© 0 N oo o b~ W

10
11
12
13
14
15
16
17
18
19
20
21

22

23

Isothermal crystallization behaviour of lard at different
temperatures studied by DSC and real-time XRD

Liselot Steen’?, Annelien Rigolle?, Seline Glorieux™?, Hubert Paelinck , I1se Fraeye',
Bart Goderis®, Imogen Foubert?’

1 KU Leuven, Technology Campus Ghent, Leuven Foodre and Nutrition Research
Centre (LFoRCe), Research Group for TechnologyQ@uality of Animal Products,
Gebroeders De Smetstraat 1, B-9000 Gent, Belgium

2 KU Leuven, Kulak, Leuven Food Science and NutnitResearch Centre (LFoRCe), Foods
& Lipids, Etienne Sabbelaan 53, B-8500 Kortrijk,|@am

% KU Leuven, Polymer Chemistry and Materials, Cédjleshlaan 200f — box 2404, B-3001

Leuven, Belgium

*Correspondent footnote

Mailing address:

KU Leuven, Kulak, Leuven Food Science and NutritResearch Centre (LFoRCe), Foods &

Lipids, Etienne Sabbelaan 53, B-8500 Kortrijk, Beig

Phone: +32 56 24 61 73

E-mail address: Imogen.Foubert@kuleuven-kulak.be



24

25
26
27
28
29
30
31
32
33
34
35
36
37
38
39

ABSTRACT

Differential scanning calorimetry and real-time a§rdiffraction using synchrotron radiation
were used to study the isothermal crystallizationmiation mechanism of lard at 18, 20, 22
and 24°C. At 18°C, lard crystallized in three stefaispotential mechanism for these three
steps was proposed. In the first step, part ofrte# (the trisaturated triacylglycerols (TAGS))
crystallized ina crystals adopting a double length structure (2idpjle the second step
consisted of a polymorphic transition of thesex 2irystals to’ crystals with a triple length
structure (3L). Extra 3§ crystals consisting of monounsaturated TAGs wads® formed
directly from the melt. In the third and last st@pcrystals were formed due to a second
polymorphic transition of trisaturated BLcrystals top crystals adopting a 2L structure.
Above a cut-off temperature of 20°C lard cryst&tizn two steps: no formation afcrystals
could be observed and BLcrystals (trisaturated and monounsaturated TA@s)e formed
directly from the melt. This proposed mechanism liegp that lard crystallization is

characterized by an overlap of fractionated criig&lon and polymorphic transitions.

Keywords: lard, polymorphism, fractionated crystaition, crystallization mechanism
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TEXT

1. Introduction

Lard is the fat obtained from the adipose tissuthefpig by a rendering process. It is
used in many industrial bakery applications likechits, cakes and cookiese{Mlan et al.,
1991). Furthermore, lard or adipose tissue is alsongportant ingredient in spreadable liver
paste, a warm processed fine emulsion-like meatlyato Steen et al., 2013b Lard’s
crystallization properties have a large impactl@ quality of these lard containing products.
It has, e.g. in spreadable liver paste, been shtven,fat crystallization not only affects the
sensorial properties and stability but also deteewito a large extent the rheological and
structural propertiesSgeen et al., 20149,bKnowledge of the (isothermal) crystallization
properties of lard is thus hugely important to é&ettontrol product quality and optimize
production processes.

The major fatty acids in lard are 20-29% C16:0 rfpat acid, P), 11-19% C18:0
(stearic acid, St), 24-51% C18:1 (oleic acid, O 819% C18:2 (linoleic acid, L)Marikkar
& Yanty, 2019. Di- (UUS, with U: unsaturated and S: saturataatj monounsaturated (USS)
triacylglycerols (TAGSs) are the most dominant TAG@ps. The former account for 47-54%
with OPO and OPL being the most important TAGshis group. The latter group makes up
24-27% of the TAGs with OPP and OPSt being the mammesentatives. Lard also contains
18-24% triunsaturated TAGs (UUU) and 2-10% trisatied TAGs (SSS, mainly PPSt and
PStSt) Kallio et al.,, 2001; Keller et al., 1996; Marikk& Yanty, 2019. Lard is unique
among other fats, because the saturated fatty acielspreferentially located in than-2
position whereas the unsaturated fatty acids argtlynlmcated on the external positions-(
Rashood et al., 1996; Kalnin et al. 2D0% should also be noted that the chemical
composition of lard can vary widely and is influedcby rearing factors including feeding,
breed, sex, age and physiological stagjeds, 1985; Gandemer, 2002

Several authors have investigated the non-isotHecrgstallization behaviour of lard
with differential scanning calorimetry (DSC) andsebved that the TAG composition,
consisting of high and low melting TAGs, leads toraad melting range (-30 and 50°C) with
up to six melting peaks and two or three crystatlan peaks between 20 and -50°C,
depending on the heating and cooling ratelifin et al., 2005; Keller et al., 1996; Svenstrup
et al., 2005; Santacatalina et al., 20ITlhe crystallization behaviour of lard is complied
because of the polymorphism of the solid phasethWiray diffraction (XRD),Kalnin et al.

(2005) identified four polymorphic forms in lardi, p'1, B2 andp in order of increasing
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stability. Furthermore, the polymorphic form ofdds to a large extent determined by the rate
of cooling and the final temperaturéampos et al. (200Zpund ' and B polymorphs in
samples that are cooled slowly (0.1°C/min) whiléyd} crystals were observed when lard is
crystallized rapidly (5°C/min). They, however, didt show the XRD result&alnin et al.
(2005) reported that a high cooling rate (5°C/min) resuitt unstablex polymorphs which
subsequently transform inf@ polymorphs during storage or upon heating. Simiésults
were reported bySantacatalina et al. (2011Montoyama et al. (2012applied Raman
spectroscopy to study the crystallinity and polypiosm of the fat in adipose tissue and
observed a gradufll to B transformation during cooling of the carcass &.4°

Research papers regarding the isothermal crystatliz behaviour of lard are quite
limited. Kalnin et al. (2005used DSC and XRD to study the transitions durirghisrmal
crystallization at -10 and 15°C during 30 min. Thegwever, only studied the DSC melting
profiles following the isothermal conditioning betean 0 and 10 min and did not show and
discuss the XRD results regarding the isothermaditmning at 15°C. At -10°C, the authors
concluded that lard first crystallizes in thgpolymorph, which disappears in favour of fiie
polymorph upon further crystallization. The authomuld not fully describe the isothermal
crystallization at -10°C as the crystallization ggss was not yet completed at the end of their
analysis.deMan et al. (1991%tudied the crystallization behaviour at 21°C e¥esal lard
shortenings and found them to crystallize predontlgain the p polymorphic form.
Santacatalina et al. (2011sed ultrasonic velocity measurements and DSC taitoro
isothermal lard crystallization. They observed steep increases in ultrasonic velocity when
crystallizing at 0, 3 and 5°C and attributed thenthe crystallization of more saturated and
more unsaturated TAG fractions, respectively. Glizgation at higher temperatures (7, 10
and 20°C) only showed one increase in ultrasonilocity as the most unsaturated
triglyceride fraction did not crystallize at thosamperaturesCampbell et al. (20025tudied
the isothermal crystallization of lard in bulk aedhulsified form by means of DSC, nuclear
magnetic resonance (NMR) spectrometry and XRD at 1IA5, 20 and 22.5°C. They,
however, only studied the isothermal crystallizatwith XRD at 22°C and only showed and
discussed the DSC melting profiles following thetlermal conditioning after 5 and 60 min
at 15°C. At 22°C, the authors concluded that beattd lin bulk and emulsified form
crystallizes into a mixture ¢f andp crystals. At 15°C, they found a shift in the DSEltimg
peak of both lard systems between 5 and 60 minastnithuted this to aw — p’ or a —

polymorphic transition.
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None of the above mentioned articles fully chandmtel the different crystalline
structures during the isothermal crystallizatiorddterent temperatures and related them to
the thermal behaviour. Therefore, the aim of tl@search was to investigate in detail the
isothermal crystallization mechanism of lard at 28, 22 and 24°C. DSC, time-resolved
small-angle X-ray scattering (SAXS) and wide-angleay diffraction (WAXD) were used to
elucidate a potential isothermal crystallizationchremism of lard at these temperatures.

2. Materialsen methods
2.1. Rendered lard

Fresh pork back fat (mixture of Belgian LandraceB&lgian Large White) was
provided by Spekindustrie Van Maele (Diksmuide,d3@in). The back fat was trimmed of
meat adhering to it, chopped into small cubes (8% and frozen (-18°C) until rendered lard
preparation. Rendered lard, further called lards waanufactured by heating the back fat

during 30 minutes at 110°C. Afterwards, the ligiatiwas filtered to obtain the lard.

2.2.DC

Isothermal crystallization and stop-and-return expents were performed with a
Q2000 DSC with a refrigerated cooling system antbsampler (TA Instruments, New
Castle, USA). The instrument was calibrated prooamnalysis with indium (TA Instruments,
New Castle, USA). Nitrogen was used to purge th&tesy. About 10 mg of lard was
transferred into an aluminium pan and hermeticahpled. An empty pan was used as a
reference. For the isothermal crystallization, thkkowing time-temperature procedure was
applied: heating to 74°C and holding for 10 minutesensure complete melting and
elimination of crystal memory, cooling at 5°C/mim tthe isothermal crystallization
temperature (18, 20, 22, 24°C) and holding at thi®perature until crystallization was
completed. Analyses were performed in triplicatee DSC profiles were analysed using the
TA Universal Analysis software version 4.5A prowildby the manufacturer. For the stop-
and-return experiments, the isothermal crystaibraprocedure was interrupted at certain
isothermal periods and the sample subsequentlyethalt 25°C/min to 80°C. The isothermal
crystallization period previous to melting variedtWween 0 and 80 min. A heating rate of
25°C/min was chosen to prevent the occurrence lyhpmphic transitions during melting as
much as possible so that the melting profiles olethiafter the isothermal period give correct
information on the fraction(s) that ha(s)(ve) cayited and/or the polymorphic form(s) in
which the fat has crystallizeéqubert et al., 2008
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2.3. Time-resolved synchrotron XRD

Time-resolved SAXS and WAXD experiments were penfed at DUBBLE, the
Dutch-Belgian beamline (BM26) at the European Syoitbn Radiation Facility (ESRF;
Grenoble, France) using a wavelengh, of 1.033 A. The samples were presented in
hermetically sealed aluminium DSC pans and the ¢&eatpre was controlled by a Linkam
HFS 191 Heating/Freezing stage (Surrey, United #amg). The SAXS patterns were
collected on a two-dimensional Pilatus 1M detegiaced at 2 m from the sample after an
evacuated tube. The WAXD signals were captured Biladus 300K-W detector put closely
to the sample. The scattering angles were calibraseng silver behenate and high density
polyethylene standards. The 2D SAXS and WAXD dataevazimuthally averaged using the
program ConeX Gommes & Goderis, 20)0normalized to the intensity of the incoming
beam measured by a photodiode placed downstreamtfre sample and corrected for the
empty holder scattering. The data are represergedl fanction of the scattering angldé, 2
(A = 1.033 A). For SAXS the range 0.13 & 2 4.2° is covered and for WAXD the range 8 <
20 < 25°,

SAXS and WAXD data were acquired simultaneouslycansecutive 15 s time
frames, composed of 13.6 s measuring time and datassaving time. During experiment 1,
the sample was cooled from 75°C at 5°C/min dowh&%C and kept at that temperature for
90 min after which it was heated at 10°C/min u@C. In experiment 2, the sample was
cooled from 75°C at 5°C/min down to 20°C and kepthat temperature for 50 min after
which it was heated at 10°C/min up to 70°C.

2.4. Satistical analysis
The DSC crystallization parameters were analysedraysis of variance (ANOVA)
(SPSS 16.0). Duncan’s multiple range test was tsetbtermine the significant differences

(P < 0.05) between means.

3. Resaults

DSC was used to study the isothermal crystallipatiblard at 18°C, 20°C, 22°C and
24°C. More knowledge about the isothermal crystation mechanism of lard was obtained
by interrupting the isothermal crystallization pegs after different isothermal periods and
subsequent melting of the samples (stop-and-re¢xperiments). The peak area of the
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obtained melting profiles gives information on #raount of fat crystallization while shifts in
peak maximum give information on possible polymaepkransitions and/or fractional
crystallization. Time-resolved XRD using synchraotroradiation was performed to

unequivocally identify the polymorphic forms of tB&C crystallization and melting peaks.

3.1. Fatty acid composition

The fatty acid composition, shown ireble 1 wasdetermined according to the method
described byRryckebosch et al. (201.2The fatty acid profile was in good agreement with
other studiesKallio et al., 2001; Marikkar & Yanty, 2014; Yangf al., 201%.

3.2.Isothermal crystallization behaviour of lard using DSC

Fig. 1shows the DSC isothermal crystallization curvekaat studied at four different
temperatures: 18, 20 °CFig. 1A) and 22, 24°C KHig. 1B). The peak maxima of the
crystallization peaks ) were calculated from the DSC crystallization @svDue to
possible crystallization during the preceding aogliespecially at 18°C, it was decided to
calculate the total enthalpyAKi,;) from the melting curves instead of from the isothal
crystallization curves. When the fat starts to @lize during cooling, the crystallization
peak is superimposed on the heat flow caused bgttaege of temperature and can therefore
not be integrated (Foubert et al.,, 2008). Bothialdes, determined for the different
isothermal temperatures studied, are presentédhie 2

The DSC crystallization curve at 18°CFig. 1A) displays three exothermal
crystallization peaks which are indicated with aro& and labelled peak | (between 0.5 and
1.8 min isothermal time), peak Il (between 1.8 a8 min) and peak Il (between 10.2 and
43.3 min), in order of appearance. Peak Il is gydd because of its low intensity. As shown
in Fig. 1A, a higher isothermal temperature of 20°C resuftdtie disappearance of peak | (or
merging with peak Il) whileytax of peak Il was not significantly affectedeble 3. Peak Il
on the other hand shifted to a significantly longesand broadened. Furthermofgl,, was
significantly lower at 20°C compared to 18°C.

The DSC crystallization curves of 22°C and 24°C presented inFig. 1B on a
smaller y-axis because of their lower crystalliaatintensity. Although lower in intensity, a
DSC crystallization curve comparable to the oneioletd at 20°C was observed for 22°C. As
the isothermal crystallization temperature incrdase22°C, peak Il shifted to a significantly
longer teak (Table 9 and clearly became broader whilgat of peak Il was not affected.

Further increasing the temperature to 24°C resuhed shift of peak Il to a significantly

7
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longer peak While teak Of peak Il shifted to shorter times. Consequentigak 1l and peak Il
merged together and were not completely separ&edardingAH:;, the value decreased
significantly with increasing crystallization tenrpéure.

The DSC crystallization curve at 18°C implies thed crystallizes in three steps
while the DSC crystallization curves at 20, 22 24dC indicate a two-step crystallization
process. In general, such multi-stage crystalbzagprocesses can either be the result of
polymorphic transitions and/or the crystallizatimindifferent fractions that have crystallized
(Foubert et al.,, 2006 This will be further clarified by the stop-anéturn and XRD

experiments.

3.3. Sop-and-return experiments of lard using DSC

The stop-and-return DSC method was applied to gamne information about the
multi-stage crystallization process. The meltingves after a selection of isothermal periods
at 18, 20, 22 and 24°C are plottedHig. 2. It can be seen that the crystallization mechanism
at 18°C Fig. 2A) was different from that observed at 20%g( 2B), 22°C ¢ig. 20 and
24°C (ig. 2D).

At 18°C, when the crystallization was interruptdtera0.5 min (i.e. in peak IHg.
1A)), a melting peak with a maximum at 27.0%g( 2A, peak 1) was observed. This peak
gradually increased as the isothermal period irsg@#l min). After 2 min, at the end of peak
| and the beginning of peak IFig. 1A), a second higher-melting peakid. 2A, peak 2) with
a maximum at 29.8°C appeared. This shift in peakimam is most probably associated with
a polymorphic transition from a metastable to aersiable polymorph~pubert et al., 2008
When the crystallization was interrupted in peaKHig. 1A), starting from 3 min, peak 1
completely disappeared while peak 2 steadily irs@daThe higher increase of the area of
peak 2 compared to the decrease of the area ofpéak. 2A) suggests that apart from the
polymorphic transition, extra crystals in the metable polymorph were formed directly from
the melt. Interrupting the isothermal crystallipatiprocess during peak IlIFig. 1A), after 20
min, resulted in a further increase of peak 2 whilkkird melting peakHig. 2A, peak 3) with
a maximum at 36.2°C gradually appeared. This prgbadeans that on the one hand extra
crystals with a melting point around 30°C are fodnfim the melt, while on the other hand
crystals with a melting point around 36°C are fodndele to another polymorphic transition of
a specific fraction to a more stable polymorph.

As can be seen from the melting profilesHin. 2B, the crystallization behaviour of
lard at 20°C is different from that at 18°C. Onlyotdifferent melting peaks (peak 2 and peak

8
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3) can be observed while at 18°C, three meltindgeauld be determined. As shownHi.

1A, the isothermal crystallization curve at 20°C shdwno crystallization peak | which
probably explains the absence of a first meltingkpground 27°C irfrig. 2B. Consequently,
interrupting the crystallization during peak Hi¢. 1A), after 2 min, led to the appearance of a
first melting peak [ig. 2B, peak 2) with a maximum at 30.4°C, probably indivgtdirect
crystallization from the melt, instead of via a yabrphic transition as at 18°C. When the
crystallization was interrupted during crystallinat peak 11l Eig. 1A), after 20 min, the same
events occurred as at 18°C. Melting pealk2.(2B) increased and simultaneously, another
melting peak (peak 3) with a maximum at 37.1°Ctsthrto appear. Thus again, most
probably crystals with a melting point around 3G@ further formed from the melt while a
polymorphic transition of a specific fraction to amen more stable polymorphic form gives
rise to crystals with a peak maximum around 37°C.

At an isothermal crystallization temperature of@2and 24°C, similar events as at
20°C were observed. As shown fing. 2C and D, also two melting peaks were observed.
After 4 min of isothermal crystallization at 22°@elting peak 2 with maximum at 31.3°C
was already present and it further increased ddtgger isothermal times. Interrupting the
isothermal crystallization process during peak (Hlg. 1B) showed a further increase of
melting peak 2 and an appearance of peak 3 withimeax at 38.0°C Kig. 2Q. At an
isothermal crystallization temperature of 24°C,ealp2 with maximum at 34.1°C started to
appear after 10 min isothermal tinted. 2D). It gradually increased and after 50 min (in peak
lll, Fig. 1B) peak 3 with maximum at 39°C appeared.

The results of the DSC stop-and-return experimeatsfirm that the isothermal
crystallization of lard at 18°C is a three-stepgass, while at 20, 22 and 24°C it is a two-step
process. They also show that most probably theistelp crystallization process of lard is the

result of polymorphic transition(s).

3.4. Isothermal crystallization behaviour of lard by time-resolved synchrotron XRD

Time-resolved XRD using synchrotron radiation wagpleed to identify the
polymorphic transitions indicated by the DSC stop-aeturn method. SAXS and WAXD
diffraction patterns were monitored simultaneoudlying the isothermal crystallization at
18°C and 20°C.

Fig. 3 shows the SAXS and WAXS diffraction patterns of tieothermal
crystallization of lard at 18°C. Between 0 and inih a first SAXS peak appeared at
20 =1.23° (d =48.0A), indicating the start of theothermal crystallization process.

9
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According to literature, TAGs with a long spacingS] between 30-50A correspond to a
double chain length structure (2)opez et al., 2000)At the same time, a broad WAXD
peak at 8 = 13.0° (d = 4.56A) (peak not indicated), indicatdf TAGs in the liquid state or
disorganized state, slightly decreased while amotbey weak WAXD peak superimposed on
that signal appeared ab 2 14.2° (d = 4.17A). This WAXD peak can be atttdmlito an
unstablen polymorphic form. (arsson, 1966; Sato et al., 1999; Timms, 1984

Between 1.7 and 5.4 min a second broad peakd at269° (d = 35.1A) and a third
small peak at@= 2.62° (d = 22.6A) gradually appeared while tingt foeak at 1.23° (48.0 A)
started to diminish. The lamellar structure obserae 35.1A could correspond to the first
order reflection of a 2L packing or to the secondeo of a trilayered (3L) structure with the
first order reflection at 22.6 A. This will be fuer discussed in section 4.1. At the same time,
the WAXD diffraction patterns showed the appearapicewvo peaks (@ = 15.4; d = 3.85A
and B = 14.2°; d = 4.17A) superimposed on the liquidnalg characteristic of &’
polymorph (arsson, 1966; Sato et al., 1999; Timms, )984e increase of th@ peak area
is much higher than the decrease ofdhgeak area, indicating additional formation of fhe
polymorph directly from the melt when allcrystals were transformed.

After about 17 min, a small fourth SAXS peak &t=21.38°(d = 42.9A) gradually
started to appear underneath the 1.69° (35pbAk. The latter further increased but clearly
became narrower while the peak at 2.62° (22.6Anlmecmore clear. Simultaneously another
SAXS peak at@= 0.89° (d = 66.2 A) became clear which was presfip probably hidden in
the broad SAXS peak at 1.69° (35.1A). Accordinditerature a lamellar packing of 42.9A
corresponds to a 2L stacking. Concurrently, the ViDAdiffraction patterns showed an extra
peak at 8 = 12.9° (d = 4.60A), which can unequivocally beribtited to ap polymorph
(Larsson, 1966; Sato et al., 1999; Timms, )9%® from that moment on, it can be assumed
that a second polymorphic transition of a certaikGTfraction took place from &' to af
polymorph while crystallization i’ crystals of the other TAG fractions directly frothe
melt continued. There are also two peaks apparefé & 13.8° (4.30A) and @ = 14.7°
(d = 4.04A) which are indicative of a monoclinidssell, coexisting with the triclinic subcell
(Abrahamsson et al., 19¥8

Fig. 4 shows the SAXS and WAXD diffraction patterns of thsothermal
crystallization of lard at 20°C. Similar eventsfas 18°C were observed. After 2.25 min a
small SAXS peak at®@= 1.20° (d = 49.3A) started to appear simultanoudth a small
WAXD diffraction peak at @ = 14.2° (d = 4.17A), thus correspondingxtorystals with a 2L-

stacking. This small peak grew and subsequentlysiiad rapidly favouring the appearance

10
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of a peak at @ = 1.66° (d = 35.6A), which already started to grisam 3.5 min onwards.
Simultaneously another small peak # 2 2.60 (d = 22.7A) appeared. In the WAXD
diffraction patterns, two peaks are visible @& 2 14.2° (d = 4.17A) and@= 15.4°
(d = 3.85A), suggesting that anm— p’ polymorphic transition took place. Furthermore,
similar to the crystallization at 18°C, the SAXSageat 1.66° further increased until the end
of the crystallization. From about 20 min onwarlleth peaks at 1.66° and 2.60° became
narrower, gradually favouring the appearance oftlero SAXS peak at 2 = 1.37°

(d = 43.17A), indicative of a 2L lamellar packing. very small peak could be detected
around ® = 0.89° (d = 66 A). Concurrently, in the WAXD d#iction pattern, a peak at
20 = 12.9° (d = 4.60A) appeared. Ah— B polymorphic transition of a certain TAG fraction
thus took place. Similar as for 18°C, there are & peaks apparent at 2 13.8° (4.30A)
and @ = 14.7° (d = 4.04A) which are indicative of a moliwgic subcell fbrahamsson et al.,
1979.

The appearance and vanishing of the different XR&akp confirmed that the
isothermal crystallization at 18°C is a three-steygstallization which can be attributed to two
polymorphic transitions: an — f’ transition in the beginning andf@ — p transition of a
certain TAG fraction at the end of the crystalliaat The results at 20°C are however in
contrast to the results obtained by the DSC stapraturn method. While the latter suggested
a two-step crystallization process, the former stwva three-step crystallization process
similar to at 18°C, although the amountoopolymorphs formed was much smaller. This is

probably the reason why thisformation was not visible using DSC.

4. Discussion: comparison of data obtained by DSC and XRD: thermal and structural

behaviour

4.1. Characterization of the crystalline structures

The comparison of the XRD and DSC data allowedu=late the structural changes
to the thermal behaviour and led to the chara@gaa of the different crystalline structures
during the isothermal crystallization of lard. Theolecular arrangements of the different
crystalline structures are discussed based on dhelts of the isothermal crystallization
process at 18°C.

Melting peak 1 with a maximum at 27.0°Eid. 2A) obtained by the DSC stop-and-

return method at a crystallization temperature &fClLcan be attributed to the crystallization

11
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of an unstablex polymorphic form with 2L lamellar packing. Whefalnin et al. (2005)
studied the isothermal crystallization behavioudastl at 15°C by applying stop-and-return
experiments between 0 and 10 min, they also obdexrgngle endotherm at 25°C at the start
of the isothermal crystallization and attributedstpeak to the melting of an (not further
defined due to lack of XRD data) unstable form.

This 2La structure is probably formed mainly by the SSS BAghich as PPSt and
PStSt, which represent less than 10% of the tod&din lard Kallio et al., 2001; Keller et
al., 1996. The attribution to the SSS TAGs rather than W8S TAGs is based on the fact
that the SAXS diffraction peak at 48.0A8(2 1.23° Fig. 3 is very narrow and sharp,
indicative of a crystalline structure of TAGs siariin size and shape. Furthermore, PPSt and
PStSt have, as pure components in thearystal structure, SAXS diffraction lines of
respectively 44.6 and 48.5A comparable to lardhis $tudy Boodhoo et al., 2009; Bouzidi &
Narine, 2012aowhereas the USS TAGs, consisting mainly of ORft @PP in lard, have
shorter SAXS diffraction lines of respectively 37a0d 39.2A. The clearly lower melting
temperature (27.0°C) of the SSS TAGs in lard coegao the pure components (PPSt =
50.5°C; PStSt = 51°oodhoo et al., 2009; Bouzidi & Narine, 2012a$ due to the large
amounts of liquid UUU and UUS TAGs in larddller et al., 1998 This shift of the melting
temperature is governed by the Hildebrand equadioth was also observed in other high
melting SSS TAGs in a low-melting solvemilfildox-Alvarado & Toro-Vasquez, 1997; Ng,
1989.

Melting peak 2 with a maximum of 29.8°C, obtainedtbe stop-and-return method
(Fig. 2A), coincides with the SAXS diffraction line at 35.120(= 1.69°;Fig. 3. In literature
there has been some discussion regarding the ntmlegrganization giving rise to this
diffraction line. The attribution is difficult simc it may correspond to a 3L stacking
representing the second order reflection of 66 208<0.89°) or to the first order reflection of
a 2L structure composed of TAGs with a high andlélo(Campbell et al., 2002; Kalnin et
al., 2005; Keller et al., 1996; Rousseau et al98L.9When looking at the SAXS diffraction
patterns during melting (data not shown), the aflise forms displaying a LS at 66.2A,
35.1A and 22.6A jointly melted. This means that diféraction line at 35.1A is related to the
second order reflection of a 3L packing with itstiorder and third order reflections at 66.2A
and 22.6A, respectively. The first order reflectian66.2A did not appear simultaneously
with the second order at 35.1A and the third oedeé?2.6A because it was hidden in the broad
peak at 35.1A and emerged later when the lattearbecnarrower due to the polymorphic

B’'— B transition. Also, the first order reflection at.BA was rather weak which coincides
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with its absence in lardRpusseau et al., 19p&nd the pure USS TAGs OPP and OPSt
(Lutton, 195).

Melting peak 2 can thus be attributed to the ctlygtion of 3LB’ crystals. Given the
broadness of the SAXS peak, thesd'3trystals consist of SSS TAGs (which are formed
through a 2lb — 3LB’ polymorphic transition) and USS TAGs (which amrhed directly
from the melt). The latter consist mainly of OPBt@®PP and represent about 30% of the fat
(Kallio et al., 2001; Kalnin et al., 20p5The ' polymorphic forms of both the pure
unsymmetrical molecules OPP and OPSt have 3L snestwith second order reflections
respectively at 33.0A and 34.2A and third ordeleaions at respectively 21.8A and 22.3A,
comparable to those of lard in this study. The mgltemperature of the pure TAGS in their
B’ structure is around 35°C for OPP and 40°C for ORS8tton, 195), which is clearly lower
than the melting peak 2 observed in this study.id\gais is due to the large amount of liquid
material in lard eller et al., 199h

Melting peak 3 with a maximum at 36.2°E€id. 2A) obtained by the DSC stop-and-
return method at 18°C can be attributed to thetalyzation of a3 polymorphic form with 2L
lamellar packing. Thesp crystals mainly consist of SSS TAGsu{ton, 1962; Rousseau et
al., 1998; Kalnin et al., 200&and are formed through a polymorphic transitibthe fraction
from thep’ polymorph. When looking at the SAXS diffractiomtgerns during melting (data
not shown), the crystalline forms with an LS at9R.indeed melted last at temperatures
between 39.6°C and 43.7°C. SSS TAGs are indeed rkrtoweasily form g polymorph
(Rousseau et al., 19p8Furthermore, PPSt and PStSt as pure TAGs hawvehair 3
polymorph, SAXS diffraction lines between respeeijv41.3 - 42.5A and 43.2 - 46.5A and a
melting point between respectively 62.5 - 63.5°@ &b - 66.2°C [De Jong & Van Soest,
1978. The melting temperature (36.2°C) of the3atrystals in lard, is again lower compared
to the pure TAGs due to the large amount of liguianly UUU and UUS TAGsHKeller et
al., 1996. A summary of the different crystalline structsiief the polymorphic forms in lard
at 18°C and their attribution to the DSC meltingl®is given inrable 3

4.2 Potential isothermal crystallization mechanism of lard

The isothermal crystallization process of lard 8Q and 20°C is a three-step
crystallization step with the formation af f’ and p crystals. At higher temperatures of 22°C
and 24°C, the crystallization can be assumed (afthao XRD results were generated) to be
a two-step process with nocrystals and only formation @f crystals directly from the melt.

First, the SAXS diffraction peak attributed to tbeystallization ofa crystals was clearly
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smaller and already almost not detectable at 2@i@pared to 18°CHig. 3andFig. 4). As
higher crystallization temperatures imply lower stajlization rates favouring the
crystallization of more stable polymorphic formtsihawan et al., 2006 this suggests that
probably noo crystals were formed at 22°C and certainly nd248C. The big difference in
maximum of crystallization peak Il between 20°C &2dC while no difference was observed
between 18°C and 20°C also suggests a change staltization mechanism between 20°C
and 22°C.

Based on the results obtained from the stop-angrreand XRD experiments, a
potential mechanism for the isothermal crystali@mat mechanism of lard at different

temperatures is schematically proposetim 5

4.3. Effect of isothermal crystallization temperature

The SAXS diffraction patterns=(g. 3andFig. 4) showed that, although formation of
a crystals started later at 20°C, the polymorphangitiono. — ' occurred faster at a higher
temperature of 20°C compared to 18°C. This coirxidi¢h literature. At higher temperature
and thus lower driving forces, nucleation occutsefa(Himawan et al., 2006 The rate of
polymorphic transitions however increases at highethermal crystallization temperatures
because the lower stability of the less stable molphic forms at higher temperatures
increases the driving force for transformation ittte more stable polymorphic formsef
Grotenhuis et al., 1999; Walstra, 198Furthermore, at a higher crystallization tempee
of 20°C lessa crystals were formed compared to 18°C becauseghieh crystallization
temperatures and thus lower crystallization rates formation of more unstable polymorphic
forms is less favouredd{mawan et al., 2006 This also explains why the crystallizationoof
crystals could not be detected as a separatedipdiagk DSC at 20°C.

Furthermore, it is clear fromable 2andFig. 1that higher crystallization temperatures
of 22°C and 24°C resulted in a later start offherystallization which also occurred slower.
This can be explained by a decrease in crystabizatriving force Himawan et al., 2006ut
also by a difference in crystallization mechanism.

The crystallization off crystals, formed through gh— B’ polymorphic transition at
all studied isothermal crystallization temperatusesurs remarkably faster at 24°C compared
to 22°C fig. 1, Table . This can be attributed to the lower stability tbé less stable
polymorphic forms and a much larger amount of liqmaterial (lowerAHy; Table 9 at
higher temperatures favouring the driving force fimansformation into more stable
polymorphic forms{en Grotenhuis et al., 1999; Walstra, 1p87
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Finally, it can be concluded that the higher thathisrmal crystallization temperature,
the lower the amount of crystallized fat as indecatn Table 2 Furthermore, the melting
temperature of th@’ and  peaks obtained by the stop-and-return method aseck with

increasing temperature due to crystallization afdielower melting TAGs.

5. Conclusions

Using DSC and time-resolved XRD, it was shown that isothermal crystallization
process of lard between 18°C and 20°C is a thegeesystallization process with formation
of a crystals in the first steffy crystals in the second step and fingllgrystals in the third
step. The first step is attributed to the crystation of trisaturated TAGs with a 2L structure
in the o polymorph while in the second st@pcrystals with a 3L structure were formed due
to a 2la — 3LP’ polymorphic transition of the trisaturated TAGsdathe crystallization of
monounsaturated TAGs directly from the melt. Fipalhe crystallization op crystals in the
last step is attributed to a secondp3t> 2L polymorphic transition of the trisaturated
TAGs. Above a cut-off temperature of 20°C lardasrid to crystallize in two steps with no
crystals and crystallization of the trisaturated amonounsaturated TAGs in tRepolymorph

directly from the melt.
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TABLE LEGENDS

Table 1: Fatty acid composition (%) of lard. Mearsl standard deviation are presented
(C=3).

Table 2 Peak maximum of crystallization,{ty) and total melting enthalpyAH:o) for
isothermal crystallization of lard at 18, 20, 221&#4°C. Means and standard deviation are
presented (= 3).

abedeffact of isothermal temperature: means with déferletter indicate significant
difference at P < 0.05.

Table 3: Crystalline structures of the polymorpioiens in lard and their attribution to DSC

melting peaks.
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581 TABLES

582 Table1

583
Fatty acid (%)
Cl4:1 1.50 £ 0.00
C16:0 24.30 + 0.17
Cl6:1 2.00 £ 0.00
C17:0 0.30 £ 0.00
Cil7:1a 0.30 + 0.00
C18:0 12.30 = 0.10
C18:1 (n-9) 39.83 + 0.00
C18:1 (n-7) 3.10 + 0.00
C18:2 13.40 + 0.10
C18:3 (n-3) 0.90 = 0.00
C20:0 0.10 = 0.00
C20:1 0.67 = 0.06
C20:2 0.50 + 0.00
C20:3 (n-6) 0.20 + 0.00
C20:3 (n-3) 0.10 + 0.00

584

585 Each value in the table represents the mean of tieqgicates
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588 Table 2

Peak | Peak Il Peak Il
Tisotherm 1:peak 1:peak tpeak AHtot
() (min) (min) (min) (J/9)
18 09 + 0.1 3.0 + 0.1* 277 + 1.28 295 + 3.0°
20 / 28 + 0.1* 336 + 0.6° 27.7 + 1.2°
22 / 6.6 + 0.3° 345 + 1.6° 24.9 + 0.3°
24 / 199 + 35° 285 + 2.3 20.3 + 0.1¢

589
590 Each value in the table represents the mean of tieqgicates
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592 Table 3

593
594

Lamellar Polymorphic form  SAXS peaks WAXD peaks DSC
stacking (subcell) 20 A 26 A T
2L a (hexagonal) 1.23 48.0 14.2 4.17 27
3L B' (orthorhombic) 0.89 66.2 14.2 4.17 30
1.69 35.1 15.4 3.85
2.62 22.6
2L B (triclinic) 1.38 42.9 12.9 4.6 36
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FIGURE LEGENDS

Fig. 1. Isothermal crystallization curves of lasl measured by DSC at 18°C and 20°C (A)
and at 22°C and 24°C (B) (exo up).

Fig. 2. Stop-and-return melting curves of lard talfged at 18°C (A), 20°C (B), 22°C (C)
and 24°C (D) (exo up).

Fig. 3. SAXS (left graph) and WAXD (right graph¥fdaction patterns of the isothermal
crystallization of lard at 18°C.

Fig. 4. SAXS (left graph) and WAXD (right graph¥fdaction patterns of the isothermal

crystallization of lard at 20°C.

Fig 5. Schematic overview of potential isotherergistallization mechanism of lard
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