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ABSTRACT: Numerous food products are dispersed in droplet
emulsions in which fat is partially crystallized. A model fat al-
lowing the study of crystallization in emulsion, obtained by the
mixing of two fats (one solid and one liquid at room tempera-
ture) with simple triacylglycerol (TG) composition, is defined
and characterized. Cocoa butter (CB), a vegetable fat mainly
composed of monounsaturated long-chain fatty acids (POP,
POSt, StOSt, where P = palmitic, O = oleic, St = stearic), and
miglyol, a synthetic oil made from capric and caprylic fatty
acids, were chosen, respectively. The thermal behaviors of CB,
miglyol, and their mixtures are studied using high-sensitivity dif-
ferential scanning calorimetry (DSC). The CB/miglyol ratio was
optimized (i) in order to make stable emulsions as a function of
time, (ii) so that the mixture displays several solid phases on
cooling that result from CB polymorphism, and (iii) in order to
keep, even at low temperature, a liquid moiety facilitating the
phase transitions. The CB 75%/miglyol 25% composition is de-
fined as the model mixture. This mixture is characterized on cool-
ing at 0.5°C/min by coupled X-ray diffraction as a function of tem-
perature and DSC experiments. First an o 2L (49.3 A) variety is
formed. Then, co-crystallization of both CB and miglyol TG
shows the simultaneous formation of longitudinal stackings of
44.5 and 34.5 A with a lateral organization of B’ form. An unusual
TG packing corresponding to compound formation is proposed
to explain the observation of a 34.5 A long-spacing. The crystal-
lization behavior of the model fat mixture dispersed in emulsion
droplets is also monitored in order to validate its use.
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In many foods, the fat is dispersed in the form of emulsion, e.g.,
milk, cream, mayonnaise, butter, and margarine. In most of these
emulsions, the fat is partially crystallized. Although this is more
sensitive in systems for which fat is the continuous phase (water-
in-oil emulsions, like butter and margarine), crystallization in-
side the droplets of the oil-in-water emulsions influences their
organoleptic properties and many of their physical properties,
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e.g., theology, stability against aggregation, creaming, and co-
alescence. Such crystallization plays an important role in the
manufacture, storage, transport, and consumption of emulsified
food products. Thus, it is of great interest to understand the fac-
tors that influence their crystallization behavior.

Whatever their state of dispersion, natural fats are mainly
composed of complex mixtures of numerous triacylglycerols
(TG) that determine their physical properties, such as texture
and plasticity. Milk fat is undoubtedly one of the most complex
fats found in nature. TG comprise, by far, the greatest propor-
tion of lipids, making up 97-98% of the total lipid. The other
components are diacylglycerols, monoacylglycerols, free fatty
acids, sterols, and phospholipids. Over 400 different fatty acids
have been identified in milk fat; however only 12 individual
fatty acids account for more than 1% (1). Based on all the fatty
acids identified, saturated fatty acids account for about 66%
(C4:0-C10:0 = 11.2%; C14:0 = 10.8%; C16:0 = 26.1%; C18:0
= 10.8%) of the total, monoenoic acids are 27.4% (C18:1 =
24.1%), dienoic acids are 2.5% (C18:2 = 2.4%), trienoic acids
are 1.3% (C18:3 = 1.1%), polyenoic acids are less than 1%,
branched acids are less than 2.6%, and miscellaneous acids are
less than 1% (1,2). Furthermore, the composition changes with
season, region, and cow feeding. Milk fat contains several hun-
dred different TG, among which only 43 TG are present in
quantities greater than 0.5% (mol/mol), indicating that the ma-
jority of TG are present only in trace amounts (1).

Due to its composition, the melting range of milk fat is
broad, spanning from about —40 to 40°C. In this temperature
range, a mixture of solid and liquid phases coexists. Previous
works (3—11) reported that milk fat consists of several solid
phases made from the major groups of glycerides that melt
and crystallize separately and that generally behave as inde-
pendent solid solutions. A typical melting curve of untem-
pered native milk fat determined by differential scanning
calorimetry (DSC) shows three endothermic peaks, corre-
sponding to high-, medium-, and low-melting fractions that
are chemically distinct (4). The existence of a polymorphism
further increases the complexity of milk fat studies. This,
added to the existence of a complex membrane (12) in milk,
likely results in that only few studies exist on crystallization
of milk fat dispersed in emulsion (13-17).

To study crystallization in emulsion droplets, authors use
hydrocarbons, such as n-hexadecane (18,19), pure TG, or
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simple mixtures of synthetic TG (20) rather than natural fats
because they can be obtained with higher purity and display
sharp melting and crystallization temperatures. The drawback
of the studies made from these simplified models is that they
are far from food fat compositions and direct applications. For
instance, the coexistence of both solid and liquid phases is a
prerequisite for the definition of a milk fat model. According
to our requirements, a model for crystallization in emulsion
studies should (i) have a limited number of TG in order to fa-
cilitate data interpretation, (ii) be available in large quantity
for a reasonable price, and (iii) display a weak intersolubility
of the two fats, to increase the domain of coexistence of the
two phases. A mixture of cocoa butter (CB) and miglyol, a
medium-chain length synthetic fat, fulfils these requirements.

CB is a natural fat that has a quite simple composition,
even compared to that of other vegetable fats. CB is mainly
composed of TG (97%), other components being diacylglyc-
erols (~1.3%), free fatty acids (~1.2%), and complex lipids such
as glycolipids (~0.5%) and phospholipids (~0.1%) (21). CB is
composed of a mixture of saturated, monounsaturated, and
polyunsaturated TG. The monounsaturated TG are by far the
major component since they represent about 80% of the total.
Moreover, only three TG account for more than 95% of this
fraction: 1,3-palmitoyl-2-oleoylglycerol (POP), 1-palmitoyl-2-
oleoyl-3-stearoylglycerol (POSt), and 1,3-stearoyl-2-oleoyl-
glycerol (StOSt). Polyunsaturated and trisaturated TG corre-
spond to about 13 and 3%, respectively, of the TG content. This
TG composition of CB leads to thermal transitions over a nar-
rower temperature range than that of milk fat. CB forms a hard
solid at room temperature and exhibits sharp melting just below
body temperature. This TG composition gives CB a thermal and
structural behavior comparable to that of a pure compound. This
specificity of CB could be used through the identification of
crystalline species formed in emulsion, to study the mechanisms
of fat crystallization in dispersed systems.

Many authors studied crystallization and polymorphism of
CB (22-24) and of its main monounsaturated TG: POP, POSt,
and StOSt (25,26). CB polymorphism is commonly described
in the literature in terms of six different polymorphic forms,
noted from I to VI in increasing order of melting points, ac-
cording to the nomenclature of Wille and Lutton (22). The
solid phases of CB are identified by means of characteristic
X-ray diffraction (XRD) peaks. The longitudinal stackings of
molecules in lamellae, identified from the long-spacings ob-
served by XRD at small angles, are commonly double or
triple chain length (2L or 3L). The specific lateral packing of
the fatty acid hydrocarbon chains recorded by XRD at wide
angles leads to strong and characteristic short-spacings result-
ing from the combination of the lateral organization in the dif-
ferent moieties of the monounsaturated molecules. Poly-
morphs are usually divided into three groups: o (hexagonal
subcell), B’ (orthorhombic subcell), and B (triclinic subcell),
in their order of subcell compactness. In fact, CB polymor-
phism is more complex than originally described. At room
temperature, three phases coexist. The main one, composed
mainly of monounsaturated TG, is solid, and a minor one cor-

JAOCS, Vol. 78, no. 12 (2001)

C. LOPEZ ET AL.

responding mainly to saturated TG coexists with a liquid
phase representing 25% at 22°C and 33% at 27-28°C that is
mainly composed of polyunsaturated TG (in which a small
quantity of the other TG, varying with temperature, is solubi-
lized). A liquid crystalline phase has also been identified upon
quenching of CB to low temperature (24).

The aim of this paper is to define and characterize, by high-
sensitivity DSC and X-ray diffraction as a function of tempera-
ture (XRDT) experiments, a model fat allowing the study of
crystallization in emulsion. In order to obtain a mixture of liquid
and solid TG, as can be found in naturally occurring products
such as milk and cream, the long-chain TG of CB were blended
with various proportions of miglyol, which is a synthetic mix-
ture of medium-chain TG made from caprylic and capric acids.
The study by the above techniques of a selected mixture of these
two fats in emulsion validates the model used.

MATERIALS AND METHODS

Samples. The CB used was a standard factory product origi-
nating from Ivory Coast (Barry Callebaut, Meulan, France).
Miglyol was purchased from Stearinerie Dubois fils (Ciron,
France).

TG composition. TG species were fractionated by reversed-
phase high-performance liquid chromatography (HPLC) on
two columns of Lichrospher 100 RP 18 250 x 4 mm (Merck,
Darmstadt, Germany) mounted in series, with a gradient of
chloroform in acetonitrile (30:70 to 50:50 in 70 min). TG
were quantified using an evaporative light-scattering detector
Sedex 55 (SEDERE, Alfortville, France). Results were calcu-
lated from peak surface (S in puV - s) using Equation 1 to take
into account the nonlinearity of detector response:

S =4300 - M*04 [1]

where M is the mass of product in ug.

Fatty acid composition. After transmethylation as described
by Morrison and Smith (27), fatty acids were analyzed by gas
chromatography on a capillary column (J&W Scientic Inc., Fol-
som, CA; Type DB 225, 30 m x 0.32 mm) with a temperature
gradient from 50 to 220°C. Results were expressed in percent-
age of peak surface.

Free fatty acids, monoacylglycerols, and diacylglycerols
quantification. These components were analyzed as trimethylsi-
lyl derivatives by gas chromatography on a capillary column
(J&W Scientific; DB 5 HT, 15 m x 0.32 mm) with a tempera-
ture gradient from 100 to 350°C.

Phospholipids quantification. Phospholipids were quantified
by colorimetric phosphorus determination in total lipid extract
after acidic hydrolysis according to Bartlett (28). The coefficient
used between phospholipids and phosphorus was 25.

Mixtures of CB and miglyol. Miglyol was added in increas-
ing proportions to CB. All combinations of CB and miglyol,
expressed in percentage (w/w), were thoroughly mixed in the
liquid state at 70°C.

Thermal analysis. Thermal behaviors of CB, miglyol, and
CB/miglyol mixtures were monitored by DSC using a DSC-7
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PerkinElmer (St. Quentin en Yvelines, France). Samples were
loaded in aluminum pans of 50 uL (pan, part #B014-3021 and
cover, part #8014-3004) and hermetically sealed. An empty,
hermetically sealed aluminum pan was used as reference. Cali-
bration was made with lauric acid (m.p. 43.7°C, AH, = 35.7
kJ/mol, purity >99.9%) so that temperature and enthalpies could
be corrected, as previously described (29). Crystal memory was
destroyed by maintaining the temperature of the samples at 60°C
for 5 min. Crystallization behaviors were monitored with the
temperature scanning program set from 60 to —50°C at
0.5°C/min for CB/miglyol mixtures and at 0.2, 0.5, 1, 2, 3 and
5°C/min for CB 75%/miglyol 25% mixture. Melting behaviors
were monitored from —50 to 60°C at 2°C/min.

Structural analysis. Characterizations of CB, CB 75%/
miglyol 25% mixture, and oil/water emulsions were conducted
with an instrument allowing simultaneously time-resolved XRD
with high-sensitivity DSC on the same apparatus from the same
sample. XRD as a function of temperature (XRDT) was moni-
tored with the high-energy synchrotron beam at LURE (Labo-
ratoire pour I’Utilisation du Rayonnement Electromagnétique,
Orsay, France) on two different benches. On a D22 bench, two
linear detectors allowed XRD data collection at small and wide
angles with sample-to-detector distances of 177.4 and 30 cm,
respectively. On a D24 bench, a single detector, placed at 90 cm
from the sample, allowed recording of XRD data at small an-
gles. Both installations were equipped with a calorimeter that
has been described elsewhere (30). All XRD patterns were
recorded by transmission using thin glass capillaries (GLAS,
Berlin, Germany) especially designed for XRD since they allow
minimal attenuation of the beam and parasitic scattering (30).
Samples were loaded by filling these glass capillaries with about
25 uL of melted fats or emulsion. X-ray patterns were taken
every minute during about 59 s. Each frame represent an aver-
aged XRD pattern recorded during 59-s temperature scan (step
is 0.5°C on cooling). Channel to scattering vector q (g = 4m;
sin(0)/A = 2n/d; g in A‘l, 6 in degrees is the angle of incidence
of X-ray relative to the crystalline plane, A is the X-ray wave-
length, d in A is the repeat distance between two reticular plans)
calibration of the detectors was carried out at wide angles with
the B form of high-purity tristearin, characterized by short-spac-
ings of 4.59, 3.85, and 3.70 = 0.01 A (31), and at small angles
with silver behenate characterized by a long-spacing of 58.380
+0.001 A (32). XRD patterns were analyzed using PEAKFIT
software (Jandel Scientific, Erkrath, Germany) to determine the
position, the maximal intensity of the peaks, and the area under
the peaks. X-ray peaks were fitted by a Gaussian-Lorentzian
(sum) equation as described elsewhere (33).

Fractionation. The CB 75%/miglyol 25% mixture was
heated at 70°C during 10 min in order to eliminate all the
crystals and nuclei. The sample was cooled at 0.5°C/min.
until 17°C. Then, centrifugation of the sample at 19°C + 2°C
during 1 min allowed the upper liquid phase to separate from
the lower crystallized phase. The crystallized phase was
washed with hexane in order to eliminate liquid TG between
crystals. Hexane was evaporated under vacuum with nitro-
gen. The two fractions were analyzed by HPLC in order to
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determine their TG composition (see above).

Emulsion preparation. The aqueous phase consisted of dis-
tilled water, NaCl 80 mM, and 0.04 wt% sodium azide as a
preservative. Protein solution was prepared by adding 4 wt% B-
lactoglobulin powder (Laiterie Triballat, Noyal sur Vilaine,
France) to the aqueous phase and then stirring overnight at room
temperature to ensure complete dispersion of the protein. The
pH of protein solution was adjusted to 6.7 with 1 M NaOH. CB
75%/miglyol 25 mixture was melted at 60°C during 30 min.
Model fat and protein solution were mixed at 60°C to give 45%
(vol/vol) oil in the final emulsion. Emulsion premix was pre-
pared using the rotor stator system Polytron PT 3000 (Kinemat-
ica, Littau, Switzerland) equipped with a 12-mm head working
at 20,000 rpm for 30 s. Homogenization of the coarse emulsion
was then achieved at 10 bar with a high-pressure valve homoge-
nizer (Stansted Fluid Power, Stansted, United Kingdom).

Droplet-size distribution. After homogenization, | mL of
the emulsion was diluted into 9 mL of a sodium dodecyl sul-
fate solution (sodium dodecyl sulfate 1%, NaCl 80 mM, pH
6.7). This dilution ensures complete deflocculation of the oil
droplets. The oil droplet-size distribution was measured by
laser light-scattering using a Malvern Mastersizer (Malvern
Instruments, Malvern, United Kingdom). The system was
equipped with a lens of 45-mm focal length, and the manu-
facturer’s presentation code 0505 was selected to take into ac-
count the refractive index of the oil. The mean droplet size
(d32 =X nidi3/2 nidiz, where n is the number of droplets with
diameter d;) was d;, = 1.12 £ 0.03 pm.

RESULTS AND DISCUSSION

The objective of this work is to define a model fat allowing
the study of crystallization in emulsion, by mixing of
medium- and long-chain TG. The thermal and structural be-
haviors of CB and miglyol alone are studied first before that
of their mixtures. The resulting best proportion mixture is
then characterized and tested as an emulsion.

Characterization of CB and miglyol. (i) Composition. CB is
mainly composed of TG (96.4%), but it also contains minor
components as free fatty acids (1.8%), monoacylglycerols
(0.2%), diacylglycerols (1.3%), phospholipids (0.1%), and
sterols (0.2%). TG compositions of CB and miglyol are pre-
sented in Table 1. The TG composition found for CB, in
which the monounsaturated species, mainly composed of
POP (16.3%), POSt (34.8%) and StOSt (25.8%), represent a
total of 79.0%, is in agreement with the literature. Miglyol is
mainly composed of four TG with saturated medium chain-
length acylglycerols with 8 and 10 carbon atoms (caprylic/
capric acid TG) (about 1% of other fatty acids chains, caproic
and lauric acids, were also found).

(ii) Thermal behavior. Crystallization and melting behav-
iors of both CB and miglyol were analyzed by recording DSC
curves on cooling at 0.5°C/min, followed by a heating at
2°C/min (Fig. 1). This cooling rate was defined after a first
study of the crystallization in emulsion (Lopez, C., G. Keller,
A. Riaublanc, P. Lesieur, and M. Ollivon, unpublished results).
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TABLE 1

C. LOPEZ ET AL.

Concentration of Triacylglycerols (TG) in Cocoa Butter (CB)

and Miglyol (wt%)?

CB Miglyol
TG % TG % TG %
oLoO 0.5 StLSt 2.6 CyCyCy 20.7
PLO 0.6 POSt 34.8 CyCyC 47.0
PLP 2.3 PPSt 1.4 CYCC 28.4
000 0.7 StOSt 25.8 CCC 3.8
POO 2.5 PStSt 1.3
PLSt 4.2 StOAr 2.0
POP 16.3 StStSt 0.9
StOO 3.4
Saturated TG 3.6 99.9
Monounsaturated TG 79.0 —
Polyunsaturated TG 17.4 —
Total 100 99.9

aAbbreviations: Ar, arachidic acid (C20:0); L, linoleic acid (C18:2); O, oleic
acid (C18:1); P, palmitic acid (C16:0); St: stearic acid (C18:0); Cy, caprylic
acid (C8:0); C, capric acid (C10:0).

In this condition, crystallization of CB can be divided into
three distinct exothermal events, with a total enthalpy AH_ =
94.2 J/g. The first exotherm spans from 23.3 (onset tempera-
ture) to 19.5°C. A second exothermal event, not distinctly
separated, is recorded with an extrapolated onset temperature
determined at 21.7°C. The major exothermal event recorded
during cooling begins at 17.1 and finishes at 10.3°C (end tem-
perature). DSC signal extends to about —5°C. On heating at
2°C/min, at least four endothermic events are recorded until
final melting of all CB TG at 30.3°C (end temperature).

Crystallization of miglyol occurs in a single exotherm,
with AH = 98.6 J/g, characterized by a temperature onset of
—10.1 and an ending temperature of —19.2°C. The melting be-
havior of miglyol is more complex than crystallization since
three distinct endothermal events are recorded until the final
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FIG. 1. Thermal behaviors of cocoa butter CB (—) and miglyol (— - —)
conducted by differential scanning calorimetry (DSC) with a DSC-7
(PerkinElmer, St. Quentin en Yvelines, France). Crystallization curves
were recorded at 0.5°C/min; following melting curves were recorded at
2°C/min.
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melting of TG at 2.25°C. DSC recordings demonstrate that
CB and miglyol TG crystallize and melt in well-separated
temperature domains. Thus, a very limited intersolubility in
the solid state of both TG fat mixtures is expected.

(iii) Crystalline species formed by CB TG. Crystallization of
CB was monitored at 0.5°C/min between 45 and —7°C by cou-
pled XRDT and DSC experiments. XRDT patterns recorded at
small and wide angles as a function of time during cooling are
presented in Figure 2 as a three-dimensional view.

At small angles (Fig. 2), no diffraction lines are recorded for
T > 23°C, meaning that all TG are in their liquid state. For 7' <
23°C, two diffraction lines are successively recorded at g =
0.129 A1 (48.6 A) and g = 0.115 A" (54.3 A) with their supe-
rior orders of diffraction. At the end of the cooling, an increase
of the X-ray signal near ¢ = 0.14 A~! is also recorded.

XRDT patterns recorded at wide angles (Fig. 2, insert)
show first a broad peak centered at g = 1.36 A1 (4.6 A) cor-
responding to scattering signal of liquid TG (34). From about
22°C, a single peak of diffraction occurs and increases in in-
tensity until the end of the experiments at —7°C. This peak,

35

45
.5

o.3

q@A™h
FIG. 2. Three-dimensional plots showing the evolution of the long- and
short- (inset) spacings of CB as determined by small- and wide-angle X-
ray diffraction (XRD), respectively, during cooling from 45 to —7°C at
0.5°C/min. The peaks characterizing the oo and B’ packings are noted at
wide angles (insert), while the long-spacings are labeled at small angles
with their superior order of reflections (Miller index, hkl, with [ =2 or
3). See Figure 1 for abbreviation.
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centered at ¢ = 1.494 Al (4.20 A), is characteristic of a
hexagonal packing of the acylglycerol chains, also called o
form. X-ray bumps recorded at g = 1.46 A1 (430 A)and 1.63
A1 (3.85 A) likely correspond to small amounts of B’ form.
At T ~ 18°C, the intensity of the maximum of the scattering
peak suddenly decreases in intensity meaning that a liquid —
solid TG transition occurs.

The evolution of maximal intensity of the main lines
recorded at small and wide angles was analyzed using PEAK-
FIT (Table 2) and plotted as a function of temperature in order
to delimit the domains of existence of the species. These data
were compared to DSC crystallization curves recorded simul-
taneously (Fig. 3).

The increase in intensity of the major diffraction line
recorded at small angles (Fig. 3A) can be divided into three
temperature-delimited domains. For 23 > T > 19°C, the peak,
the long-spacing of which is 49.2 A, linearly increases in in-
tensity (r2 = 0.997; slope = —4.28%/°C) and stabilizes (see
below). In the 18.5 = 7> 10°C domain, the intensity of the line
increases linearly but with a steeper slope (r* = 0.998; slope =
—7.93%/°C). Furthermore, the mean long-spacing of the variety
in this domain decreases to 48.6 A. Finally, for 9.5 > T > -7°C,
the line slowly increases in intensity and stabilizes. The main
increase in intensity of the diffraction line corresponds to the
progressive crystallization of CB TG (mainly monounsaturated
TG) in a double-chain length organization (2L).

The evolution in intensity of the second crystalline variety
formed by CB TG on cooling can also be divided into three do-
mains (Fig. 3A). From its occurrence at 16 to 13.5°C, the dif-
fraction line recorded at 54.3 A rapidly and linearly increases in
intensity (? = 0.997; slope = -29.7%/°C), meaning that TG
likely crystallize in a liquid crystalline organization (LC) (24).
No other TG arrangement was found to explain the occurrence
of this spacing, which is too short for a 3L and too long for a 2L
packing since even the extended o conformation of tristearin is
only 50.7 A. Then, the intensity of this line linearly decreases
(r2 =0.995; slope = 25%/°C) in the 13 > 7'> 11°C domain and

TABLE 2
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continues to slightly decrease until the end of the experiment.
The sums of peak areas of first orders allowed us to estimate
the amount of this variety to be about 7% at T ~ 15°C. In the
13 > T'> —7°C domain, the decrease in intensity of the 54.3 A
(LC) line and the simultaneous increase of the 48.6 A (2L)
line indicate that the LC variety progressively transforms to
the benefit of the 2L variety. This behavior is attributed to a
LC — 2L phase transition.

The evolution as a function of temperature of maximal in-
tensity of the single line (4.20 A) recorded at wide angles and
attributed to the formation of a hexagonal chain packing is
shown in Figure 3B. The occurrence of this first lateral orga-
nization of acylglycerol chains at about 22°C is correlated
with the formation of the 2L variety recorded at small angles.
The intensity of this line increases until about 13°C; then it
stabilizes. Van Malssen et al. (23) showed that cooling of CB
at 0.5°C/min results in o-crystallization only. The real-time
X-ray powder diffractometer that they used, measuring d-
spacings from 3.0 to 6.1 A, allowed them to identify charac-
teristic short-spacings but likely prevented them from obtain-
ing information on the longitudinal organization of the TG
molecules.

A crystallization curve recorded by DSC simultaneously
with XRDT experiments on the same sample of CB is pre-
sented in Figure 3C. This DSC curve is similar to the one
recorded with a DSC-7 (PerkinElmer) (Fig. 1). The analysis
of XRDT data allows us to correlate thermal events to struc-
tural changes. The first exothermal event corresponds to crys-
tallization of the first lamellar variety formed by TG in CB,
corresponding to an o 2L organization with a thickness of
49.2 A. Davis and Dimick (35) identified the lipid composi-
tion of high-melting seed crystals that promote the crystal-
lization of CB. Seed crystals formed under static conditions
contain high concentration of minor components such as
phospholipids (6.6%), glycolipids (11.1%) and saturated TG,
PPSt, PStSt and StStSt (82.4%). Then the first peak recorded
by DSC on cooling is attributed to crystallization of highly

Structural Parameters Obtained by X-ray Diffraction at Characteristic Temperatures
for CB and CB 75 %/Miglyol 25% Mixture on Cooling at 0.5°C/min?

CB CB 75%/miglyol 25%
T LS SS T LS Ss
(°C) A) Type (A) Type (°C) (A) Type (A) Type
23 49.2 2L — — 20.1 49.7 (s) 2L 418 a
22 49.2 2L 4.20 o 17 49.4 (s) 2L 4.18 o
18.5 49 2L 4.20 a 12.7 493 (s) 2L 4.20 a
16 48.7 2L 4.20 o 445 2L 3.87 B,
54.3 (w) LC 34.5 2L 427
13.5 48.6 2L 4.20 a 4.15 B,
54.3 (W) LC 433
10 48.6 2L 4.20 o -8 49.3 (w) 2L 3.83 B,
54.1 (w) LC 445 2L 426
-7 48.6 2L 4.20 o 34.5 2L 4.14 B,
54.1 (w) LC 3.84 (w) B 4.34
4.32 (w)

LS, long-spacings; SS, short-spacings; s, strong; w, weak, 2L, double-chain length; LC, liquid crystalline. For other abbrevi-

ation see Table 1.
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FIG. 3. Coupled X-ray diffraction as a function of temperature (XRDT)
and DSC recordings. Evolution as a function of temperature of the max-
imal intensity of the main long- (A) and short- (B) spacings recorded in
Figure 2, respectively, at small and wide angles during the cooling of
CB at 0.5°C/min. Panel (C) represents the crystallization curve recorded
simultaneously by DSC. See Figure 1 for other abbreviations.

saturated TG species (24). The second and major exothermal
events are attributed to crystallization of monounsaturated TG
in an 0. 2L (48.6 A) form. Although the amount of 54.3 A (LO)
phase is much less important than that of the 48.6 A one accord-
ing to small-angle XRD (SAX), surprisingly the steep increase
of the DSC exothermic peak starting at about 17.5°C coin-
cides with the growth of the former. However, this steep in-
crease cannot entirely be attributed to the simple 54.3 A (LC)

JAOCS, Vol. 78, no. 12 (2001)

C. LOPEZ ET AL.

variety growth. Then the existence of a relationship between
the occurrence of the LC and that of the 2L variety at 48.6 A,
for instance the former giving birth to the latter while trans-
forming into, could not be ruled out. Coupling of small- and
wide-angle XRDT and DSC experiments on the same sample
allows us to relate structural and thermal behaviors, to follow
phase transitions, and to provide in some cases the attribution
of thermal events to the right TG species.

Mixtures of CB and miglyol. (i) Influence of CB/miglyol ratio
on TG crystallization. Crystallization behaviors of different mix-
tures of CB and miglyol were monitored by DSC (DSC-7;
PerkinElmer) on cooling at 0.5°C/min in order to study the in-
fluence of miglyol on CB TG crystallization (Fig. 4).

As a function of the increase in miglyol in the mixture, we
noted (i) the temperature at which initial TG crystallization oc-
curs decreases (Table 3), (ii) the enthalpy of the first exothermal
event corresponding to crystallization of CB trisaturated TG de-
creases, (iii) the increase of both the crystallization temperature
and enthalpy of the exotherm recorded at 7' < —10°C and corre-
sponding to crystallization of miglyol TG, and (iv) the en-
thalpies of crystallization (AH ) measured in the 25 > 7'>-10°C
domain as a function of CB amount in the different mixtures are
larger than theoretical enthalpies calculated (Fig. 4, inset). Reci-
procally, crystallization enthalpy of miglyol TG observed at 7' <
—10°C is less than the theoretical enthalpies directly calculated
from the melting enthalpy of each fat (Fig. 4, inset). DSC re-
sults show that miglyol TG contribute to the crystallization
enthalpy of CB. It seems evident that miglyol modifies the crys-
tallization behavior of CB TG and that the two fats do not crys-
tallize separately, but rather at least partially co-crystallize. As
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FIG. 4. Crystallization recordings of CB samples containing increasing
amounts of miglyol recorded by DSC at 0.5°C/min. The proportions ex-
pressed as the ratio of CB/miglyol are indicated in the figure. Inset: evolu-
tion of the enthalpy of crystallization (AH, expressed in )/g) for 25 > T >
—10°C as a function of CB in the mixture (bottom x-scale) (O) theoretical
AH, (@) measured AH; and for T <-10°C as a function of miglyol in the
mixture (top x-scale) (O) theoretical AH, () measured AH. Theoretical
AH were calculated in considering independent crystallizations of CB and
miglyol, then linearly proportional to the crystallization enthalpies of pure
compounds. See Figures 1 and 3 for other abbreviations.
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TABLE 3
Evolution of Initial Crystallization Temperature (T, as a Function
of CB/Miglyol Mixtures During Cooling at 0.5°C/min?

CB/miglyol Tonset
CB 23.3
90:10 21.8
80:20 20.7
75:25 19.7
70:30 19.4
60:40 17.9
50:50 16.7
Miglyol -10.1

9For abbreviation see Table 1.

the miglyol TG crystallization started at about —8°C for the CB
50%/miglyol 50% mixtures, we decided to choose the CB
75%/miglyol 25% mixture as the model fat in order to avoid
both miglyol and water crystallization at the lower limit of our
emulsion studies, about —10°C.

(ii) Influence of DSC scanning rate. The crystallization be-
havior of the CB 75%/miglyol 25% mixture was studied as a
function of cooling rate (R ) (Fig. 5). For 1 2 R > 0.2°C/min, it
was observed (i) that the same three exothermic events are
recorded for T'> 0°C (see above) and (ii) that a decrease of the
initial crystallization temperature occurred as the cooling rate in-
creased. For R, > 1°C/min, the number of thermal events over-
lapping each other increases because of the complex polymor-
phism of this TG mixture. Furthermore, the narrowest crystal-
lization range is obtained at 0.2°C/min; for higher cooling rates,
the complexity of the curves increases with the crystallization
range. The crystals obtained at different cooling rates may differ
in polymorph forms or in chemical composition or both. DSC
results show that the thermal behavior of this model fat is greatly
dependent of the cooling rate used to characterize the sample.

In order to (i) separate the different solid phases formed
during cooling, (ii) allow a full characterization by XRD, and
(iii) have a good signal/noise ratio to study dispersed fat crys-

0.2°C/min

2°C/min

3°C/min

Heat flow (a.u.) Endo >

-40 -30 -20 -10 0 10 20 30 40
Temperature (°C)
FIG. 5. Crystallization curves of the CB 75%/miglyol 25% mixture
recorded by DSC at various cooling rates, as indicated in the figure.
See Figures 1 and 3 for abbreviations.
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tallization, we decided to conduct experiments on the model
fat at 0.5°C/min cooling rate. In this condition, the fat system
is extremely sensitive to nucleation and transition phenomena
thanks to monotropic polymorphism of CB. Such sensitivity
has already been used to study chocolate tempering, e.g., after
chocolate tempering, less than 1% crystals of form V suffice
to orient CB crystallization (36).

Structural and thermal behavior of the model fat: CB 75%/
miglyol 25% mixture. (i) Crystallization behavior. Crystal-
lization behavior of CB 75%/miglyol 25% mixture was stud-
ied on cooling between 50 and —10°C at 0.5°C/min by cou-
pled XRDT and DSC experiments. The final temperature was
chosen to allow a comparison with crystallization behavior of
the model fat dispersed in emulsion (see below).

XRD patterns recorded simultaneously at small and wide
angles as a function of time during cooling are presented in
Figure 6.

On the three-dimensional view recorded at small angles
(Fig. 6), three domains can be delimited in temperature. For
35> T 2 20°C, all TG of the mixture are in the liquid state.
In the 20 > 7> 13°C domain, a single diffraction line occurs
and increases in intensity as a function of the decrease in tem-
perature. For T < 13°C, two diffraction peaks are recorded
with a simultaneous increase of the X-ray scattering at small
angles (0.02 < ¢ <0.13 A7),

s E R T 3

g @A™
FIG. 6. Three-dimensional plots showing the evolution of the long- and
short- (inset) spacings of the CB 75%/miglyol 25% mixture as deter-

mined by small- and wide-angle XRD, respectively, during cooling at
0.5°C/min. See Figures 1 and 3 for abbreviations.
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On the wide-angle XRDT patterns recorded simultane-
ously with SAXD (Fig. 6, insert), a broad peak centered at g
=1.38 A (4.55 A) corresponding to the organization of TG
in their liquid state (likely LC) is first recorded (34). The pro-
gressive vanishing of this peak during cooling to the benefit
of diffraction lines attributed to crystalline species confirms
its identification. From about 20°C, a single line characteris-
tic of a hexagonal packing (o) first develops, then lines corre-
sponding to orthorhombic packing (B’) are recorded.

Each XRD pattern recorded at small and wide angles during
cooling of the model fat at 0.5°C/min was analyzed using
PEAKFIT in order to determine the position and the maximal
intensity of each peak (Table 2, Fig. 7). The intensities of the dif-
fraction lines determined as a function of temperature are nor-
malized to their maximum to allow a comparison of the lines
during cooling. Figures 8 A and 8B show the evolutions plotted
on the same graph of the maximal intensity of peaks correspond-
ing, respectively, to long- and short-spacings. Such plots allow
us to delimit the domains of existence of the crystalline species
and to identify the phase transitions (37,38). Structural analysis
obtained from XRDT data is correlated with thermal analysis
recorded simultaneously by DSC (Fig. 8C).

On cooling at 0.5°C/min, a lamellar organization of TG
with a long-spacing of 49.7 A first occurs from about 20°C.
The evolution in intensity of this line can be divided in three
temperature-delimited domains. For 20 > 7' > 18°C, its in-
crease in intensity is attributed to the formation of a double-
chain length organization (2L). In this temperature range, the
PEAKFIT analysis has shown that the long-spacing decreases
from 49.67 to 49.44 + 0.1 A. The diffraction peak recorded
simultaneously at wide angles at ¢ = 1.5 A™! (4.19 A) super-
imposed on the liquid-scattering signal corresponds to a
hexagonal packing of the acylglycerol chains (o form). The
parallel evolution of both sets of small- and wide-angle lines
allows us to characterize a 2L (49.7 A) o variety and to relate
the formation of this crystalline organization to the first
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FIG. 7. PEAKFIT analysis of the XRD patterns recorded at both small and
wide (inset) angles at —7°C (last pattern of Fig. 6). (®) are experimental val-
ues, (lines) are peak individual fits and their sum (global fit). Numbers on
the figure correspond to the scattering vector g (A™') measured at the top
of each fitted peak. See Figures 1 and 3 for abbreviations.
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exothermal event recorded simultaneously by DSC (Fig. 8C).
A complementary experiment consisted in separating the TG
crystallizing in this first exotherm, in the 20—17°C range, by
centrifugation (see Materials and Methods section). HPLC
analysis allowed us to determine that the lipidic fraction that
first crystallizes during cooling at 0.5°C/min of the CB 75%/
miglyol 25% mixture is enriched in trisaturated TG ([PStSt]
x 2.5) and ([StStSt] x 3.2) as observed in cacao butter (24,
35,39).
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FIG. 8. Coupled XRDT and DSC recordings. Evolution as a function of
temperature of the maximal intensity of the main long- (A) and short-
(B) spacings recorded in Figure 6, respectively, at small and wide an-
gles during the cooling of the CB 75%/miglyol 25% mixture at
0.5°C/min. Panel (C) represents the crystallization curve recorded si-
multaneously by DSC. See Figures 1 and 3 for abbreviations.
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In the 17 2 T =2 12.7°C domain, XRD data (Fig. 8A,B)
clearly show the formation of the 2L (49.3 A) o, species, cor-
related with an exothermal event identified by DSC (Fig. 8C).
The inflection point observed on both figures between about
18 and 17°C can be related to the growth of the new species.

For 12.2 2T >-10°C, SAXD patterns show the complex
X-ray signature of a lamellar organization characterized by
two peaks corresponding to long-spacings of 44.5 and 34.5 A
and an increase of the scattered intensity at very small angles.
The concomitant development of both 44.5 and 34.5 A lines
supports the hypothesis of a co-crystallization of two struc-
tures. This X-ray signature is correlated with the formation at
wide angles of lines at 3.87 and 4.27 A which correspond to
an orthorhombic packing of TG attributed to a B, form and
lines at 4.15 and 4.33 A corresponding to a ', form. Figures
8A and 8B show that both long-spacing lines at 44.5 and 34.5
A and the series of short-spacings develop simultaneously
and display parallel evolutions. We deduced from the com-
parison of CB and CB 75%/miglyol 25% mixture crystalliza-
tion behaviors (Figs. 2 and 6) that the presence of miglyol in-
duces (i) an oo — P’ transition, (ii) a 49.3 A untilted — 44.5 A
tilted chain transition, both favored by the increase in liquid
short-chain fatty acids in the mixture, and (iii) the formation
of a “mixed structure” (see below) characterized by the line at
34.5 A. The 44.5 and 49.3 A lines can be related to B’ species
corresponding to the forms I'V and III of CB (22) (part of the line
at 49.3 A could be related to the presence of trisaturated TG in o
form, as above). On the contrary, the line recorded at 34.5 A was
never observed for pure CB and was really puzzling. Indeed,
such a period is not expected for CB, which is mainly composed
of monounsaturated TG with 16—18 carbons per chain. Then,
the line originates from either miglyol TG or a mixture of CB
and miglyol TG. The period expected for miglyol crystallization
in B’ form is about 25.3 A [d (A) =2.32 - n+4.43 A, n being the
mean carbon number per chain, here n =9, (40)] (41). The 69 A
period (34.5 A x 2) was ruled out. Then, we concluded that this
line could not originate from a pure miglyol structure. Further-
more, such a structure is not expected at 7> 0°C. Consequently,
the line at 34.5 A may only result from a CB-miglyol TG mix-
ture as already suggested above from DSC experiments.

The average difference of chain length between miglyol
and CB TG is about 8-9 carbons and largely exceeds the
chain-miscibility limit in the solid state (41). Fatty acids of
very different chain lengths likely segregate. The 34.5 A
chain length exactly corresponds to the sum of halves of 8—10
and 16—18 carbons per chain with about 24 and 44 A chain
lengths, respectively, measured for ° packings (41). The
thickness of the bilayer takes into account the void between
glycerols. Then, all the data above suggest that a mixed pack-
ing that corresponds to a CB/miglyol 1:1 compound crystal-
lizes in parallel with the form IV of the CB monounsaturated
TG. Figure 9 shows such a possible structure in which both
short- and long-chain fatty acids of TG segregate from fatty
acid layer to fatty acid layer.

The rather intense scattering observed at low angles as
well as the broadness of the main line might originate from
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(i) an imbrication of the two structures (phases) as found in
alloys when both types of solid solutions near an eutectic
composition crystallize almost simultaneously (co-crystal-
lization) (42) and (ii) the small size of the crystals, or both.
The fact that both phases crystallize simultaneously but melt
at slightly different temperatures was interpreted as a mixture
close to but not exactly at eutectic point. The relationship with
the observation of a break point in the evolution of melting
enthalpy vs. fat composition was not investigated (does this
point correspond to a phase limit?). The whole CB—miglyol
system needs further investigation for a complete understand-
ing of the intermediate structures and thermal behaviors.

(ii) Melting behavior. The melting behavior of the CB 75%/
miglyol 25% mixture crystallized at 0.5°C/min was followed
on heating at 2°C/min using DSC/XRDT coupling (Fig. 10).
The melting sequence as observed at both small (Fig. 10A)
and wide (Fig. 10A, inset) angles was the following: First, the
49.3 A variety melts at about 21°C, then, the 34.5 A (2L B’)
one at about 24°C before the major species at 44.5A (2L ")
that vanishes around 30°C. A P phase, characterized by two
long-spacings at 66 and 33 A and a 4.6 A line, forms around
20°C and melts at about 34°C. The fact the melting tempera-
ture of this P variety is almost unaffected compared with that
observed for pure CB tends to support the nonmiscibility of
both types of TG. The DSC curve recorded simultaneously
(Fig. 10B) shows that the melting of the first three varieties
cannot be distinguished one from the other while the B vari-
ety melting is clearly observed as a separate event.
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FIG. 9. Possible B’ packing model for trisaturated (SSS) miglyol and mono-
unsaturated (SUS) CB mixed crystals corresponding to the 34.5 A long-
spacing measured by XRD (Fig. 6). See Figures 1 and 2 for other abbre-
viations.
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FIG. 10. Coupled XRDT and DSC recordings. (A) Three-dimensional
plots recorded by XRD at small and wide (inset) angles during heating
of the CB 75%/miglyol 25% mixture at 2°C/min (B) DSC melting curve
recorded simultaneously. See Figures 1, 2, and 3 for abbreviations.

Crystallization of the model fat dispersed in emulsion. The
model fat defined as the CB 75%/miglyol 25% mixture was
dispersed in emulsion droplets (45% fat, vol/vol), with a
mean diameter of 1.12 pm, stabilized by B-lactoglobulin. The
low value of the average droplet diameter observed for a pro-
tein-stabilized emulsion is likely attributable to the presence
of minor lipids originating from CB. Indeed, besides the fact
that this model mixture offers the advantage to be easily ob-
tained from commercial fats, the presence of small amounts
of polar lipids in CB such as mono- and diacylglycerols and
fatty acids might induce the formation of nucleation sites
(14,43) which likely decrease the supercooling temperature
range (44) as well as contribute to a mean droplet size reduc-
tion (45). However, the presence of such catalytic impurities
in known amounts does not prevent the study of finely di-
vided emulsions of various size in which large quantities of
emulsifiers are added to stabilize (or destabilize) the emul-
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FIG. 11. Coupled XRDT and DSC recordings. (A) Three-dimensional
plots of XRD patterns recorded at small and wide (inset) angles during
cooling at 0.5°C/min of the model fat emulsion stabilized with B-lac-
toglobulin (the negative peak observed at about 0.07 A" is due to a de-
tector defect). (B) DSC crystallization curve recorded simultaneously.
See Figures 2 and 3 for abbreviations.

sion (Lopez, C., G. Keller, A. Riaublanc, P. Lesieur, and M.
Ollivon, unpublished data). In this respect, it is worth noting
that emulsions made in the same conditions but from un-
blended CB were not stable below room temperature while
those made from this model fat were stable for days or weeks.

The emulsion was characterized by coupled XRDT and
DSC measurements during cooling at 0.5°C/min from 50 to
—10°C. Crystallization behavior of TG dispersed in emulsion
was not conducted below —10°C in order to avoid ice forma-
tion. The study of thermal and structural behavior of TG dis-
persed in emulsion is much more challenging than in bulk fat
because of the presence of water that decreases the recorded
signals by simple dilution effect. The three-dimensional plots
of XRD patterns recorded simultaneously at small and wide
angles are presented in Figure 11A. The occurrence of dif-
fraction peaks corresponding to both the longitudinal stack-
ing of TG (Fig. 11A) and lateral packing of acylglycerol
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chains (Fig. 11A, inset) dispersed in droplets shows that
XRDT experiments using synchrotron radiation allow us (i)
to study TG crystallization within emulsion droplets, (ii) to
identify crystalline species formed, and (iii) to follow their
evolution as a function of temperature.

The DSC crystallization curve recorded simultaneously with
XRDT measurements is shown in Figure 11B. Several over-
lapped exothermal events extend from the initial crystallization
temperature of 13.6°C to about —7°C, where the DSC signal re-
turns to the baseline. Compared to anhydrous fat, crystalliza-
tion of the model fat dispersed in emulsion (i) starts with a more
important supercooling AT = 19.7 - 13.6 = 6.1°C, (ii) spans a
larger temperature range, and (iii) exhibits a much more com-
plex thermal behavior.

The thermal and structural behaviors of the model fat dis-
persed in emulsion have been analyzed, by coupled XRDT
and DSC experiments, as a function of the type of protein
used as an emulsifier, of the polar lipids associated with the
proteins at interface and of the size of the emulsion droplets.
It has been shown using this model fat that all these factors
influence the crystallization behavior (Lopez, C., G. Keller,
A. Riaublanc, P. Lesieur, and M. Ollivon, unpublished data).
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