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In this contribution, the crystallization kinetics of model fat blends containing trisaturated and mono-
unsaturated TAGs of different saturated fatty acid composition are investigated via differential scanning
calorimetry (DSC) and time-resolved small and wide angle X-ray scattering (SAXS/WAXS). The effect of
inhomogeneity in saturated fatty acid composition was studied by varying between palmitic and stearic
sources for trisaturated (POSt — palm stearin and FHRO — fully hydrogenated rapeseed oil) and using
palm mid fraction (PMF) and shea stearin (ShSt) sources for mimicking the mono-unsaturated TAGs
(PMF — palm mid fraction and ShSt — shea stearin). The kinetics were followed via SAXS/WAXS upon
cooling at different rates (1 and 10 °C min™Y) and during the isothermal hold at 0 °C (273 K) for 60 min.
The blends revealed a multiple step crystallization with co-existing polymorphic forms and a slow
restructuring process. Generally, mono-unsaturated triglycerides tended to impede the polymorphic
transition of the trisaturated fraction. The trisaturated triglyceride fraction formed an o phase at the
beginning of the crystallization. Quickly after, co-existing B’ and B phases were recorded. In each case,
the subsequent crystallization events were dictated by the mono-unsaturated fraction with ShSt
affecting the crystallization more drastically than PMF. Differences were diminished when a low cooling
rate was applied. Further, the low cooling rate allowed the formation of a B phase in FHRO-containing
samples before an additional B’ phase was recorded. The differences in explicit fatty acid composition,
TAG diversity and minor components are discussed as primary potential sources of differences in
crystallization behavior. Calorimetric experiments capturing the crystallization and melting behavior of
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the industrial grade binary blends were compared to that of blends based on pure TAGs diluted in

rsc.li/soft-matter-journal rapeseed oil, namely the combinations PPP—POP, SSS-SOS, PPP-SOS, and SSS-POP.

techniques pose new challenges as both pathways generate
different triglyceride (TAG) compositions. This affects the melting

1. Introduction

The demand of finding suitable alternatives for palm oil (PO) in
fat continuous products (e.g., margarine and shortenings)
satisfying product and process qualities remains an ongoing
challenge." PO is a rather cost-effective natural fat and the only
substantial vegetable source of natural high melting triglycer-
ides (e.g, tripalmitin, PPP). Substituting other tropical fats like
shea stearin or cocoa butter for PO or reengineering PO frac-
tions using hydrogenated oils and other oil modification
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ShSt. Summary of literature data on long and short spacings of pure triglycerides.
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and crystallization characteristics®> and influences the granular
crystal formation.” Those granular crystals typical for palm oil
have been shown to be composed of trisaturated triglycerides-rich
mixed crystal in their most stable polymorphic form f and mono-
unsaturated TAGs as surrounding layer.* Even though PO has been
studied intensively, the interplay of different TAGs - trisaturated
and mono-unsaturated - during crystallization still remains insuf-
ficiently understood. To deepen this understanding is not only
beneficial for the application of PO or its fractions but can also be
instrumental for the design of alternative structuring fat composi-
tions. Important parameters to be considered in this context are
the differences between palmitic and stearic acid and the inter-
action between fully saturated and mono-unsaturated TAGs.
Reviewing the crystallization literature reveals that simply
translating observations from broadly studied PO>° including
the formation of molecular compounds®"" into stearic-acid
counterparts is not straightforward. Attempts to compare

This journal is © The Royal Society of Chemistry 2025
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blends of similar composition of trisaturated (high-melting) and
mono-unsaturated (low-melting) fractions but different fatty acids
(palmitic versus stearic acid) revealed significant differences.
These occur in nucleation kinetics, heterogeneous crystallization
and fractionation in the stearic blends versus mixed crystal
formation in the palmitic blends."” Even though little differences
in the solid fat content profiles were found, the isothermal
crystallization data indicate that PPP was able to facilitate the
crystallization of POP, whereas no such effect could be found
for the stearic-based blends. Also, PPP crystallizes faster in the
presence of POP than SSS in the presence of SOS. Although no
XRD studies were performed in the aforementioned reference, the
difference in interaction might be explained by the lattice struc-
ture the pure components assume. Monoacid saturated TAGs (like
PPP and SSS) assume the 2L stacking irrespective of polymorphic
form. The molecular stacking of mono-unsaturated (symmetric)
TAGs as POP and SOS depends on the chain lengths and the
polymorphic form." POP assumes 3L in the most stable poly-
morphic form B, whereas a 2L stacking was reported for both B’
and the least stable form o.'* For SOS, on the other hand, a 2L
stacking was only observed for the o,-form."® Possibly, this relates
to the seeding function of PPP reported by Vereecken et al. The
term “seeding agent” might be displaced in this context assuming
a seed is of similar molecular arrangement, i.e., polymorphic
form™ and lamellar stacking.'® Hence, the seeding effects
described in their study indicate a tendency to form mixed crystals
between PPP and POP. Only a limited number of studies inves-
tigated potential mixed crystal formation between SSS and
S0S."”'® 1t was reported that mixed crystal formation in SSS-
SOS systems is limited, most prevalent in metastable forms.
Generally, the time it takes to reach the equilibrium state,"*?
i.e., demixed phases, is subject to a multitude of kinetic effects.
For example, Lutton stated that a stabilized solid solution of SSS-
SOS during melting initially releases low-melting SOS. During
subsequent stabilization (i.e., annealing) the low-melting SOS was
only re-integrated into the mixed crystal/solid solution to a limited
extent. As a consequence, an exclusively SOS containing phase was
formed."”

As indicated above, SSS does not facilitate the crystallization
of SOS in the same way PPP does for POP. However, SSS still
acts as crystallization surface, i.e., heterogeneous nucleation.
Co et al.'® investigated the heterogeneous crystallization of SOS
on SSS. It was reported that a small amount of SSS (1-2%)
crystallizes initially. This crystalline SSS phase resulted in
increased nucleation rates and reduced induction times for
the crystallization of an SOS solid phase.

Overall, data on blends of mixed fatty acid systems are scarce.
For the binary system PPP-SOS monotectic behavior was reported.*
Even though separate crystallization for both components can be
assumed, the kinetics of concurrent crystallization are less clear. A
study on the mixture of a saturated monoacid TAG (trilaurin) and
the molecular compound forming mixture of SOS and SSO (MCsos,
sso) suggested interactive crystallization®' of both components due
to close melting point temperatures. Further, the polymorphic
transition from one component was facilitated by the presence of
the other. No data on mixtures of SSS and POP could be found.

This journal is © The Royal Society of Chemistry 2025
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Besides competitive, interactive, and concurrent polymorphic
crystallization of pure triglycerides mixtures, impurities in form
of diglycerides and free fatty acids also affect the crystallization
kinetics. This was shown in studies on purified shea stearin®*
and other polar components on industrial grade fats** including
diglycerides.”**

In this contribution, an attempt to deepen the understanding of
the crystallization of fats containing trisaturated (high-melting) and
symmetric mono-unsaturated triglycerides (mono-unsaturated) is
documented. Pseudo-binary blends were composed of palm stearin
(POSt) and palm mid fraction (PMF) or fully hydrogenated canola
oil (FHRO) and shea stearin (ShSt) all diluted in rapeseed oil. These
blends contain either palmitic (P) or stearic (S) acid as dominant
fatty acid (homogeneous blends). Additionally, mixed fatty acid (i.e.,
inhomogeneous) blends were composed of POSt-ShSt and FHRO-
PMF mixtures, respectively. These contain palmitic and stearic acid
in either the high melting or low melting fraction. The industrial
grade fat blends were investigated by time-resolved SAXS/WAXS.
The crystallization kinetics and polymorphic pathways are related
to the inhomogeneity of the saturated fatty acid composition
(stearic versus palmitic acid). The crystallization and melting beha-
vior of the pseudo-binary blends (POSt-PMF, FHRO-ShSt, POSt—
ShSt, and FHRO-PMF) was compared to that of blends based on
pure TAGs diluted in rapeseed oil, namely the combinations PPP-
POP, SSS-SOS, PPP-SOS, and SSS-POP, captured by DSC. The true
binary blends contain the dominating TAGs in the industrial grade
blends elucidating possible differences between industrial and
academic studies. The differences in explicit fatty acid composition,
TAG diversity and minor components are discussed as primary
potential sources of differences in crystallization behavior.

2. Materials and methods
2.1 Materials

Fully hydrogenated rapeseed oil (FHRO) was kindly provided by
ADM (Hamburg, Germany). Palm stearin with an iodine value
of 12 (POSt), a palm mid fraction with an iodine value of 33
(PMF), and shea stearin (ShSt) were provided by AAK (Aarhus,
Denmark). The diglyceride content is 3.9%, 0.8%, 2.9%, and
1.4%, respectively. Refined rapeseed oil (RP) was contributed by
Gustav Heess GmbH (Leonberg, Germany). All materials were
used without further modification. Pure triglycerides - tris-
tearin (SSS), tripalmitin (PPP), 1,3-palmitin-2-olein glycerol
(POP), and 1,3-stearin-2-olein glycerol (SOS), all >99% - were
acquired from Larodan AB (Solna, Sweden).

2.2 Fat blend formulation

In this study, the fat blends were formulated such that the
amount of trisaturated triglycerides was 5% (w/w) and the
amount of mono-unsaturated triglycerides was 15% (w/w). This
makes a total content of structuring triglyceride groups of 20%.
The general composition and temperature range was chosen so
that it represents crystallization conditions and formulation of
spreadable fats. The raw materials were mixed and diluted with
rapeseed oil to reach the desired concentration. Sources for

Soft Matter, 2025, 21, 4650-4665 | 4651
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Table 1 Summary of the distribution of palmitic and stearic acid in the
trisaturated TAGs and mono-unsaturated TAGs fraction in the pseudo-
binary blends

POSt- POSt- FHRO- FHRO-

Blend PMF Shst PMF Shst
Trisaturated TAGs (5%)

% P 93.3 89.3 13.1 4.5

% S 6.7 10.7 86.9 95.5

% other saturated fatty acids 0 0 0.9 1.0
Mono-unsaturated TAGs (15%)

% P 87.8 15.2 88.0 9.1

% S 11.1 82.2 11.4 88.2

% other saturated fatty acids 1.1 2.6 0.6 2.7

trisaturated triglycerides were FHRO (91.3% stearic acid and
8.7% non-stearic acid) and POSt (6.8% stearic acid and 93.2%
palmitic acid in the trisaturated TAGs fraction). Sources for
mono-unsaturated triglycerides were ShSt and PMF. Note that
POSt also contains about 16.8% mono-unsaturated TAGs of
which the saturated fatty acids are composed of 92.3% palmitic
and 7.7% stearic acid. The triglyceride composition of FHRO
was derived from the fatty acid profile of rapeseed oil according
to Coleman®® and accounting for hydrogenation. Information
of the triglyceride profiles of POSt, PMF, and ShSt were pro-
vided by the supplier. Table 1 gives the P/S distribution in
the trisaturated TAG and the mono-unsaturated TAG fraction
of all blends.

All blends were prepared by melting the materials comple-
tely and stirred before blending to ensure homogeneity. All
blends were stored in the refrigerator and remelted before each
experiment.

2.3 Methods

2.3.1 X-ray scattering measurements and analysis. Small-
angle X-ray scattering (SAXS) and wide-angle X-ray scattering
(WAXS) measurements were performed using a SAXSpace
instrument (Anton Paar GmbH, Graz, Austria). The experiments
were performed on all pseudo-pure samples of industrial grade,
i.e., POSt-PMF, POSt-ShSt, FHRO-PMF, and FHRO-ShSt. The
instrument operates at 40 kv and 50 mA and uses a Cu anode
(4 = 0.154 nm). The temperature control was achieved by
the sample holder TCstage 150, which is equipped with a Peltier
element (Anton Paar GmbH, Graz, Austria). Simultaneous time-
resolved SAXS/WAXS measurements were performed at a sample-
detector distance of 130 mm. This covers a q range from 0.1 to
17.6 nm ™' (g = 47 sin 0/, with 20 being the scattering angle). The
1D scattering patterns were recorded with a Mythen microstrip X-
ray detector (Dectris Ltd, Baden, Switzerland). Each fat blend
sample was melted on a hot plate prior to injection into quartz
disposable capillaries (Capillary Tube Supplies Ltd, Cornwall, UK)
with an outside diameter of 1.5 mm and subsequently sealed with
wax. SAXS/WAXS measurements were performed using the follow-
ing temperature protocol: first, the samples were heated to 70 °C
and held for 10 min to erase any crystal memory. Then, the
samples were cooled via the Peltier element to 0 °C at a rate of 10
or 1 °C min~". The samples were held isothermally for 60 min.

4652 | Soft Matter, 2025, 21, 4650-4665
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Afterwards, the samples were melted at a scan rate of 2 °C min ™.
The X-ray pattern were collected during the cooling phase, the
isothermal holding time, and melting. Since no continuous data
collection during cooling and heating was possible, ie., a step-
wise temperature-time profile mimicking the continuous cooling
was applied, see our previous manuscript for details.””*® During
the isothermal phase exposure times of 30 s were applied every
minute, guaranteeing an optimum counting rate.

SAXSTreat software (Anton Paar GmbH, Graz, Austria) and
SAXSQuant software (Anton Paar GmbH, Graz, Austria) were used
for setting the primary beam position to zero and normalizing
for X-ray flux fluctuation and sample transmission, respectively.
The normalized pattern of an empty capillary was subtracted from
each normalized sample pattern. Additionally, the scattering
contribution from molten triglycerides was subtracted from the
total pattern:

I;mp]e = Lsample — 4molten f ) (1)
with
10.2
Z I sample
q=9.4
J =" ’ @
Imolten
q=9.4
where Ig,.. denotes the signal intensity corrected for the liquid

contribution and I,oien denotes the signal intensity obtained for
the molten sample. Here, a signal obtained without any solid
material present, yet, close to the crystallization temperature of
0 °C was chosen (here: POSt-ShSt at 5 °C after cooling with a rate
of 10 °C). Note, that the actual molten phase fraction is estimated
in the region from g = 9.4 to 10.2 nm™ " (eqn (2)), where all X-ray
scattering pattern only display diffuse scattering. Further, due to
the line collimation focus of the instrument, the resulting patterns
are smeared, mostly affecting the small-angle region, approx.
from g = 0 to ¢ = 2.5 nm ™" (first order reflection). This affected
peak fitting greatly. Further, some peaks showed shoulders and
asymmetrical shapes indicating two phases present at the same
time. Therefore, d-spacings from the first order reflection were
determined from the second derivative method® as some peaks
showed a shoulder indicating two phases present. Note, this
second derivative method results in ‘2nd derivative peaks’ that
have roughly half the width of the original peaks, ie., spanning
from inflection to inflection point of the recorded diffraction peak.
The first order reflections were used to determine the d-spacings,
which were additionally corrected for peak smearing.>”*® Further,
peak analysis was performed in the WAXS region. The degree of
crystallinity was determined by integrating the WAXD intensities,
wmple (€D (1)), from g =12 to ¢ = 18 nm . A B-spline interpola-
tion and its first derivative were applied achieving turnover
curves.*® Here, peaks indicate changes in the polymorphic state.
Both, liquid phase subtraction and peak analysis was performed in
Matlab2020B and OriginLab2022b, respectively.
2.3.2 Calorimetry. Differential scanning calorimetry (DSC)
was performed using a 214 Polyma (Netzsch, Selb, Germany)
calorimeter. The experiments were performed on all

This journal is © The Royal Society of Chemistry 2025
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pseudo-pure samples of industrial grade, i.e., POSt-PMF, POSt-
ShSt, FHRO-PMF, FHRO-ShSt, and their binary counterparts
(PPP-POP, SSS-SOS, PPP-SOS, and SSS-POP). Approximately 10
mg of sample were weighed in aluminum crucibles and sealed
hermetically. An empty crucible was used as reference. The
samples were heated to 80 °C and held at that temperature for
10 min to remove any crystal memory. Subsequently, the samples
were cooled at either 10 or 1 °C min™" to 0 °C. After 60 min
isothermal holding time, the samples were heated to 80 °C at
2 °C min ", Peak temperatures were analyzed using the manufac-
turer’s software. All measurements were performed in duplicate.

3. Results

3.1 Small- and wide-angle X-ray scattering

Time-resolved SAXS/WAXS studies were performed in which the
evolution of crystalline phases during cooling and the isothermal
holding time was followed. The experiments were performed on
all pseudo-pure samples of industrial grade, i.e., POSt-PMF, POSt-
ShSt, FHRO-PMF, and FHRO-ShSt. The polymorphic forms were
identified in the WAXS region (12 nm™" < ¢ < 17 nm™ ). The
long spacings were derived from the first order reflection in the
SAXS region. Fig. 1 gives the SAXD and WAXD pattern for FHRO-
Shst crystallized at 1 and 10 °C min~ ' as example. The pattern of
the other samples can be found in the ESL{ Details on long and
short spacings of some TAGs used as reference for this study can
be found in the ESIL.{ In general, the long spacing are correlated
with the carbon number, e.g., 40.6 and 45 A for tripalmitin (PPP)
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and tristearin (SSS), respectively.’’ Also, the long spacing
decreases with increasing stability of the polymorph from o to
B’ to B, if the lamellar stacking does not change, e.g., 50.6, 46.8,
and 45 A for $SS,*! in which all phases display a 2L-stacking. In
the presence of unsaturated fatty acids, TAGs tend to assume
either the 2L lamellar stacking in less stable polymorphic forms as
POP or can quickly transition into the 3L structure as reported for
SOS, see Table S2 (ESIt).

3.1.1 Polymorphic pathways. Fig. 2 and 3 give the evolution
of d-spacings over time during the cooling period (10 and
1 °C min~') and isothermal holding time. The polymorphs
are identified at the time of their first occurrence. Table 2 gives
a summary of the short and long spacings recorded at the
beginning of the crystallization and after 60 min isothermal
crystallization. The short spacings were assigned to the poly-
morphs forms based on the pure component data listed in
Table 2.

In each experiment (cooling rate of 10 °C min~* and 1 °C min "),
an a-phase was formed at the onset of crystallization. When
cooled at 10 °C min ', the POSt-containing systems (i.e., system
that is dominated by the crystallization PPP) show a short-lived
o phase, which is followed by a B’ phase occurring early in the
isothermal holding phase. Both systems further exhibit a B
phase starting from 40 min (POSt-PMF) and 20 min
(POSt-ShsSt). The FHRO-containing samples also a short-lived
o and a B’ phase of prolonged stability. Contrary to the POSt-
containing blends, the FHRO-containing blends show no traces
of a B phase at the end of the isothermal holding time. A
subsequent heating scan applying a scan rate of 2 °C min~"
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Fig. 1 SAXD and WAXD patterns after subtraction of the liquid contribution (obtained at 5 °C for POSt—ShSt cooled at 10 °C min™) of POSt—ShSt during
cooling at 1 °C min~ (left) and 10 °C min~ (right) to 0 °C and subsequent isothermal holding time of 60 min. 1st and 3rd order reflections in the SAXS
region and reflections in the WAXS region are indicated as identified. CR = cooling rate.

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Long spacings and polymorphs as identified per time frame acquired during cooling at 10 °C min~* (filled symbols) to 0 °C and during the
subsequent isothermal holding time of 60 min. The start of the isothermal period was set to be zero min. Polymorphs as identified from WAXS are color-
coded: o (orange), B’ (blue), and B polymorph (green). Overlapping regions indicate co-existing crystalline phases.

revealed that a B phase fully formed early during heating (data
shown in the ESI,t Fig. S7). Further, the first order reflection of
FHRO-PMF showed a shoulder, to which two d-spacings were
assigned, indicating two co-existing B’ phases.

When cooled at 1 °C min~', again at first an o phase is
formed which is followed by a B’ phase in POSt-containing
systems. However, polymorphic pathways differ slightly. POSt-
PMF exhibits co-existing B’ and B phases shortly after the o
phase has vanished. In the POSt-ShSt system, a [ phase
was only observed from 30 min onwards. In contrast, the
FHRO-containing samples all show a f phase very early on, at
the beginning of the isothermal phase and in the cooling
phase. The transition into B is followed by the formation of
an B’ phase early during the isothermal hold that remains
co-existing with the earlier formed B-phase throughout the
experiment. This hints towards the fraction of the trisaturated
TAGs (here FHRO) undergoing their preferred polymorphic
phase transition unperturbed by the presence of mono-
unsaturated TAGS.

Overall, when a high cooling rate is applied POSt-
based samples show a § phase earlier than their FHRO-based
counterparts. This observation is reversed when a low cooling
rate is applied. The FHRO-based blends, however, show only

4654 | Soft Matter, 2025, 21, 4650-4665

little sensitivity to the change of the fatty acid in the mono-
unsaturated TAG fraction for any cooling rate. The POSt-based
samples are more sensitive to the added mono-unsaturated
TAG fraction. More precisely, it influences the occurrence of the
B-phase. This occurs earlier in mixture with ShSt than PMF
when cooled at 10 °C min™', yet, this observation is reversed
once a low cooling rate of 1 °C min " is applied.

3.1.2 Lamellar stacking. At first it must be noted that no 3L
structure was detected throughout the experimental procedure,
this covers the cooling (8 or 80 min) and isothermal phase (60
min) and melting at 2 °C min~" (40 min). The initial d-spacing
is dominated by the trisaturated TAG fraction. In the POSt-
containing samples, the d-spacing at the end of the experiment
is mostly dictated by the mono-unsaturated TAG fraction.
POSt-PMF and POSt-ShSt differ greatly in the d-spacing
at the end of the isothermal holding time being 42.1 A and
45.2 A, respectively, when cooled at 10 °C min~". This differ-
ence is less pronounced after cooling at 1 °C min~"'. The d-
spacing of the FHRO-based samples is greatly affected by the
source of mono-unsaturated TAGs when cooled at 10 °C min ™.
The FHRO-PMF sample showed two phases present with
respective d-spacings of 50.6 and 42.1 A while FHRO-ShSt
remained at 50 A at the end of the isothermal hold. Again, at

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sm00418g

Open Access Article. Published on 13 May 2025. Downloaded on 1/29/2026 2:05:43 PM.

This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

isothermal

(94
s

I cooling

a
N
T

(42
o
T

IS
3
T

(03

N
o
T

=N
o

d-spacing (A)

~
I

B

\
0-C =
%mijﬂf% o0

40 B

O DfDB'+B

N
N
T

-30 =20 -10 0 10 20 30 40 50 60 7
Time (min)
54 |- cooling isothermal FHRO-PMF
52|
50 & '
=< q“u B
oa48F O\
£ i 00 o
[} S H
S 46p Y=
) ==
| (Smn]
T 44r SaN
00 o
w2t B UB'+B
40 -
1 1 1 1 1 1 1 1 1 1
-30 =20 -10 0 10 20 30 40 50 60 70

Time (min)

Fig. 3 Long spacings and polymorphs as identified per time frame acquired during cooling at 1 °C min

View Article Online

Soft Matter

54 | cooling isothermal POSt-ShSt
52 1
—~ 50
<
2%l
o SR
© 46 e
Q. H
@ MR - - -
T 44| B JB’+B
sl p
40
-30 20 -10 0 10 20 30 40 50 60 7
Time (min)
54 L cooling isothermal FHRO-ShSt
52 | a)
O(
~50F |
=<
)
2zl
Q U
® L
a 46 b
SOy, oot
42+
40 +
1 1 1 1 4 1 1 4 1 1
-30 -20 -10 0 10 20 30 40 50 60 70
Time (min)

~! (empty symbols) to 0 °C and during the
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coded: o (orange), B’ (blue), and B polymorph (green). Overlapping regions indicate co-existing crystalline phases.

! the differences are less

a low cooling rate of 1 °C min
pronounced. Here, the initial B phase has a similar d-spacing
of 49 A. This suggests a dominant role of FHRO. Overall, the d-

spacing evolution indicates a step-wise restructuring of the

blends. When considering the polymorphic state instead, it
becomes clear that a slower restructuring, co-crystallization,
and separate crystallization are taking place. Regarding the
effect of fatty acid mismatch in inhomogeneous systems, it was

Table 2 Summary of long and short spacings observed at the beginning of the crystallization and the end of the isothermal holding time (60 min)

Blend Cooling rate (°C min ") Time/temperature Polymorphs Long spacing (A) Short spacings (A)
POSt-PMF 10 0 min/0 °C o 47.0 4.17
60 min/0 °C B+ B 42.1 4.62, 4.34, 3.88
1 —15 min/15 °C o 45.6 4.14
60 min/0 °C B+ B 42.5 4.62, 4.34, 3.90
POSt-ShSt 10 0 min/0 °C o 47.6 4.17
60 min/o0 °C B+ B 45.2 4.56, 4.32, 4.15, 3.87
1 —15 min/15 °C o 46.5 4.19
60 min/0 °C B+ B 441 4.58, 4.35, 4.17, 3.87, 3.81
FHRO-PMF 10 —1 min/10 °C o 51.3 4.17
60 min/0 °C B 50.6, 42.1 4.41, 4.25, 3.90
1 —25 min/25 °C o 50.0 4.19
60 min/0 °C B+ B 42.2 4.55, 4.53, 4.16, 3.92
FHRO-ShSt 10 —1 min/10 °C o 51.8 4.16
60 min/0 °C B 50.1 4.32, 4.15, 3.89
1 —25 min/25 °C o 52.0 4.16
60 min/0 °C B+ P 44.8 4.58, 4.32, 4.14, 3.88

This journal is © The Royal Society of Chemistry 2025
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observed that POSt-ShSt and FHRO-PMF show a slower
restructuring than the homogenous systems POSt-PMF and
FHRO-ShSt.

3.1.3 Phase transition and evolution of crystallinity. Fig. 4
and 5 show the integrated intensity in WAXD region (g = 12 to
g = 18 nm™ ') over time as measure for the crystallinity. The
graphs also show the first derivative, i.e., turnover curves, in
which peaks represent a transition.

All turnover curves show four transitions except for FHRO-
PMEF cooled at 10 °C min . The first transition is in line with a
swift crystallization of an o phase from the liquid. The following
transitions, II, III, and IV either mark the occurrence of a more
stable polymorphic form (B’ or ) from the liquid or a transition
from an existing phase and in some cases mark a change in the
d-spacing (001), but no additional polymorphic form was identi-
fied. A summary is given in Table 3.

For both, FHRO-PMF and FHRO-ShSt, a third transition
(Table 3) can be linked to a second d-spacing emerging. In the
FHRO-PMF blend, this was observed as shoulder in the 001
reflection. On the contrary, the FHRO-ShSt did not show a
shoulder but a broader peak region presumably due to two
peaks merged that are very close in their peak center. This was
documented by a slight drop in d-spacing in Fig. 2.

Albeit the signal intensity was very low given the amount of
crystalline material at experiment conditions, no evidence of a
v-phase or a sub-o phase or any phase in 3L stacking was found,
which are reported for mono-unsaturated TAGs such as SOS"®
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and POP.™ It is necessary to discuss the short spacings and
their assignment to the polymorphic phases. Short spacings in
the range of 4.1-4.2 A are typical for an o phase but were also
reported for some B’ phase, e.g., for POP (in p’,-2L) and SOS
(B’-3L) (see Table S2 in the ESIT). Unambiguous assignments of
polymorphic states in complex fat systems on the basis of pure
component data is challenging. The low amount of crystalline
material in the present study resulted in a low signal intensity
in the grange of the 3rd order reflection which allows to
distinguish two phases of different composition (here: o and
B’ potentially co-existing). In these dilute systems, an a-phase
that remains stable for 60 min of isothermal crystallization at
0 °C in addition to the time during cooling seems rather
unlikely. Further, in some cases, a reflection in this region
was observed after the first o phase transitioned into a B-phase
(see Fig. 1, CR 1 °C min "). In these cases, additional low-
melting material is unlikely to form an a-phase given the low
supercooling and pre-crystallized material acting as heteroge-
neous surface. Therefore, the aforementioned short spacings
were assigned to a B’ phase at the end of isothermal holding
phase. This could be further validated by the turnover curves
and the observed transitions (i.e., referring to the peaks of the
first derivative curves given in Fig. 4 and 5).

Overall, the integrated intensities in the WAXD pattern
reveal that all samples restructure and undergo multiple
transitions during the isothermal hold. When a cooling
rate of only 1 °C min~" is applied, the samples can already
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Fig. 4 Integrated WAXD intensity per time frame obtained during cooling at 10 °C min~ to 0 °C and during the subsequent isothermal holding time of
60 min. The start of the isothermal period was set to be zero min. The original data are given as symbols, a spline fit is given as solid line, and the first

derivative of the integrated intensity is given as dashed line.
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derivative of the integrated intensity is given as dashed line.

Table 3 Summary of observed transitions in Fig. 4 and 5 linked to information on lamellar stacking and identified polymorphic forms in Fig. 2 and 3

Sample 10 °C min~* 1°C min "
POSt-PMF I Liquid — o Liquid — o
I - B - B'/B
111 — B'; decrease in d-spacing - B'Ip
v - B Decrease in d-spacing
POSt-ShsSt I Liquid — o Liquid — o
1I - p’ Decrease in d-spacing
I > B - B
v Increase in d-spacing with B’ + B co-existing - B
FHRO-PMF I Liquid - o a— B
II - / — BI
111 — P’; second d-spacing emerges - p
v n.d. Increase in d-spacing with p’ + B co-existing
FHRO-ShSt I Liquid — o Liquid — o
I - p’ - B
11 — P’; slight drop in d-spacing - p
v Increase in d-spacing Increase in d-spacing with ' + B co-existing

n.d. = not detected.

crystallize during the cooling process depending on the
respective dissolution temperature. This is well documented
in Fig. 5. As the data suggest, all samples start crystallizing
more than 20 min before the start of the isothermal
period. Here, the PMF-containing samples take longer to
crystallize. In contrast, the samples containing ShSt reach
the plateau of maximum crystallinity already early in the

This journal is © The Royal Society of Chemistry 2025

isothermal period, yet, the turnover curves reveal further
transitions to take place.

3.2 Isothermal crystallization via DSC

Calorimetric experiments were performed on the industrial
grade blends (POSt-PMF, FHRO-ShSt, POSt-ShSt, and FHRO-
PMF) and their binary counterparts (PPP-POP, SSS-SOS,
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PPP-SOS, and SSS-POP). Each blend contains 5% trisaturated
TAGs (binary: PPP or SSS) and 15% mono-unsaturated TAGs
(binary: POP or SOS) in rapeseed oil. The isothermal DSC
signals obtained during cooling at 10 °C min~* and 1 °C min*
and isothermal holding time are given in Fig. 6 and 7, respec-
tively. The DSC signal of rapeseed oil was subtracted for better
visualization of the switch from cooling to isothermal phase.
The raw data are given in the ESIt (Fig. S1 and S2). Table 4
summarizes the occurrence of the crystallization events.
Generally, in all blends the crystallization is dominated by
the trisaturated fraction, i.e., FHRO and POSt, and only mildly
affected by the mono-unsaturated fraction, i.e., PMF and ShSt.
When cooled at 10 °C min ™", the time of the first crystallization
event differs slightly, when either ShSt or PMF are added to
POSt, i.e., appearing at —1.6 and —1.4 min, respectively. For
FHRO these events occur earlier at —2.5 and —2.3 min, respec-
tively. Differences can be observed for the second crystallization
event. This event is only slightly affected, when PMF is added to
either POSt or FHRO, but more so, when ShSt is added. In this
case, two crystallization events are visible after reaching the
isothermal phase. The two merged exothermic events are closer
in the blend with FHRO than in the blend with POSt.
Comparison of the true binary blends to the commercial
counterparts reveals similar crystallization pathways. The third

View Article Online

Paper

(and fourth) crystallization events are most different in all
blend comparisons: the first event occurs at around the same
time as in the pseudo-binary blends, however, the third one
occurs much faster in the PPP-POP than in the POSt-PMF
blends, i.e., at 0.8 versus 2.9 min. A similar effect of sample
purity can be observed when comparing SOS and ShSt. Inter-
estingly, mixing POP with either PPP or SSS does not dramati-
cally change the crystallization events. However, when mixing
SOS with either PPP or SSS, a substantial difference is observed.
This is in line with the observations made for the industrial
grade blends. The second event is barely visible in the PPP-SOS
mixture. It must be noted that the nature of the second event
remains unclear from DSC data alone. It is possible to interpret
this as the polymorphic transition of the source for trisaturated
TAGs or the crystallization of mono-unsaturated TAGs in a
lesser stable polymorph followed by a rapid transition into a
more stable crystalline phase (third event). This, however, is
only valid when we assume completely separate crystallization,
L.e., fractionation.

When crystallizing the blends at a cooling rate of 1 °C min~
almost all crystallization events occur during the cooling phase
with exception of the PMF/POP dominated blends. In general,
the number of events and the interplay of the source of mono-
unsaturated TAGs with the source of trisaturated TAGs are
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Fig. 6 DSC signal obtained during cooling at 10 °C min~* and isothermal holding time of 60 min. Time zero is set to the starting point of isothermal
phase. Pseudo-binary (black), and true-binary blends (green) are presented. For clarity around the switch of cooling to isothermal phase, the signal
obtained for rapeseed oil not showing any exothermic nor endothermic event was subtracted. The numeration of exothermic events relates to Table 4.
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similar to the ones described for 10 °C min~'. When applying a
low cooling rate, the effect of mono-unsaturated TAGs on the

initial crystallization (first event) of trisaturated TAGs becomes

more apparent. When adding ShSt to either POSt or FHRO, the
first event is recorded about a minute earlier than when adding
PMF. Also, the POSt-blends crystallize faster than the true

Table 4 Times of exothermic events recorded during cooling and isothermal holding time via DSC. The mean values of two estimates are given. Time
zero was set to the starting point of the isothermal phase,

hence negative times indicate events occurring during the cooling phase

Cooling rate 10 °C min ™" 1 °C min’ Cooling rate 10 °C min ™’ 1°C min '
Sample Event # Time (min) Time (min) Sample Event # Time (min) Time (min)
POSt-PMF 1 —-1.4 —-17.3 PPP-POP 1 —-1.2 —15.5

2 0.3 —11.8 2 0.2 —6.5

3 2.9 0.3 3 0.8 n.d.

4 n.d. 9.8
POSt-ShsSt 1 —-1.6 —18.6 PPP-SOS 1 -1.3 —16.8

2 —0.6 —6.1 2 —0.6 —-11.9

3 0.2 n.d. 3 0.2 n.d.

4 1.1 n.d. SSS-POP
FHRO-PMF 1 —-2.3 —26.7 1 —2.4 —27.4

2 0.2 —23.6 2 0.3 —6.5

3 2.9 0.3 3 0.8 n.d.

4 n.d. 4.5
FHRO-ShSt 1 —-2.5 —28.1 SSS-SOS 1 —2.5 —28.5

2 0.3 —24.2 2 —-0.9 —25.3

3 0.6 —13.0 3 0.2 —-17.6

n.d. = not determined

This journal is © The Royal Society of Chemistry 2025
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binary counterparts containing solely PPP. This can be attrib-
uted to the purity of POSt which contains also stearic acid
(6.7%, see Table 1). Noteworthy is also a small shoulder
(marked as second event) for POSt-PMF and FHRO-PMF
directly following the first crystallization events which is not
observed in the true binary blends.

Similarly to cooling at 10 °C min~ "', the PMF/POP-blends
exhibit a smeared out third exothermic event during the
isothermal phase. In this subset of blends, FHRO-PMF shows
this event earlier than POSt-PMF, at 4.5 versus 9.8 min (see
Table 4). The third crystallization event observed in FHRO-ShSt
when cooled at 1 °C min~" is not found in POSt-ShSt. It seems
reasonable to assume the presence of a third event also for
POSt-ShSt following the interpretation for 10 °C min~*. This
also holds for the true binary blends. As for all blends and
cooling rates, the crystallization is facilitated in the true binary
blends of highest purity.

3.3 Melting properties

Fig. 8 displays the melting curves obtained after crystallization
at a cooling rate of 10 °C min~" for the pseudo-binary blends
and the accompanying binary blends.

After cooling at a rate of 10 °C min~" all blends exhibit a
high-melting peak and a low-melting region. The high-melting
peak can be assigned to the dominant fraction of trisaturated
TAGs recrystallizing into the highest stable polymorphic form.
The low-melting region is characterized by recrystallization
during melting as for FHRO-PMF and FHRO-ShSt or relates
to multiple melting events as for POSt-PMF and POSt-ShSt.
The binary blends PPP-POP, SSS-POP, and SSS-SOS show
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similar melting behavior as the pseudo-binary blends. The
comparison of pseudo-binary to binary blends illustrates that
higher dissolution temperatures are consistently found for
binary TAG-based blends. The most pronounced difference is
observed for POSt-ShSt versus PPP-SOS. Here, the high-melting
peak of POSt-ShSt shows as two merged peaks (at 40.9 and
43 °C) in contrast to the single high-melting peak found for
PPP-SOS.

Fig. 9 gives the melting curves obtained after cooling at a
rate of 1 °C min™ ",

As observed for the melting curves obtained after cooling at
a higher rate, all blends show a high-melting peak and a low-
melting region characterized by multiple melting events and
recrystallization, e.g., observed for FHRO-ShSt. It must be
noted that all melting curves were obtained after an isothermal
holding period of 60 min following the cooling step. This
means that during cooled at 1 °C min~" from 80 °C to 0 °C
crystallization already occurs during the cooling process, see
Fig. 5. This becomes apparent when comparing the low-melting
regions which can be assigned to the mono-unsaturated TAG
!, at least two melting
events in addition of a recrystallization event can be clearly
seen for FHRO-PMF (at 11.2 and 23 °C) and FHRO-ShSt (at 17.1
and 26.3 °C), whereas in Fig. 9 (cooling rate of 1 °C min ") the
recrystallization during melting, if present at all, cannot clearly
be assigned. However, in the blends containing ShSt, one could
argue that the events at 25.7 °C in POSt-ShSt and at 28.5 °C in
FHRO-ShSt are related to recrystallization. Also, at the low
cooling rate the difference between POSt-ShSt and PPP-SOS
(industrial versus pure) remains most pronounced. Even the

fraction. In Fig. 8, cooling at 10 °C min~
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Fig. 8 DSC melting curves for the pseudo-binary (black) and true binary blends (green). Crystallized to 0 °C at 10 °C min~%, isothermal period of 60 min.

Heating rate of 2 °C min~t. Peak temperatures in °C are indicated.
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double high-melting peak is still present, though less pro-
nounced and at 39.6 °C and 40.9 °C.

Interestingly, the melting curves are very similar for PPP-
SOS and SSS-SOS, so SOS-dominating binary systems irrespec-
tive of the cooling rate applied. The low-melting peak tempera-
tures in particular are very similar. This indicates that the
crystallization of SOS is only mildly affected by the presence
of trisaturated TAGs either PPP or SSS. The POP-based binary
systems, PPP-POP and SSS-POP show differences in the low-
melting region, e.g., peak shape, when comparing the different
cooling rates. The greatest difference is observed in the binary
system SSS-POP which shows a recrystallization during melting
when crystallized at 10 °C min~". The pseudo-binary blends are
more sensitive to differences in cooling rate than their binary
blend counterparts especially in the low-melting region. Overall
it has to be noted that the relatively complicated melting
patterns found, particularly in PMF/POP containing systems,
are observed in both industrial grade materials and the pure
TAG systems.

4. Discussion
4.1 Effect of cooling rate on the crystalline phases

X-ray diffraction experiments were performed on all pseudo-
pure samples of industrial grade, i.e., POSt-PMF, POSt-ShSt,
FHRO-PMF, FHRO-ShSt. When cooled at a high cooling rate of
10 °C min ', all samples showed a short-lived o phase. Differ-
ences in its stability was only observed at a low cooling rate.
This could not be detected with the DSC measurements, where

This journal is © The Royal Society of Chemistry 2025
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differences between the blends POSt-ShSt and FHRO-ShSt
after the first crystallization event were only minute. When a
slow cooling rate of 1 °C min~' was applied, a separate
crystallization of trisaturated TAGs was observed. This is illu-
strated by the pronounced crystallization peaks observed in
Fig. 7 during cooling and the initial d-spacings shown in Fig. 3.
The polymorphic pathways clearly show that in the blends
FHRO-PMF and FHRO-ShSt a B phase is detected before an
additional B’ phase is observed. This indicates a polymorphic
phase transition involving trisaturated TAGs and TAGs origi-
nating from either PMF or ShSt. In the latter, thus a strictly S-
containing system, this happens faster than in the inhomoge-
neous FHRO-PMF system. The additional crystallization of a 8/
phase can be related to the slow decrease in d-spacing. Here,
the turnover curves reveal more than one transition following
the appearance of a § phase (Fig. 5). Both phases, B’ and B, are
dominated by the mono-unsaturated TAGs. This behavior is
also observed in the POSt-PMF system - a strictly P-based
system. When cooled slowly, first an o phase crystallizes. A 8
follows that co-exists with the B’ phase until the isothermal
period is completed. The POSt-ShSt system behaved differently.
Here, the growth of the  phase was observed later compared to
the other blends at slow cooling. Yet, the turnover curves
suggest an additional transition between the occurrence of f’
and B. Nevertheless, at the end of the crystallization process,
two co-existing phases, B’ and B, were found irrespective of the
applied cooling rate for most blends. For FHRO-PMF and
FHRO-ShSt crystallized at a high cooling rate of 10 °C min™"
a B phase could only form during the melting. Here, the high
cooling rate resulted in supersaturation of multiple crystalline
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phases of different composition that inhibited the transition
into a B phase. The data gathered confirm that slow cooling
rates favor phase separation because high-melting material is
subjected to supersaturation for elongated periods.

4.2 Effect of the TAG type on the polymorphic transition and
mixed crystal formation

Overall, the initial occurrence of an o phase was not affected by
the TAG type of the mono-unsaturated TAG fraction (PMF or
ShSt) neither for POSt nor for FHRO (Fig. 3). This is in line with
the minor differences observed in the isothermal DSC signals
(Fig. 6). The observation suggests that initially a separate
crystallization of the trisaturated TAGs is monitored. Further
on, multiple crystallization events (at least three) could be
identified. These are related to the step-wise decrease in d-
spacing over time and the transitions identified in the turnover
curves (Fig. 4).

Trisaturated and mono-unsaturated TAGs differ profoundly
in their polymorphic crystallization behavior. Monoacid trisa-
turated TAGs undergo a rapid polymorphic transition into
when crystallizing on their own. This also goes for systems
dominated by PPP and SSS, such as POSt**** and FHRO.?” POP
and SOS exhibit a richer polymorphic crystallization behavior.
For both, multiple polymorphic forms were reported. Further,
the lamellar stacking changes with the polymorphic form.
While POP assumes the 2L stacking even in metastable states,
for SOS also a a-3L'® form, and for both, a y-3L form were
reported.®® No 3L stacking was observed for the pseudo binary
blends under the experimental conditions of this study. This
eludes to an interactive crystallization in early stage crystal-
lization that entraps the mono-unsaturated TAGs in a 2L
structure and at least delays transformation into 3L. Interactive
polymorphic transitions including promoting and inhibitory
effects are known. For example, the metastable phase B’ of PPP
can be triggered when adding mixed-acid saturated TAGs, e.g.,
PPP mixed with PSP**> and POP as mono-unsaturated TAG>®
linked to mixed crystal formation, i.e., co-crystallization. Other
trisaturated TAGs remain in a metastable phase B’ longer due
to chain length mismatches such as PPS, PSS.>” POSt and
FHRO used in this study contain small amounts of other
saturated fatty acids (see Table 1). In mixtures, structural
differences of the composing TAG molecules can alter the
polymorphic pathway. Another study of our group showed that
the impurities of FHRO did not inhibit the formation of a 8
phase, also no B’ phase was detected.”” Mixed crystals in binary
mixtures have been observed for PPP-POP with a POP content
exceeding 50%° and temperature-dependent for SSS-SOS'’
and SSS-SSO.*% However, we do note the limited information
on the lamellar stacking (2L or 3L) of mixed or separate phases
in existing studies on the phase behavior of the dominant TAGs
in this study. In some instances, e.g., FHRO-PMF crystallized at
10 °C min !, we observed two co-existing B’ phases with
different d-spacings (see Fig. 2).

Components of relatively similar melting points assuming
the same lamellar stacking have been reported to influence
each other’s polymorphic pathway, e.g., in a more recent study,
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the presence of the molecular compound of SOS/OSO (MCgos;
oso) facilitated the polymorphic transition of trilaurin (LaLaLa)
from B’ into B,. This was described as interactive polymorphic
crystallization between LaLaLa and the MCsog/os0.>"

Further, the tendency of pure components to assume a
certain lamellar stacking in a polymorphic state influences
mixed crystal formation. For example, SSS-SOS exhibit even
in metastable forms only limited miscibility."”'® This can be
attributed to the mismatch in lamellar stacking, ie., SSS
assuming the 2L stacking SOS preferring the 3L stacking.'®
Similarly, despite proximity of the melting points, for PPP-SOS
monotectic behavior was reported."®?*® Little is known about
SSS and POP, both favor 2L staking with the exception of POP in
the B-form. The pure component behavior of the TAGs in this
study suggests limited miscibility over the concentration range.
Hence, sequential crystallization and polymorphic transition
next to partial miscibility can be assumed. Following this, the
trisaturated TAG fraction poses as heterogeneous nucleation
site, i.e., crystallization surface, for the mono-unsaturated TAG
fraction. Since the crystallization surface is of different compo-
sition than the outer layer this is not to be confused with the
seeding effect. The presence of trisaturated TAGs clearly inhib-
ited the mono-unsaturated TAG fraction to assume their pre-
ferred polymorphic states in their preferred stacking as no 3L
reflections were found. It also becomes apparent that mono-
unsaturated TAGs affect the polymorphic pathways of trisatu-
rated TAGs differently, e.g. ShSt added to POSt furthered the
occurrence of a § phase contrary to PMF added to POSt when
cooled at 10 °C min '. This was reversed when cooled at
1 °C min~". Further, limited supersaturation and competing
crystallization seems to prevent mono-unsaturated TAGs to
fully segregate into 3L assuming phases. Here one could argue
that when crystals of miscible TAGs crystallize separately on top
of each other due to process-induced fractionation, a TAG
exchange (diffusion) process takes place. This could hence
generate a mixed crystal.

4.3 Effect of the inhomogeneity in saturated fatty acid
composition

4.3.1 Isothermal crystallization. The isothermal crystal-
lization of the industrial grade blends (POSt-PMF, FHRO-ShSt,
POSt-ShSt, and FHRO-PMF) and their binary counterparts
(PPP-POP, SSS-SOS, PPP-SOS, and SSS-POP) was studied via
DSC. The concentration of structuring TAGs and dilution in
rapeseed oil was the same. The melting curves showed a
pronounced high-melting peak and a low-melting region char-
acterized by multiple melting and recrystallization events for all
blends. Differences between pseudo-binary and binary blends
were more pronounced at a cooling rate of 10 °C min~" than at
1 °C min~". This holds especially true for the POSt-ShSt and
PPP-SOS systems. The time-resolved DSC signal revealed that
the initial crystallization can be attributed to the trisaturated
TAGs crystallizing into the o polymorph (when cooled at
10 °C min™"). This is only slightly affected by the inhomogene-
ity in saturated fatty acid composition. The following events are
facilitated in the binary blends compared to the industrial
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grade blends for all blends and cooling rates. No drastic
differences were observed in the binary blends PPP-POP and
SSS-POP, but when comparing PPP-SOS and SSS-SOS. The
crystallization events occur later in PPP-SOS than in SSS-SOS
indicating competing crystallization. Interestingly, the evolu-
tion of d-spacings of the pseudo-binary blends suggests a slow
restructuring for every blend, especially when a low cooling rate
is applied (Fig. 3). This is confirmed by the integrated intensity
and turnover curves for both cooling rates (Fig. 4 and 5). This
restructuring could not be detected via the time-resolved DSC
signal where no exothermic events were recorded after 10 min
of isothermal holding time.

The data gathered confirm that the impurities present in
industrial fats slow down crystallization. This was earlier shown
by others.*” Especially diglycerides have profound effects on fat
crystallization serving as nucleation site for heterogenous
crystallization.>**> The material used in this study came with
little diglyceride content and considering the dilution factors, it
is reasonable to disregard the effects of diglycerides here. The
inhomogeneity in saturated fatty acid composition that is
inherent to the industrial material slows down crystallization.
Furthermore, it was found that the disturbance caused by
different saturated fatty acids in the trisaturated and mono-
unsaturated TAG fraction is stronger, if longer fatty acids are
present in the mono-unsaturated TAG fraction. This was most
evident for the inhomogeneous blends, POSt-ShSt and FHRO-
PMF, and their respective binary replicates. Concluding, the
calorimetric study revealed differences related to the fatty acid
composition of the trisaturated and mono-unsaturated TAGs.
The comparison to mixtures of pure TAGs diluted in rapeseed
oil showed only minor differences.

4.3.2 Melting behavior. The melting behavior of industrial
grade (pseudo-binary) blends and binary blends was compared.
All industrial grade blends showed lower melting points than
their binary counterparts due to inhomogeneities in their
saturated fatty acid profiles, e.g., the blend POSt-ShSt contains
10.7% stearic acid in the trisaturated TAG fraction and approx.
15% palmitic acid in the mono-unsaturated TAG fraction
(Table 1). These deviations cause lower melting points. The
low-melting melting events can be associated with crystalline
phase predominantly composed of the mono-unsaturated frac-
tion. The, differences between blends, either FHRO- or POSt-
based, are more pronounced using ShSt. This was confirmed by
the binary blends also showing a greater dependence in the
SOS-containing blends.

The greatest difference between industrial and academic
blends was observed for POSt-ShSt versus PPP-SOS. POSt-ShSt
shows as two merged high-melting peaks (at 40.9 and 43.0 °C)
in contrast to the single high-melting peak observed for the
PPP-SOS blend. This is most likely accounted for by the
deviation form exclusively palmitic acid as constituent of the
trisaturated TAG fraction of POSt (Table 1) and the presence of
impurities such as diglycerides. These differences diminish
with lower cooling rates (1 °C min™"). After slow cooling, the
blends POSt-ShSt and FHRO-ShSt show comparable melting
behavior. This indicates that the crystallization of ShSt is more
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dependent on the supersaturation and ultimate time given for
crystallization rather than the material it crystallizes on.

The pseudo-binary blends are more sensitive to differences
in cooling rate than their binary blend counterparts especially
in the low-melting region. For ShSt this can be related to the
presence of SLS (1,3-distearoyl-2-linoleoyl-sn-glycerol) known to
co-crystallize with SOS.>® Additionally, the stronger influence of
cooling rate on the crystallization and melting of the industrial
grade blends is assumed to relate the inherent presence of
minor components.

Again, despite recrystallization events that were observed
during melting (especially in the low-melting region), SAXS data
showed no occurrence of a 3L structure during melting (data not
shown). This indicates that the mono-unsaturated TAG fraction
remained in the 2L stacking throughout the experiment.

5. Conclusion

In this study, the crystallization pathways of fat blends of
defined TAG composition were evaluated in regards to the
saturated fatty acid composition and its effect on recrystalliza-
tion, polymorphic transition and fractionation, ie., separate
crystallization. Blends of homogeneous distribution of satu-
rated fatty acids, POSt-PMF and FHRO-ShSt, and inhomoge-
neous distribution, POSt-ShSt and FHRO-PMF were studied
using DSC and time-resolved SAXS/WAXS. The raw materials
were from industrial origin. Additionally, a calorimetric study
was performed on these pseudo-binary blends and their binary
counterparts, i.e., mixtures of pure TAGs diluted in rapeseed
oil, namely PPP-POP, SSS-SOS, PPP-SOS, and SSS-POP.

All industrial grade blends showed lower melting points
than their binary counterparts due to inhomogeneities in their
saturated fatty acid profiles. For all mixtures, regardless of
sample purity, the crystallization appears to be initially domi-
nated by the trisaturated TAG fraction, that crystallizes into an
o phase. The effect of the mono-unsaturated TAG fraction on
the initial crystallization was negligible. However, the later
crystallization and melting events illustrate a clear effect of
the mono-unsaturated TAG fraction. The influences were more
pronounced in the ShSt-containing blends, FHRO-ShSt and
POSt-ShSt. This was also confirmed by studying the blends
containing pure TAGS.

SAXS/WAXS analyses revealed that the polymorphic path-
ways were mostly affected by the source of trisaturated TAGs,
e.g., POSt versus FHRO, than the source of mono-unsaturated
TAGs. Generally, the o phase was only observed for a short time,
which was confirmed by the DSC data. The occurrence of a f
phase differed greatly for the POSt- and FHRO-containing
samples. Surprisingly, the FHRO-containing samples stayed
in a metastable B’ form for a longer period. During slow
cooling, FHRO transitioned separately from a short-lived o
form directly into a  phase. This transition proceeded faster
in the presence of ShSt than of PMF. Here, the mono-
unsaturated TAGs slowed down the phase transition of the
trisaturated TAGs in FHRO blends. At the end of the isothermal
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crystallization a B’ and B phase coexisted regardless of the
cooling rate and blend composition. Throughout, no 3L struc-
tures were detected despite being typical for mono-unsaturated
TAGs, especially in more stable polymorphic forms. Hence, in
mixtures with trisaturated TAGs, mono-unsaturated TAGs are
forced into the 2L stacking and appear to remain therein for a
considerable period of time. This was further captured in the
evolution of d-spacing and turnover curves, which revealed slow
restructuring processes.

This study documents the phase transitions observed in
blends of trisaturated and mono-unsaturated triglycerides of
homogeneous and inhomogeneous saturated fatty acid compo-
sition. Overall, the crystallization processes involve changes of
the polymorphic form, slow lamellar restructuring processes,
and time-dependent changes in composition.
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