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We investigate the phase behavior of model ternary triacylglycerol blends, comprising triolein
(Cs7H10406, OO0), tripalmitin (CsiHogOg, PPP) and tristearin (Cs7H11006, SSS), building upon extensive
characterisation of single and binary mixtures, in order to rigorously map the thermal transitions of
model natural ‘fats’. A combination of calorimetry, X-ray diffraction, and FTIR spectroscopy is employed
to determine crystallisation and melting temperatures and identify the corresponding phases in the
complex ternary system. We recover the eutectic behaviour of SSS-PPP blends and the invariability of
OOO neat transitions, and resolve the complex B’ + P ternary surface, reflecting the roles of
unsaturation and polymorphism of its constituents. Our results provide a representation of the
OOO:PPP:SSS:temperature phase behaviour into a triangular prism, consistent with binary pair-wise

Received 26th May 2022,
Accepted 16th November 2022

DOI: 10.1039/d2cp02395d
data, which can inform a range of food science, cosmetic, pharmaceutical and cleaning applications that

Open Access Article. Published on 16 November 2022. Downloaded on 4/30/2026 8:18:33 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

rsc.li/pcecp

1 Introduction

Natural fat is a complex mixture of triacylglycerols, TAGs
(commonly known as ‘triglycerides’), free fatty acids (FAs) and
phospholipids, and, if unrefined, minor quantities of sterols
and tocopherols." TAGs are formed by one glycerol unit ester-
ified by fatty acids in all three OH positions. The physical
properties of refined natural fats are largely dominated by the
properties of the constituent TAGs, with various possible per-
mutations of the three fatty acid chains. A precise determina-
tion of a single melting point of ‘fat’ is thus not trivial, and a
melting range is often observed, characterised by waxy and
pasty consistencies arising from a distribution of diverse mixed
crystals.” The broad TAG distribution and associated crystal-
lisation regimes also define their specific rheological
properties® between solid and liquid states, modulated by the
liquid fraction, composed of low molecular weight and/or
unsaturated TAGs,"” that is interstitial or encapsulated within
the solid phases, even at sub-zero Celsius temperatures.®®
Homotriacylglycerols, constituted by three identical FA chains,
such as tristearin (SSS),°™"" tripalmitin (PPP)'*** and triolein
(000),'®' have been extensively investigated with a range of
experimental techniques, mainly powder X-ray diffraction
(XRD), differential scanning calorimetry (DSC), dilatometry

“ Department of Chemical Engineering, Imperial College London, London, UK.
E-mail: j.cabral@imperial. ac.uk

b procter & Gamble, Newcastle Innovation Centre, Newcastle upon Tyne, UK

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d2¢cp02395d

This journal is © the Owner Societies 2022

depend strongly on the physical-chemistry of such multicomponent ‘triglycerides’.

and infrared (IR) and Raman spectroscopies.'®*?° These are
generally taken as model constituents of complex fats, compris-
ing a range of hetero TAGs with numerous positional and
structural isomers, to rationalise fat crystallisation behaviour
and associated polymorphism. TAGs are often classified into
three basic polymorphic forms, namely o, B’ and B,*' each
characterised by a specific carbon chain packing and thermal
stability.>®> Most fats and triglycerides possess an o form,
though often very unstable; others possess only a stable B’
form and no B form, and vice versa.>> When present, transfor-
mations take place from o to B’ to B, upon heating; the
existence of various phases is predicated, however, on the
thermal history upon cooling. Although single TAGs provide a
nice physical model, natural fats are constituted by mixtures of
different TAGs, determining their complex phase behaviour.
Detailed studies of TAG blends are of special interest for the
science and engineering of food,** cosmetics, pharmaceuticals,
etc., as main constituents of end-products, or as matrices in
which other chemical species are dispersed.? There are exten-
sive literature studies examining the phase behaviour of binary
mixtures of TAGs,"**® and in particular of saturated TAGs
such as SSS and PPP, their mixing behaviour'****° and identifi-
cation of accompanying crystal phases. Furthermore, the inter-
action of saturated and unsaturated TAGs, namely SSS-OOO
or PPP-OOO, has been investigated to elucidate their
miscibility.*** In general, binary solid mixtures of compo-
nents that are miscible in the liquid state can yield a homo-
geneous solid solution phase, a eutectic system, or result in
compound formation, depending on two key factors, namely
polymorphism and chain-chain interactions.
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Fig. 1 (a) Ternary phase space for the investigated triglyceride blends (full
circles), literature data (hollow circles) indicating the mass fractions of
triolein (OOQ), tripalmitin (PPP), and tristearin (SSS); pure components are
shown in yellow, binary blends (1-6) in blue, and ternary blends in red.
Typical compositions of naturally occurring fats are indicated alongside
the ternary blends. Blend 8 is formulated as a synthetic analogue of natural
‘beef tallow’ (0.5:0.3:0.2 OO0 : PPP:SSS). (b) Thermal profile employed
in the blend characterisation, showing the relevant crystallisation and
melting temperatures of pure components; (c) free fatty acid content®®
of selected blends shown above; and (d) molecular structure of the OOO,
PPP and SSS triglycerides.

Despite their importance, considerably less is known about
ternary TAG blends, and no complete phase diagrams have
been reported. A classical study of the OOO:PPP:SSS system
from 1912%%%” provides reasonable estimates of the melting
point, but does not consider the polymorphic nature of TAGs,
which was not known at the time (in fact, X-ray crystallography
was reported by von Laue a few weeks prior to its publication in
the same year). In this study, we describe the ternary phase
behaviour of a model OOO-PPP-SSS ternary blends. We take
into account the polymorphism of the single TAGs and their
binary blends, combining experimental and previous literature
data as the foundation to provide a detailed description of the
ternary phase behaviour, focusing on the effect of the unsatu-
rated component OOO on the PPP-SSS saturated system by
means of DSC, XRD and FTIR. The investigated ternary phase
space is reported in Fig. 1(a), including the pure TAGs (yellow
circles), the binary blends (blue circles) and the experimental
ternary blend explored in this study (red circles). To benchmark
our results with the previous literature data we repeat the
characterisation of pure TAGs and selected OOO-SSS, OOO-
PPP and PPP-SSS binary blends, numbered in the phase dia-
gram. In the phase diagram are also indicated the approximate
compositions of a range of natural fats described in terms of
their OOO-PPP-SSS content with increasing unsaturation frac-
tion towards pure OOO. Evidently, polymorphism, intersolu-
bilty and phase behavior of a blend will be affected by different
isomeric permutations of TAGs***”*° and, for the current
system, 27 possible permutations are conceivable. Therefore,
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in this simplified, yet comprehensive description, we take OOO,
PPP, and SSS as coarse-grained representations of the homo-
triglycerides and all respective O, P and S isomeric permuta-
tions with a majority O, P or S fatty acid chains. Due to the
sensitivity to thermal processing, which impacts the crystal-
lisation and melting processes, and to ensure reproducibility
and comparability of experimental data, all TAGs and blends
were characterised following the same thermal program
depicted in Fig. 1(b). To further understand the complexity of
natural fats, the respective FFA content is reported in Fig. 1(c)
and the molecular structures of the OOO, PPP and SSS trigly-
cerides employed in this work are shown in Fig. 1(d). Our
findings, incorporate the prior literature on single triglycerides
and their binary blends, and provide a rigorous description of
the ternary blend phase behaviour into a triangular prism,
including the effect of polymorphism on melting and crystal-
lisation behaviours.

2 Experimental
2.1 Triacylglycerols (TAGSs)

Glyceryl trioleate, >99% (CAS 122-32-7), glyceryl tripalmitate
>99% (CAS 555-44-2), and glyceryl tristearate >99% (CAS 555-
43-1) were supplied by Merck KGaA and employed with no
further purification. Prior to experimental characterisation,
pure TAGs were heated at 90 °C to erase any thermal history,
recrystalised at 5 °C min~" and stored 4 °C.

2.2 Binary and ternary blend preparation

TAGs binary and ternary blends were prepared by combining
the pure triglycerides in the prescribed ratio in a glass vial,
mixed thoroughly using a vortex stirrer and then heated at
90 °C to ensure complete melting of all the components. The
melting temperature was chosen prior to differential scanning
calorimetry (DSC) and optical microscopy analysis (OM). Once
molten, the blend is mixed once more using a magnetic stirrer
and finally cooled and stored at 4 °C.

2.3 Characterisation

Differential scanning calorimetry (DSC) was performed employ-
ing a PerkinElmer DSC 8000 power compensation calorimeter
using 40 pL aluminium pans. The TAGs as neat or blended were
subjected to the temperature program reported in Fig. 1(b).
Specifically, the samples were equilibrated at 25 °C for 5 min, a
first heating cycle up to 90 °C at 5 °C min ™" to ensure complete
melting, a 5 min hold at 90 °C, a first cooling to —40 °C at
5 °C min !, a 5 min hold at —40 °C and a second heating to
90 °C. Fourier transform infrared spectroscopy (FTIR) was
carried out in attenuated total reflection mode (ATR), by means
of a Bruker INVENIO-S equipped with a Platinum ATR on solid
TAG samples. 64 spectra were acquired per sample from 4500 to
450 cm™ ' at a resolution of 4 cm ™!, at room temperature after
cooling the TAG samples from 90 °C at 5 °C min~'. Variable
temperature FTIR analysis on ternary TAG blends was performed

by heating the samples from 25 °C to 90 °C at 5 °C min "
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X-Ray diffraction (XRD) was performed by means of a PANaly-
tical X'Pert Pro powder diffractometer (theta/theta) equipped
with a Cu anode long fine focus ceramic tube, (Ko = 1.54 A,
tension of 40 kv, current 20 mA). TAG samples were analysed at
room temperature following the same temperature profile
reported for the FTIR analysis, finely pulverised and back-
loaded in a zero-diffraction plate. This method helps reducing
the preferred orientation if the sample particles are not sphe-
rical, and it produces a relatively smooth surface, with a
controlled thickness of about 2.5 mm. The XRD data were
acquired by scanning a 4° < 20 < 90° range at 2° intervals,
and 1 min aquisition per data point.

3 Results and discussion
3.1 Characterisation of neat TAGs

The characterisation of neat triglycerides OOO, PPP and SSS is
reported in Fig. 2, and DSC melting profiles (Fig. 2(a)) show the
transitions between the relevant crystal polymorphs. These
results, included here for reference, are in good agreement
with extensive previous literature on neat TAGs.'*'*'>'” The o
phase is obtained by fast-cooling from the melt (viz. 5 °C min "
or higher) to temperatures well below the melting point of the o
phase (below ~—30 °C for OOO and =45 °C for PPP and SSS).
Upon heating OOO from low temperature, the o phase melts,
enabling the crystallization of a B’ phase, which in turn melts,
enabling the crystallization of a § phase around —8 °C, which
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Fig. 2 Characterisation of neat TAGs. (a) DSC thermograms reporting the
second heating of 00O, PPP and SSS at 5 °C min~?, of the thermal profile
in Fig. 1(b). (b) FTIR spectra of the ‘fingerprint’ region (1500-650 cm™?)
following the temperature profile, indicated in Fig. 1(b). (c) XRD profiles,
measured at room temperature, showing the three principal polymorphs
a, B’ and B. The top XRD patterns in each panel were obtained following
the thermal profile (¥), cooling at 5 °C min~?, resulting in a p phase for PPP
and SSS; OOO is in the liquid phase at this temperature. The second XRD
profile (cooling at 25 °C min™Y), shown for PPP and SSS, resulted in f/;
while the third XRD profile (cooling at 50 °C min~?), shown only for SSS,
yields the o phase. (d) Ternary composition diagram showing the three
neat components and schematics of the o (H, hexagonal), B (T, triclinic)
and B’ (O, orthorombic) polymorphs.
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melts at &5 °C. The polymorphism of OOO has been previously
investigated in detail.*"*> It does not appear possible to obtain
the B’ phase by continuously heating from the o phase of PPP
and SSS, as a consequence of the very fast o to B transition. The
B-phase can be obtained from either the a-phase, from the
intermediate B’-phases, or from the melt; with the o-to-f being
the fastest transition. Upon heating, the a-phase starts to melt,
followed by a rapid crystallisation of the B phase. In the case of
SSS, the crystallisation is characterized by two distinct exother-
mic processes, both related to the formation of the B-phase.
Upon further heating the process remains exothermic until the
melting of the f polymorph starts.

Fig. 2(b) depicts the fundamental vibrational modes of neat
TAGs in the ‘fingerprint’ region at 25 °C (full-range FTIR
analysis in the ESLt Fig. S1). The FTIR spectrum of OOO
exhibits broad infrared absorption bands in comparison to
PPP and SSS, which exhibit sharp, intense peaks in the region.
Mainly the frequency of the CH, bending or ‘“scissoring” band
is dependent upon the methylene chain packing and conforma-
tion. Disordered liquid-like chains exhibit a considerably broa-
dened and relatively lower intensity scissoring band in the
region of 1468-1466 cm™ ', while its shift and sharpening
suggest ordering of the methylene chains approaching that of
a crystalline geometry. Further changes in the CH, ‘rocking’
mode of the triglyceride chains, which depends upon the inter
chain interactions are indicative of structural alterations. For
000, the absorption peak appears at 720 cm ™', indicating a
hexagonal unit cell, whereas a sharper absorption peak appears
at 717 em™ ", characteristic of a triclinic parallel unit cell. The
saturated PPP and SSS on the other hand, display a larger
number of sharp peaks ie. from 1400 to 1100 cm ' (C-H in
plane bending, wagging ® and rocking p mode) whose number
is equal to half of the number of CH, of the fatty acid chains.*’
The three basic polymorphs o, B’ and B, have distinct wide
angle X-ray diffraction patterns as displayed in Fig. 2(c) and the
schematic of the three crystal cages in Fig. 2(d). In general, a
TAG o phase is characterized by a single strong reflection at
4.15 A [(20) = 21.4°] of the hexagonal packing.'” The B’ phases
are characterized by an orthorhombic packing, which results in
two strong reflections around 4.2 and 3.8 A, [respectively (20) =
21.1° and (26) = 23.3°]. The B-phase (triclinic) is identified by a
very strong reflection at 4.6 A, ((20) = 19.4°) and two other
strong reflections at 3.9 and 3.7 A ((26) = 23.1° and (26) = 24.1°).
The three reflections at 4.6, 3.9 and 3.7 A correspond, respec-
tively, to the (010), (110) and (100) planes of the subcell. The d-
spacing is identified for PPP and SSS by a single dy; reflection
at 15.3 A ((20) = 5.78°).

3.2 Binary TAGs blends

The composition of the reference binary blends indicated in the
phase diagram in Fig. 3(b) are given in Table 1. Blends 1 and 2
are OOO:PPP blends at two different ratios, 3 and 4 OOO:SSS
blends and 5 and 6 PPP:SSS blends. The DSC thermograms are
reported in Fig. 3(a) the OO0 blends 1-4, show a single melting
peak due to the B structure of either PPP or SSS. For blends 1
and 2, the OOO melting profile reduces to a single melting of
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Fig. 3 Binary TAG blend characterisation. The binary blends compositions
are described in Fig. 1(a) and in Table 1 and numbered from 1 to 6. (a) DSC
thermograms of the second heating (5 °C min™Y) for different binary
blends. (b) Triangular diagram describing the composition in OOO, PPP
and SSS for different binary blends. (c) Room temperature XRD patterns of
blend 1 to 6, showing the characteristic reflection for the different crystal
structures identified. (d) Room temperature FTIR of the binary blends with
assignments for the characteristic absorption bands.

Table 1 Binary and ternary blend compositions of OOO, PPP and SSS,
prepared in mass fraction (w/w). For the isopleth, x = 0.001, 0.005, 0.01,
0.015, 0.020, 0.025, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08, 0.1, 0.2, 0.3, 0.4,
0.5,0.6,0.7, 0.8, 0.99

Blend (0]0]6) PPP SSS

1 0.5 0.5 —

2 0.7 0.3 —

3 0.5 — 0.5

4 0.8 — 0.2

5 — 0.3 0.7

6 — 0.8 0.2

7 0.3(3) 0.3(3) 0.3(3)

8 0.5 0.3 0.2
Isopleth 3PPP:2SSS x (1 —x)3/5 (1 —x)2/5

the B phase, whereas for blends 3 and 4 the melting of the OO0
B’ and the B’ — P crystallisation are also present, indicating a
poorer miscibility of the SSS in OOO compared to PPP in OOO
(blends 1 and 2). As expected, the enthalphies of the transitions
reflect the blend stoichiometry. Saturate TAG blends 5 (SSS
rich) and 6 (PPP rich) show phase changing and temperatures
in accordance with the respective pure equivalents, although at
slightly lower temperatures due to the coexistence of two
crystalline phases. Additional information regrading the energy
involved in the phase-change upon melting can be obtained by
tracking the melting enthalpy AH,. Melting enthalpies
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obtained by the integration of the DSC melting peaks for pure
TAGs and binary blends are reported in the ESI,{ Fig. S2.

The room temperature XRD patterns after thermal proces-
sing (indicated by a star in Fig. 1(b)) are reported in Fig. 3(c).
For the OOO blends with either PPP or SSS, the reflections
associated with mixed B’ + B phases are identified, following
the characterisation in Fig. 2(c), and distinct from the liquid
00O phase, appearing as a ‘halo’ centered at (20) ~ 20°. The
presence of OOO does not provide additional reflections at low
angle, meaning that the crystalline structure of the saturated
components remains largely unchanged, even as the character-
istic melting temperatures change. In addition, OOO provides a
medium for crystalline PPP or SSS, where (B’ + B) crystals are
dispersed. For blend 5 and 6, (0.7:0.3 PPP:SSS) and (0.8:0.2
PPP:SSS) respectively, the presence of two reflections at
20 ~ 5.5° and 6.1° (dy3) indicates that PPP and SSS crystallise
in a B’ + B phase rich in p’. From the RT FTIR spectrum in
Fig. 3(d), the two-component system can be identified by the
presence of a shoulder emerging in the C=O stretching area
and, in 00O blends, the absorption bands in the 717-719 cm ™"
(rocking CH,, B’ + P triclinic and orthorombic) region
are broadened and shifted to higher wavenumber (720-723 cm™").*?
Binary blends melting temperatures are plotted in the phase
diagrams reported in Fig. 4, respectively for the OOO-PPP (a),
PPP-SSS (b) and SSS-0O0O systems (c). The experimental blends
investigated in this work, extracted from DSC thermograms
reported in Fig. 3(a), are labelled as blue full circles and
triangles and are combined with DSC and dilatometry measure-
ments form previous literature data®>%3%?*3%44 (hollow circles
and triangles). In OOO-PPP blends, the increase in OO0 w/w
reduces the onset temperature of the endothermic transitions
of PPP, decreasing from the initial value of 65 °C to about 40 °C.
In turn, PPP also affects the onset of the B’ phase of OOO
increasing it from —10 °C to —3 °C. In agreement with Hale
et al.,** a plateau region for both triglycerides can be observed
between 0.2 and 0.7 w/w OOO. Higher OOO content further
reduces the onset the B PPP fusion temperature, and concur-
rently slightly increases the B’ OOO temperature. The  form of
00O, on the other hand, is largely unaffected by the presence
of PPP at all concentrations, likely due to the greater stability
and thermal reversibility of this polymorph. The presence of
distinct melting points for the two triglycerides is indicative of
phase separation, with possible partial miscibility at extreme
concentrations, OOO-rich or PPP-rich, where a small upturn in
Booo has been reported.** Overall OOO-PPP is thus classified
as a monotectic system (with partial solid solution at extremely
high and low OOO fractions). By contrast, the PPP-SSS binary
system is characterised by a eutectic temperature close to 64 £
3°, with the minimum in the liquidus curve occurring at a
composition between 16 and 25%, depending on the different
techniques and resolution employed in previous reports.>®***°
Another feature of this system is the presence of non-eutectic,
therefore continuous solid solution of the o and B’ phases, first
reported by Lutton et al>* based on XRD and dilatometry
measurements. The tendency for the lower melting point
component to be dissolved to a greater extent, and for the

This journal is © the Owner Societies 2022
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Fig. 4 Phase diagrams for the investigated binary blends (a) OOO-PPP, (b) PPP-SSS and (c) SSS-OOO. Melting temperatures 1-6 (full blue circles,
triangles) T, extracted from DSC measurements reported in Fig. 3(a). Experimental data in this work are combined with data from previous works (hollow
blue circle, triangles) from ref. 30, 33, 34 and 44. Yellow symbols, triangles refer to the pure components. For OOO—-PPP and SSS-OQO all the reported
o and P phases are measurable upon cooling below 45 °C and reheating at 5 °C min~. The B’ phase reported in the (b) diagram can be formed cooling/
annealing at 55 °C. In panels (a and c) there is no evidence of appreciable p and B’ transition temperatures in OOO induced by PPP and SSS.

eutectic point to be displaced towards a composition richest in
the lower-melting component is commonly occurring in trigly-
ceride mixtures. For the SSS-OOO system a similar behaviour to
that of OOO-PPP system is observed, although the OOO melt-
ing point of both B’ and B forms is not lowered by the presence
of SSS, denoting vanishing low solubility of SSS in solid OOO.
The OOO is therefore included in the crystal lattice of SSS in
weaker proportions (less than 2% w/w in the B phase) and the
melting behaviour is similar to that of pure SSS.**

3.3 Ternary TAGs blends

The phase behaviour of ternary OOO-PPP-SSS mixtures is
reported in Fig. 5 and the relative compositions in Table 1.
The ternary phase diagram in Fig. 5(a) shows the ternary blends
compositions investigated in this work, including an isopleth at
a fixed ratio PPP/SSS = 1.5, progressively increasing the OOO
weight fraction from 0.001 to 0.99 w/w, to evaluate the effect of
the unsaturated triglyceride. This PPP/SSS ratio was selected
due to its proximity to the eutectic (and has been originally
identified as the eutectic®®) of the binary system. Fig. 5(b)
reports the XRD structural analysis carried on blends 7
(0.3:0.3:0.3 w/w OO0 : PPP: SSS) and 8 (0.5:0.3: 0.2 w/w OO0 :
PPP: SSS). The overall XRD reflections are given by the super-
position of the liquid OOO phase and the (B’ + B)ppp+sss phase,
as indicated for blend 7. In the high angle region, the bulging
of the baseline given by the OOO liquid phase is more promi-
nent in blend 8 due to the higher fraction of OOO with respect
to the other components. The low angle region shows a single
reflection for the doo; at 16.1 A ((20) = 6.4°) indicating a possible
B’ + B cocrystal of PPP and SSS. On the other hand, in blend 7 in
the same regions the reflecion is split in two peaks at 15.8 and
16.2 A, indicative of two defined crystal phases.

This journal is © the Owner Societies 2022

DSC characterisation of the explored ternary blends is
shown in Fig. 5(c)-(e). Specifically, we focus on the high-
melting region of the ternary bends Fig. 5(c), given by the
phase transitions of the PPP-SSS pair because OOO transitions
were not affected, as reported in Fig. 5(e) and already discussed
for the binary blends. Fig. 5(d) reports the extracted melting
temperature Ty, for each phase identified in Fig. 5(c). Upon
heating, at low OOO weight fractions (0.001-0.005 w/w) the
phase behaviour is similar to that observed for binary blend 6
(PPP rich) with a common opppisssy phase quickly re-
crystallising in a mixture of B and B’ forms expressed as (B’ +
B), melting in two different phases, a lower melting at 60 °C
ascribed to the PPP fraction ((B’ + B)ppp) and a higher melting at
65 °C ascribed to the SSS fraction ((B’ + B)sss). Overall, the Ty,
profile of the (B’ + B) phase appears lower than the values
recorded for the pure components, as already discussed for
binary blends. In this case, however, the decrease is observed at
much lower OOO fractions. As the OOO fraction increases
(0.005 to 0.01), the metastable o ppp:sss) melting peak is dis-
appearing, re-crystallising and contributing to the (B’ + B)
phase. This is observed in the DSC as a growing exothermic
peak between the o and (B’ + B), until eventually disappearing at
0.06 w/w OOO. The T,, of PPP and SSS phases are initially
reduced, then approaching a plateau region up to 0.1 w/w OOO.
Here, until the full conversion of the o phase, is it possible to
still identify the two (B’ + B) melting peaks for PPP and SSS,
although progressively approaching and eventually merging
into a single broad endothermic peak for 0.3 w/w OOO. At this
stage, a single phase transition ((B’ + B)ppp+sss)) is observed.
This is interpreted to a solid solution of PPP and SSS crystals in
an OOO liquid medium that destabilises and favours the
rearrangement of the acyl chains into a more favourable pack-
ing. A further increase in the OOO weight fraction leads to the
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Fig. 5 Ternary blend characterisation. (a) Ternary phase diagram, reporting the composition of the investigated OOO:PPP:SSS blends (red full circles)
alongside the compositional data for binary blends reported in Fig. 4 as full blue circle (experimental) and hollow blue circle (literature). The
pure components are reported as full yellow circles. (b) Room temperature XRD patterns of blend 7 (0.3:0.3:0.3 w/w OOO:PPP:SSS) and 8
(0.5:0.3:0.2 w/w OOO: PPP:SSS), as case study for structural characterisation of ternary blends, with identified characteristic reflections for the
different polymorphs. (c) DSC second heating thermograms for the ternary blends as function of OOO weight fraction (from 0.001 to 0.99); (d) melting
temperatures T, for the difference crystal phases extracted from the DSC thermograms in (c). (e) Detail of the low melting component of the blend OOO

compared for blend 7, 8 and pure OOO.

same melting behaviour progressively moving towards lower
T, until it is eventually no longer detectable for 0.99 w/w OOO.
Due to the complex behaviour of the ternary mixture, assign-
ment of the different phase transitions is not trivial, though we
can summarise the addition of OOO to the PPP + SSS blend as
follows:

e At low OOO w/w (0.001-0.005), the system behaves as a
phase separated blend of PPP and SSS crystals incorporating
small fractions of O0O;

e At intermediate OOO w/w (0.007 and 0.2), the PPP-SSS
blend is not able to contain the liquid OOO, and the system
rearranges towards a solid solution PPP + SSS with liquid OOO;

e For high OO0 w/w (0.3-0.99), a single melting transition
corresponding to the (B’ + B)pppisss) solid solution is observed
progressively at lower temperatures. The system behaves as a
dispersion of PPP + SSS co-crystals in a continuous liquid OOO
medium.

In the reference study of Kremann and Schoulz in 1912,
the melting behaviour of the OOO-PPP-SSS ternary system
was described for the first time, including the diagram repro-
duced in the ESIf Fig. S3, showing a maximum melting
point of 64.4 °C corresponding to a mixture containing
0.303:0.07:0.627 OO0 : PPP: SSS. These results, though extre-
mely insightful, deviate from our results in Fig. 5(c), most likely
due to the experimental method employed or the chemical

29418 | Phys. Chem. Chem. Phys., 2022, 24, 29413-29422

purity of components; further, the polymorphic behaviour of
TAGs was not considered, and instead a single, average melting
temperature was recorded. In accordance with that observed for
the PPP-SSS binary system, the authors report a binary eutectic
in the ternary phase space at 0.42 w/w SSS (0.58 PPP) and
melting at 54 °C. The ternary system is represented by contours
defined by the melting points, with the eutectic forming a valley
descending towards the pure OOO corner and vanishing at
0.9 w/w OOO. Although this representation could be a simpler
guideline especially in understanding the liquidus phase
boundary, the solidus lines and solid solutions formed cannot
be inferred due to the lack of information and characterisation
of the different polymorphs. Here, subsuming the knowledge
gained from the binary phase diagram and the experimental
results of ternary OOO:PPP:SSS blends, we report a comprehen-
sive description of the phase behaviour of the ternary blends in
the triangular prism, composition vs. temperature, shown in
Fig. 6.

The boundaries of the phase space are defined by the B
phases of the high-melting components compiled from the
three binary blends reported in Fig. 4, OOO-PPP, PPP-SSS and
SSS-000 (blue spheres and lines). The ternary phase space
(red) is built from the melting temperature data from Fig. 5(c),
where the outer region is defined by the (B’ + PB)sss and
(B" + B)ppp+sss) transitions. The inner region is defined by the
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Fig. 6 3D ternary phase diagram built combining the experimental and
literature data for pure components, binary and ternary blends reported
respectively in Fig. 2, 4 and 5. The pure components are identified by
yellow spheres, the binary and ternary blends by blue and red spheres
respectively. The upper phase space identified the higher melting  form of
the ternary blends (red areas) (B’ + Blsss. (B’ + B)ppps+sss and for the binary
blends (blue lines). The surface beneath shows the ternary phase transi-
tions for (B’ + B)ppp and apppssss) alongside binary PPP-SSS phase transi-
tions B’ and a. The lower phase space reports the phase behaviour and
thermal transition for the alpha and B forms of OOO.

(B" + B)epr and o ppp:sss) phases. The two phase region for low
000 weight fractions defines a depression followed by a
plateau region in the B’ + B space, eventually leading to the
PPP + SSS co-phase at high OOO loading. This behaviour
defines a ‘peritectic’ region, usually observed only in mixed
saturated/unsaturated systems where at least one triglyceride
has two unsaturated acids as SOS/SOO or POP/POO.' In our
representation, the PPP-SSS eutectic follows the (accurate)
description made by Lutton®® and we project its evolution in
the ternary space with two horizontal red lines. We are able to
describe, albeit in a simplified way, the different polymorphs
for PPP and SSS and locate a new phase boundary, where most
likely the eutectic extinguishes, at 0.4:0.4:0.2 w/w OOO : PPP:
SSS and the co-phase (B’ + B)@ppssss) arises with a monotonic
decrease in melting temperature as a function of the increase of
the OOO content. All melting temperatures are found to be
lower compared to the binary mixtures and pure components,
therefore a depression can be identified, although distinct to
that described by Kremann and Schoulz. As discussed in the
binary and ternary blend characterisation, the OOO phase does

This journal is © the Owner Societies 2022
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not directly interact with the PPP + SSS system due to the
distance in Ty,. Therefore, in the ternary phase diagram the
phase behaviour of the OOO B’ and B phases is described by
means of triangular cuts defined by the respective melting
temperature.

Natural fats are complex mixtures of triglycerides, fatty
acids, and other minor components. Moving across the OOO
tieline described in the ternary phase diagram allows us to
explore different mixtures which, in OOO:PPP:SSS content, is
approximate to the physical behaviour of several natural fats. In
order to spatially resolve the structure and chemical interac-
tions of the ternary TAG ternary constituents, we next consider
a practically relevant, synthetic ‘beef tallow’ analogue. Natural
beef tallow at ambient temperature exists as a mixture of §’ and
B phases. Upon cooling from the melt, a p/(sub-a) phase is
formed which transforms first in « and then to a mixture of o
and B. At 16 °C, the o +  mixture is observed to transform into
the normally observed B’ + B mixture noted above. Finally at
43 °C, the B phase disappeared leaving the B’ phase to melt at
48 °C. Thus beef tallow is a system characterised by a B phase
which is not the highest melting phase.*”*® According to our
ternary space representation beef tallow can be simplified as a
mixture of OOO:PPP:SSS in a 0.5:0.3:0.2 mass fraction.
Therefore we produced a synthetic analogue of natural tallow,
here referred to as blend 8, whose XRD structural characterisa-
tion and DSC are shown in Fig. 5. Additionally, we explored the
melting behaviour of TAGs and in particular blend 8 to the
molecular level. For this we took advantage of a Variable-
Temperature Fourier-Transform Infrared spectroscopy (VI-
FTIR) and FTIR-imaging. In VT-FTIR, a temperature ramp is
applied to the sample by means of a controlled temperature
stage where the sample is loaded, in reflection mode, between
the torque screw and the diamond. The results are reported in
Fig. 7, corresponding to spectra collected in continuous mode,
heating from 25 °C to 75 °C at 5 °C min~ ', probing the full
range of PPP and SSS melting temperatures.

From Fig. 7(a), in the three spectral regions the temperature
increase is visualised by a transition from sharp and well defied
absorption peaks to broader bands, typical of a solid to liquid
phase transition and associated reduction in the conforma-
tional order. Specifically in the ‘fingerprint’ region, the C-H in-
plane bending mode structure (1350 to 1180 cm ') typical of
the solid B phase is lost and the spectra display a shift to lower
wavenumbers and absorption bands similar to the liquid state
of neat OOO at RT. The crystalline band centered at 718 cm™*
(inset), indicative of the crystal cage shifts from 717 cm™’,
associated with the B’ + B phase, to a broad absorption band
centered at 722 cm ™', indicating a mixed phase constituted by
an increased fraction of hexagonal phases (720 cm™') in the
liquid fraction. For the C=O0 and C-H regions, a shift to higher
wavenumbers is observed. To track the evolution of the melting
process, representative absorption shifts for each region were
plotted as function of temperature, reported in Fig. 7(b). Spe-
cifically, for the ‘“fingerprint region” we took the symmetric
stretching of the ester group, v;COOR, formed by one of the
glycerol OH functional group and a COOH group from a fatty
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(a) VT-FTIR spectra of the ‘fingerprint’ region, C—0 region and C—H region (top to bottom) recorded at 5 °C min~* from 25 to 75 °C. (b) Wavenumber
shifts for the stretching of the TAG ester vcoor (1150 cm™ at room temperature, RT), stretching of C=0 vc—o (1737 cm™* at RT) and stretching of
C-H ve_y (2915 cm™~t at RT) as a function of temperature. (c) FTIR imaging of the CH,—CHj stretching associated with the CH, group adjacent to the

terminal CHs in the fatty acid chains. 200 um x 200 um absorbance maps

of the 2960 cm™ at 25, 40 and 75 °C, with a resolution of 2 pm, report the

evolution of the absorption band with temperature. (d) Areal coverage for the solid fraction (red) and liquid fraction (green) extracted from the IR imaging

maps as a function of temperature.

acid chain; for the “C=O region”, we considered the sym-
metric stretching vsC—O0 of the fatty acid carbonyl group; for
the “C-H region” we took the symmetric stretching v;C-H of
the fatty acids methylene groups. In all regions, a discontinuity
is observed from 45 °C, indicating the onset of the melting
process. From 50 to 55 °C and beyond, the shifts align to a new
constant value. The red lines are guide to the eye, depicting a
first-order solid to liquid phase transition. The simple nature of
this transition implies the existence of no intermediate phases,
since triglycerides cannot be brought into an amorphous solid
state. The amorphous portion could be assigned to a bulk
liquid state or it could be described in terms of a disordered
portion of the crystallographic unit cell. To further explore the
nature of the bulk liquid phase, we performed FTIR imaging of
the CH,-CHj;, reported in Fig. 7(c). This stretching band is
associated with the CH, group adjacent to the terminal CH; in
the fatty acid chains. Because TAGs pairing in the different
crystal cages is determined by the alignment and orientation of
the CH,-CH; end groups, this absorption is ascribed to an
ordered crystal phase and therefore not present in the liquid
state. In Fig. 7(c), 200 pm x 200 pum absorbance maps of
2960 cm™ ' at 25, 40 and 75 °C, with a resolution of 2 pm,
report the evolution of the absorption band with temperature.
The red area is associated with the high intensity peak that
progressively disappears at high temperature, corresponding to

29420 | Phys. Chem. Chem. Phys., 2022, 24, 29413-29422

the transition from an ordinate solid to an homogeneous bulk
liquid (green) with crystal inclusions. These conclusions are
quantified in Fig. 7(d), where a color deconvolution was per-
formed on the FTIR maps extracting the red channel, asso-
ciated with the solid portion and the green channel, associated
with the liquid portion, with the areal coverage of each phase
plotted as a function of temperature. The behaviour is again
reminiscent of first order solid to liquid transition, although
with a discontinuity not as sharp as that observed from the
absorption shifts. This behaviour therefore represents not an
order-disorder transition, but a gradual phase conversion with
coexistence of both solid and liquid portions, even at tempera-
ture where the blend appears to be in a ‘liquid’ state. Further
evidence of this melting behaviour is provided by polarised
optical microscopy reported in Fig. S4 (ESIt), where changes in
crystal morphology can be observed above the melting point of
the blend, expected for the complex polymorphic behaviour of
its components.

4 Conclusions

In this paper, we described the phase behaviour of ternary
mixtures of triolein, tripalmitin and tristearin, which are key
components of triacylglycerols found in naturally-occurring
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‘fats’. Despite the inherent complexity of natural systems,
associated with their multicomponent nature, comprising var-
ious TAG isomers, as well as fatty acids and other lipids, it is
possible to develop simpler synthetic analogues that capture
their fundamental thermodynamic behaviour. Specifically,
blends of OOO:PPP:SSS enable the description of a range of
natural systems, by varying the relative TAG composition. We
reported the experimental characterisation of pure TAGs and
their binary mixtures with a range of techniques, namely DSC,
XRD and FTIR, alongside previous literature data that corrobo-
rate and anchor our results. We provide a new characterisation
and description of ternary mixtures, focusing on the effect of
the unsaturated component on blend properties, and therefore
reproducing the phase behaviour by means of simplified
models mimicking natural fats such as butter, tallow, lard
and oils. Combining the information gathered on pure TAGs
and their binary and ternary mixtures from experiments and
literature we built a comprehensive ternary phase diagram,
describing the formation of the different crystal phases in the
ternary OOO:PPP:SSS space as a function of the melting tem-
perature. Taking a “beef tallow” analogue blend as a represen-
tative, illustrative blend, characterised by a 0.5:0.3:0.2 w/w in
OO0O: PPP:SSS we further investigate via variable temperature
FTIR the nature of the crystal phases and their melting beha-
viour. We found, through FTIR imaging, that even at room
temperature, portions of the blends appear in a liquid-like state
(triolein) and how upon melting the blend undergoes a first
order-like solid to liquid transition, where crystals are still
present above the blend melting temperature. No evidence of
the amorphous solid state is found but, instead, the system
converts into a bulk liquid state, progressively disordering the
crystalline cell of the high-melting components, resulting in
crystal transformations into more stable polymorphs.

We expect our work to establish a multicomponent frame-
work to describe the complex phase behaviour of TAG mixtures,
in terms of the OOO-PPP-SSS ratio, enabling further studies,
including the addition of fatty acids, or the role of specific
isomers, which are intrinsic to naturally occurring TAGs. More-
over, the methodology can be exploited in the analysis of the
melting behaviour of specific OOO:PPP:SSS combinations, as
synthetic analogues of natural fats, such the one reported for
“beef tallow”, providing a route towards defining simpler
descriptive models that are relevant to a range of food science,
cosmetics, pharmaceutical and cleaning/removal applications,
which depend strongly on the physical-chemical properties and
thermal history of these blends.
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