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Anhydrous Goat’s Milk Fat: Thermal and Structural Behaviors
Studied by Coupled Differential Scanning Calorimetry and X-ray
Diffraction. 2. Influence of Cooling Rate
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Crystallization and melting properties of triacylglycerols (TGs) in anhydrous goat's milk fat (AGMF)
are investigated by X-ray diffraction as a function of temperature (XRDT) coupled with high-sensitivity
differential scanning calorimetry (DSC), using synchrotron radiation and Microcalix. The polymorphic
behavior of AGMF was monitored by varying the cooling rates between 5 and 1 °C/min from 45 to
—20 °C with their subsequent melting at 1 °C/min. Quenching of AGMF at —20 °C was also examined
to determine the metastable polymorphic form of AGMF. At intermediate cooling rates, TGs in AGMF
crystallize, from about 18 °C in two different lamellar structures with triple chain length 3La stacking
of 72 A and a double chain length 2La stacking of 48 A, which are correlated to two overlapped
exothermic peaks recorded by DSC. A reversible transition sub o < o was observed. Subsequent
heating at 1 °C/min shows numerous structural rearrangements before final melting. At fast cooling
of AGMF (5 °C/min), similar unstable crystalline varieties are formed while three endotherms are
recorded. Several new unstable lamellar structures are observed after quenching. All of these data
are compared to those previously reported at slow cooling (0.1 °C/min) showing a relative stability of
the structures formed. In spite of general similitude, the thermal and structural behavior of the goat's
milk is more complex than that of the cow’s milk.

KEYWORDS: Goat's milk fat; polymorphism; triacylglycerols; X-ray diffraction; differential scanning
calorimetry; crystallization

INTRODUCTION through its technological and sensory properties of many goat
dairy products 4). Among fats, milk fat exhibits the most
complex lipid composition. Bovine milk fat is mainly composed
of triacylglycerols (TGs) that represent about 98% of the total
lipid. The other components included are diacylglycerols,
monoacylglycerols, free fatty acids (FAs), phospholipids, sterals,
and other polar lipidsg, 6). Their respective concentrations
depend on possible lipolysis. More than 400 FAs and 200 TGs
have been identified7§. The complexity of its composition is

in relation to its physical behavior. This chemical composition
plays a critical role in dairy products because of its influence
on aspects of technology (melting point, crystallization, etc.),
physiology (biosynthesis), and nutrition (action of lipolytic
enzymes). Milk fats including anhydrous goat's milk fat

* To whom correspondence should be addressed. Tel: 33(1)46-83-56- P :
29. Fax: 33(1)46-83-53-12. E-mail: michel.olivon@u-psud.fr. (AGMF) and anhydrous bovine’'s milk fat (ABMF) have

Goat Capra hircug milk production is of significant
importance to the economy and survival of large populations
of many countries in the world, in developing countries as well
as in developed countrie$)( In the past decade, there has been
an increased interest for goat milk production and its conversion
to value-added products like cheese, UHT milk, and goat’s milk
powder. Besides water, the main component of goat milk is
fat. Goat’s milk fat (GMF) plays an important role in dairy
products, especially by contributing the typical and unique
flavors, tastes, and aroma @). The composition of GMF is
of tremendous importance for its market and nutritive values,

T Equipe Physico-Chimie des Systes Polyphase complex FA and TGs compositions and display broad melting
zgﬂ!te ?'Q”g'yrs.es Ac'i'mema”es ranges and no true melting points. The thermal behavior of fats
I Uni'\\,lgr;'nggr:ﬁ-,S:%ihca're is usually studied by differential sqanning cglqrimetry (DSC).
U Universitede Rennes 1. However, the complex DSC recordings are difficult to interpret.
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Figure 1. Main types of TGs packings. The main structural arrangements
of TGs are shown. (Top) The stable conformation of the hydrocarbon
chains of saturated FA is a planar zigzag shown here as a 3D view along
its main axis (note that most of the front hydrogens are not drawn for
clarity); on the right is the end view of the carbon zigzag. (Middle) Three
main types of chain lateral packings (only carbons atoms are drawn as
the end view above; hydrogen atoms are not drawn) corresponding to
hexagonal (Hex.), orthorhombic perpendicular (OCJ), and triclinic parallel
(TH) subcells and corresponding to a, 3, and 3 forms, respectively. The
corresponding longitudinal packings are shown at the bottom. X-ray
characteristic lines are given for both lateral and longitudinal packings.

o

The composition of the crystals, which depends on crystalliza-
tion conditions through the monotropic character of TGs

polymorphism, changes during melting and sometimes even

during crystallization§, 9). Thus, identification of the species,
the domain of existence of which is delimited by each melting
or crystallization DSC peak, is often impossible without the help
of techniques that yield information about structures (X-ray or
neutron diffraction, infrared spectroscopy, etd(,(11). X-ray
diffraction (XRD) has been recognized as an essential tool for
elucidating the polymorphism of fats since it complements DSC.
Lipid polymorphism results from the different possibilities of
lateral packing of the FA chains and of longitudinal stacking
of molecules in lamellael1@). The longitudinal and lateral
packing are recorded by XRD at small and wide angles,
respectively, as detailed irigure 1 (13).

Access to X-ray high-flux sources (synchrotron) permits the
study of the polymorphism and the transitions displayed by
complex TGs mixtures as a function of temperature and the
comparison of these data to DSC recording4).( Thanks to
the coupling of DSC and XRD as a function of temperature
(XRDT), the thermal and structural behaviors of ABMF at
different cooling rates (from 0.1 to 100€/min) were studied
by Lopez et al. 15—18). Using these techniques, the thermal
and structural behaviors of anhydrous camel milk fat have also
been recently studied by Karray et al9( 20). The authors
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The aim of this series of papers is to examine the crystalline
structures formed by TGs of AGMF and their polymorphism.
In this second and last paper of the series, AGMF is submitted
to fast and intermediate cooling rates as well as to quenching.
To determine the stability of the crystalline varieties formed
during cooling, their evolutions were also followed during a
subsequent heating at°C/min. We compare our results with
those obtained during slow cooling at CC/min 21).

MATERIALS AND METHODS

Samples.Goat milk was obtained from a goat herd (Alpine race)
belonging to the Arid Region Institute (ARI, Medenine, Tunisia).
Sodium azide, Napl was added to milk at a concentration of 0.02%
(w/v) to prevent the growth of bacteria. Cream was obtained from the
refrigerated mixed goat milks after centrifugation three times &t@5
and 300@ for 20 min on a Jouan GR 20 22 centrifuge (Jouan, Saint
Herblain, France). The procedure of extraction of AGMF from cream
is similar to that used previouslR). Briefly, after manual churning
of cream (aff = 12—15 °C), 10 g of butter was melted to 6C and
centrifuged for 2 min at 30@) The upper organic phase AGMF was
separated and filtered at BC in the presence of sulfate anhydrous
sodium (NasSQy) on a filter of glass wool.

DSC Measurements.Thermal analysis of AGMF was conducted
with a DSC-7 Perkin-Elmer (St. Quentin en Yvelines, France) equipped
with a cooling device (Intracooler I1) in dry air atmosphere and running
under Pyris Thermal Analyzing systems Software (version 3.52). AGMF
samples were loaded in aluminum pans ofdl@s previously described
(21). AGMF samples were heated at 70 during 5 min in order to
melt all crystals and nuclei. Crystallization curves were recorded from
60 to —40 °C at different cooling rates: 0.1, 0.3, 1, 3, and@min.
Then, following cooling, all of the melting curves were recorded from
—40 to 60°C at 1°C/min.

XRDT/DSC Measurements.Experiments were performed using a
technique that allows simultaneous synchrotron radiation XRD as a
function of temperature (XRDT) and high-sensitivity DSC, Microcalix,
which was carried out in the same apparaf2%s 23). The experiments
were conducted on B bench of the synchrotron beam at LURE
(Laboratoire pour I'Utilization du Rayonnement Electromaimee,
Orsay, France), using the setup described previo@dly Briefly, two
linear detectors allowed the recording of simultaneous small=(
0-0.45 A1) and wide- § = 1.1-2.1 A1) angle XRD patterns with
sample to detector distances of 177 and 30 cm, respectively. Both
XRDT data and DSC signals were simultaneously collected from the
same sample (about 25 mg) with a single computer in order to avoid
any time or temperature shift in the data collection. Standardization of
X-ray detection and DSC analysis was already descril2d)l The
channels of the detectors were calibrated to express the XRDT data in
the scattering vectog with g = 4 sin(@)/A = 2x/d, whereq is in
A-1, 6 is the angle of incidence of X-ray relative to the crystalline
plane,. is the X-ray wavelength, andiin A is the repetition distance
between two planes. The crystallization behavior of AGMF was
conducted on cooling at 5 and C/min from 45 to—20 °C at
dT/dt = 1 and 5°C/min using capillary-contained samples. The melting
behavior was monitored by heating of the samplesTatitd= 1 °C/
min. Quenching of AGMF at-20 °C was also examined. Each XRD
pattern recorded as a function of temperature simultaneously at small
and wide angles was analyzed using IGOR PRO 4.0 software
(Wavemetrics, United States) as previously descril2d)l On figures
generated from IGOR analysis, the size of symbols was proportional
to the maximum of intensity of the line while the circle center position
indicated period. Moreover, the DSC crystallization curve, which was
recorded simultaneously, was superimposed on top of the other results.
As a consequence of the use of such representation, it was easier to
link thermal events to structural changes.

Statistical Analysis. Statistical analysis was conducted as previously

examined the crystalline structures formed by TGs during slow (51) byt the XRDT patterns, which are synchrotron beam consuming,

(O.1_°C/min), inter_mediate (1°C/min), anq fast (5°C/mir_l) were only obtained once. However, because each frame was indepen-
cooling of these milk fats and their evolutions as a function of dent of the neighbor one, their evolution was considered more or less

temperature during subsequent heating at 1 8€/2nin. as a repetition of analysis.
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Figure 2. Three-dimensional plots of SAXD (A) and WAXD (B) patterns
of anhydrous goat milk recorded from 45 to —20 °C, at intermediate cooling
rate (1 °C/min) as a function of time, using coupled XRDT-DSC. (Asterisk
symbols correspond to negative peaks due to wide-angle detector defects.)
The crystalline structures identified are noted in the figure. The insert
shows an enlargement of the domain delimited by an ellipse.
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Figure 3. Evolutions, as a function of temperature of the LS (A) and SS
The structural and thermal properties of AGMF were studied (B), deduced from the diffraction peaks of Figure 2 by IGOR analysis as
at intermediate and fast cooling rates, respectively, at 1 andin ref 21. Both evolutions are superimposed with the DSC (raw data)
5 °C/min, from 45 to—20 °C, by coupled XRDT and high-  crystallization curve recorded simultaneously during cooling of AGMF at
sensitivity DSC techniques. After such crystallization, the 1 °C/min. Symbol sizes, centered on distance and temperature, are
AGMF samples were subsequently analyzed on heating atproportional to the maxima intensities of the lines.
1 °C/min from —20 to 45°C. On the other hand, we studied
the formation of the most unstable crystalline structures formed
by a sample of liquid AGMF, after its rapid quenching from

4510 _30 °C, as well as their.evolu.tiorrls aia fufr:ction of ;ir?]e of the lateral packing of the alkyl chains of acylglycerols in
at —20°C, and then on heating. Finally, the influence of the =, a teristic subcells. The wide-angle X-ray diffraction (WAXD)

cooling rate on the thermal and structural behaviors is discussed, e simultaneously recorded as a function of temperature
by comparing the results of this study with that of the preceding (Figure 2B) shows, at about 18C, the occurrence of a first

RESULTS AND DISCUSSION

corresponds to a lamellar structure with a double chain length
organization (bilayered stacking, 2L).
At wide angles, the recording of XRD allows identification

paper of the series obtained at slow cooling rag®.( diffraction line atq = 1.51 A~% (4.15 A), which is characteristic
1. Crystallization Behavior of AGMF at Intermediate of TGs crystallization with an hexagonal packing of the acyl-
Cooling Rate: 1 °C/min. 1.1. Cooling at 1°C/min. 1.1.1. glycerols chains, called the form. It is the most unstable

Identification of the Crystalline Structures. The XRD patterns, packing of the acylglycerols chains. From about®, the
recorded as a function of time at both small and wide angles occurrence of two diffraction lines centeredpt= 1.49 (4.2
during cooling of AGMF, are presented, vs temperature, as A) and 1.7 A1 (3.7 A) indicates the formation of a new
three-dimensional (3D) plots, ifrigure 2. The small-angle  crystalline arrangement of TGs in AGM corresponding to an
X-ray diffraction patterns (SAXD) Kigure 2A) show the  orthorhombic packing of the chains also called the @dbrm.
progressive development of four and then five diffraction lines  1.1.2. Spacing Evolution. The evolution of the long spacings
corresponding to crystallization of TGs in goat milk fat, as a (LS) and short spacings (SS), determined from the diffraction
function of temperature. On cooling at'C/min, at aboufl = peaks recorded at small and wide anglesigure 2A,B, vs

10 °C, four sharp diffraction lines, centered at abqut 0.09, temperature, is presented, respectivelfigure 3A,B. Figure
0.17, 0.26, and 0.35 & (72.4, 36.4, 24.2, and 18 A), are 3 shows the plot of the spacing and intensity (circle diameter)
observed and detected by IGOR software, while the fifth one of the line detected by software together with the corresponding
is observed but not detected. All of these diffraction lines DSC recording.

increase simultaneously in intensity as a function of the decrease At small angles, the LSs of the diffraction lines related to
in temperature during cooling. This first crystalline form the 3Lgo; (72.4 A) variety and its corresponding superior orders
corresponds to a lamellar structure with a triple chain length 3Lgg3 (24.2 A) and 3y, (36.4 A), appearing at about 1@
organization (trilayered stacking, 3L). The line at 36.4 A¢®). (Figures 2A and 3A), do not show any significant evolution
likely corresponds to the second order of that observed at 72.4during cooling of the AGMF, meaning that no changes occur
A (3Loos) of the TGs molecules and the lines at 24.2 and 18 A in the longitudinal stacking of TGs. On the other hand, for the
(3Loos and 3lgos) correspond to the third and the fourth orders, line 2L (48 A), observed below-10 °C, the thickness of this
respectively Figure 2A). From aboutT = —10 °C, a weak lamellar structure slightly increases as a function of temperature
diffraction line corresponds to a second organization of the during cooling of AGMF. On the contrary, in the domain<0
longitudinal packing of the alkyl chain of TGs in milk fat T < 12°C, the SS corresponding to anform shows a slight
recorded afj = 0.13 A1 (48 A). This crystalline form likely increase from about 4.12 to 4.16 A of the hexagonal subcell
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Figure 4. Three-dimensional plots of SAXD (A) and WAXD (B) patterns 2 _ L 00 ,f__;:
recorded as a function of time during heating of AGMF at 1 °C/min after 39 $ub o o F oo liqui ' 5
cooling at 1 °C/min (asterisk as above Figure 2). The crystalline structures 38 4 : -02 x
identified are noted in the figure. 3.7 —-04
R A EAREEERRE L
(Figures 2Band3B). This evolution indicates that this packing 20 -0 0 10 20 30 40

becomes less dense upon increasing up to 4.16 A. From about Temperature (°C)

0 to —20 °C, this line splits into two lines at SS 3.93 and Figure 5. Evolutions, as a function of temperature of the LS (A) and SS
4.2 A. This split is related to the occurrence of an orthorhombic (B) deduced from the diffractions peaks of Figure 4 as above, are
packing sulm.. Theo <> suba reversible polymorphic transition  superimposed with the DSC crystallization curve recorded simultaneously
observed for SS might correspond to the blocking in a tight during heating of AGMF at 1 °C/min, following its crystallization cooling
packing of the FA chains (see below). at 1 °C/min. Symbol sizes, centered on distance and temperature, are
1.1.3. Intensity Evolution. The evolutions of maximum proportional to the maxima intensities of the diffraction peaks.
intensity of diffraction peaks recorded at intermediate cooling ) L )
rate of AGMF were plotted on the same grafliglre 3A,B) since it corre;ponds to the equilibration of the calorimeter. The
as a function of temperature, in order to relate the longitudinal PSC recording shows two or three (see below) overlapped
organization of the TGs molecules to their lateral packing (the €xothermic events, which can be related with the formation of
symbol sizes are proportional to the maximum line intensities). the lamellar structures analyzeql above. The initial crystallization
At small angles, the intensity of the line @k (36.4 A) increased temperature is about T&. The first exothermal event regorded
from its formation at about 10 to ©C. This increase, whichis ~ ON cooling from about 18C corresponds to crystallization of
correlated with an intensity increase of at SS, should TGs incorporated in the trilayeredstructure characterized by

correspond to a relatively fast crystallizatioRigure 3). At a period of 72.4 A and four LS lines (% | < f)- The second
T < 0°C, the diffraction lines 3boy, 3Loos, and 3lopzare stable exothermal event recorded from about G+tb8 °C corresponds

in intensity. At wide angles, the intensity of toeform is stable ~ t0 the formation of a 2L structure, likely sub o
from 10 to —10 °C whereas it increases at < —10 °C. 1.2. Heating of AGMF at 2C/min.Following crystallization

Surprisingly, this intensity increase is not correlated with the Upon cooling at TC/min, the AGMF sample was immediately
split of the main WAXD line characterized by a shift of the Neated from—-20 to 45°C at 1°C/min in order to monitor the
main line and the occurrence of a second line at 3.93 A. The Polymorphic evolution of the crystalline structures formed
same transition has already been observed in bovine creanfluring cooling. _
crystallization 24). Theo organization corresponds to arandom ~ 1-2.1. Structural Analysis. The plots of the XRD patterns
hexagonal packing of the chains in which an average one kink 'écorded, as a function of time, at small and wide angles are
per chain is observed. As the temperature is lowered, progres-Presented irFigure 4A,B, respectively, vs temperature as 3D
sively, the chains rotate less rapidly and pack together more VieWs. The evolutions of the small-angle lines show successive
tightly in the subo form. and complex phase transitions of the crystalline structures
WhenT > 18°C, SAXD and WAXD patterns show that milk (Figure 4A). The evolutions of maximum intensity of dlﬁractlon
fat TGs are in their liquid state. We concluded that the following P€aks recorded at small and wide angles as a function of time

transitions are observed on cooling: during heating of AGMF were plotted on the same graph
(Figure 5A,B) as a function of temperature. We can define at
liquid — o < suba. least four temperature-delimited domains. First, the line at

43 A fast disappears on heating betwee?0 and—10 °C.

as shown inFigure 3. Indeed, in the interval of temperature20 °C < T < —2 °C,

1.1.4. Thermal Properties. The DSC crystallization curve was both intensity and position of the set of diffraction lines of the
recorded simultaneously with XRD from the same sample of crystalline variety, 3L at 72.5 A, are quasi-constant. TAt
AGMF during its cooling at °C/min, thanks to XRDT/DSC —2 °C, the decrease in intensity observed is interpreted as the
coupling Figure 3). First of all, the signal recorded by the DSC  melting of this triple chain length structure to the benefit of a
between 45 and 37C should not be taken into consideration more stable form. AT > 8 °C, this set of lines has disappeared
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while a 2L variety appeared, the period of which is changing
from about 38 to 41 A as shown by the drift of line position
(Figure 5A). The evolution of SAXD patterns dfigure 4A
shows more clearly the formation, the drift, and the successive
melting of this form than the plot dfigure 5A due to peak
overlapping. However, the comparison of the line intensity of
this 2L, more stable form with that of the 3L metastable form
observed seems to indicate that the crystallization is not
complete. To further crystallize this variety, a conditioning at a
temperature close to that of its formation would have been
required. The comparison of the characteristics of the crystalline
forms observed during heating after cooling &CImin, with

that observed on slow cooling (0°C/min), shows that the line

at 39-41 A formed during heating corresponds to that observed
previously at a slower rat@{). Similarly, the brief occurrence

of a line at 33.8 A (and simultaneously corresponding to a
possible bump at about 66 A) was interpreted as the beginning
of the formation of the 3k observed previously2@).

Concerning the chain packing, the X-ray lines of which are
observed at wide angles-igure 1), it was not possible to
distinguish the lateral packing of minor forms. The main lines
correspond to sub, a, andf’. The reversibility of the transition
observed around-5 °C between sule and o, which are the
less stable polymorphic forms, is clearly observedrigures
2B and4B as a reversible transition between hexagoaalifie
at about 4.15 A) and orthorhombic (swb lines at 3.7 and
4.2 A) packingsEigures 3Band5B). This reversible transition
attributed to the major lines 3lis surprisingly not accompanied
by any detectable change of the longitudinal stackkFigyres
2B and 4B). The fact that an orthorhombic chain packing
transforms into a hexagonal one and consequently a more
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range of the first melting endotherm, which is located in the
interval —16 °C < T < 6 °C, has been assigned to the melting
of part of thea 3L form. The second endotherm, which is
observed in the range € < T < 22 °C, coincides with both
the transition and the melting of bof 2L; anda 3L;. The
last endotherm corresponds to thafo2L,. Coupling of XRDT
and DSC data demonstrates that at least a less stal®re
stable transition is observed during heating & min following
AGMF cooling at 1°C/min.

2. Crystallization Behavior of AGMF at 5 °C/min. 2.1.
Cooling at 5°C/min. 2.1.1. Structural Analysis. The crystal-
lization behavior of the AGMF was monitored, at fast cooling
rate (5°C/min) from 45 to—20°C, by using the coupled XRDT/
DSC technique, in order to complement the study of the
formation of unstable crystalline forms of TGs. The SAXD and
WAXD patterns recorded as a function of temperature are
presented as 3D views Iigure 6A,B, respectively. At small
angles Figure 6A) and forT < 12 °C, five XRD peaks are
recorded at about; = 0.09 (71.5 A), 0.13 (46.7 A), 0.16
(38 A), 0.17 (36.4 A), and about 0.26°A(24 A). These lines
correspond to the quasi-simultaneous crystallizatio at
12°C of two speciesy3L (71.5 A) anda2L (46.7 A), followed
by that of a third species, 21(38 A). These species are similar
to that observed during crystallization af@/min (Figure 2).

At wide angles, the same — sub a transition as above is
observed.

2.1.2. Thermal Properties. The crystallization curve recorded
simultaneously with XRDT experiments by DSC during the
cooling of AGMF at 5°C/min is presented in the insert of
Figure 6. The curved shape of the DSC curve,Tat 20 °C,
corresponds to the equilibration of the calorimeter. The DSC

ordered packing transforms into a less stable one on heating is;ecording shows two overlapped exothermal events. The initial

apparently a paradox. In fact, it is not surprising since the sub
o< a transition is not monotropic but enantiotropic. Contrary
to what is observed for other TGs transitions, this sedlid
subo < a reversible transition does not imply chain melting
(25 and it is not accompanied by any LS change. For
6 °C, the lines observed at about 4.2 and 3.8 A characteristic
of the §' crystal are correlated with the occurrence of the
structure 2L. These results show that — ' polymorphic
transitions occur during heating. So, we are in the presence of
three successive transitions at delimiting four different temper-
ature domains. We did not record any diffraction line§ at
38°C, meaning that all of the TGs of AGMF are in their liquid
state.

As a summary, the following polymorphic transitions are
observed on heating:

suba < a— ' — liquid
to which the following varieties correspond

a 3L, (72.5 A)— p' 2L, (38—41 A)— liquid
+ ' 3L, (6566 A) — liquid
+ a? 2L, (43 A) — liquid

It is interesting to note that similar polymorphic transitions are
observed in ABMF at heating at Z/min after cooling at 3
°C/min but at different transition temperaturesy,

1.2.2. Thermal Analysis. Thanks to the above XRD analysis,
the complex melting curve recorded by DSC during heating at
1 °C/min of the AGMF sample is interpreted as showikigure
5. The DSC melting curve shows the overlapping of43
endotherms until the final melting temperature at aboutG8
These endothermic peaks correspond to the low melting point,
medium melting point, and high melting point. The temperature

crystallization temperature occurs at about I2 The first
exotherm is related to crystallization of bat8L (71.5 A) and

a 2L, (46.7 A) varieties. The second exotherm visible as a weak
change of the peak decreasing slope at abdfiC corresponds

to a combination of the crystallization of the third specieg 2L
(38 A), likely superimposed with the transitian— suba.

2.2. Subsequent Heating at°C/min. Following cooling at
5 °C/min, the AGMF sample was immediately heated fre20
to 45°C at 1°C/min as previously.

2.2.1. Structural Analysis. XRDT patterns recorded simulta-
neously at small and wide angles during heating of AGMF are
plotted as 3D views irrigure 7A,B, respectively. On heating
at 1 °C/min, following fast cooling at C/min, the thermal
evolution of the small angle patterns is similar to that observed
above after slower cooling (iC/min). However, the lines of
unstable forms at 46 and 38 A are more marked while the
intensity of lines of the main species is relatively less important
(Figure 8). As a result, the IGOR analysis of peak position
and intensity is able to separate the two lines at 38.1 and 36.4
A all along the heating while this was not possible previously
(Figure 5). On heating, the following polymorphic transitions
are observed at wide angles: sub~> a — g — liquid. They
correspond to transitions and LS changes:

3L+ 2L, + 2L, — 2L,
71A 46 A 38 A— 40 A

delimiting the various crystalline domains of existence.

While a monotropic polymorphic evolutiom. — S (in
addition to the enantiotropic transition sob— o)) was clearly
observed independently at both small and wide angles but
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Figure 7. Three-dimensional plots of SAXD (A) and WAXD (B) patterns
recorded as a function of time during heating of AGMF at 1 °C/min after
cooling at 5 °C/min (asterisk as above Figure 2). The crystalline structures
identified are noted in the figure. The insert shows a comparison of the
lines shapes observed at wide angles upon heating at 1 °C/min, after
cooling at 5 and 1 °C/min.

concomitantly, it was not possible to determine further exactly

which species disappeared to the benefit of which. However,

taking into account the final melting point of this phase, the

TGs involved in this transition are likely the long chain
trisaturated or the monounsaturated ones as evidenced for
ABMF. It is worth noting that the line shapes observed at wide
angles upon heating at°C/min, after cooling at 5 and i1C/

min, are significantly different as shown in the insertagure

7B. The lines observed after cooling at’&/min are broader
than those recorded after cooling at@/min.

2.2.2. Thermal Analysis. The DSC curve recorded simulta-
neously with XRDT experiments is presentedrigure 8. On
the melting curve recorded, the different ranges observed can
be tentatively analyzed as following. The first endotherm, low
melting point fraction (LMPF), corresponds to meltingo#L,
anda3L structures. The second endotherm, middle melting point
fraction (MMPF), corresponds to that g¥'2L,. The last
endotherm, high melting point fraction (HMPF), coincides with
the melting off3'2L3 until final melting.

Concerning the reversibility of the sulb < a transition,
which precedes thee — ' one, thea. — suba transition is
clearly evidenced on cooling on both WAXD pattern evolutions
of Figures 2B and 6B. On heating, the reversibility of this
transition is attested by the sub< a changes observed in
Figures 4B and 7B [the variations of intensity of the line at
3.8 A are illustrated by small (m) and capital (M) letters
indicative of minimum and maximum, respectively,Figure
7]. However, we cannot rule out the possible transition of part
of the suba liquid crystals directly to the crystalline fori.

The first minimum of this line, which is less marked after slower
cooling (Figure 4) than inFigure 7, seems to indicate at least
a partial direct sule. — g' transition.

3. Crystallization Behavior of AGMF after Quenching.

3.1. Isothermal Conditioning at-20 °C after QuenchingA
sample of melted AGMF was fast crystallized by quenching
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from 45 to—20 °C with the procedure applied to the study of
ABMF and cocoa butter polymorphisr§, 26). We introduced
directly the capillary, containing the melted sample at°@5
into the calorimeter maintained at20 °C in isothermal

conditions. The quenching temperature was chosen low enough

to rapidly freeze the sample in the less stable polymorphic
varieties. Then, the evolution of these less stable forms toward
more stable varieties was analyzed during the heating of the
sample at °C/min as previously described.

The SAXD pattern Figure 9A) immediately recorded at
—20 °C shows four peaks observed @t= 0.13, 0.14, 0.17,
and 0.26 A1 corresponding to L$= 48.3, 44, 37, and 24 A.

All of the peaks observed correspond to the formation of
bilayered structure (2L). The sharp line at 24 A may be attributed
to the second-order ko of the sharp line observed at
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2L1(001) = 48.3 A. As a function of time, the intensity of this
2L1(001) line slightly decreased while that of its neighbor at
LS = 44 A increased. The intensity of the broad line named
2L 3 vanished within 2 min. Such fast evolution of SAXD lines
was already observed for ABMF but with different species (LS
= 71 and 47 A against LS 48, 44, and 37 A in this study).
The WAXD pattern Eigure 9B) evidenced two diffraction lines
at g = 1.49 (4.2 A) and 1.66 Al (3.7 A), which are
characteristic of TGs crystallization with an orthorhombic
perpendicular packing of the acylglycerols chains (@ytwhich
was not observed for ABMF.

3.2. Heating of Quenched AGMF at°C/min from—20 to
45°C. 3.2.1. Structural Analysis. After conditioning-a20 °C,
the sample of AGMF examined above has been heated in the
calorimeter to 45°C with a heating rate of °C/min as
previously described. The SAXD patterns recorded as a function
of time are plotted irFigure 10A vs temperature as 3D viewing.
These XRD patterns show successively, as a function of
temperature, the vanishing of the diffraction lines of the 2L
species initially formed and their replacement by more stable
2L and 3L forms. Six domains can be temperature-delimited
corresponding to the successive transitions:

2L, + 2L, — 3L, + 2L, — 3L, + 2L, + 2L, — 2L, + 2L,
— 2L, — liquid

At wide angles, the succession of transitions is
subo. <> o — ' — liquid

Because they all transformed into more stable forms, we
concluded, as already observed for many fats including ABMF,
that all forms obtained by quenching are highly metastable even
compared to that observed above at intermediate cooling rates
(18, 20, 26, 298).
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3.2.2. Thermal Analysis. The DSC melting curfgure 11) E
was recorded, simultaneously with XRD as a function of
temperature, during heating af@/min from the same sample
of AGMF quenched at-20 °C, thanks to XRDT/DSC coupling. DT
While numerous transitions are observed by XRD, surprisingly, 0 : —— T
the DSC recording apparently shows the only four melting a1 02 02 04
endotherms observed above after cooling &€imin (Figure a (A1)

5). Then, apparently, DSC would not be sensitive to the melting/ Figure 13. XRD patterns recorded at =20 °C at (A) small and (B) wide
reorganization of the less stable crystalline varieties. Their angles after either cooling of AGMF at the different cooling rates indicated
enthalpies are possibly small as compared to melting enthalpieson the figure or quenching at —20 °C. Insert: illustration by a free energy
of crystals of intermediate stability. However, more detailed diagram of the types of transition encountered as a function of temperature,
observation and comparison with the heating recording was time, etc.

observed after cooling at 8C/min. Figure 8 shows that an

additional sharp endotherm is observed in the rang&®°C. hand,Figure 12A shows that the initial temperature of crystal-
While the attribution of all others endotherms are Straightfor- lization of AGMF decreases with the increasing of Coo"ng rate.
ward, thanks to XRDT recording analysis (being similar to that The temperature shift is related to the rate through the process
discussed above, it will not be detailed here), that of the of crystal nucleationg4). On the other hand, our results show
supplementary peak is tentatively attributed to the rapid crystal- the existence of four to three exotherms at slow and intermediate
lization and melting of the 3L structure (On'y brleﬂy observed Coo]ing rates (01 and ﬂC/mm), whereas 0n|y two exotherms

on Figure 10A). have been observed on fast cooling of the AGMF &€#min.

4. Influence of the Cooling Rate on the Thermal and Our results are similar to others of ABMAS&) but are more
Structural properties of AGMF. 4.1. Thermal Behgor. The complex to interpret since less exotherms are observed during
thermal behavior of AGMF was monitored by DSC on cooling crystallization of AGMF than for ABMF. While identification
at different rates ranging from 0.1 to°&/min (Figure 12A) of the crystallization of the different species was rather easily

and then immediately on heating at the same rat&/fin, in done using coupling of DSC and XRDT recordings for ABMF
order to study both the direct influence of the cooling rate and (15—18), that of AGMF was more delicate due to the super-
the evolution of crystalline structures during their melting imposition of the thermal events. The exotherms at 0.1 and
(Figure 12B). The recording observed on heating after sample 5 °C/min are hardly detected as a consequence; we need a more
qguenching has been added for comparison. precise resolution and experimental conditions. There are two
Both sets of recordings show that the initial temperature of types of exotherms, a sharp peak corresponding to the crystal-
crystallization measured and the shape of the crystallization andlization of 2L forms and a broad one related to 3L packing.
melting curves depend on the cooling rate used. On the oneThe number of thermal events overlapping each other increases
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Table 1. Summary of the Structural and Thermal Characteristics Observed for AGMF by XRDT and DSC after Cooling at Different Rates Indicated
and during Melting at 1 °C/min

cooling rate 0.1 °C/min 1 °C/min 5 °C/min quenching
thermal events
no. of crystallization 3 (or 4 + 1 exotherm) 2 2
exotherms
initial temperature of 26 18 12
crystallization (°C)
final melting 40 37 37 38

temperature (°C)
varieties observed on cooling

chain packing othen 8 o< suba o< suba sub o
S (trace)
molecule stacking 211 (415 A) 3L (72.4, 36.4, 3L ooz (71.5, 36.4, 24 A) 2L, (48.3,24 A)
24.2,18 A)
3L1 (72,353 A) 2L (48 A) 2L1(46.7, 24 A) 2L, (44 B)
3L,(64.7, 32.3 A) 2L, (38 A) 2L3 (37 A)
2L,(38.2 A)
thermal behavior on heating at 1 °C/min
chain packing f'" and traces of 3 suba<aora—p' suba <= a—p' suba<=a—p
longitudinal transition no polymorphic polymorphic polymorphic polymorphic
transition transitions transitions transitions
DSC melting events four endotherms (LMF, four endotherms (LMF, four endotherms (LMF, five endotherms (LMF,
MMF, one or MMF, and HMF) MMF, and HMF) MMF, and HMF)
two HMF) and one exotherm and one exotherm and two exotherms

with the decrease of cooling rate because of the complex different rates 0.1, 1, and 8/min, and after quenching are
polymorphism of this TGs mixture. Indeed, slow cooling of presented inRigure 13A,B). All SAXD patterns are different
AGMF favors the formation of stable species whereas fast while only WAXD patterns recorded at 0°C/min are really
cooling induces the crystallization under unstable varieties.  different of those observed after cooling at other rates. This
The “absence of transition on heating” criterion has been used clearly shows (i) that the thermal behavior applied directly
to assess the relative stability of the crystalline phases formedinfluences the crystalline structures formed by TGs in AGMF,
on cooling @1, 12, 18). A standard heating rate of 2C/min, (ii) full characterization of these crystalline structures is only
after the samples were cooled at different cooling rates from obtained at small angle, and (iii) both the synchrotron X-ray
quenching to 0.FC/min, has been chosen to allow relatively radiation and the long distance bench (here about 1.8 m) are
slow transitions to occur while keeping DSC sensitivity at a requested to distinguish all species and their evolutidable
high signal/noise ratio. The set of DSC curves recorded in thesel summarizes the main structural characteristics of the species
conditions is shown ifrigure 12B. The overlapping of several  formed as well as that of their thermal transitions. The lamellar
endotherms is observed until the final melting temperature at structures formed by TGs molecules on cooling at intermediate
about 38°C. For intermediate cooling rates, they correspond to (1 °C/min) and fast cooling (5°C/min) are close. They

three different temperature ranges, respectiveht8 < T < correspond to the coexistence of a main phasg(3L.5-72
6°C,6<T<24°C,and 24< T < 37°C. These temperature A) and a 2L (4748 A); both apparently, depending on
ranges observed do not correspond to that of ABIU§).(It is temperature, show either a hexagonal subcell noted a sub

interesting to note that at (i) intermediate and faster cooling o. Both species are different from those observed after quench-
rate, the endotherms are less separated and (ii) the number oing or after slow cooling. While quenching leads to similar
apparent endotherms increases with the cooling rate up to sixsharp, WAXD patterns of sut type, the SAXD shows highly
for qguenched sample. However, the final melting temperatures disorganized 2L molecular stackings characterized by a main
observed from the different cooling rates are not significantly line at 48 A and other broader lines. The reverse situation is
different (Figure 12B). As a consequence, the final melting point observed for the patterns recorded after slow cooling {G/1
of AGMF is apparently quite independent of the cooling rate. min). The SAXD pattern is characterized by rather broad lines
Researchers agree on the existence on heating of ABMF ofat 64.7, 41.5, and 38.2 A corresponding to 3L and 2L stackings
three overlapping endotherms corresponding to separate groupsvhile the chain packing is mainly ¢’ type with traces of3,
of TGs that melt separatel28, 29). Although AGMF shows which are absent on cooling at 1 andG/min.
significant differences with ABMF, this classification of en- Comparison of widths of the lines reported kigure 13
dotherms with low, medium, and high melting point fractions clearly evidences the differences between the crystalline species
noted, respectively, LMPF, MMPF, and HMPF, can be applied obtained at slow cooling and the liquid-crystalline phases
here at least for melting corresponding to the intermediate obtained at faster rates. Sharp lines observed at intermediate
cooling rate from 0.3 to 3°C/min. The first endotherm  cooling rates correspond to the tight subateral packing of
corresponds to melting of 3L structures. The second and thechain associated with a loose longitudinal organization of mainly
third correspond to the melting of the 2L structures formed vertical chains, the former being rendered possible by the latter,
during cooling. The identification of the thermal events of more which give to the chains the necessary degrees of freedom. On
complex recordings in which transitions endotherms and exo- the contrary, in the crystalline packings of the slowly cooled
therms superimpose to the above recordings (e.g., that observedpecies, both chains and molecules are ordered. The chains are
after quenching) require complementary structural analysis. tilted, tightly laterally packed in orthorhombic perpendicular
4.2. Structural Behaior. The SAXD and WAXD patterns subcell and methyl terminal ends of chains pilled the most tightly
recorded at-20 °C after completion of cooling’s AGMF, at  possible as shown by the presence of trace§ fafrm. In the
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crystalline form, free energy is minimized by packing molecules
longitudinally the best possible. As a result, there is broadening
of the lines corresponding to lateral packing as clearly shown
Figure 13.

The reversibleo. < suba transition is only observed at a
cooling rate=1 °C/min. However, at an intermediate cooling
rate of 1°C/min, some irreversible transitian— /' has already
occurred as shown by the comparison of WAXD line widths at
1 and 5°C/min. Nevertheless, the process of organizing a large
variety of TGs ing' form is very slow; it might take hours, if
not days, to fully organize crystal&§). This demonstrates that
full characterization of the thermal and structural behaviors of

Ben Amara-Dali et al.

ABBREVIATIONS USED

AGMF, anhydrous goat’s milk fat; GMF, goat’s milk fat;
ABMF, anhydrous bovine’s milk fat; TGs, triacylglycerols;
DSC, differential scanning calorimetry; FA, fatty acids; 3L,
trilayered stacking; 2L, bilayered stacking; SAXD, small-angle
X-ray diffraction; WAXD, wide-angle X-ray diffraction; XRDT,
X-ray diffraction as a function of temperature; XRD, X-ray
diffraction; LS, long spacing; SS, short spacing; LMPF, low
melting point fraction; MMPF, middle melting point fraction;
HMPF, high melting point fraction.
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a fat requires precise observations at both wide and small angles

together with DSC at a broad range of rates, as already observe
for lard and ABMF (1, 18). The cooling rate plays an important
role in crystallization behavior and it frequently determines the
size and the nature of crystals at macroscopic séa)e Ihdeed,

at the molecular scale, the variation of cooling rate is one of
the major tools allowing exploration of the thermal and structural
behaviors of fats.

To the author’s knowledge, this is the first dynamic study

performed as a function of time and temperature, to characterize

the crystallization properties of GMF, at a molecular level. The
use of the synchrotron radiation allowed us to study the

polymorphism and phase transitions displayed by complex TGs
mixtures, as a function of temperature, and to compare these
data with DSC recording. These tools revealed the existence of

two different forms 3L ¢ andf') and numerous 2Lo( andf')

in AGMF depending on crystallization conditions. Although the
dominant stable form ig', four different polymorphic subcell
types, suba, a, f', and 3, were observed. Monotropic
(irreversible) transitions 3t — 3LA" and 2lo. — 2LJ3" were

clearly identified, suggesting that some classes of mixed crystals
may possibly undergo phase transitions at constant composition.

Finally, it has been shown that the reversibility of the sub~

o phase transition depends on the rate of temperature scan.

Interestingly, this demonstrates that even in complex mixtures

of triglycerides, reversible transition between metastable states

exits. However, in our opinion, the fact that some reversibility
of a transition exists does not allow us to call it “enantiotropic”
since this term should be only employed for systems at
equilibrium, which is not the case here (see inserFigure
13A). Itis also interesting to remark from this study the absolute
need for high resolution at small angles and for temperature
scans with coupled techniques. This is clearly illustrated in
Figures 12and13. DSC recordings are quite similar, whatever
the scanning rate, and WAXD only allows partial identification
of molecular packings. Then, from this observation, we would
like to stress the point that even a combination of DSC and
XRD studies of fats would not warrant against misinterpretation
of the polymorphic behavior, if they are not associated with

systematic scans, at a broad set of cooling rates and high-

resolution SAXD from the same sampl&l( 12, 18).

We also concluded that although some general similitude
exists in the thermal and structural properties of bovine and
goat milk fat, they also evidence significant specific differences
in the expression of their polymorphism, which are in relation
with the diversity of TGs and FA compositions. Regarding the

results obtained in this paper, such information increases the

knowledge of the structure’s complex fat in dairy products,

which is of tremendous importance to better understand, control,

and improve the physical properties (rheological, technological,
functional, nutritional, and sensory) of AGMF’s products.
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