Food Biophysics (2009) 4:199-212
DOI 10.1007/s11483-009-9118-7

ORIGINAL ARTICLE

The Effect of Tripalmitin Crystallization
on the Thermomechanical Properties of Candelilla

Wax Organogels

Jorge F. Toro-Vazquez - Maritza Alonzo-Macias -
Elena Dibildox-Alvarado - Miriam A. Charo6-Alonso

Received: 14 March 2009 / Accepted: 3 June 2009 /Published online: 17 June 2009

© Springer Science + Business Media, LLC 2009

Abstract The effect of tripalmitin (TP) crystallization on
the thermomechanical properties of organogels developed
with candelilla wax (CW) was investigated using safflower
oil high in triolein (HOSFO) as the liquid phase. Factorial
combinations of CW (i.e., 0-3%) and TP (i.e., 0—1%) in the
HOSFO were used to develop organogels at three different
temperatures (Ty). The onset of crystallization (7,,) during
the cooling stage (10 °C/min), the melting temperature
(Tm), and the corresponding heat of melting (AH),) of the
organogels were determined by differential scanning calo-
rimetry. Results showed that, without CW, the crystallization
of TP in the HOSFO at the concentrations and T
investigated (i.e., —10 °C to 25 °C) did not develop a
three-dimensional network that provided significant visco-
elasticity (i.e., solid-like behavior) to the HOSFO. The CW
developed organogels in the HOSFO with Ty,’s that
increased from =30.5 °C up to =42.5 °C as a function of
CW concentration. In contrast, in the CW—1% TP system,
the co-crystallization of TP and CW resulted in organogels
with Ty/’s that varied just between 36 °C and 38 °C,
independent of the CW concentration. Higher elastic
modulus (G') and yield stress (o*) were obtained with 3%
CW-1.0% TP organogels than with organogels developed
just by CW, particularly at Ty’s of =5 °C and 15 °C. This
research showed that co-crystallization of TP and CW,
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occurring at different extent as a function of T, resulted
in organogels with thermomechanical properties different
from the ones showed by CW organogels. The results
showed that co-crystallization of triacylglycerides with CW
might be a useful alternative to tailor particular physico-
chemical properties associated to a specific functionality (i.
e., melting profile and texture). Organogelation of vegetable
oil might be used to develop trans-free vegetable-oil-based
spreads and coatings and also novel food products with new
textural perceptions for the consumers.

Keywords Tripalmitin crystallization - Candelilla wax -
Organogelation - Trans-free

Introduction

Candelilla wax (CW) is a worldwide recognized food
additive approved by the FDA (under regulations 21CFR,
175.105, 175.320, 176.180). Our previous investigation with
CW have shown that, under several time-temperature
conditions, the n-alkanes present in CW (i.e., hentriacontane,
C31Hgy) develop thermoreversible organogels in safflower
oil."? In general, the results showed that the use of low gel
setting temperatures (i.e., 5 °C vs. 25 °C) and low cooling
rates (i.e., 1 °C/min vs. 10 °C/min) provided gels with higher
viscoelastic properties.” In particular, the organogels devel-
oped with 3% CW showed textural properties of potential
interest to the food industry." Organogelation using vegeta-
ble oils as the liquid phase is a promising alternative to
modify the physical properties of vegetable oils without the
use of chemical process that results in the formation of trans-
fatty acids. This opens new alternatives to produce trans-free
vegetable-oil-based spreads and coatings and novel food
products with new textural perceptions for the consumers.
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Vegetable oils contain different types of triacylglycerides
(TAGS), some of them able to crystallize under similar
time—temperature conditions to that of CW components
(i.e., hentriacontane). Recently, Martini et al.® showed that
the addition of sunflower oil waxes modified the crystalli-
zation of anhydrous milk fat crystallization. These authors
suggested that waxes might be used as additives to modify
TAGS crystal networks and, therefore, their textural
properties. However, Martini et al.’ did not do any
rheological or textural measurement. The development of
such crystallized mixed system ought to have implications
in the microstructural organization of the organogel and,
therefore, in its thermomechanical properties. Within this
framework, the objective of this paper is to establish the
effect of tripalmitin (TP) crystallization on the thermome-
chanical properties of CW organogels developed using
safflower oil high in triolein (HOSFO) as the liquid phase.
The experiment design used was based on the use of CW—
TP mixtures dissolved in HOSFO and processed under
time—temperature conditions where the concomitant crys-
tallization of TP and CW occurred.

Materials and Methods
Vegetable oil, Candelilla Wax, and Tripamitin Analysis

HOSFO was obtained from a local producer (Coral
Internacional, San Luis Potosi, Mexico). Micronized high-
purity CW was supplied from Multiceras (Monterrey,
Mexico), and the ~85% TP was obtained from Sigma
Chemical (Saint Louis, MO, USA). The HOSFO and the
CW were analyzed by high-performance liquid chromatog-
raphy and capillar gas chromatography (GC)-mass spec-
trometry as described previously.' Fatty acids profile of TP
was analyzed by GC. The composition is reported as the
mean=standard deviation of at least two independent
determinations (n=2).

Dynamic Gelation/Crystallization of CW and TP Solutions
in HOSFO

For preliminary studies, CW (0.5-6% wt/vol) or TP (0.5—
5% wt/vol) was dissolved in HOSFO by heating (90 °C)
under constant agitation (30 min). Samples of these
solutions (10 mL) were stored in test tubes at 5 °C and
25 °C for visual evaluation after 24 h of storage. The
dynamic crystallization and melting thermograms of these
solutions were obtained by differential scanning calorimetry
(DSC) using a TA Instruments Model Q1000 (TA Instruments,
New Castle, DE, USA). After calibration of the equipment as
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previously described,® samples (%5-7 mg) were sealed in
aluminum pans, heated at 90 °C for 30 min, and then cooled
to —80 °C at a rate of 10 °C/min. After 2 min at —80 °C, the
system was heated up to 90 °C (5 °C/min). Based on the
thermograms and the visual appearance of the systems
developed after 24 h of storage at 5 °C and 25 °C, different
concentrations of CW (i.e., 0%, 0.5%, 0.75%, 1%, and 3%)
and TP (i.e., 0%, 0.5%, and 1%) were selected for further
investigation. In general, the CW concentrations selected had
an onset of gelation below 40 °C with a melting peak below
45 °C. In addition, after 24 h at 5 °C, all the CW
concentrations selected developed gels that remained at the
bottom of the test tubes after turning the tubes upside down.
In contrast, although the 0.5% and 1% TP concentrations
investigated crystallized in the HOSFO after 24 h of storage
at 5 °C and 25 °C, these systems did not develop a three-
dimensional network that resulted into a gel-like structure.

Experimental Design to Investigate Organogel Formation
in CW-TP Solutions

The CW-TP solutions investigated by DSC resulted from
the factorial combinations of the selected CW (0%, 0.5%,
0.75%, 1%, and 3%) and TP (0%, 0.5%, and 1%)
concentrations. The CW-TP solutions with 0% CW (and
0.5% or 1% TP) or 0% TP (and 0.5%, 0.75%, 1%, or 3%
CW) were used as control systems, and their thermograms
were used to identify the thermal transitions corresponding
to CW or TP in the CW-TP systems. The isothermal
temperatures (7y.) investigated were established based on
the thermograms of the CW—TP solutions in the HOSFO so
that crystallization/gelation of TP and CW occurred at
different degrees of supercooling (see later in “Results and
Discussion”). Thus, after heating (90 °C for 30 min)
samples (=5-7 mg) of the CW-TP solutions sealed in
aluminum pans, the systems were cooled down at a rate of
10 °C/min (i.e., non-isothermal stage) until achieving a
particular T, After 60 min at this Ty, (i.e., isothermal
stage), the melting thermogram was obtained by heating at
5 °C/min until attaining 90 °C. With the equipment
software (TA-Instruments Universal Analysis 2000, v.
4.0), the beginning of the exotherm for CW (7,) was
calculated with the first derivative of the heat flux. In the
same way, the temperature at the peak (7)), at the end of
the melting endotherm of the CW-TP system (7g), and the
corresponding heat of melting (AHcw_rtp, AHtp, or AHcwy)
were calculated with the equipment software. T, is the
temperature where the first derivative of the heat capacity
of the sample initially departed from the baseline. In
contrast, Ty is the temperature where the first derivative
of the heat capacity associated to the melting endotherm
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crossed the baseline, and T is the temperature where it first
returns to the baseline. At least two independent determi-
nations were done at each T, and the thermal parameters
were plotted as a function of the CW concentration.

Oscillatory Rheometry

Given the calorimetric results observed by the CW-TP
systems investigated (i.e., the CW-1% TP solution devel-
oped organogels with Ty’s that varied just between 36 °C
and 38 °C, independent of the CW concentration; see
“Results and Discussion™), only the organogels developed
by the 3% CW-1.0% TP system at the T;’s of =5 °C and
15 °C were used for rheological characterization. Previously,
Morales-Rueda et al.® characterized the 3% CW organogels
developed at 25 °C. Thus, for comparison purposes, this
temperature was also included in the rheological study. The
elastic (G") and loss (G") modulus of the organogels were
determined with a mechanical spectrometer (Paar Physica
MCR 301, Stuttgart, Germany) using a steel cone-plate
geometry (50 mm, 2°, CP50/2TG, Anton Paar, Graz,
Austria) equipped with a true-gap system. This device makes
the corrections in gap size associated with the expansion/
shrinkage of the sample and/or the rheometer geometry due
to changing temperature conditions used during measure-
ments.” Temperature was controlled by a Peltier system
located in both the base and top of the measurement
geometry. The control of the equipment was made through
the software Start Rheoplus US200/32 version 2.65 (Anton
Paar, Graz, Austria). The CW-TP solution (90 °C) was
applied on the base of the geometry (50 °C), and the cone
was set using the true-gap function of the software. After
30 min at 90 °C, the system was cooled at 10 °C/min until
achieving the corresponding 7. During the cooling stage
and during 60 min of the isothermal stage, G’ and G” were
measured, always within the linear viscoelastic region of the
CW-TP solution. At the angular frequencies used, i.e., 0.5 or
1.0 Hz, the strain (p) applied was 0.007% or 0.02%,
respectively. The modulus profile for the control systems
(i.e., the 0% CW-1.0% TP and 3% CW-0% TP solutions) at
each Ty was also determined. Two independent determina-
tions were done and the mean of G’ and G” plotted as a
function of time. G’ and G” were again measured after
120 min at Ty, and the corresponding organogels' yield stress
(c*) was determined at this time by applying a strain sweep
between 0% and 100%. o* was calculated from the log—log
plot of shear stress vs. ¢ (percent) at the corresponding upper
limit of strain. The effect of TP concentration (0% and 1%)
and Ty (=5 °C, 15 °C, and 25 °C) on the o* of 3% CW
organogels was established through a factorial treatment
design using a completely randomized experiment design

with two replicates (n=2). The results were analyzed by
analysis of variance and contrast among the treatment means
using STATISTICA 'V 7.1 (StatSoft Inc., Tulsa, OK).

Solid Phase Content

Using similar temperature conditions as for the rheological
measurements, the solid phase content (SPC) of the CW—
TP systems was determined by low-resolution nuclear
magnetic resonance (NMR; Minispec Bruker model
mq20; Bruker Analytik; Rheinstetten, Germany) after 0,
60, and 120 min of storage at each Ti.. Then, after 30 min
at 90 °C samples of the solutions (4 mL) in NMR tubes
were immersed in a freezer set at —20 °C. A NMR tube
with the same volume of the CW-TP solution and a
thermocouple inserted was included for temperature re-
cording. Once the systems achieved a temperature of 5 °C
above the required T, the tubes were transferred into a
temperature controlled bath set at =5 °C, 15 °C, or 25 °C.
These conditions provided, on average, a cooling rate of
9.0 °C/min (£0.2 °C). The effect of TP concentration (0%
and 1%) and Ty, (=5 °C, 15 °C and 25 °C) on the SPC was
statistically analyzed as described for o*. Additionally, at
each T, and TP concentration, the effect of storage time (0,
60, and 120 min) on SPC was evaluated using time as a
repeated measurable variable (STATISTICA V 7.1; StatSoft
Inc., Tulsa, OK, USA).

Texture Measurements

Force—displacement curves of the organogels were obtained
with a texture analyzer (TA.XT plus; Stable Microsystems,
Surrey, UK) using a flat stainless steel cylindrical probe (20 mm
diameter). Thus, after 30 min at 90 °C, a given amount
(=20.0 mL) of the CW-TP solution was dispensed into
transparent plastic cups (height, 3.9 cm; upper i.d., 3.5 cm;
base i.d., 28 mm). The organogels obtained after 0, 60, and
120 min of storage at a given Ty (ie., =5 °C, 15 °C, and
25 °C) were penetrated up to 10 mm from the surface at a
speed of 1 mm/s, and then the probe was pulled out from the
sample at the same speed. Using the equipment software
(Texture Exponent 32; Stable Microsystems, Surrey, UK) the
force displacement curves were obtained by plotting the force
applied (kilogram-force) as a function of penetration depth.
Analysis of the force—displacement curves provided the
maximum force applied (K) and the organogel's hardness
(K/mm). For a given Ty, and storage time, at least five
independent determinations were done (n=5). A temperature
control chamber was used to maintain the sample temperature
(i.e., Ty during texture measurements. The statistical signif-
icance of the effect of TP (0% and 1%), Ty (—5 °C, 15 °C, and
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25 °C) and time (0, 60, and 120 min) on the texture parameters
of 3% CW organogels was evaluated as for o* and SPC.

Polarized Light Microscopy

Polarized light microphotographs (PLM) of 3% CW-1%
TP organogels were obtained using a polarized light
microscope (Olympus BX51; Olympus Optical Co., Ltd.,
Tokyo, Japan) equipped with a color video camera (KP-
D50; Hitachi Digital, Tokyo, Japan) and a platina (TP94;
Linkam Scientific Instruments, Ltd., Surrey England)
connected to a temperature control station (LTS 350;
Linkam Scientific Instruments, Ltd.) and a liquid nitrogen
tank. To guarantee a uniform sample thickness, a drop of
the melted sample was gently smeared over a preheated
glass microscope slide (=90 °C) using another glass slide at
a 45° angle. The slide with the sample was placed on the
platina, and after 30 min at 90 °C, the system was cooled
(10 °C/min) to a given Ty (=5 °C, 15 °C, and 25 °C) with
the temperature control station (Linksys32 version 1.3.1;
Linkam Scientific Instruments Ltd., Waterfield, UK). PLMs
of the organogels were obtained as a function of time once
Tyt was achieved. The systems with 0% CW-1% TP and
3% CW-0% TP were included in this study to evaluate the
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development of crystals at the corresponding 7’s under
conditions where no interactions occurred between the CW
components and TP.

Results and Discussion

Composition and Thermal Behavior of CW, TP,
and HOSFO

The specific composition of the CW and HOSFO has been
reported previously.” The major TAGS present in HOSFO
were OO0 (63.32%+0.06), LnOO (17.25%=+0.27), POO
(8.86%+0.12), StOO (2.85%=+0.07), and LnLnO (2.59%+
0.06) (P=palmitic acid, St=stearic acids, O=oleic acid, and
Ln=linoleic acid). Given the high content of OOO and the
high unsaturation of most TAGS present, the crystallization
thermogram for HOSFO showed just one major exotherm
with a crystallization onset around —20 °C and a peak
crystallization temperature at ~=53 °C. Upon heating, the
HOSFO showed just one endotherm with a peak temper-
ature at =10 °C that ended at =2 °C (Figure 1a).
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The CW analysis showed that hentriacontane, an n-alkane
of 31 carbons (C;;Hgy4), was its main component (78.9%=+
0.1%). Minor CW components included other alkanes also
with odd number of carbons (CooHgg, 4.2%=+0.1%; Cs3Hgg,
8.0£0.2%) and triterpene alcohols with a molecular formula
of C39H49OH (i.e., germanicol, lupeol, or moretenol; 7.4%+
0.1%). We have explained the cooling and heating CW
thermograms previously under the base of the development
of a rotator phase by the hentriacontane.” Rotator phases are
commonly observed in n-alkanes and are characterized by a
crystalline lattice of the molecular centers while molecules
rotate about their chain axes (i.e., structural disorder).”® With
the exception of n-alkanes with even number of carbons
below 22 atoms, rotator phases are present in n-alkanes with
carbon chains from 11 to 40 atoms long.>® The CW melting
thermograms showed one major endotherm with a 7y of
64.42 °C (£0.23 °C), a value similar to the one reported for
99.5% pure hentriacontane (67.05 °C).” Based on the CW
composition and the thermal parameters observed, the phase
transitions of CW (Figure 1b) were mainly associated to the
phase behavior of hentriacontane.
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With respect to TP, the palmitic acid (93.78%0.16%) was
the major fatty acid present followed by stearic acid (3.86%=+
0.98%), oleic acid (0.02%=0.00), and arachidonic acid
(0.02%=0.00). In consequence, the TP used showed just
one major and sharp exotherm with a peak temperature at
43.18°C (£0.23°C) that, upon melting, showed the character-
istic transitions of glyceryl tripalmitate (Figure 1c).'®'? Thus,
the first endotherm (=44 °C) corresponded to o« polymorph
melting followed by the a—f’ polymorphic transition
(=45.5 °C), then melting of the ' polymorph (=52.5 °C)
followed by the 3'—f3 exothermic transition (=54.5 °C), and
ending with the (3 polymorph melting at =61.5 °C
(Figure 1c).

Thermal Behavior of CW-TP Solutions in HOSFO

Dynamic crystallization thermograms for some CW-TP
solutions in the HOSFO are shown in Figure 2. Based on
the cooling thermograms of the control systems (i.e., 0%
CW with 0.5% or 1% TP and 0% TP with 0.5-3% CW),
the first exotherm present in the CW-TP solutions was
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associated with CW crystallization while the second one
with TP crystallization (Figure 2). With this information,
the different T,.’s were established so that TP and CW
occurred concomitantly at different supercooling extent
during organogel formation. Thus, 7., was the temperature
at the onset of TP crystallization (i.e., beginning of the
crystallization exotherm for TP) in the CW—TP blends, Ty,
was 10 °C above Ty (i.e., at approximately half way the
gelation exotherm for CW in the CW-TP solutions), and
Tserz was 10 °C below Ty (i.c., at approximately half way
the crystallization exotherm for TP in the CW—TP systems).
In correspondence, the Ty.’s for the CW-TP solutions with

0.5% TP were Ty(;=10 °C, Tyn=0 °C, and T,c3=—10 °C
and for the CW-TP solutions with 1.0% TP were Ty =
15 °C, Tyep=5 °C, and Ty3=—5 °C (Figure 2).

In the systems where CW was present, TP crystallization
occurred at a higher temperature than in the systems
without CW (e.g., compare thermograms for 0% CW-1%
TP and 3% CW-1% TP; Figure 2b). This phenomenon was
associated with the heterogenous nucleation of TP induced
by the initial crystallization of CW. These results are in line
with the ones obtained by Martini et al.,> who observed
that, under isothermal conditions, the induction time of
crystallization of anhydrous milk fat decreased as the
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amount of sunflower wax increased. Given the structural
similarities between the palmitic acid and the aliphatic
chains of hentriacontane, the major component in CW, the
crystallization process in the CW-TP solutions might result in
co-crystal formation (i.e., crystals that contain two or more non-
identical molecules). A minor TAGS fraction from HOSFO
with an onset of crystallization at ~20 °C (see crystallization
thermograms for HOSFO in Figure 2a, b) also seemed to co-
crystallize with the CW during organogel formation (Figure 2).
However, most TAGS present in the CW-TP solutions and
the HOSFO crystallized below ~—45 °C (data not shown). As
a result, the organogels three-dimensional structure would be
formed by co-crystals mainly constituted by CW and TP. The
proportions of these components in the organogel would be
determined by the composition of the CW-TP system and the
supercooling conditions (i.e., the 7).

Fig. 5 G' profiles as a function

The T, of the CW-TP systems obtained at the different
Tiot’s showed similar behavior as the one observed by
several n-alkanes when dissolved in different organic
solvents,'”'* ie., a steady logarithmic increase as a
function of CW concentration followed by a plateau (data
not shown). At the CW concentrations investigated, CW
observed a T, above the Ty’s studied (i.e., during the non-
isothermal stage). Since TP crystallized at even lower
temperatures than CW, TP did not affect the T, values nor
its behavior as a function of CW concentration at any of the
Tye’s investigated (data not shown).

Melting thermograms of organogels developed with
CW-TP solutions at different Ty.’s are shown in Figure 3.
Figure 4 shows the behavior of the melting parameters for
CW organogels developed with 0% TP (Figure 4a, c, e) and
with 0.5% or 1.0% TP (Figure 4b, d, f) plotted as a function
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of CW concentration at each T investigated. Without TP, g § § g § g:; § E
Tt seemed to affect the melting parameters of the CW £ N cE/ mv : EEE E
organogels, particularly Ty and AHceyw (Figure 4c, e). § ; R ;% EQ“_’ ﬁ
However, this T effect was not statistically significant é i I A B f S E
and was not easy to describe. In contrast, with TP the = Sca T§§ s E
behavior of the melting parameters for the CW organogels & B SS3| & 8 % é é
showed a distinctive and significant effect of Ty, and TP TE’ 5; & : : : = _‘g’ = é §
(Figure 4b, d, f). g 5 2| 38R ‘%': 2 % g
Regarding the heat of melting, this parameter increased & R IR - - -
linearly as CW concentration increased (Figure 4e, f) in the E S % S E % ‘% E %
systems with and without TP (Figure 4e, f). However, we 0\2 g/ S < 8 3 g% ;
observed no particular T effect in the organogels developed Ta N 2 p i g % @ _@' =
with 0% TP. In the organogels developed with 1% TP and at ¢ ; 3 = § 289 E g
all CW concentrations investigated, the AHcw_tp showed ; I I é 2% 2 ¢
lower values as Ty increased, while in the organogels with E Qoo § % g % ég)
0.5% TP, a higher AHcw 1p (P<0.05) was observed just at g ; % S ; 2 % [N
CW<1.0% and at the higher T (i.e., 10 °C; Fig. 4f). 2 SlalZs2|8825 £
The behavior of Ty showed that, in the systems with 0% TP, = S1slEd = & g g § 8
this parameter increased in a curvilineal way as a function of g S ; 2 ' g 3
CW concentration (Figure 4a). We observed the same behavior g s 5 - é f '%D > ¥
at all T investigated (i.e., the Ty effect was not statistically ._% § E E S s § -‘.: T
significant). In contrast, at 1% TP, the organogels' Ty was = S/ f/ ? f }E 3 8 2
independent of CW concentration at all T investigated 2 ol 4 4 4 %g §'§ =
showing higher Ty values as T increased (Figure 4b), while i’“ ; Sod o2 S&85: E
at 0.5% TP, the T, effect on Ty was evident just at g I A Tég g E é
CW <1.0% (Figure 4b). Thus, independent of CW concentra- ?& 55|88 5 £ %
tion the Ty, for the organogels with 1% TP was 35.81 °C S ﬁ g g 2oE88 3
(#0.36 °C) at T,=—5 °C, 36.2 °C (#0.33 °C) at Ty,=5°C, and 5 << < | = 5 28 ©
37.77 °C (£0.37 °C) at T.=15 °C. All these values were 2 gl e BRSNS ég s ;& i
significantly lower than the Ty, observed by the 3% CW-0.5% & { 2 § § § - 5 & 2 ;
TP organogels but higher than the Ty of the 0.5% CW—-0.5% gﬁ b dé %
TP, 0.75% CW-0.5% TP, and 1% CW-0.5% TP organogels 5 NS £ g 5 TE %
developed at all T.’s investigated (P<0.05; Figure 4b). o ; g ; é '*5 § ER-
These results and the melting thermograms (Figure 3) % 5 : 50 é%“ew: E
showed that crystallization of TP modified the melting ﬁ El 333 = § 2% E
properties of the CW organogel. Figure 3 shows the melting ; I 33 é é _§
thermograms for the 1% CW-0.5% TP organogel devel- 2 & Sy g% 5 E,E
oped at Ty of 10 °C (Figure 3b) and the 3% CW-1% TP S cS<c| 258 55
organogel developed at T of 15 °C (Figure 3d). Evidently, 3) S - :» Z : 22 % % % g
the Ty and AHcw_tp of the CW-TP organogel showed a & Z\Z g § f § % g § g ‘i B
behavior that could not be easily associated with the sz £<5 g §.§
corresponding parameters in the control systems (i.e., 0% B 95583 § f Q é T
CW-0.5% TP and 1% CW-0% TP for Figure 3b and 0%  § S I D -
CW-1% TP and 3% CW-0% TP for Figure 3d). This 2 g < 4 A §?; éé” z E
suggested that a particular CW-TP crystal structure was E 2| 433 %iﬁ é@ g §
developed at these supercooling conditions. E o IR § 5 é s ?; g
, 5 |5 S22 5555 <
Rheology and Microstructure of the Organogels & 3 ; ;f : g é :f £ g é
At all Ty’s (i.e., =5 °C, 15 °C, and 25 °C) used in the E < SIS | deaa) 2 ; Y 4 j%)()
rheology study, the onset in G" occurred before attaining -8 5 % < ?g § Z\i g
isothermal conditions, and at any given T, the onset 28| < s §§ 22w
started at the same time in both the 3% CW-1.0% TP and SE| S T g | 288252
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the 3% CW-0% TP systems. As previously indicated, CW
crystallization (i.e., T,=38 °C) occurred before attaining the
corresponding 7., (Figure 2). Therefore, the G' onset of
both the 3% CW-1.0% TP and the 3% CW-0% TP systems
was associated with CW crystallization. The G’ onset of the
0% CW-1.0% TP control system at the Ty of =5 °C (see
the insert of Figure 5a) also occurred before attaining
isothermal conditions. DSC analysis showed that, in this
control system, TP crystallization occurred during the
cooling stage at =3.5 °C. At the Ty’s of 15 °C (insert of
Figure 5b) and 25 °C, a limited or no increase in G’ was
observed in this control system, and DSC analysis
confirmed that no TP crystallization occurred during the
cooling stage.

Once isothermal conditions were attained at all Ty’s, G’
increased logarithmically in both the 3% CW-1.0% TP and
the 3% CW-0% TP systems until a plateau was achieved
(Figure 5), this particularly at the Ty of 15 °C (Figure 5b)
and 25 °C (Figure 5c). Overall, the increase in the elasticity
as a function of time monitored the development of the
three-dimensional structure that resulted in the CW-TP
organogel formation. Within this framework, it is important
to point out that, at all 7. investigated, the 3% CW-1.0%
TP organogels achieved higher G’ values than the 3% CW-

0% TP organogels, and this difference increased as Ty
decreased (Figure 5). This was explained considering that,
at all 7, investigated, higher SPC was obtained in the CW
organogels with 1% TP than in the organogels without TP
(P<0.05; Table 1). However, for a given T, the co-
crystallization of TP with CW seemed to modify the three-
dimensional organization of the CW organogel in a limited
way. This is because, for a given T the 3% CW
organogels developed with and without TP, showed similar
G’ behavior during organogel formation (Figure 5).

On the other hand, the increase in G' during the
isothermal stage (Figure 5a—c) could not be fully explained
by the changes in SPC during organogel development
(Table 1). This is because, in the system with 0% TP and at
all T,’s studied, the SPC achieved once isothermal
conditions were attained (i.e., time=0 min) remained
constant even after 120 min in all cases but for T,.,=—5 °C.
(Table 1). At this particular Ty, the SPC after 120 min was
2.74% (£0.08%), a value significantly higher (P<0.05) than
the one at 60 min [2.52% (+0.12%); Table 1]. In contrast, in
the 3% CW-1.0% TP organogels, the SPC achieved at time=
0 min remained constant during 120 min just at T, =—5 °C
(i.e., at the highest supercooling, TP crystallized during the
cooling stage, and no additional TP crystallization occurred

50 um

50 pm

Fig. 6 Microphotographs of the 0% CW-1% TP (a—c), 3% CW-0% TP (d—f), and the 3% CW-1% TP (g—i) organogels after achieving
isothermal conditions (0 min) at the 7y.’s indicated. For the same column, the same T applies
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during the isothermal stage). At the Ti.’s of 15 °C and 25 °C,
the SPC of the 3% CW-1.0% TP organogels continued
increasing during the isothermal stage, achieving a constant
value after 60 min (P<0.05) (i.e., TP crystallized during the
cooling stage and the first 60 min of the isothermal stage).
A particular rheological behavior was observed at the
Tyt of 15 °C in both the 3% CW-1.0% TP and the 3%
CW-0% TP systems. Under isothermal conditions, these
two systems showed a higher rate of G’ increase and G’
achieved a plateau at a higher value at T,=15 °C
(Figure 5b) than at T, =—5 °C (Figure 5a). This was
regardless of the lower SPC present at T,=15 °C in
comparison with the SPC at Ty,=—5 °C (P<0.05; Table 1).
As already pointed out, the melting thermograms of the 3%
CW-1.0% TP organogel developed at 15 °C (Figure 3d)
suggested that, at this supercooling conditions, a particular
CW-TP crystal structure was developed. This structure
might be associated with the evolution of the hentriacon-
tane's (i.e., the major gelator compound in CW) rotator
phase into a higher order structural state and its impact on
the mechanical properties of the organogel's three-
dimensional network. This explanation was already
suggested by Morales-Rueda et al.,” obtained through
rheological and DSC measurements of CW organogels

developed at 5 °C and 25 °C. A similar explanation might
apply to the G’ behavior observed at Ty, =25 °C
(Figure 5b). However, at this temperature, a lower SPC
was obtained than at T,.’s of =5 °C and 15 °C (Table 1),
and therefore, the G’ profile was lower than at 7.’s of =5 °C
and 15 °C (Figure 5). The increase in AHyy, particularly
observed in the 3% CW-0% TP system as T increased
(Table 1) and approached the melting temperature of CW in
the organogel, is in agreement with the occurrence of an
annealing process (i.e., perfection of the crystalline regions
and/or ordering of amorphous regions). In biopolymers such
as starch, annealing, as measured by the increase in AHy
and X-ray diffraction, is more effective at temperatures just
below the melting temperature.'>'¢

At this level, it is important to point out that the CW
organogels developed at 25 °C by Morales-Rueda et al.,>
showed a steady and significant G’ decrease as a function of
time until attaining a plateau at approximately 140 min.” In
the present research, the organogels did not observe such G’
decrease, despite the fact that the same batch of CW was
used in both investigations. However, the rheometer used
by Morales-Rueda et al.” (Paar Physica UDS 200; Stuttgart,
Germany) was not equipped with a real-gap system as was
the rheometer used in the present investigation. For the

50 pum

Fig. 7 Microphotographs of the 0% CW-1% TP (a—¢), 3% CW-0% TP (d—f), and the 3% CW-1% TP (g—i) organogels after 60 min at the Ty’s

indicated. For the same column the same T applies
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rheological measurements, those authors® used a constant
gap of 0.05 mm provided by a cone (50 mm, 17) and plate
geometry (MK-22). Then, the expansion/shrinkage suffered
by the CW organogel during its development at any Ty
affected G' measurements. In consequence, the G’ profile
observed by Morales-Rueda et al.? for CW organogels
might be affected by the lack of correction in gap size and
the subsequent normal force effect on G’ measurements.”
Microphotographs of the controls (i.e., 0% CW-1% TP
and 3% CW-0% TP) and the 3% CW-1% TP systems at 0,
60, and 120 min at the T investigated are shown in
Figures 6, 7, and 8, respectively. In particular, the micro-
photographs for the 0% CW-1% TP system showed that TP
did not crystallize at the T, of 25 °C even after 120 min
(Figures 6¢, 7c and 8c). However, at the T, of —5 °C, the
TP crystallized during the cooling stage as small crystals
(Figure 6a), and at 15 °C, spherulite-shaped crystals
appeared after ~7.5 min of achieving isothermal conditions
(data not shown). These spherulites became larger as a
function of time (Figures 7b and 8b). The TP crystals
developed at a Ty, of =5 °C had a T of 35.6 °C (0.7 °C)
and a AHy of 1.70 J/g (+0.06 J/g), while the ones
developed at a Ty of 15 °C had a Ty of 45.9 °C (0.4 °C)
and a AHy; of 0.89 J/g (0.12 J/g). Although no X-ray

50 um

50 um

analysis was done, these results showed that TP crystallized
in the HOSFO in different polymorph states, probably as o
at the Ty, of =5 °C and as 3" at the T, of 15 °C.

The microphotographs of the 3% CW-0% TP system
showed the characteristic microcrystalline structure devel-
oped by CW organogels (Figure 6d-f)."* These micro-
photographs showed that, for a given T, the numbers of
crystals that form the CW organogel three-dimensional
structure seemed to remain constant as a function of time.
This observation applied for all T,.’s investigated (i.e.,
Figure 6d, 7d, and 8d).

The microphotographs corresponding to the 3% CW—-1%
TP organogels (Figures 6g—i, 7g—i, and 8g—i) showed the
presence of higher number of crystals than the 3% CW-0%
TP organogels (Figures 6d—f, 7d—f, and 8d—f), particularly
at the Ty’s of =5 °C and 15 °C. At the T;,,=—5 °C, the
number of crystals in the 3% CW-1% TP organogels
apparently remained constant as a function of time (i.e.,
Figures 6g, 7g, and 8g). However, at higher T.’s the
number of crystals increased from time=0 min to time=
60 min (i.e., Figures 61 and 7i), and this increase was more
evident at the Ty, of 15 °C (Figures 6h and 7h).
Additionally, at this T, distinctive small and highly
birefringent crystals, probably resulting from TP crystalli-

50 ym

50 um 50 um

Fig. 8 Microphotographs of the 0% CW-1% TP (a—c), 3% CW—-0% TP (d—f), and the 3% CW-1% TP (g—i) organogels after 120 min at the Ty’s

indicated. For the same column the same T applies
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zation, appeared around 60 min (Figure 7h). Apparently,
after 60 min, the number of crystals remained constant at all
Tiei’s studied. These results agreed with the SPC behavior
(Table 1) and with the higher G’ profile observed by the 3%
CW-1% TP organogels in comparison with the one showed
by the 3% CW-0% TP organogels (Figure 5). The
particular crystallization behavior occurring at the 7y of
15 °C, resulted, as already mentioned, in organogels with
particular G’ profiles also evident in the yield stress (c*)
behavior. Thus, in CW, organogels developed without TP,
the T did not affect o* (Table 1). In contrast, with the 3%
CW-1.0% TP organogels, there was a tendency to obtain
higher o* at the Ty, of 15 °C than at the Ty’s of =5 °C and
25 °C. Nevertheless, the o* of the organogels developed at
the Tye's of =5 °C and 15 °C were statistically the same,
and both o* values were higher than the one obtained at T
of 25 °C (P<0.10; Table 1). Then, the 3% CW-1.0% TP
organogels developed at a Ty, of 15 °C had higher elasticity
but similar resistance to permanent (i.e., plastic) deforma-
tion than the organogels developed at the 7, of =5 °C. This
is regardless of the lower SPC obtained at the 7. of 15 °C
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Fig. 9 G’ after 60 min and 120 min at the corresponding Ty, for the
3% CW—-0% TP (a) and 3% CW-1% TP (b) organogels as a function
of SPC. Legends as described in the text

For the same column, the same uppercase superscripted first letter indicates that the values are statistically equal. A different uppercase superscripted letter indicates that the values for the same

column are significantly different (P<0.05) (i.e., the time effect was significant). For the same row and parameter, the same uppercase superscripted second letter indicates that the values are
statistically equal. A different uppercase superscripted letter indicates that the values for the same row and parameter are significantly different (P<0.05) (i.e., the TP effect was significant)

Table 2 Textural parameters of the 3% CW organogels obtained with (1% TP) and without (0%) TP at different T,

Time at
Tsel
(min)

0

60

120
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in comparison with the SPC present at the Ty, of =5 °C
(Table 1).

When the G’ at 60 and 120 min of the 3% CW-0% TP
and the 3% CW-1% TP organogels were plotted as a
function of SPC, in both cases, the elasticity of the
organogels increased steadily as a function of SPC
(Figure 9). However, after 60 min, the G’ of the 3% CW
organogels developed without TP decreased (P<0.05), and
this decrease was larger as SPC decreased (i.e., as Ty
increased; Figure 9a). Such behavior was not observed in
the 3% CW-1% TP organogels at any of the SPC (i.e., Ty
present in the organogels (Figure 9b). Co-crystallization of
TP with the CW also resulted in organogels with lower Ty,
and higher AH,; than the ones shown by the 3% CW-0%
TP organogels (Table 1), and this difference increased as
Tye; decreased (Table 1). From here, it is evident that the
interaction between TP and CW during crystallization
resulted in organogels with different thermomechanical
properties than CW organogels.

Texture of the Organogels

Except for the organogels developed at Ty=—5 °C, the
maximum force applied and the relative hardness were
statistically the same in both the 3% CW—-0% TP and the
3% CW-1% TP organogels, and we observed this behavior
at 0, 60, and 120 min (Table 2). It is important to point out
that the maximum force in the 3% CW-0% TP organogels
developed at the Ty’s of 15 °C and 25 °C decreased as a
function of time. However, the time effect on this textural
parameter was not significant (Table 2). In contrast, in the
3% CW-1% TP organogels at the same T,.’s, both the
maximum force and the hardness did not show this
behavior. At T;=—5 °C, the 3% CW-1% TP organogels
showed higher textural values than the 3% CW-0% TP
organogels at all times investigated (P<0.05; Table 2). At
this T, the difference in hardness between the CW
organogels developed with and without TP increased the
longer the storage time (i.e., the 3% CW-1% TP organogels
became harder than the 3% CW—-0% TP organogels as time
increased; Table 2). Then, the behavior of the textural
parameters in both types of organogels was in correspon-
dence with the G’ results shown in Figure 9.

From the above, co-crystallization of TP with CW evidently
had an effect on both the mechanical and thermal properties of
the organogel. At this level and without X-ray analysis, no
particular model is proposed for the possible crystal structure
developed by TP and CW. However, given the structural
similarities between the aliphatic chains of hentriacontane and
the ones of palmitic acid in the TP, envisioning the
development of mixed lamellar structures is easy. Ongoing
X-ray studies are trying to elucidate the TP-CW crystal
structure at the different 7,’s investigated. On the other hand,

the results obtained by rheology under low deformation
showed that, at 7;,=15 °C, the TP—-CW crystal developed an
organogel with a reinforced three-dimensional network. This
is in comparison with the structure developed by the CW
organogel. However, such structural reinforcement might not
be strong enough when a force beyond o* was applied (i.e.,
texture measurements), and therefore, the organogels suffered
permanent deformation in the same way as the CW organo-
gels. This, regardless the higher SPC present in the 3% CW—
1% TP organogels than in the 3% CW-0% TP organogels
(Table 1). Under such conditions, higher textural parameters
might be obtained with the 3% CW-1% TP organogels just at
the lowest supercooling conditions investigated (7;=—5 °C),
this is comparison with the 3% CW-0% TP organogels.

Conclusions

The interaction of TP and CW during organogel formation
resulted in a three-dimensional crystal network with thermo-
mechanical properties different from the one obtained just by
CW organogels. The results and the ones obtained by Martini
et al.’ showed that the triacylglycerides—wax (i.e., sunflower
oil wax, CW, and carnauba wax) interaction during crystal-
lization might be a useful alternative to tailor particular
physicochemical properties associated to a specific function-
ality (i.e., melting profile and texture). Organogelation of
vegetable oil might be used to develop frans-free vegetable-
oil-based spreads and coatings and also novel food products
with distinctive textural perceptions for the consumers.
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