls to 2.7 and 2.2mm in the presence of Tween 20 at
the corresponding conditions. These measurements were obtained
when the capillary size of 1.0mmwas used. Similarly, the corresponding
observationswith a capillary size of 0.5mmwere 3.6 to 3.1 and 2.3 to 1.8
in the absence and presence of the detergent in the coolant at the spec-
ified temperature conditions of the emulsion.

On the other hand, the shape of the particles obtained at the condi-
tions described in the above paragraph is shown in Fig. 5. The shape of
the particles is described by the roundness of particles which is given by
the ratio of theminor to major diameters of the particle as illustrated in
Eq. (1). The shape or the roundness of the particles was not affected by
the temperature of the emulsions, however, the presence of emulsifier
influenced the particle roundness. It is recognized that the particle
roundness reached 89%–90% in the presence of an emulsifier when a
capillary size of 0.5 mm was used. This value falls in the range of 77%–
78% when there was no emulsifier in the coolant and a capillary size
of 1.0 mm was used. So, from these examinations, it can be revealed
that the smallest particles give the highest roundness. It is monitored
that the drop size decreases up to 29%–31% and 36%–41% by the capil-
lary of 1.0 and 0.5 mm inner diameter in the presence of detergent
(0.5% by volume) in the coolant. Also, the roundness of the particles ob-
tained was increased to 12%–13% in the presence of an emulsifier. The
percent decreases and increases indicate the reduction in size of the
Fig. 5.Comparison between the roundness of the particles in thepresence and absence of a
detergent in the coolant obtained by 0.5 and 1.0 mm pore size of capillaries with 15%
water by volume and at 9500 r·min−1.
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drop and the increment in the shape of particles when there was no
emulsifier in the coolant with the same mentioned capillary sizes. The
deviation or the decrease in the drop (particle) size in the presence of
an emulsifier (detergent) is higher compared to the results reported
[22], which is an advantage. The deviation observed was 12.9% and
the difference in the results reported in this work could be due to
the different liquid–liquid systems for drop generations.
Fig. 7. The viscosity versus rotational speed with 20% water by volume and at 60 °C.
3.3.2. Effect of the emulsion temperature on the size of the particle
Temperature plays an important and significant role in the prepara-

tion and stabilization of emulsions especiallywater-in-oil emulsions. It in-
fluences the different variables such as the viscosity of each phase and the
solubility of the non-ionic surfactants in either phase. Fig. 6 shows the ef-
fect of temperature of the prepared emulsion on the equivalent diameter
of the particles. The equivalent diameter of the particles was plotted
against temperature on a column bar scale for clarity which is the replica
of Fig. 5. It is mandatory to observe the influence of temperature on the
w/o emulsion stability. It is noted that at a higher temperature, the stabil-
ity of the emulsions is slightly reduced in the first hour after preparation
and then with time, the effect becomes significant [23]. The stability of
the emulsions plays a key role for the formation of particles. Moreover,
the size, shape and structure of thematerials (particles) also play a signif-
icant role in their storage and transportation. Thematerials having small
size and of regular geometry possess excellent properties likeflowability,
handling, and their energy storage capacity in the case of phase change
materials (PCMs). In the current study, the material used for the storage
of energy is the emulsion of palm oil, therefore, the properties of the
emulsion have importance in the formation of particles being used for en-
ergy storage for short interval of time. Hence, the less aggregation of the
droplets in the emulsion and its stability for a long time have greater sig-
nificance. Therefore, the particles obtained from fine and stable emulsion
are considered as potential candidate for the better storage and transpor-
tation of the particles On the other hand, the viscosity of either phase re-
duces significantly with temperature. Therefore, the water droplets
distributed in the emulsion gainedmuch kinetic energywhich ultimately
raised the water droplet collision with each other. The collision between
the water droplets then finally leads to the instability of the emulsions
with time. Also, at lower temperature, the viscosity is high for the dense
emulsions, but when the temperature increases, there will be no further
change in the viscosity as reported [24].
Fig. 6. Influence of temperature of the emulsions prepared at 9500 r·min−1 on the size of
the particles produced by the capillary of pore sizes 0.5 and 1.0 mm.
3.3.3. Effect of energy input on the viscosity of the emulsion
The effect of different rotational speeds of a rotor stator on the vis-

cosity of the emulsions prepared was measured. The viscosity initially
decreaseswith the increase of speed and then becomes almost constant
with a further increase in the rotational speed. Fig. 7 shows the effect of
rotational speed on the viscosity of the emulsions produced. From Fig. 7,
it can be revealed that the viscosity of the emulsions stays almost the
same if the rates per minute are above 9500 and at 60 °C and 20%
water by volume. Therefore, the flow behavior of the emulsions and
drop formation from the capillary of two different pore sizes was done
at various temperatures of the emulsions.

In our previous observations [4], it was noted that water concentra-
tion in the emulsion from 5 to 25% by volume has no effect on the size
and shape of the particles obtained from the emulsion. When the
water concentration in the emulsion is low (5%), fine droplets are dis-
tributed in the emulsions which results in a viscosity higher compared
to higher concentrations of water. The smaller the droplet size, the
higher is the viscosity of the emulsion [25]. As the water concentrations
in the emulsions increase, thefinedroplets come closer together and co-
alescence of the droplets occurs and this eventually reduces the viscos-
ity of the emulsion. The reduction in viscosity of the emulsion at higher
water concentration is due to droplet coalescence or flocculation. At a
higher water concentration the rheological properties like the viscosity
of the emulsion are according to the ratio of the surface tension and ra-
dius of the droplet [25]. Therefore, it is expected that, with the increase
in the drop radius, the surface tension, viscosity, stress and rheological
properties decreases. It is also reported that the effect of the viscosity
on the droplet diameter in water-in-oil emulsion increases when the
concentration of water increases in the dispersed phase, the rheology
of the dispersed phase changes considerably due the interaction of the
droplets [24]. Therefore, coalescence at higher water contents would
be faster and hence the decrease in the viscosity might broaden the
droplet size distribution. Therefore, the water concentration in the
emulsions discussed in terms of viscosity of the emulsion is not a unique
factor which governs the drop formation by a capillary.
3.4. Crystallization mechanism within the solid particles

Prior to the crystallization occurring in the solidified particles, the par-
ticles solidify in a direct contact coolant below the freezing point of the
emulsion. In the solidification, the emulsion drops exchange heat with
the coolant and this heat transfer results in two steps. At first, the emul-
sion drops releases heat to the liquid coolant surrounding the drop.
When the surface temperature of a liquid drop reaches its solidification
temperature, a thin solidified layer of the emulsion begins to envelop
the emulsion drop. In this first cooling step, which is terminated by the



Fig. 8. Droplet distribution at 9500 r·min−1 and at 60 °C and 30% water by volume: light microscope image of emulsion (A), size distribution (B), light microscope images of thin layer of
solidified particles generated from emulsion (C, D). Scale bar: 50 μm.
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start of solidification, the sensible heat of the drop is dissipated into the
coolant by convective heat transfer inside as well as outside the liquid
drop which now becomes a particle, a solidified emulsion particle. In
the second cooling step, which may initiated by the start of solidification
of the particle surface, the latent heat of solidification released by freezing
is transferred by conductive heat transfer through the solid enveloping
layer forming on the particle and is transferred by convective heat trans-
fer from the particle surface to the coolant. At this time, the sensible heat
transfer rate from liquid PCMs contained in the core of drops is small com-
pared to the latent heat of solidification transfer rate. Thus, the heat trans-
fer in the liquid core is of little significance [3,4].

Fig. 8 shows the microscopic images of emulsion prepared with 30%
water, 2% Span 20 and the balance is the palm oil by volume at
9500 r·min−1 and at 60 °C, size distribution of water droplets in the
emulsions and the images of thin solid layer of emulsion particles. The
crystallization mechanism and the structure inside the solid are shown
in Fig. 8(C, D). The droplets froze in the particles of size 50 μm and
above are shown in “D” while the fine droplets less than 30 μm are
exhibited in “C” of the said figure. It is also observed that the fine frozen
droplets show ahairy like structure around the peripherywhich indicates
the crystallization behavior of the fat which was emulsified and then so-
lidified in the coolant below the freezing point. It means that the water
droplets distributed carry out the crystallization of the emulsified fat sur-
rounding it and grow in the form of fine needle like crystals. Generally,
fats are naturally occurring triglycerides (TAGs) and fatty acids that con-
tribute an appropriate oil phase for the production of most of the food.
Pure and mixture of TAGs grow as spherulites which are made of several
crystalline ribbons that grow radially from a similar central nucleus. The
ribbons that result the spherulite are needle like shape in most of the
cases. Irregular structures of spherulite are frequently observed due to de-
formation and the interface with the liquid may diffuse. Different
morphologies of TAG spherulites are due to difference of the driving
force which causes changes to the mechanism of secondary nucleation
of crystal layer.

Crystallization mechanism of different palm oil emulsions shows
the heterogeneous nucleation mechanism according to the kinetic
measurements of solid fat contents, but the mechanism alters
when the emulsion matrix was diluted with sunflower oil as de-
scribed elsewhere [26]. They proposed a self-nucleating mechanism
for complex fat emulsion matrixes and noted that a supercooling is
needed to induce the crystallization mechanism. It is assumed that
the crystallization within the solid particles may follow the mecha-
nism as described.

4. Conclusions

The process of emulsion drops to particle formation has been devel-
oped by optimizing and modifying the parameters which have effects
on the process. The smaller particles have their advantage in better stor-
age and transportation properties. The fine particles are also considered
as good carrier of the hydrophilic and hydrophobic materials. The for-
mation of solid particles from the phase change materials was done
under different working conditions. The emulsions prepared by
different methods were characterized and noted that 2% surfactant
concentration is enough for sufficient stability. The results for the stabil-
ity of emulsions are well in agreement with the reported results [7]. It
was also observed that the droplets in the emulsions produced at
9500 rpm are fine and showed a narrow size distribution around the
mean value. The particles of diverse sizes at various conditionswere ob-
tained. The particles of the emulsions from the capillary of two different
sizes and the effect of temperature were monitored. Particles are small-
er when the interfacial tension between the coolant and the injected
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drops was reduced by mixing of the detergent (0.5% by volume) in the
coolant. The particle sizewas reduced to 41% by the use of the detergent
in the coolant.Water concentration in the emulsion showed noeffect on
the viscosity of the emulsion and its value remains the same when an
energy input in the form of rotational speed was 9500 r·min−1 and
above. The crystallization mechanismwithin the solid particles was ob-
served and noted that needle like crystal grows at the periphery of the
droplets which leads to the spherulitic growth of the emulsified fats.
Nevertheless, the crystallization mechanism within the emulsion parti-
cles is discussed briefly, but it is also noteworthy that the mechanism is
still and certainly worthy of further study and observations.
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