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Abstract

The objective of this study was to investigate the influence of acylglycerol (AG;
mono-diglycerides) and acylpropyleneglycol (APG; fatty acid mono-diesters of propylene
glycol) lipophilic emulsifiers, as well as their mixtures, on the structural transformations of
emulsions, observed during emulsion formation and storage. The investigations aimed to
characterize the phenomena that can be encountered during the manufacturing and shelf-life
of emulsions prepared with these commonly used emulsifiers. It was found that in the
presence of AG or AG-APG mixtures and up to 55-60 wt.% water content (depending on the

emulsifiers proportions) continuous emulsification and cooling of the water-in-oil (W/O)
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emulsion initially formed, led to the local phase inversion and finally formation of an oil-in-
water-in-oil (O/W/O) double emulsion with unique structure. The inversion was caused by the
temperature-dependent formation of the multilamellar liquid-crystalline structures of
monoglyceride in the aqueous phase of emulsion. The self-assembled structures encapsulated
oil droplets formed under the dynamic emulsification conditions and immobilized them in a
liquid-crystalline gel matrix. The resulting oil-in-water (O/W) emulsion gel was then
gradually dispersed in the oil phase, which was not involved in the formation of the internal
oil droplets. Finally, double O/W/O-type droplets were produced. Their structure can be
described as an O/W-emulsion lamellar-gel core surrounded by the interfacial layer of the
crystallized surface-active components of the emulsifiers. Such droplets coexisted in the
external oil phase with water droplets. When APG emulsifier was used as a sole stabilizer, no
phase inversion was observed. The W/O emulsion produced with this emulsifier underwent
crystallization- and shear-induced flocculation and subsequent deflocculation during the
emulsification. We also report on the time-dependent structural evolutions of the finally-
produced emulsions. The outcome of the multiple light scattering experiments and
microscopic observations was that emulsions based on the AG emulsifier or the AG-rich AG-
APG blends developed with time towards more tightly packed systems due to formation of a
fat-crystal network in the continuous oil phase. When the only emulsifier used was APG, the
structure of emulsion settled within three weeks, due to formation of crystalline bridges

between droplets.

Keywords: Interfacial crystallization, double emulsion, phase inversion, liquid crystals,

rheology
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1. Introduction

Interfacial crystallization (at oil-water and air-water interfaces) and the ability to form
various liquid-crystalline phases with water are two very important features of
monoglycerides (monoacylglycerols, MAGs), which have an influence on their wide use in
many food applications, cosmetic products and pharmaceutical formulations [1-4]. The phase
behavior of saturated MAGs-water systems is relatively well understood [5-10]. Above the
Krafft temperature (the melting temperature of the hydrocarbon chains) the liquid-crystalline
lamellar phase is formed, which can transform into the cubic phase if the temperature is
further raised. Below the Krafft point, the lamellar phase transforms into the so-called a-gel
(highly-hydrated structure of the MAG bilayers with ordered hydrocarbon chains), which in
turn converts with time to the so-called coagel phase, a network of platelike crystals. Both gel
phases can be used in food products [11-13]. Since they differ in functional properties (e.g.,
hardness, foam stability), strategies for the preferential formation of one of these two phases
have been a subject of scientific investigations [13]. The kinetics of the a-gel—>coagel
transition was studied mainly for binary MAG-water systems [13-19]. The transformation of
this type in the MAG-based ternary system, comprised water, oil and acylglycerol emulsifier,
was initially shown in our previous work [20,21]. More recently, the transition was studied by
Marangoni et al. for ternary gels composed of vegetable oil, water and monoglyceride/co-
surfactants [22,23]. The authors proposed that material as “a heart-friendly, low-saturate, trans
fatty acid-free” alternative to conventional spreadable fats and shortenings.

In many food and cosmetic applications, mono-diglycerides (a mixture of MAGs and
diacylglycerols, DAGs) are used. Both components are main products of either glycerolysis of

triacylglycerols (TAGs) or esterification of glycerol (G) with fatty acids (FAs), two main
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industrial processes used for the production of acylglycerol emulsifiers [24]. The commercial
mono-diglycerides always contain some residues of TAGs, FAs and G. In some food products
(i.e., non-fat cake systems), MAGs are used in combination with another lipophilic crystalline
emulsifier, propylene glycol monostearate (PGMS), in order to make stable a-crystalline
blends of emulsifiers [1]. PGMS is an a-tending emulsifier [9,25]. It crystallizes in the o-
crystal form at about 39 °C [10]. PGMS is used in food industry as an effective emulsifier in
toppings, bakery shortenings and cake mixes [1]. In cosmetic formulations, it can be used as
an auxiliary emulsifier and viscosity modifier [26]. Like mono-diglycerides, fatty acid mono-
diesters of propylene glycol (PG) can be obtained by means of direct esterification of PG with
FAs or by transesterification of TAGs with PG. The latter process yields a complex mixture
of PG mono- and diesters and up to 10-15 % MAG, DAG and TAG as well as G and FAs,
and also some unreacted PG [9,24,27].

In oil-continuous emulsions, the emulsifying effectiveness of long-chain saturated
fatty acid monoesters of G and PG (e.g., monostearins, monopalmitins) is mainly due to their
ability to form mechanically strong crystalline films at the water-oil interface that prevent a
coalescence of dispersed water droplets [21,28,29]. The best protection of droplets (i.e., the
most effective coverage of the interface) can be obtained when the adsorbed fatty material
crystallizes directly at the interface [30], or in other words, when the crystallization follows
the adsorption step. Such a sequence can take place if the emulsification process is begun at
the temperature higher than the crystallization range of the surface-active substances and
followed by their solidification at quiescent conditions, or carried out under progressive
decrease of temperature throughout the entire crystallization range [21,29].

In this study, we found that the combination of in situ formation of liquid crystalline
phase and interfacial fat crystals determined the types of transitions in emulsion

microstructure during the emulsification. The primary goal of our work was to investigate the
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effect of counterparts of the commercial acylglycerol and acylpropyleneglycol emulsifiers,
used separately and together in various proportions, on the character of structural transitions
of emulsions. We have reported the results of two sets of experiments, the first on the
temperature/shear-dependent transformations of emulsions during emulsification processes,
and the second on the post-crystallization changes in emulsion structure under quiescent

conditions.

2. Experimental

2.1. Materials

Acylglycerol (AG) and acylpropyleneglycol (APG) emulsifiers were synthesized by
means of uncatalyzed esterifications of respectively, glycerol (G; 99.5+% purity; Chempur
Company, Poland) or propylene glycol (PG; 99.5+% purity; POCH Company, Poland), with
stearic acid (SA; Sigma-Aldrich Chemie Gesellschaft GmbH & Co. KG, Germany). The SA
substrate consisted of 92.2 wt.% stearic (C18:0), 4.0 wt.% palmitic (C16:0), 1.8 wt.% shorter
and longer saturated and 2.0 wt.% unsaturated fatty acids. Total esterification procedures were
analogical to those described in the previous reports [29,31]. The initial molar ratios of G/SA
and GP/SA were 1:1 and 1.25:1, respectively. The compositions of the emulsifiers prepared
(determined by GC and HPLC) were as follows; (i) AG emulsifier: 43.0 wt.% glycerol
monostearate (GMS), 25.4 wt.% glycerol distearate (GDS), 6.1 wt.% glycerol tristearate
(GTS), 153 wt.% SA, and 10.2 wt.% G; (i1) APG emulsifier: 48.7 wt.% propylene glycol
monostearate (PGMS), 14.3 wt.% propylene glycol distearate (PGDS), 25.1 wt.% SA, and
11.9 wt.% PG. The hydrophile-lipophile balance (HLB) of the emulsifiers was determined

experimentally via the emulsion comparison method, as described in detail previously [21].
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The HLB numbers obtained were 4.0 and 3.4 (£0.1), respectively for AG and APG. In this
study, AG and APG emulsifiers were used separately or as mixtures at various proportions,
from 9:1 to 1:9 w/w. Note, the name “AG/APG emulsifier” used in the text corresponds to the
equivalent mixture of both components. The water used for the preparation of emulsions was
purified in a ROpureST/NANOpure system (Barnstead, USA). The oil phase was composed

of paraffin oil and paraffin wax, 9:1 w/w (both supplied by Sigma-Aldrich).

2.2. Preparation of emulsions

Emulsions were prepared by stirring in a glass, thermostated emulsor, using a
mechanical stirrer (Model RZR 2021; Heidolph, Germany) equipped with a steel agitator.
Water and the paraffin/emulsifier mixture (10 wt.% of the emulsifier, with respect to the total
amount of oil and water phases) were separately heated to 75 °C, and subsequently water was
gradually added (within about 10 s) to the mixture of oil and emulsifier under continuous
stirring (500 rpm). The water:oil weight ratios ranging from 20:80 to 80:20 were examined.
Emulsification was carried out in a decreasing temperature range of 75-25 °C. Selected stable

emulsions were kept at room temperature (23 £1 °C) for further experiments.

2.3. Phase diagrams

During the emulsification, the electrical conductivity and the temperature of the
studied systems were continuously measured to determine the type of the emulsion formed
(i.e., water-in-oil, W/O, or oil-in-water, O/W), the phase inversion temperature, and an
eventual separation of the dispersed water phase leading to an emulsion breakage. The
conductivity was examined using a conductivity cell [32]. Samples of the systems were taken
at various stages of emulsification (i.e., at different temperatures) and immediately

microscopically studied. Sudden, considerable changes in the macroscopic appearance of the
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systems (e.g., homogeneity, phase separation) were also investigated by visual inspection.
Moreover, changes in the apparent viscosity of emulsion were monitored in situ over the
whole temperature range of the emulsification process as described below in detail. Based on
the data obtained, two types of phase diagrams were formulated. The first one shows the
dependence of emulsion type/structure on the temperature of emulsification and the water:oil
phase ratio. In the second-type diagram, the temperature- and shear-dependent structural
transformations of emulsions have been displayed as a function of the relative concentration
of AG emulsifier versus APG emulsifier (irrespectively of the AG:APG ratio, the total
amount of the emulsifiers was equal to 10 wt.% of both oil and water phases). The diagram of
this type was prepared for constant water:oil proportion of 40:60 w/w. The temperatures of
the corresponding transitions in emulsion structure were determined from three preparations

and showed a maximum standard deviation of 0.5 °C.

2.4. In situ rheological analysis

The emulsification processes were repeated directly in an AR2000 rheometer (TA
Instruments, UK), which gave an opportunity to measure in situ the apparent viscosity of the
emulsions as they were being formed. The rheometer was equipped with a vaned rotor/cup
arrangement (12 mm and 15 mm radii respectively, bottom gap = 5 mm) operated in constant
rotation mode. Prior to experiment, the temperature-controlled cup was filled with the
appropriate amounts of emulsifier and oil/wax (as specified above) and heated to 80 °C. To
ensure the components were completely melted and mixed, a 3-min pre-shear was applied.
The premix was left undisturbed for 2 min before a pre-heated water phase was introduced
into the system in the amount required to give a desired water:oil phase ratio. The
emulsification was carried out over a decreasing temperature range 75-25 °C (45 min) at a

shear rate of 500 s'. The high shear rate was chosen to mimic the conditions of emulsion
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preparation where a high stirring rate was required to thoroughly mix the system and produce
the emulsion. The apparent viscosity was measured every 20 s and expressed as a function of
temperature. The temperatures of the significant changes in viscosity, related to the transitions
in emulsion structure, were determined from three measurements of the emulsion systems
produced under the same conditions. The maximum standard deviation did not exceed 0.5
°C. Control analyses were also done for the emulsions without paraffin wax as well as for the

pure paraffin oil.

2.5. Microscopy

Morphology of emulsions was investigated by using a BX-60 microscope (Olympus,
Japan), equipped with APO oil-immersion objectives and a DP-50 digital camera (Olympus,
Japan). The microscope was operated in differential interference contrast (DIC) or cross-
polarized light modes. In some cases the hydrophilic Evans Blue (1 % w/v aqueous solution)
or the lipophilic Sudan II (1 % w/v paraffin oil solution) dyes were used to expose the water
or oil phase, respectively. Samples of emulsions were transferred to a microscope welled
slide. A staining Evans Blue or Sudan II solution was added on the top of the sample and a
cover slip was carefully placed on top of the well. The staining solutions were used in the
minimum amounts required to achieve the desired contrast between the internal phase and the

stained continuous phase of an analyzed system.

2.6. Calorimetric measurements

Differential scanning calorimetry (DSC) was applied to determine the crystallization
profiles of AG, APG and mixed AG/APG emulsifiers, in their mixtures with paraffin wax
(emulsifier:wax weight ratio = 5:3). Appropriate amounts of emulsifiers and paraffin wax

were weighted into 20-mL glass tubes, heated to about 100 °C, thoroughly stirred and cooled
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to room temperature. Samples of 30 mg were weighted into 40-uL aluminum pans,
hermetically sealed and stored 24 h at room temperature prior to measurements. Thermal
analyses were conducted on a Mettler TA 3000 calorimeter (Mettler Instrumente,
Switzerland) equipped with a TC 10 TA processor and a DSC 30 temperature cell. After
heating to 80 °C and keeping at this temperature for 5 min, samples were cooled to 0 °C at the

rate of 2 °C min™!. An empty pan was used as a reference.

2.7. Multiple light scattering

The kinetics of emulsion structure being built under quiescent conditions (i.e., storage)
was determined at 23 + 0.5 °C by the multiple light scattering method, using a Turbiscane
LADb Expert analyzer (Formulaction, France). A freshly-prepared emulsion (ca. 25 mL) was
placed into a flat-bottomed cylindrical glass cell and stored at 23 =1 °C. The sample was
scanned by using two synchronous optical sensors that detected the intensity of light
transmitted through and backscattered by the vertical sample (180° and 45° from the incident
laser light, respectively). The reading head acquired backscattering (BS) and transmission
data every 40 um while moving along the entire height of the cell (i.e., 55 mm). The light
source was an electro-luminescent diode (lair = 880 nm). As the emulsions studied were
opaque, only the backscattering measurements provided useful data.

The intensity of backscattered light depends on the photon transport length, 1*, through

the dispersed system:

BS = [(1-B)/3] (h/A*)"?

where B = 0.2 is the boundary reflection factor in cylindrical geometry and /4 is the detector

height. The parameter A" corresponds to the penetration of photon into a dispersed system
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(i.e., the distance above which a photon is scattered in the backward direction). 2” depends on
the physical features of dispersed phase (mean particle diameter, d, and particle volume

fraction, ¢):

A"=2d/[3¢(1-g) O]

The optical parameters Qs and g are given by the Mie theory [33].

Changes in BS values correspond to changes in the structure of an analyzed sample
[34,35]. For instance, a decrease in the total BS intensity usually indicates that the particle
size has increased due to phenomena such as flocculation/coalescence or Ostwald ripening. In
the case of particle migration, the increase in BS levels can be observed at the top or bottom
of sample, depending on the type of migration, i.e., creaming or sedimentation, respectively,
since the concentration of particles has increased in those regions. It is obvious that creaming
(or sedimentation) influences the simultaneous decrease of particle concentration at the
bottom (or in the uppermost region) of a vertical sample, and this is recorded by the analyzer
as a progressive decrease of BS intensity for that region. As long as BS readings are constant
for the entire height of a dispersion vertical sample, mean BS values are acceptable for
computation for particular scans recorded at different time points. In our investigations, the
monitoring of the microstructural behavior of emulsions was performed as a function of time.
The parameters ABSs.so and A’s.s0 were employed to characterize the kinetics of changes in
emulsion structure. ABSs.so has been defined as a difference in mean BS value (recorded for
the emulsion sample in the region from 5 to 50 mm of its height; BSs.s0), between the first
scan and n scan. Whereas, 1’550 corresponds to the mean value of the photon transport length

through the emulsion for the same region of the sample height. Results have been reported as
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the structure change velocities, dABSs.so/dt or dA’s.so/dt. Each sample was analyzed three

times, and the data are presented as an average.

3. Results and discussion

3.1. Dynamic conditions: Emulsion formation

Fig. 1 shows the phase diagrams formulated for emulsions stabilized by (a) AG
emulsifier and (b) the equivalent amounts of AG and APG (AG/APG mixed emulsifier), as
well as the evolution of the apparent viscosity of the emulsions as observed during the
emulsification. The temperatures of the structural transitions of the emulsion being formed
were dependent on the presence of APG, however there were no significant discrepancies in
the types of transformations for the two cases. At the beginning of emulsification, W/O
emulsions were produced, which is an expected result for the use of strongly hydrophobic
emulsifiers. But after cooling to 59-58 °C (AG-based systems; Fig. la) or 56-54.5 °C
(AG/APG- based systems; Fig. 1b), a sudden significant decrease in viscosity was observed,
associated with rapid destabilization of the emulsions, i.e. separation of water and oil phases.
The transition is thought to be caused by the formation of the GMS-water or GMS/PGMS-
water lamellar gel phase. Indeed, gel structures were observed in the samples of the
destabilized systems (Fig. 2b). As the stirring was continued, oil droplets were formed and
entrapped within the gel matrix, resulting in the formation of the phase-inverted O/W
emulsion gel. This process and subsequent changes of emulsion microstructure are
schematically depicted in Fig. 2. Formation of the lamellar, MAG-water binary gels has been
a subject of many scientific reports, as mentioned in the Introduction. The lamellar liquid-

crystalline phase, produced with MAGs and/or different emulsifiers, was also found to be a
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very effective stabilizer of O/W emulsions [9,22,23,36,37] due to its specific architecture
comprising the bimolecular layers of emulsifier separated by layers of water, which penetrates
into the planes of the polar headgroups of emulsifier molecules. The resulting lamellar gel is
capable of encapsulating oil droplets and, due to imparting steric hindrance between droplets,
prevents them from approaching each other and coalescing. With these facts as a basis, it is
not surprising that the formation of the gel phase, caused by a gradual cooling of the systems
studied here, produces the destabilization of W/O emulsions first and then the phase inversion
to O/W emulsions. The MAG-based gels can be produced from the lamellar mesophase when
the MAG-water systems are cooled below the Krafft temperature [9].

For low and medium water contents, (up to 55 wt.%) further cooling under continuous
emulsification led to another well-defined transformation, namely a sudden increase in the
viscosity of the system due to dispersion of the O/W emulsion gel in the external oil phase
(Fig. 1). This change corresponded well to the onset of crystallization of both AG and
AG/APG emulsifiers in their mixtures with paraffin wax (Fig. 3). It should be noted that the
presence of the APG component in the AG/APG emulsifier caused the onset of the
crystallization of this mixed emulsifier to be recorded at lower temperature (Fig. 3b) than
observed for AG emulsifier (Fig. 3a). Thus, the crystallization of acylglycerols was delayed
by acylpropyleneglycols. This in turn influenced the beginning of dispersion of the O/W
emulsion gel in the oil phase to be observed at lower temperatures (50.5-49.5 °C, Fig. 1b)
compared to the temperatures obtained for the use of AG emulsifier (56.5-55.5 °C, Fig. 1a).
When cooled separately from AG, the APG emulsifier began to crystallize at about 40 °C
(with the peak temperature at about 38.5 °C, Fig. 3c). All the exothermic thermograms shown
in Fig. 3 were recorded for the blends of the particular emulsifiers with paraffin wax to show

the crystallization profiles of all the components of emulsions that crystallize in the course of
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the emulsification processes. The emulsifier:wax weight ratio applied, 5:3, corresponds to the
ratio present in the 40 wt.% water systems.

The dispersion of the O/W emulsion gel in the oil phase might be promoted by the
onset of the interfacial crystallization of the glycerol esters, which were not involved in the
formation of the lamellar gel. The created systems consisted of large-size agglomerates of the
O/W emulsion gel suspended in the oil phase (Fig. 2¢). Since they did not form uniform
mixtures in terms of appearance (the clear continuous-phase oil was easily observed by a
naked eye), the systems have been called ‘O/W + O’ dispersions (Fig. 1, 2c). At the
temperature of 48—46 °C or 40-38 °C, depending on whether AG or AG/APG emulsifier was
used, another significant increase in the viscosity was observed (Fig. 1), which might be
connected to the crystallization of the other compounds of the emulsifiers (e.g., GDS, GTS,
PG esters). Continuous emulsification under progressive crystallization yielded the gradual
break-up of the O/W emulsion gel agglomerates and further gradual increase of the viscosity
(Fig. 1). Finally, smooth viscous emulsions were formed containing water droplets and
dispersed O/W emulsion gel, both covered by the interfacial layers of crystallized lipids (Fig.
2d). These complex systems have been designated as ‘“W/O + O/W/O’ emulsions (Fig. 1, 2)
since the O/W emulsion gel dispersed in the external oil phase formed droplets of the oil-in-
water-in-oil (O/W/O) type. Existence of some nonadsorbed fat crystals, formed probably
mainly of paraffin wax, GTS, GDS and PGDS (the latter in the AG/APG-based systems), and
suspended in the continuous oil phase or attached to the crystalline shells of droplets, was also
observed (data not shown). To further quantify the investigations, the effect of the paraffin
wax on the viscosity profile has been studied in the 40 wt.% water systems. In the presence of
the wax the viscosity of the finally-produced ‘W/O + O/W/O’ emulsions was found to be
higher than without it (Fig. 1). Since it crystallizes in the continuous oil phase, the wax

appears to add to the viscosity of that phase as well as to the effective volume of the dispersed
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fraction, both effects likely to be responsible for the observed enhancement of an overall final
viscosity of the emulsions.

Some representative O/W/O droplets from the ‘W/O + O/W/O’ systems were selected
for another microscopic characterization, which gave more insights into their internal
organization. The droplets found in the emulsion specimens were gently squeezed by slowly
pressing down the cover slip by the microscope lens. This way the crystallized film of
emulsifier was destroyed and the core of the droplets leaked out into the oil phase and was
easily observed. The interiors of the examined O/W/O droplets comprised small oil droplets
surrounded by and suspended in the liquid-crystalline gel matrix. The existence and location
of lamellar liquid crystals were revealed in cross-polarized light as a birefringent pattern of
the droplets (adsorbed lamellar phase) and the gel matrix between them (Fig. 4). The
birefringent pattern is a characteristic feature of lamellar liquid crystal-stabilized emulsions
[38]. From the above we can deduct that two types of mechanical stabilizations were present
in the structure of the O/W/O droplets. The internal oil droplets were stabilized by the
lamellar liquid crystals, forming the layers oriented at the surface of the oil droplets, and
immobilized by the gel matrix between them, whereas the external oil/gel matrix interface
was stabilized by the surface-active lipid crystals that were formed in situ at the interface.
Thus the structure of the O/W/O droplet was the O/W emulsion lamellar gel core
encapsulated by the interfacial layer of the solidified lipids.

Both, the W/O- and the O/W/O-type droplets were found to be formed in the final
emulsion (‘W/O + O/W/O’ system) if AG emulsifier was used alone or in a mixture with
APG emulsifiers. From Fig. 5, the most apparent result of the use of different proportions of
AG and APG emulsifiers is a change in the temperature ranges of the particular transitions in
emulsion structure. In general, the higher the content of the APG component the lower the

temperature of the relevant crystallization-controlled transformations, which might be due to
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aforementioned shift of the crystallization of mixture of AG and APG emulsifiers towards
lower temperatures compared to the crystallization of AG alone. The presence of the AG
component was crucial for the formation of the lamellar gel and the subsequent phase
inversion, however only 10 wt.% AG content in an AG-APG mixture was required to do that
(Fig. 5). When used separately, APG influenced different transformations of emulsion being
produced (Fig. 6). For the water contents up to 50 wt.%, they were as follows (with
decreasing temperature): (i) the initial formation of W/O emulsion at the temperature range
above the level of the crystallization of paraffin wax and APG emulsifier, then (ii) the
progressive decrease in the fluidity of emulsion, (iii) the formation of huge flocs of water
droplets, due to simultaneous interfacial crystallization of the emulsifier and shear-induced
collisions of droplets, leading to the formation of crystalline links between droplets (this
phenomenon was observed as a substantial increase in the apparent viscosity at 42-40 °C;
being the more significant the more concentrated the emulsion was), and finally (iv) the
shear-induced disruption of the flocs caused by the ongoing emulsification at the temperature
below the range of the emulsifier crystallization, which yielded the formation of an ointment-
like, smooth W/O emulsion. The water droplets produced were covered by the crumpled
crystalline film of APG emulsifier (Fig. 7). Compared to the emulsification processes carried
out with AG and AG/APG emulsifiers (Fig. 1), the main difference in the above
emulsification pathway was the lack of the phase inversion step. It might be caused by
different behaviors of GMS and PGMS in the presence of water. According to Krog [39], in
contrast to monoglycerides, propylene glycol esters can not associate with water into
mesomorphic phases.

In all final W/O emulsions (stabilized by APG) and ‘W/O + O/W/O’ systems
(produced with AG or AG/APG), partially-coalesced (or partially-divided) droplets were

observed (Fig. 8). Such a structure of droplets can be produced in two different ways, as
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proposed in Fig. 9 (note, for AG or AG/APG emulsifiers, the scheme covers only the post-
phase inversion part of the emulsification, i.e., the progressive formation of ‘W/O + O/W/O’
emulsions from ‘O/W + O’ systems). During the emulsification, large droplets are deformed,
elongated and subsequently broken into smaller ones due to the shear applied (Fig. 9A). Thus,
for the successful formation of smaller droplets proper viscoelasticity of the interfacial film of
emulsifier is required. Emulsification carried out from high to low temperature can yield the
most effective decrease in droplets size if emulsifier is in a liquid or semi-liquid state over
some initial temperature range, able to effectively reduce the interfacial tension and supplied
in a concentration high enough to cover the new interfacial area being formed during high
shearing (adsorption from the oil phase). The emulsifier should finally produce the strong
protective barrier against coalescence (end of emulsification at low temperature) to maintain
final droplet size (Fig. 9A a—d’). However, on cooling the system under continuous
emulsification through the entire range of emulsifier crystallization, various shapes of droplets
can be obtained depending of their shape at the endset of the interfacial crystallization,
namely spherical and irregular, non-spherical droplets (Fig. 9Ad’ and Ab’, respectively), as
well as partially-divided droplets (Fig. 9Ac’), all stabilized by the solidified interfacial layer
of emulsifier. Considering the morphology of the partially-divided droplets (Fig. 8), similar
structures can be produced as a result of the stirring-induced collision of droplets leading to
flocculation and subsequent coalescence (Fig. 9B), but in this case the resulting structures
should be called the partially-coalesced droplets due to a different history of their formation.
If the interfacial film of emulsifier remains, at a certain temperature, in a liquid or semi-liquid
state and is weak enough to rupture after the collision of droplets, the droplets will merge
(Fig. 9B a—c). But if in the next step a continuously crystallizing film is not able to regain a
spherical shape then two (or more) droplets will finally form a partially-coalesced cluster

stabilized by the interfacial membrane of solidified emulsifier (Fig. 9Bc’). On the other hand,
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the flocculation of droplets can also occur at the temperature at which the interfacial film of
emulsifier is sufficiently solidified and strong to prevent a coalescence, and then the
crystallized flocs can be produced (Fig. 9Bb’). Such flocs can be disrupted into individual
droplets under shear applied during the emulsification (orthokinetic flocculation —
deflocculation), as shown above for the use of APG emulsifier (Fig. 6). The kinetics of these
dynamic phenomena depends on the temperature at which flocculation took place and, as a
consequence, on the physical state of emulsifier, as well as on the energy of collision of
droplets, the amount of the crystalline material involved in the formation of links between
droplets, and the time-scale for which the flocculated droplets have been exposed to shear.

The shape of droplets also depends on the temperature-dependent changes in the
viscosity of the dispersed phase. In general, the higher the viscosity of the dispersed phase the
longer it will take to deform and break up droplets of that fluid to form smaller droplets [40].
It can explain why in the “W/O + O/W/O’ emulsions studied, the O/W/O-type droplets were
found to be, in general, larger than the coexisting water droplets (Fig. 2d). Namely, the
viscosity of water is thought to be much lower than the viscosity of the internal phase of
O/W/O droplets, which was an O/W-emulsion gel stabilized by liquid crystalline phase of AG
or AG/APG emulsifiers’ components. Thus, it could influence a relatively long time-scale that
was required to deform and divide such droplets, which along with the progressive interfacial
crystallization could yield the considerable number of deformed or even partially-divided
large O/W/O droplets. It is obvious that a decrease of temperature can also have an influence
on a considerable increase of viscosity of the continuous oil phase itself. As a consequence, it
can lead to less effective emulsification and/or enhanced stability of flocs to an orthokinetic
deflocculation. The dynamics of changes in the viscosity of continuous phase is expected to
depend on the composition of that phase and an emulsifier. In our particular case, the

viscosity might be governed by the non-surface active components of the studied mixtures
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that crystallized in the continuous oil phase, imparting the significant increase of the viscosity
of the phase on cooling. In the studied systems such components are thought to be paraffin
wax (component of the continuous oil phase), and GTS and PGDS, present in AG and APG
emulsifiers, respectively. All these substances can form three-dimensional crystalline
networks in oil phases [29,41-45].

In the AG- and AG/APG-based systems containing 55-65 wt.% water, the lamellar
phase-induced destabilization and phase inversion yielded a flocculated O/W emulsion or an
O/W emulsion with some separated oil and water phases (‘O/W + (O + W)’), respectively
(Fig. 1). Microscopic examination of these systems gave some insight into possible way of the
formation of O/W/O-type droplets for lower water contents. The separation of oil and water,
commenced at about 59-58 and 56-54.5 °C, in respectively AG- and AG/APG-stabilized
systems (Fig. 1), resulted in the formation of regions where water was in excess, which in turn
might result in closing of the bilayers into spherical aggregates. Such a tendency is a
characteristic feature of the lamellar phase in excess of water [46]. The aggregates contained
oil droplets bound by the lamellar gel (Fig. 10). Such structures have been thought to be the
cores of O/W/O droplets in the “W/O + O/W/O’ systems. Once the core was formed, it was
being encapsulated by the polar lipids that were not involved in the formation of the lamellar
gel and began to crystallize at the external oil-aqueous gel interface, forming solidified film.
The lipids are supposed to be GDS, SA and some amount of GMS, as well as PGMS in
AG/APG-stabilized emulsions. The O/W/O-type droplets were further divided into smaller
droplets due to the ongoing shearing, as described above for Fig. 9.

As the water content was increased over 65 wt.%, the product of the phase inversion in
both AG- and AG/APG-based systems was an O/W dispersion (Fig. 1). The inversion was
identified from a rapid increase of the electrical conductivity of the system, from 0-0.1 uS cm”

! for the W/O emulsion before the inversion to ca. 10 uS cm™ as the transition to the O/W
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dispersion took place. The phase inversion was accompanied by a significant decrease of the
apparent viscosity (Fig. 1). Once this drop was observed, it was followed by a temporary
increase due to formation of the gel phase, and finally the viscosity settled at lower values as
the O/W dispersion was formed. In the both systems, the dispersions contained predominantly
large (up to 400 pum) oil droplets covered by the crystallized emulsifier, and plenty of fine,
submicron-size droplets (data not shown). The lamellar gel phase was located mainly between
some fine droplets, and thus could not act as an effective thickening agent for the whole
system. Due to such an organization, the large particles formed a cream layer within a
relatively short time (up to a few hours) following the emulsification. Over 60 wt.% water
systems prepared with APG as a sole emulsifier underwent different transformations (Fig. 6).
At temperatures higher than 50 °C, a coarse W/O emulsion was produced. It contained large
water droplets that coalesced under continuous agitation. The water phase released was
immediately redispersed and new droplets were generated. When the temperature dropped
below 50 °C a decrease in fluidity of the emulsion was observed, associated presumably with
the progressive crystallization of paraffin wax in the continuous oil phase. At about 40 °C,
droplets rapidly flocculated due to the sharp crystallization of the emulsifier (Fig. 3) and
emulsion collapsed when emulsification was continued at lower temperatures. For these high
water/oil proportions, the crystallized interfacial membrane of emulsifier of many water
droplets was destroyed due to the shear applied and the destabilized system appeared,
designated in the phase diagram as ‘W/O + W’ (i.e., remained W/O emulsion + separated
water; Fig. 6). The release of water was signalled by a sudden increase of the electrical
conductivity, from 0-0.1 to ca. 9 uS cm’'. The above transformations are similar to those
described recently for APG emulsifier modified with zinc fatty acid carboxylates [29].
However, as shown previously [47], propylene glycol mono-distearate with admixture of

sodium stearate (5-11 %) can yield kinetically stable viscoelastic O/W emulsions for more
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than 50 wt.% water contents. This is likely because of the formation of the multilamellar gel
phase composed of PGMS with strongly hydrophilic anionic surfactant, sodium stearate, and
water. Such a phase can encapsulate oil droplets, imparting both the steric hindrance (an
onion-like lamellar shell) and the ionic barrier (repulsion of charged encapsulated oil droplets)

against coagulation.

3.2. Quiescent conditions: Structure building

After the emulsification, selected stable emulsions were further analyzed under
quiescent conditions. Fig. 11 shows a development of the structure of the oil-continuous
emulsions, as recorded by the MLS method during the storage at 23 £1 °C. In the systems
based on APG and AG/APG emulsifiers, a progressive decrease in the intensity of
backscattered light (BS) was observed during the first 1-3 weeks. Possibly, the decrease was
caused by a restoration of the crystalline bonds between droplets destroyed during the
emulsification. Under quiescent conditions, relatively rapid sintering between droplets
covered by lipid crystals might result in some spatial reorganization of emulsions. In the
APG-rich systems, the droplets formed a three-dimensional network stabilized by solid
crystalline bridges (Fig. 12). Hence, the emulsions were easier to penetrate by the incident
light of the MLS analyzer because the gaps filled with the external oil phase were formed
between the sintered droplets. Thus, the intensity of BS was lower than for the freshly-
prepared systems. The emulsions stabilized by APG emulsifier obtained their final structure
within about 3 weeks and then the settled levels of BS remained constant for at least 2 months
(Fig. 11a). In the AG/APG-stabilized emulsions, the initial drop of the intensity of BS,
attributed to the sintering between droplets, was followed by an increase after the first week
of storage (Fig. 11b). An increase was also observed for the emulsions prepared with AG

emulsifier (Fig. 11c), thus it might be connected to the presence of the glycerol esters. It is
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likely that in these systems the sintering of droplets as well as the existing oil-continuous
crystals (i.e., the crystals formed in the oil phase at higher temperatures during the
emulsification, likely GTS, GDS and paraffin wax) was accompanied by further crystal
growth in the oil phase. In the AG-stabilized emulsions the increase was most pronounced for
the low dispersed-water contents (20, 30 wt.%, Fig. 11b). Possibly in these emulsions the
emulsifier was in excess and its considerable amount crystallized in the continuous oil phase
bringing about a packed structure of the emulsion system. More significant increase in BS
was observed for the AG/APG emulsifier (Fig. 11b). It may be assumed that in emulsions
stabilized by both AG and APG, sintering of droplets and continuous-oil crystals might be
created by acylpropyleneglycols (PGMS and PGDS), since they crystallized at lower
temperatures than acylglycerols and paraffin wax (Fig. 3), and are expected to be compatible
to both the oil-continuous and the interfacial crystals. The compatibility of adsorbed
monoolein and sintering triglycerides (palm kernel fat) was previously shown by Johansonn
and Bergenstahl for the dispersion of B’ palm stearin crystals in soybean oil [48]. According
to the presented rheological and sedimentation studies, the increased adsorption of the
triglycerides might lead to the enhanced bridging of the fat crystals.

Application of shear (emulsification) broke crystal structures formed at some earlier
stages of emulsification, as mentioned in the previous section, and then they started to re-
associate under quiescent conditions due to a mutual adhesion. In all probability, the AG- and
AG/APG-based emulsions crystallized partly under shear and partly at rest, so the re-built
crystals could also act as nuclei for further growth of acylglycerols crystals during the storage.
Finally in ‘W/O + O/W/O’ emulsions obtained with the AG emulsifier and the AG-rich AG-
APG mixtures, fan-shaped crystals were formed (Fig. 13). They were located in the external
oil phase, between water droplets. All the above post-emulsification processes, i.e., re-

association of existing crystals, their sintering and the sintering of the crystallized shells of
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water droplets, and new crystals growth might occur simultaneously. Formation of the new
crystals in the continuous oil phase yielded a considerable increase in the effective volume
fraction of emulsions, which was recorded as a progressive enhance of BS values with time
(Fig. 11b, c). The influence of relative AG-APG proportions on the development of emulsion
structure has been shown in Fig. 14. The ratio determined the structure of the freshly-prepared
emulsions and the type of the structural changes observed during the storage. The parameter
1"s.50 (the mean photon transport length through emulsion) recorded for the freshly-prepared
emulsions was dependent mainly on the degree of dispersity of emulsions, increasing with the
increase of droplet size for the APG-rich systems. The formation of network of droplets,
observed during the first days of storage allowed photons of incident light to penetrate deeper
into the examined samples, so the parameter A’s.so increased. When the AG content was more
than 10 wt.% in AG-APG mixture, the increase was followed by a step-by-step decrease,
which corresponded to the aforementioned post-emulsification formation of the aggregates of
crystals and, especially, the new crystals growth in the external oil phase. The emulsions were
kinetically stable for at least two months at room temperature. After this time, their structures
varied from a meshed network of coherent continuous-oil crystals and water droplets in the
AG-rich systems to huge droplets linked by crystal bridges in the APG-stabilized emulsions
(Fig. 12). Thus in the latter, the dominant post-crystallization process was the formation of
solid crystal bridges between crystalline membranes of droplets, whereas in the presence of
acylglycerols, the sintering of the continuous-oil crystals as well as the new crystals growth in
the oil phase could also take place. The first sign of destabilization, an oiling-out, was
observed after about 80 days in the 20 wt.% water emulsions. More concentrated emulsions
were stable against gravitational migration of droplets and oil phase during the time-scale of
storage (up to 6 months). Coalescence and separation of water phase were not observed at that

time.
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4. Conclusions

The above investigations showed how a microstructure of emulsion can be modified
by both the relative proportions of two emulsifiers crystallizing during the emulsification
process and the water/oil ratio. Among the systems produced, the most complex, and thus
interesting, seem to be “W/O + O/W/O’ emulsions. Compared to the early Friberg’s study on
the phase equilibrium between oil, water and lamellar liquid-crystalline phase of MAG in
liquid-crystal stabilized emulsions [36], as well as the ternary systems of aqueous phase, oil
and surface-active lipid crystals, reviewed recently by Larsson [46], the ‘W/O + O/W/O’
emulsions reported in this paper are examples of more complex systems, consisting of oil,
water, and both liquid-crystalline lamellar phase and polar lipid crystals located at the water-
oil interface. The emulsions are systems where three different types of mechanical
stabilization have been found to occur. The internal oil particles in O/W/O-type droplets were
encapsulated by the lamellar liquid crystals, whereas the external water-oil interface was
stabilized by the solidified layer of the surface-active lipid crystals. Both, the liquid crystals
and the lipid crystals were formed in situ during the emulsification. Third stabilizing
mechanism derived from the post-emulsification processes observed in the continuous oil
phase. These comprised the sintering of continuous-oil crystals, the sintering between the
crystallized films covering water droplets, as well as the new crystals growth. They led to the
formation of the three-dimensional network of crystals and water droplets, which protected
the system from gravitational migration of the dispersed particles for a considerable time.

The ‘W/O + O/W/O’ emulsions are a good example of how complex colloidal
structures can be created by controlled but simple processing. The emulsions may have
possible applications as the oil-continuous formulations where a controlled release of water-

soluble ingredients is required. Such components could be introduced to the system with
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water at the beginning of emulsification and then incorporated into the gel matrix of the

finally-formed ‘W/O + O/W/O’ emulsions.
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Figure captions

Fig. 1.

The phase diagrams (left-hand side) and the apparent viscosity profiles (right-hand side) of
the water-oil systems prepared with (a) AG and (b) AG/APG emulsifiers. The black-colored
areas show the temperature ranges at which a sudden decrease of the viscosity and a phase
separation were observed during the emulsification. The dashed arrows correspond to the
temperature ranges of the gradual shear-induced transition of ‘O/W + O’ system to “W/O +

O/W/O’ emulsion (both systems coexisted at that stage).

Fig. 2.

Schematic representation (the left-hand side column) and microscopic visualization of the
lamellar gel-induced phase inversion of W/O emulsion, and the formation of the O/W
emulsion gel-loaded O/W/O double droplets, in the systems produced with AG (the middle
column) and AG/APG (the right-hand side column) emulsifiers, under continuous
emulsification at decreasing temperature and for water content <55 wt.%. The white arrows in
the micrographs of the panel (b) indicate the gel phase formed in the water, whereas the black
arrows in the micrographs (c2’) and (c3’) show the localization of the gel phase in the ‘O/W +
O’ systems produced at lower temperatures (‘W’ and ‘O’ correspond to water and oil,
respectively). Samples shown in micrographs (b2, b3) and (c2, ¢3) were stained with Evans

Blue and Sudan II, respectively.

Fig. 3.
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DSC crystallization profiles of (a) AG, (b) AG/APG and (c) APG emulsifiers in their
mixtures with paraffin wax (emulsifier:wax weight ratio = 5:3). The arrows indicate the peak

crystallization temperature of paraffin wax.

Fig. 4.

The squeezing visualization of the internal structure of representative O/W/O droplets in the
‘W/O + O/W/O’ emulsion systems (W:O = 40:60 w/w) obtained with (a) AG and (b)
AG/APG emulsifiers; internal oil droplets covered by multilamellar liquid crystal layers and
incorporated into liquid-crystalline gel matrix, as observed using DIC (upper images) and
cross-polarized light (lower images) microscopies. Birefringent patterns around droplets
(lower images) show oriented liquid crystals. “W” and ‘O’ correspond to water and external

oil phase, respectively. The scale bar = 10 um.

Fig. 5.

Effect of the relative proportions of AG and APG emulsifiers and the temperature on the
structural transformations of emulsions during the emulsification process. The water:oil
weight ratio = 40:60. The black-colored area shows the temperature range at which a sudden,
temporary decrease of the viscosity and a phase separation were observed. The dashed arrows
correspond to the temperature range of the gradual shear-induced transition of ‘O/W + O’

system to ‘W/O + O/W/O’ emulsion (both systems coexisted at that stage).

Fig. 6.
The phase diagrams and the apparent viscosity profiles of the water-oil systems prepared with
APG emulsifier. The gray-colored area represents the temperature range of the progressive

decrease in the fluidity of emulsion before the interfacial crystallization of the emulsifier and
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the flocculation of droplets took place. The dashed arrows correspond to the temperature

range of the gradual shear-induced deflocculation of W/O emulsion.

Fig. 7.
Interfacial crystallization of the APG emulsifier in W/O emulsion (40:60 w/w; (a) the system
obtained after cooling to 25 °C). Image (b) shows the magnified DIC view of the surface of a

representative water droplet. The scale bars correspond to (a) 30 um and (b) 10 pm.

Fig. 8.

DIC micrographs of the partially-coalesced/divided droplets formed in 40 wt.% water
systems. Samples were taken at the end of emulsification (25 °C). Emulsifier used: (a)
AG:APG = 70:30 w/w, (b) AG:APG = 20:80 w/w, (c, d) APG. The scale bars correspond to

15 pm.

Fig. 9.

Schematic representation of the influence of the continuous emulsification and the
progressive interfacial crystallization of emulsifier in W/O-type emulsions on the possible
ways of formation of the partially-divided and partially-coalesced water droplets (Ac’ and
Bc’, respectively); Stirring and shearing leading to an elongation and break-up of droplets
(A), and the collision of droplets resulting in flocculation and coalescence (B). For more

details see text.

Fig. 10.

Spherical aggregates of the gel phase with incorporated oil droplets observed in the 60 wt.%

water systems obtained with the AG emulsifier for the temperature range of 56-33 °C (see
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Fig. 1a). The aggregates are suspended in the continuous water phase. Micrographs (a) and

(b) show variations in the size of the aggregates produced. Scale bars correspond to 10 pm.

Fig. 11.

The time-dependent evolution of ABSs.s0 values for the W/O emulsions stabilized by (a) APG
emulsifier and the “W/O + O/W/O’ emulsions produced with (b) AG/APG and (¢) AG
emulsifiers. Water:oil weight ratio: (o) 20:80, (e) 30:70, (o) 40:60, (%) 50:50 and (¢) 60:40

(graph c only). Emulsions were stored at 23 +1 °C.

Fig. 12.

Effect of the relative proportions of AG and APG emulsifiers on the microstructure of
emulsions (W:0 = 40:60 w/w). After the emulsification from 75 to 25 °C, the emulsions were
stored for 60 days at 23 +1 °C. The arrow indicates an example of the crystalline bridge

formed between droplets in the APG-stabilized emulsion. The scale bar corresponds to 30 pm.

Fig. 13.

An example of the fan-shaped crystal formed in the continuous oil phase of the “W/O +
O/W/O’ emulsions. The micrograph was taken for the 40 wt.% water system prepared with
AG:APG (70:30 w/w). ‘W’ indicates the surface of water droplet. The scale bar corresponds

to 5 um.

Fig. 14.

Time-dependent evolution of the emulsion structure (W:O = 40:60 w/w) expressed as changes

in the mean photon transport length through emulsion (1%ss0). Effect of the relative
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proportions of AG and APG emulsifiers (w/w); (e) 100:0, (o) 70:30, (m) 50:50, (o) 30:70,

(A)20:80, (0) 10:90, (#) 0:100. Emulsions were stored at 23 1 °C.
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