
ABSTRACT: The crystallization and polymorphic behavior of
palm stearin (PS) in a bulk state and in oil-in-water (O/W) emul-
sion droplets (average diameter, 1.7 ± 0.3 µm) was observed by
using DSC, optical microscopy, and in situ X-ray diffraction
with synchrotron radiation (SR-XRD). For the bulk sample, the
DSC measurements revealed three main exothermic peaks at
approximately 31 (large), 21 (small), and 3°C (medium) on cool-
ing, and broad endothermic peaks at approximately –3 (small),
8, 15 to 25 (medium), and 37 and 53°C upon heating. The SR-
XRD patterns taken during cooling from 60 to –5°C clarified that
the DSC exothermic peaks around 31 and 3°C corresponded to
crystallization of the α form of high-melting and low-melting
fractions, respectively, and that the occurrence of β’ corre-
sponded to the small exothermic peak around 21°C. The SR-XRD
patterns taken during heating from –5 to 60°C demonstrated that
the DSC endothermic peaks corresponded to the following trans-
formation processes: melting of α of the low-melting fraction
(–3°C), melt-mediated transformation from α to β’ (15–25°C),
melting of β’ (36°C), and melting of β (53°C) of the high-melt-
ing fraction. As for the O/W emulsion sample, the DSC and SR-
XRD measurements during the cooling and heating processes
exhibited basically the same behavior as that of PS in the bulk
state, except that β’ did not crystallize during the cooling
process, and the temperatures of crystallization of α, melt-me-
diated α → β’ → β transformation, and melting of β were lower
in the emulsion droplets than in the bulk state. 
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Fats and oils in an oil-in-water (O/W) emulsion state have been
used in pharmaceuticals, foods, cosmetics, and agrochemicals.
In pharmaceuticals, the O/W emulsion improves bioavailability
for controlled release and sparingly water-soluble drugs (1,2).
Thus far, O/W emulsion particles containing medium-chain FA
TAG (MCT) and soybean oil have widely been used as drug car-
riers for injection (3). These emulsions do not crystallize at am-
bient temperatures, and drug materials can be solubilized owing

to their high solubility in the emulsion droplets. When the oil
phase of an emulsion is in a liquid state, however, the release of
a loading drug from the emulsion is not readily controlled be-
cause of too high a rate of drug release (4). By contrast, when
the oil phase in the emulsion contains high-melting fats, the rate
of drug release can be modified since the rate of mass transfer
of the drug materials incorporated in crystalline or semicrys-
talline phases is reduced compared with the liquid phase (4–6).
Furthermore, polymorphic transformation of the fat crystals in
an emulsion is also important, since drug release is modified by
the crystal packing of the fats (7). Therefore, understanding the
crystallization processes of fats in O/W emulsion droplets is of
high interest in the manufacture of pharmaceuticals.

The main factors that affect fat crystallization properties
in emulsion droplets are emulsion droplet size (8), emulsifiers
(9), droplet–droplet interactions (9,10), additives present in
the oil phase (11–14), and fat polymorphism and subsequent
temperature history (15). Crystallization properties in emul-
sion have been summarized in recent reviews (16,17). To
date, the crystallization properties in the emulsion state of
mono-acid saturated TAG (18,19), cocoa butter (10), palm oil
(20,21), palm midfraction (13), palm kernel oil (14), and milk
fats (22,23) have been examined. 

In this work, crystallization behavior and polymorphic
transformation of palm stearin (PS) were examined in bulk
and O/W emulsion states, with the ultimate aim of employing
the micrometer- and nanometer-sized PS emulsion particles
as drug carriers. For this purpose, the present work dealt with
the crystallization and polymorphic properties of PS in the
bulk and micrometer-sized emulsion states. 

PS is obtained by fractionation of palm oil, which exhibits a
wide range of melting temperatures (24,25). The polymorphic
behavior of PS is remarkably complicated in comparison with
simple TAG because PS contains different fat fractions with dif-
ferent melting, crystallization, and polymorphic transformation
temperatures. Therefore, the polymorphism of PS is not fully
understood, especially its kinetics in relation to polymorphism. 

In the present experiments, we employed synchrotron radia-
tion X-ray diffraction (SR-XRD) and DSC to analyze the rather
complicated polymorphic properties of PS crystals. The SR-
XRD measurements with small-angle scattering (SAXS) and
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wide-angle scattering (WAXS) analyses unveiled complicated
polymorphic crystallization and transformation of PS in the bulk
and emulsion states during cooling and heating processes, quite
similarly to the fats exhibiting complicated transformation be-
havior reported previously (26–28). Conventional laboratory-
scale X-ray diffraction techniques operating at lower rates of
temperature variation cannot clarify the rapid and complicated
polymorphic behavior of PS. The results obtained in the present
work were discussed by taking into account our previous work
on the mixing-phase behavior of PPP (tripalmitoyl-glycerol),
POP (sn-1,3-dipalmitoyl-2-oleoylglycerol), PPO (1,2-dipalmi-
toyl-3-oleoylglycerol), and other TAG that make up PS (29–33),
as well as recent studies of phase-transformation properties of
monoacid TAG in nanometer-sized emulsion droplets (34,35). 

MATERIALS AND METHODS

PS was provided by Fuji Oil Co., Ltd. (Osaka Japan); its FA
composition and main TAG components are summarized in
Table 1. Decaglycerin-monostearic acid ester (10G1S) with
an HLB value of ca. 13.4 was provided by Sakamoto Phar-
maceuticals Co., Ltd. (Osaka Japan) as an emulsifier for form-
ing the O/W emulsion droplets. 10G1S is a food emulsifier
from the group of polyglycerine FA esters that have polymer-
ized glycerine molecules as a polar group and stearic acid as
a hydrophobic chain. The average number of polymerized
glycerine molecules is 10, and the degree of esterification is
1, so we refer to it as “10G1S” in this paper. The crystalliza-
tion (melting) temperature of 10G1S was 44°C (46°C), as
measured by DSC (data not shown).

O/W emulsion droplets were prepared by the method re-
ported previously (12,14). Briefly, emulsification (20 wt% oil
phase, 2 wt% emulsifier, and 78 wt% water phase) was per-
formed in two stages. In the first stage, PS and distilled water
with emulsifier 10G1S were mixed using a homogenizing
mixer (pre-emulsification). In the second stage, final emulsi-
fication was performed by using a microfluidizer (8.5 kg/cm3,
four times) (Mizuho Industrial Co., Osaka, Japan). The aver-
age value of the particle diameter was measured using a laser
particle-size analyzer (Model # SALD-2000J; Shimadzu,
Kyoto, Japan) and calculated as 1.7 ± 0.3 µm.

The DSC experiments were carried out using a DSC-8230
(Rigaku, Tokyo, Japan). The sample was sealed in an aluminum
pan, and Al2O3 was used as a reference material. The sample
weighed 15 mg. The bulk sample was cooled from 60 to –10°C,
maintained for 10 minutes at –10°C, then heated to 70°C. Dif-

ferent rates of cooling and heating were examined (1, 2, 5, and
10°C/min). The emulsion sample was cooled from 60 to –5°C,
maintained for 10 min at –5°C, then heated to 60°C at the rates
of 2 and 10°C/min. The two procedures yielded basically the
same results. It was confirmed that the crystallization of PS in
the droplets during the above cooling–reheating process did not
cause serious particle coalescence, although partial coalescence
was not avoided as revealed in a slight increase in an average
droplet diameter measured at 40°C. It was also observed that all
the particles showed total coalescence, when the emulsion par-
ticles were kept for several hours below 0°C. But this did not
occur during the temperature variation described above. 

Time-resolved in situ small-angle and wide-angle X-ray scat-
tering (SR-SAXS/WAXS) measurements using synchrotron ra-
diation were performed with the synchrotron radiation source at
the Photon Factory (beam line 15A) in the KEK Institute
(Tsukuba, Japan). The methods of the SR-SAXS/WAXS exper-
iments are fully described elsewhere (26). The temperature pro-
gram of the SR-SAXS/WAXS began by heating from room
temperature to 60°C, then cooling from 60 to –5°C, and finally
heating from –5 to 60°C at a constant rate of 2°C/min. The sam-
ple, which weighed 24 mg, was placed in a 4 × 4 × 1.5 mm3 cell. 

Fat crystallization of PS in the emulsion droplets was ob-
served optically by putting the emulsion in a temperature-
controlled growth cell (accuracy of temperature was ±0.1°C) and
observing with polarized microscopy (magnification 40×) by
cooling from 60 to 0°C. The method to prepare the emulsion
droplets employed for the optical observation was the same as
that explained above, except for the second-stage emulsification.
The final emulsification was performed once by using the micro-
fluidizer, so that the average diameter of the droplets was 2.5 µm,
which could easily be observed with the optical microscope. To
visualize both the oil droplets and the crystallized particles, we
used two polarizers that were deviated slightly from a crossed
Nichols position so that the crystallized droplets were brightened
by birefringence of the PS crystals in the emulsion droplets.

RESULTS AND DISCUSSION

Bulk state. Figure 1 depicts the DSC cooling and heating
thermopeaks of the PS bulk samples taken at different rates.
The DSC peaks shown in Figure 1 were rescaled to account
for the different cooling rates. Owing to the rather broad
shape of the DSC exothermic and endothermic peaks, it was
hard to determine the transformation temperatures with accu-
racy within 0.1°C. When the bulk sample was cooled, three
main exothermic peaks were recorded: a main peak around
31°C, and medium peaks around 21 and 3°C. In contrast, mul-
tiple broad endothermic peaks appeared in a temperature range
from –10 to 42°C, and a large peak appeared at 53°C in the
heating process. Data taken at different cooling and heating
rates were substantially the same, except for the peaks of crys-
tallization at high temperature. Two peaks at 28 and 31°C,
measured at a rate of 1°C/min, were combined into a single
peak at rates of 2, 5, and 10°C/min. The temperature of the sin-
gle exothermic peak decreased with increased cooling rates. It
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TABLE 1
Chemical Analysis Data of Palm Stearin (%)

Composition of FA

C12 C14 C16 C18 C18:1 C18:2 C18:3 C20
0.2 1.2 54.6 5.1 31.6 6.8 0.4 0.1

Composition of TAG (total number of carbon atoms of FA moieties)

C46 C48 C50 C52 C54 C56
1.4 19.8 42.0 30.0 6.5 0.3



is expected that melting of metastable forms, solid-state transfor-
mation, and recrystallization of more stable forms of low- and
high-melting fractions of PS may complicate the DSC results
during the heating process (in particular, for the peaks appearing
in a temperature range from –10 to 42°C). These complexities
could be resolved to some extent by the SR-XRD analysis.

Figure 2 presents SR-SAXS/WAXS data from the bulk sam-
ple of PS taken during the cooling (Fig. 2A) and heating (Fig.
2B) processes. An SR-SAXS pattern with a long-spacing
(LS) value of 4.6 nm and an SR-WAXS pattern with a short
spacing (SS) value of 0.42 nm appeared at 31°C, indicating
the occurrence of the α form. On further cooling, another
SAXS pattern with LS = 4.2 nm, a WAXS pattern with SS =
0.38 nm around 20°C, and SAXS patterns of 5.4 (001) and 2.7
nm (002) (which correspond to LS = 5.4 nm) appeared at 3°C.
At this temperature, the intensity of the SAXS pattern of 0.42
nm increased. The SAXS (LS = 4.2 nm) and WAXS (SS = 0.38
and 0.43 nm) patterns corresponded to the β′ form. The same
results were observed for the melting and crystallization
processes of interesterified palm oil in an aerated emulsion sys-
tem (21). The SAXS (LS = 5.4 nm) pattern corresponded to the
α form because the corresponding WAXS pattern of SS = 0.42
nm increased its intensity at 3°C. This means that the DSC
exothermic peak at 31°C observed during cooling is caused by
crystallization of the α form, and another α form crystallized

at 3°C when the exothermic peak appeared, as shown in Figure
1. The two α forms thus detected may be due to the presence
of two fat fractions in PS with different crystallization temper-
atures. The small DSC exothermic peak at 21°C was caused by
the crystallization of the β′ form of another fat fraction of PS.
The crystallization of β′ with SS = 0.43 and 0.38 nm was also
observed by SR-XRD in palm oil in aerated cream (21).

Figure 2B shows the SR-SAXS/WAXS data of the bulk
sample taken during the heating process soon after the cool-
ing process shown in Figure 3A. The melting of the α and β′
forms, the recrystallization of the β′ and β forms, and the
melting of the β form are clearly shown in the WAXS pat-
terns, and a complementary observation is presented in the
SAXS patterns. The α form with LS = 5.4 nm disappeared
around 3°C. The α form with LS = 4.6 nm then gradually de-
creased in its SAXS intensity upon heating from –5°C and
sharply decreased at around 22°C. Correspondingly, the
WAXS pattern of SS = 0.42 nm of the α form disappeared
around 22°C. By contrast, the WAXS patterns of SS = 0.43 nm
and of 0.38 nm of the β′ form, slightly increased in intensity
around 35°C and disappeared around 45°C. As for the β′
form, it was difficult to describe the intensity changes with
temperature upon heating because the SAXS pattern of the β′
form exhibited a shoulder pattern of the strong SAXS pattern
of the α form (4.6 nm).
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FIG. 1. DSC thermopeaks of bulk palm stearin at different rates of cooling and heating. Arrows in heating thermopeaks indicate melting of
metastable forms and recrystallization of more stable forms of TAG fractions in palm stearin. The DSC peaks were rescaled to account for the dif-
ferent cooling rates.



As a unique property of the heating data, the β form was
crystallized and melted, although no β form was detectable
during collection of the cooling data (Fig. 2A). The WAXS
patterns of the β form with SS = 0.46, 0.39, and 0.37 nm
started to appear around 35°C and disappeared around 53°C.

Correspondingly, the SAXS pattern with LS = 4.2 nm ap-
peared and disappeared at the same temperatures as those ob-
served in the WAXS patterns. The appearance of the β form
was caused by melt-mediated transformation from α and β′
during the heating process.
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FIG. 2. Synchrotron-radiation (SR) X-ray diffraction long- and short-spacing patterns of palm stearin in a bulk state (A) during cooling from 60 to
–5°C, and (B) during heating from –5 to 60°C after process A (unit: nm). SAXS, small-angle scattering; WAXS, wide-angle scattering.



Emulsion system. Figure 3 illustrates the DSC cooling and
heating thermopeaks of PS in the emulsion sample. Com-
pared with the bulk sample, the DSC peaks of the emulsion
sample were broad and weak, particularly during the heating
scan. Multiple exothermic peaks were detectable around 32,
27 and 3°C upon cooling. During heating, broad endothermic
and exothermic peaks appeared in a temperature range of –5
to 42°C, and a large endothermic peak appeared around 51°C.
The DSC cooling and heating peaks of the emulsion sample
were more or less similar to those of the bulk sample, except
for the absence of a broad exothermic peak around 20°C, and
the lowered melting temperature of the high-melting fat frac-
tion of PS (53°C in bulk and 51°C in emulsion, respectively).
The polymorphic behavior indicated by DSC was examined
by the SR-XRD experiments in more detail.

The panels of Figure 4 depict polarized optical micrographs
of the emulsion droplets taken at 60, 30, and 0°C. By slightly
deviating the angles of the two polarizers from the exact
crossed Nichols position (90 degrees), it was possible to dis-
cern the oil droplets as dark images and crystallized droplets
as bright images. At 60°C, all droplets were in a liquid state.
At 30°C, several droplets appeared as bright images, presum-
ably due to crystallization of high-melting fractions in the PS.
At 0°C, many droplets became bright images. The optical mi-
crographs in Figure 4 indicate that fat crystallization started
from large-sized emulsion droplets at 30°C. The same features
were recognized at 0°C. In a manner similar to crystallization
in the emulsion droplets of n-alkane (36), we observed that co-
alescence of the emulsion droplets occurred after fat crystal-
lization at 0°C. However, its detailed behavior was not fully
examined in the present observation. In addition, very large
particles with diameters of several tens of micrometers were
observed, as shown in Figure 4. These large particles, how-
ever, did not correspond with those examined by DSC and
XRD experiments, since the droplets shown in Figure 4 were
prepared in a different manner from those examined by the
other methods, as explained in a previous section. 

Figure 5 shows the SR-SAXS/WAXS data from the emul-
sion sample. The intensity of each diffraction pattern was lower
than that of the bulk sample. During the cooling process (Fig.
5A), the SAXS/WAXS patterns exhibited the crystallization of
the α form with LS = 4.6 nm and SS = 0.42 nm at 27°C. Upon
further cooling, another α form with LS = 5.4 nm crystallized
at 3°C. The crystallization of the β′ form was not detected,
since no WAXS diffraction patterns of SS = 0.43 or 0.38 nm
were observed. Figure 5B shows that upon heating, the α form
with LS = 5.4 nm disappeared around 3°C, and the α form with
LS = 4.6 nm disappeared around 25°C. Careful observation of
the WAXS pattern showed that a weak pattern of the β′ form
appeared around 15°C, then disappeared around 27°C. How-
ever, the corresponding SAXS pattern of the β′ form was not
detectable. The β form started to appear around 18°C, as shown
in the SAXS pattern. Weak WAXS patterns, together with noise
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FIG. 3. DSC cooling and heating thermopeaks of a palm stearin emulsion. 

FIG. 4. Polarized optical micrographs of palm stearin emulsion droplets
taken at different temperatures.



patterns, seemed to occur around 30°C, but we determined, as
a result of its clarity, that the crystallization temperature of
β was 18°C, in accordance with the SAXS pattern. The
SAXS/WAXS patterns of the β form disappeared at 51°C dur-
ing heating, indicating that the melting temperature of the β

form of PS in emulsion was lower than that of the bulk sample
(53°C). 

Implications. PS is a fraction of palm oil separated by a dry
fractionation method, and has the highest range of melting
temperatures compared with other fractions (palm midfraction
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FIG. 5. SR-X-ray diffraction long- and short-spacing patterns of the palm stearin emulsion (A) during cooling from 60 to –5°C, and (B) during heat-
ing from –5 to 60°C (unit: nm). For abbreviations see Figure 2.



and palm olein) (25). Even after the dry fractionation, PS
contains multicomponent TAG. Therefore, as shown in Fig-
ure 1, the melting and crystallization temperatures are
broadly distributed. In addition to the multiple TAG distri-
bution, polymorphism also affects the complicated crystal-
lization and melting behavior of PS. The present study
using SR-XRD sought to clarify this complicated transfor-
mation behavior of PS. 

Table 2 summarizes the correspondence of the experimen-
tal results of the DSC and SR-XRD measurements shown in
Figures 1 and 2. SR-XRD patterns acquired during the heat-
ing process (Fig. 2A) revealed DSC peaks that were obvi-
ously quite complicated (Fig. 1). The large endothermic peak
at 53°C was due to melting of the β form, whereas broad
exothermic peaks around 14 to 30°C taken during heating (ar-
rows in Fig. 1) corresponded to melting of the α form and the
recrystallization of the β′ and β forms. Multiple endothermic
peaks observed in a temperature range of –10 to 20°C during
the cooling processes corresponded to the melting of the α
forms of different fat fractions of PS. A broad endothermic
peak around 37 to 45°C (Fig. 1 at different heating rates) was
due to melting of the β′ form. Nearly the same feature of the
crystallization and melting behavior of PS was observed in
the emulsion state.

An interesting problem we encountered was how to char-
acterize the multiple crystallization and melting behaviors of
PS in terms of the phase behavior of every TAG component
involved in PS. The major TAG components are PPP, POP (or
PPO), 1-palmitoyl-2,3-dioleoyl glycerol (POO) (or OPO),
and OOO (trioleoyl-glycerol), as judged from the composi-
tion of FA and TAG shown in Table 1. However, it seems that
a full interpretation may not be straightforward, since the fol-
lowing systematic research must be performed in order to as-
certain thorough answers to this question.

(i) Analysis of TAG concentrations during each stage of
crystallization. As the cooling DSC thermopeaks indicate in

Figure 1, there are at least two large fractions of TAG that ex-
hibit unique crystallization and melting profiles through their
cooperative interactions. For example, crystallization and
melting occurring, respectively, around 31 and 53°C may be
due to high-melting TAG fractions such as PPP, POP, or PPO.
Furthermore, low-melting and crystallizing fractions such as
POO (or OPO) and POL (or LOP) (1,3-palmitoyl-linoleoyl,
2-oleoyl-rac-glycerol) may cause crystallization and melting
around the medium-temperature range.

(ii) Analysis of phase behavior of the mixtures of TAG com-
ponents. This subject can be solved by examining the phase
behavior of mixtures of component TAG for every fraction of
PS. In doing so, one should bear in mind that binary mixtures
of saturated–unsaturated mixed-acid TAG, such as POP, PPO
and OPO, form molecular compound crystals (30–32), and
those of PPP with POP show a eutectic mixture (29). In the
former case, crystallization and polymorphic transformation
occurred concurrently in the component TAG crystals and the
molecular compound crystals of POP-PPO and POP-OPO,
making the phase behavior quite complicated. For example,
melting temperatures of the most stable forms are 31.2°C (β
form of the compound), 35.2°C (β′ form of PPO), and 36.7°C
(β form of POP) in the POP-PPO mixture (32). In the case of
the eutectic mixture of PPP-POP, we found that the melting
point of the β form of PPP decreased when the concentration
of POP increased, e.g., 65°C (pure sample), 59°C (POP = 50
wt%), and 46°C (POP = 90 wt%) (29).

(iii) Phase behavior of mixtures of different fractions of PS
as related to the mixing behavior of high- and low-melting frac-
tions. This subject concerns the mixtures of the high-melting
fat fractions containing PPP, POP, and PPO with liquid oil
fractions of PS in which OOO (trioleoyl-glycerol) is assumed
to be dominant.

Although the preceding three subjects are open to future
work, we speculate that evidence for the TAG fractions of PS,
whose major crystallization and melting behavior in the bulk
state was shown in DSC and SR-XRD at the rate of 2°C/min,
appears in the following: (i) PPP, POP, and PPO that crystal-
lized around 27–31°C, (ii) POO or OPO that crystallized
around 3°C, (iii) PPP (POP and PPO) that melted at 53°C
(37°C), and (iv) the DSC heating thermopeaks around 10-
–43°C may involve α-melt-mediated transformation to β′ and
β′-melt-mediated transformation to β in POP, PPO, or PPP. 

The experimental results of DSC and SR-XRD studies of
the O/W emulsion droplets are summarized in Table 2. The
DSC exothermic and endothermic peaks correspond to the
crystallization, melting, and melt-mediated transformation of
the low- or high-melting fractions of PS in a manner similar
to those of the bulk state, except for the small exothermic
peak at 32°C. No detectable SR-XRD pattern was obtained at
this temperature. We assume that this peak may be due to
freezing of the FA chains of the emulsifier of 10G1S.

By comparing the melting features of the β form of the
high-melting fraction of PS, we conclude that the tempera-
tures of crystallization and melting of PS in the emulsion state
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TABLE 2
Correspondence of DSC and SR-XRD Analyses measured at the Rate
of 2°C/min

DSC thermopeaksa(°C) SR-XRD analysisb

27–31 (L) α (c)
Cooling 21 (S) β′ (c)

3 (M) α (c) 
Bulk

3 (M) α (c) 
Heating 8–37 (M) α (m)→ β′ (c ), β′ (m)→ β (c) 

53 (L) β (m)

32 (S) —
Cooling 15–27 (M) α (c)

3 (M) α (c) 
Emulsion

–310 (M) α (m) 
Heating 15–43 (M) α (m)→ β′ (c ), β′ (m)→ β (c) 

51 (L) β (m)
aL, large peak; M, medium peak; S, small peak.
bc, crystallization; m, melting; SR-XRD, X-ray diffraction with synchrotron
radiation.



are lower than those in the bulk state. The lower crystalliza-
tion temperature in emulsion is consistent with those temper-
atures observed for n-alkane and fats in the emulsion (17).
Povey (16) explained this effect as a reduced rate of hetero-
geneous nucleation of crystals in emulsion. However, the re-
sult of the lowered melting temperature is inconsistent with
the fact that the melting temperature of n-hexadecane in the
micrometer-sized O/W emulsion droplets did not differ from
that in the bulk state (8,11). In contrast, it has been reported
that the melting temperature is remarkably reduced in the
nanometer-sized emulsion droplets of mono-acid TAG dis-
persed in a water phase (4,19,34,35). In these studies using
droplets with diameters ranging from 30 to 200 nm, the de-
gree of reduction in the m.p. ranged from several degrees Cel-
sius (36) to about 20°C (4,19) depending on the average
droplet diameters. It was evident that a smaller droplet diam-
eter was associated with a higher degree of reduction in m.p.
The main cause for the reduction in the m.p. is thought to be
the increased chemical potential of small particles
[Gibbs–Thomson effect (37)] and lattice defects (38). As for
the present case of the micrometer-sized emulsion droplets, it
may be assumed that the PS crystals formed in the droplet par-
ticles may contain large numbers of lattice defects, such as
grain boundary and inhomogeneous blending of different TAG
fractions, which reduced the melting temperature. 

With regard to coalescence after fat crystallization, it was
reported that the O/W emulsion using confectionery coating
fat was destabilized by a cooling–heating thermocycling
process (39). This instability was thought to be due to a par-
tial coalescence mechanism by which crystallized particles
interact during cooling and merge on melting. If this process
occurs, DSC and XRD data after the coalescence have noth-
ing to do with the properties of the emulsion state. In the pres-
ent study, the emulsion sample was cooled from 60 to –5°C,
maintained for 10 min at –5°C, and heated to 60°C at the rates
of 2 and 10°C/min. We confirmed that the crystallization of
PS in the droplets during the above cooling–reheating process
did not cause any serious coalescence by observing that the
emulsion sample exhibited a liquidus feature and that the size
distribution did not change after the above temperature varia-
tion. Furthermore, we also observed that the same feature was
confirmed when the emulsion sample was kept at 0°C for 24
h after this temperature variation. This result was repro-
ducibly observed when we employed 10G1S as the emulsi-
fier. However, when 10G1L (decaglycerine monolaurate),
having a melting temperature lower than 10G1S, was em-
ployed as the emulsifier, total coalescence of the emulsion
sample occurred very quickly at 0°C. 

The different coalescence behavior due to the difference
in the FA moieties of the polyglycerine esters may presum-
ably be ascribed to interfacial crystallization (40). In the in-
terfacial crystallization, the FA chains of the emulsifier and
high-melting fraction in PS may cooperate to crystallize from
the interfacial membrane of the emulsion droplets. It is ex-
pected that this phenomenon is similar to that caused by the
addition of high-melting hydrophobic emulsifiers in the O/W

emulsion droplets of n-alkane (11,12) and palm midfraction
(13,14). We assume that the longer the FA chains, like 10G1S,
the more the interfacial crystallization occurs. The interfacial
crystallization might stabilize the emulsion particles more
than the droplets without the interfacial crystallization, al-
though the stabilization mechanism should be complicated. 
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