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Abstract: The aims of this work were to evaluate the effect of Ultra-
sound-Assisted Extraction (UAE) in oil yield, as well as in the phys-
icochemical and chemical characteristics of Chia seed oil. The seeds
were cryo ground before extraction; ultrasonic bath at 40 kHz was
used during 90 min extraction process. The UEA resulted in inten-
sification of the extraction, with 79.3% oil yield, while 69.2% were
for stirring extraction. Diffusion coefficient’s values were 1.04x10™"!
m?s”! and 9.16x10"?m?s™!, respectively. From thermal analysis, made
with MDSC, the main triacylglycerols (TAG's) transitions were ob-
tained. By ATR-FTIR, changes in the 987 and 968 cm™' wave num-
bers, corresponding to the outside plane deformation of C-H bonds
in unsaturated fatty acids, were obtained. The UEA could change the
material properties by cavitation that enhances the mass transfer, but
no oil composition.
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1. Introduction

Salvia hispanica L., whose common name is chia, is an annual
herbaceous plant that belongs to the Lamiaceae family, which
is native to southern Mexico and northern Guatemala. It has
been cultivated from tropical to subtropical regions. It is a pos-
sible new crop for food industry. This plant was used by the
Aztec tribes in the early history of Mesoamerica. This grain
crop was important not only for food, but also for medicines
and paints, because its chemical composition that is about 35%
dietetic fibre, 32% fat, 25% protein, 6% moisture and 2% car-
bohydrates [1]. Chia oil is a centuries-old ingredient that has
been rediscovered for today cosmetics and nutritional applica-
tions. Since chia seed oil is a natural product, it has a variable
chemical composition depending on several factors such as the
cultivation environment and the extraction system [2, 3].
Commercial production of vegetable oils is based on press-
ing and solvent extraction [4-9], although there are also other
methods [10, 11]. The first is a purely mechanical extraction
mode that is performed at low temperature, thus preserving the
proportion of essential fatty acids, vitamin E, natural antioxi-

Resumen: Los objetivos de este trabajo fueron evaluar el efecto de la ex-
traccion asistida por ultrasonido (UAE) en el rendimiento de aceite, asi
como en las caracteristicas fisico-quimicas y quimicas del aceite de semi-
lla de Chia. Las semillas se trituraron antes de la extraccion; se utilizd un
bafio ultrasonico a 40 kHz durante un proceso de extraccion de 90 minu-
tos. La UEA dio como resultado una intensificacion de la extraccion, con
un rendimiento de aceite de 79.3%, mientras que 69.2% fue para extrac-
cioén con agitacion. Los valores del coeficiente de difusion fueron
1,04x10" m%s7' y 9,16 x 10712 m%s™! respectivamente. A partir del anélisis
térmico, realizado con MDSC, se obtuvieron las principales transiciones
de triacilgliceroles (TAGs). Por ATR-FTIR, se obtuvieron cambios en los
numeros de onda de 987 y 968 cm-1, correspondientes a la deformacion
del plano exterior de los enlaces C-H en acidos grasos insaturados. La
UEA podria cambiar las propiedades del material por cavitacion, que me-
jora la transferencia de masa, pero sin cambiar la composicion de aceite.
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dants and does not require any additives. The seed is partial-
ly peeled and cleaned to remove impurities; the clean seed is
brought to the press which can be a screw extruder. Here it is
especially ensured that the temperature generated by the pres-
sure does not exceed 45 °C to ensure the molecular stability of
the polyunsaturated fatty acids. This also avoids the dissolu-
tion of waxes and other substances. For several days the crude
oil decants in stainless steel tanks. It is then pumped through a
disposable cotton filter and packaged. The solvent extraction
method can be applied directly to materials low in crude oil.
Here the seeds are treated physically to obtain a smaller size
free of shell. They are then subjected to a chemical extraction
process, in a Soxhlet equipment or a shaked flask, using dif-
ferent solvents. The amount of oil extracted is maximized by
modifying the solvent, the particle size and the extraction time.
Then, the oil-solvent mixture obtained is purified by simple
distillation. To date, solvent extraction of chia seeds and some
scanty data on their composition have been reported, but there
is little information about chia seed oil and the influence of the
extraction system on its fatty acid (FA) profile and physico-
chemical characteristics [12, 13].
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Application of ultrasound waves in various foods and tech-
nical processes has numerous potentials, and is relatively nov-
el and developing. These waves are mechanical waves with a
higher frequency than human hearing threshold (higher than 20
kHz) and move on the surface or through bulk with a special
speed depending on wave and material properties they travel
through. Ultrasound-Assisted Extraction (UAE) is one of the
most practical and cost-effective applications of ultrasound for
extraction processes in the food industry [14,15].

Ultrasound could change the material properties through
creating asymmetric pressures, shear stress and localized high
temperatures. This is because the sound waves travel in mat-
ter, as they involve expansion and compression cycles traveling
through a medium. Expansion pulls molecules apart, whereas
compression pushes them together. In a liquid, the expansion
cycle produces negative pressure. If the ultrasound is strong
enough, the expansion cycle can create bubbles or cavities in
the liquid. This is so when the negative pressure exerted ex-
ceeds the local tensile strength in the liquid, which varies de-
pending on its nature and purity. The process by which vapour
bubbles form, grow and undergo implosive collapse is known
as “cavitation”. The impact of the jets produced by cavitation
on the solid surface is very strong. This can result in serious
damage to impact zones and can produce newly exposed, high-
ly reactive surface [16].

In tissues where the desired components are located with-
in cells, pre-ultrasound treatment by size reduction to maxi-
mize surface area is critical for achieving rapid and complete
extraction. It is obvious that reducing the size of the vegetal
material particles will increase the number of cells directly ex-
posed to extraction by solvent and thus exposed to ultrason-
ically induced cavitation. Ultrasound can facilitate swelling
and hydration, causing an enlargement in the pores of the cell
wall. This will improve the diffusion process and therefore,
enhancing mass transfer [17-19]. The cryo-grinding involves
the size reduction of the plant, once dried, pre-freezing in lig-
uid nitrogen at -196 °C. Cooling with cryogenic gases of heat
sensitive materials during mechanical grinding process, pre-
vents the temperature increase due to energy transformation
of electric motors. Thus the ground substance keeps without
melt and stick. Furthermore, the UAE technique was achieved
at lower temperatures, which are more favourable for thermally
unstable compounds. Thereby ultra-sonication may reduce the
dependence on a solvent and enable use of alternative solvents,
which may provide more attractive economics, environmental
and health and safety benefits [20].

Modulated temperature differential scanning calorimetry
(MDSC), which provides more capability than conventional
DSC, has been used for thermal characterization of edible oils
and fats. The total, reversible and non-reversible heat flows
can be quantified during the transition of the samples in one
single scan. The reversible and non-reversible signals reveal
the thermodynamic and kinetic characteristics of transition,
respectively [21]. The most important aspect of the physical
properties of oils and fats is related to the solid—liquid and
liquid—solid phase changes with temperature; in other words,

melting and crystallization, behavior that is two of the import-
ant properties for functionality in many prepared food prod-
ucts. Nonetheless, in principle, the thermal profile of edible
oils and fats contains a great deal of information regarding the
nature of the transition and can serve as a very useful probe
for “fingerprinting” a given oil or fat [13]. Also, this tech-
nique has been employed with satisfactory results in the de-
termination of the heat capacities (Cp) of organic compounds
and fatty acids in vegetables oils and triglycerides (TAG'S)
[23]. Chia oil is extremely high in polyunsaturated fatty ac-
ids (FA), particularly w3 linolenic (50-57%) and w6 linoleic
(17-26%) acids. On average, the FA ranked in the following
order of abundance: a-linolenic acid (Ln) > linoleic acid (L)
> oleic acid (O) = palmitic acid (P) > stearic acid (St) > vac-
cenic acid (Vc¢) [6, 8,9, 15, 24, 25, 26]. Ixtaina et al. [4] have
recently shown that twelve triacylglycerol molecular species
were identified, most of them with at least one a-linolenic
acid esterifying the glycerol; trilinolenin (aLnalLnaln) was
the major compound.

By the other hand, Infrared (IR) spectroscopy is an old an-
alytical technique that has been widely utilized as a routine tool
by the fats and oils industry for FA determination. With Fouri-
er-transform infrared spectroscopy (FTIR), the infrared spec-
tral analysis indicates what types of molecules are present in
the sample; since it offers the possibility to measure the vibra-
tion types in atomic bonds at different frequencies, functional
groups and possible changes in sample structure and concentra-
tion can be recognised [27]. The introduction of Attenuated To-
tal Reflectance (ATR, also known as internal reflection) instead
of transmission cells, resulted in a new IR procedure that was
developed, validated and adopted as official method by AOAC
International. In comparative studies, better precision such as
lower reproducibility relative standard deviation values were
obtained by using the ATR-FTIR method relative to transmis-
sion FTIR methods [28].

Recently, chia seed has become important for human
health and nutrition because of its important polyunsaturat-
ed fatty acids content promotes beneficial health effects. So,
the aims of this work were to evaluate the chia oil yield and
the physicochemical and chemical properties of oil obtained
by UAE as well as the ultrasound effect on the diffusion
coefficient.

2. Materials and Methods
2.1. Sample preparation

Seed mix of black and white chia, from Jalisco state was used;
they were purchased in a local market from the same batch and
brand. They were cryo-ground in an A11 Basic (Ika Works Inc.,
Wilmington USA), with an impact knife and liquid N, for 60
seconds until a flour was obtained. Particle size analysis was
conducted in a no rigorous US series of sieves (20, 28, 35, 48,
65, 100, 150 and 200 meshes) from which the average diameter
relative to the surface was calculated.
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2.2. Oil extraction

Extracting oil from 10 g of chia flour was performed using
a Soxhlet extractor; petroleum ether was used as solvent in
1:10 proportion, with 6 hours extraction time and kept at 55
+ 3 °C. After the extraction, the solvent was removed in a
water bath under hood for 30 minutes; then the fat flask was
dried in an oven at 100 °C for 15 min and weighed to record
its mass. The result is expressed as a percentage in crude fat.
For extraction by stirring, 10 g of chia flour for each exper-
iment was weighted, put into a 125 ml Erlenmeyer flask at
constant weight and 100 ml of petroleum ether were add-
ed. The flask was placed in a thermos-stirring iron MSH-
20A (Wise Stir, Wertheim, Germany), and the extraction
was evaluated at 10, 20, 40, 60 and 90 min of experimental
time. Having completed the extraction time, the flask was re-
moved from iron and vacuum filtered in order to retrieve the
mass of inert; then the extract was put into a beaker, heating
in a hot water bath at 55 °C for solvent evaporation. After
greatly reduce the volume, extract was centrifuged to obtain
the mass of extracted oil and inert.

For UAE, the flasks with10 g of flour and ether were
placed in an ultrasonic bath 8895-04 (Cole Palmer, ILL, USA)
at 40 kHz for the same experimental times. The amount of
extracted oil was obtained with the equivalent procedure as
for stirring samples.

2.2.1. Statistical analysis

Each experimental run, was conducted in triplicate. The oil
fraction (Xo) for each experimental time during extraction was
considered to be the response variable. Statistical analyses were
performed using MINITAB 16. A two-way ANOVA analysis
was applied within experimental runs (each time replication) to
verify the mean equality, which was confirmed with an a poste-
riori Tukey test. With the mean values obtained of extracted oil,
the inert solids and extraction yield was computed.

2.3. Mass Diffusion Coefficient determination

To obtain the oil diffusion coefficient, only the mean values
were considered. For the mass transfer exponential approxi-
mation at equilibrium, we assumed first-order kinetics to ob-
tain the concentration equilibrium value [29a]. The solution
of Fick’s second law for diffusion in a sphere, considering
only the first term of the solution series, result in the equation
1 [29, 30]:

—_ 2
M, _ C-Cwo _ 6 e(%)
Mo  Co—Coo T2

Mt/M, represents the driving force for mass transfer, where C,
C and C,, are the initial, bulk and equilibrium concentrations,
respectively;  is the mean particle radio.
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2.4. Optical microscopy

In order to observe the effect of extraction treatments on chia
flour, a micrographs were acquired with a stereo microscopy
EZ4D (Leica, Wetzlar, Germany) at 35x, from the residual flour
obtained after Soxhlet, stirring and UAE extraction.

2.5. Thermal analysis by MDSC

For thermal analysis, a mass fraction of each oil sample (6
mg), from different extraction treatments, was placed in her-
metic aluminum pans in a MDSC 2920 (TA Instruments, NJ,
U.S.A.); this equipment was previously calibrated with Indio
and sapphire, for constant cell (1.0538) and heat capacity con-
stant (1.1806), respectively. An empty pan was used as refer-
ence. After stabilization at -50 °C, the samples were heated to
90 °C at 10 °C/min in a nitrogen atmosphere at 60 ml/min. The
freezing procedure dictates the structure within the sample,
which then dictates thermal behavior. The melting point (Tm),
melting enthalpy (AH), and the Cp changes in each thermogram
were evaluated by the Universal Analysis software V. 4.4A.
Each extraction method was analyzed by triplicate samples.

2.6. FTIR analysis

Sixteen scans were performed per sample with a Spectrum
Frontier FTIR spectrophotometer (Perkin Elmer, MA, USA)
from 4000 to 450 cm !, with the ATR technique.

3. Results and Discussion

The mean diameter obtained was of 0.614 mm for all samples.
Soxhlet oil extraction was 3.15+0.08 g as the maximum crude
fat content (100%) in chia seeds. The oil yield from each treat-
ment is shown in Fig. 1. It can be observed that UAE enhanced
the extraction process because the mechanical effects of ultra-
sound provide a greater solvent penetration into cellular ma-
terials and improve mass transfer due to the effects of micro
streaming. This is combined with the disruption of cell walls to
facilitate the release of intracellular product contents [17, 31,
32]. Another mechanical effect caused by ultrasound may also
be the agitation of the solvent used for extraction, thus increas-
ing the contact surface area between the solvent and targeted
compounds by permitting greater penetration of solvent into the
sample matrix [33]. So it was obtained 79.3% for the UAE ex-
traction while yield by stirring treatment was 69.2%, at 90 min.

The UAE improved extraction yield of around 10%, al-
though higher gains were in time, as 60 min almost the same
amount of oil was obtained from this treatment compared with
90 min of stirring (Fig. 2).

The ultrasonically induced cavitation was shown to in-
crease the permeability of the plant tissues. The extraction
mechanism involves two types of physical phenomena: dif-
fusion through the cell walls and washing out, or rising, the
cell contents once the walls are broken. Both phenomena are
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Fig. 1. Oil yield comparison between a stir and UEA treatments.

affected by ultrasonic irradiation. Some cells exist on the form
of a glans, external or internal, that is filled with oil. A charac-
teristic of such a gland, when external, is that their skin is ex-
tremely thin and can be very easy destroyed by sonication. This
explains why the extraction of fat oil is facilitated by sonication
and can be seen in Fig. 2, where the kinetics represents a more
continuous process, apparently at a constant rate, with less re-
sistance than in stir process. For internal glands, it is the milling
degree of the material which plays an important role [19].

In Fig 3 can be observed the effect of extraction method
on the sample morphology. Cavitation on the product surface
causes impingement by micro-jets that result in surface peeling,
erosion and particle breakdown. According to Chemat, Huma &
Khan [34], microfractures and disruption of cell walls provided
more evidence for the mechanical effects of ultrasound thus fa-
cilitating the release of their contents, in contrast to convention-
al maceration or solvent extraction. Chia seeds have a mucilage
that is a complex carbohydrate of high molecular weight, and
an important component of the seed due to its physiological
role [35]. The mucilage is secreted when the seed comes into
contact with water, generating high-viscosity solutions. It is
worth mentioning that the mucilage was not removed from the
seed before grinding and extraction. Capitani, Spotorno, Nolas-
co & Tomas [36] have shown that mucilage surrounding chia
seed has a low oil holding capacity due to the cellulose content,
so it is not considered a resistance to extraction.
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Fig. 2. Oil extraction kinetics for stir and UAE treatments.

In good agree with kinetic behaviour, the diffusion coef-
ficient values for each treatment show that the mass transfer is
accelerated in the sonicated process (1.04x10'" m?s!) being
4.5% more than the value reached in the stir extraction (9.16
x 1072 m?s!); therefore, the extraction process and the time
that is achieved are improved. As already mentioned, solvent
extraction from dried material is a two-stage process, involving
steeping vegetal material in solvent and then the mass transfer
of soluble constituents in the material to solvent, by diffusion
and osmotic mechanisms. UAE can facilitate swelling and hy-
dration, causing an enlargement in the pores of the cell wall.
This will improve the diffusion process and therefore, enhanced
mass transfer. The oil mobility from chia seed to the solvent
not showed great difference between treatments, although with
UAE was higher, due to the cavitation phenomena and because
an increase in the swelling of vegetal tissue can, in some cases,
break the cell walls, which favors the washing out process [19,
22, 37]. According with Luque-Garcia & Luque de Castro [16],
very high local temperatures increase solubility and diffusivi-
ty, and pressures that bring on penetration and transport at the
interface between a liquid subjected to ultrasonic energy and a
solid matrix, result in high extractive power.

Fig. 4 shown the thermograms obtained by MDSC for oils
extracted, similar to that obtained by Uzunova, Nikolova, Per-
ifanva, Gentscheva, Marudova & Antova [13]. On heating, the
melting zone was characterised by two endothermic peaks which




330  J. Mex. Chem. Soc. 2017, 61(3)

consisted of a small lower temperature endotherm, between -50
and -30 °C (M), and a large higher-temperature endotherm,
between -30 and 5 °C (M,), with several tailing shoulder endo-
thermic peaks between 5 and 50 °C. These small endotherms
could be considered a discrete thermal transition from the main
melting endotherm. Generally, the melting curves of oil sam-
ples complex features are not easily interpretable, such as the
shoulders not separable from peaks [38]. These results illustrate
the complex nature of TAG in oil samples, since 7m depends
on molecular weight, the number and configuration of double
bonds, stereochemistry, and the long-chain fatty compounds.

Heat Flow (W/g)

Temperature (°C)

Fig. 4. MDSC thermograms of chia seed oil obtained through different
methods.

In this study the major transitions were between -50 and 50 °C,
and correspond to the main fatty acids in the composition of
chia oil. The different melting ranges and curve shapes repre-
sent the combined effects of fatty acid composition, polymor-
phism and thermal history of TAGs, meaning that its melting
temperature estimation is complicated compared to that of
most organic compounds. Chia oil contains higher proportions
of unsaturated (U) and some saturated (S) fatty acids; corre-
spondingly its mean TAG profiles: aLnoLnaLn, aLnalLnL, aL-
nLL, aLnoLnP, aLnLP, aLnOO, oLnPP, LLSt, that also shows
melting/crystallization profiles [4, 39]. In the case of TAGs, S
fatty acids are relatively linear molecules that can easily align
themselves to form a compact mass. U fatty acids in TAGs have
twists in their aliphatic chains, which disrupt packing and hin-
der the formation of crystals, causing that unsaturated TAGs has
a lower melting temperature than those saturated with the same
chain length. So, the lowest temperature peak was due to the
melting of highly unsaturated (UUU) TAGs. The second peak
was due to the melting of UUS TAGs and the high temperature
endotherms, when appear, was due to the minor USS groups in
the sample [40-42]. According to Luque-Garcia & Luque de
Castro [16], the main advantages of UAE over conventional
Soxhlet extraction are as follows: (a) Cavitation increases the
polarity of the system, including solvents, analytes and matrix;
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this increases the extraction efficiency, which can be similar
to or greater than that of conventional Soxhlet extraction, and
(b) UAE allows the addition of a co-extractant to increase fur-
ther the polarity of the liquid phase. As the concentration of
polar compounds increased during the heating process, the
compounds contributed to the changes in crystallization and
melting peak parameters. It is well known that the presence of
free fatty acids, partial glycerides, and oxidation products in
oil tends to shift the melting range to lower temperatures [43].

On the other hand, the collapse of the cavitation bubble cre-
ates a transitory hot spot with elevated localized temperature and
pressure, which can accelerate dramatically the chemical reac-
tivity into the medium. Then, is very likely that this high tem-
perature produce sufficient energy to break covalent C-C or C-H
bonds in the acyl backbone to form a variety of lipid alkyl radi-
cals [44], which after that can start the radical chain reactions of
oxidation. So that, it is assumed that there was a small decrease
in saturated fatty acids and an increase in unsaturated fatty acids
when UAE was used, and the 7m was slightly lower. It is known
that unsaturated fatty acids are more susceptible to oxidation,
whereas saturated fatty acids are more stable to oxidation [45]. In
the case of stir extraction, we assume that this oxidation process
is initially due to dissolved air induced by stirring.

According to Hosseini et al. [46], the edible oils molecules
are similar in size and shape, and flow fairly freely, but oxidation
creates new and different compounds, which introduce new forc-
es of interaction between them. Differences in major chemical
components, as triacylglyceride and fatty acids, and minor chem-
ical components, such as diacylglyceride, free acidity, and lipid
oxidation products, might have affected the melting behaviour of
the samples. A more ordered crystal structure might be hypoth-
esized for untreated samples with their more uniform chemical
composition compared with the sonicated oils, which resulted in
a wide melting temperature range. They suggested that, as the
content of oxidation products such as polar compounds, hydrop-
eroxides, and aldehydes increased, the melting range shifted to a
lower temperature, and the enthalpy decreased, as well as that the
ultrasound expanded the melting range.

Table 1 resume the main transitions founded. The lowest
melting temperature (7m) as the lowest energy requirement for
melting chia oil fatty acids was for samples extracted by UAE
at first peak M, with an enthalpy difference (AHm) about 6.5
J/g regarding oil soxhlet extracted, and around 5 J/g regarding
stirred extracted. For M,, the oil extracted by UEA had the low-
est temperature value but with the greater energy requirements
for melting process. Usually, the oil samples with a high degree
of saturation showed melting enthalpies at higher values, as
compared to the oil samples with a high degree of unsaturation,
it means with cis-double bonds. This observation is predictable
since oil samples with higher degrees of saturation require more
energy during the melting process [47]. Therefore, the values of
AHm are governed by several factors such as hydrogen bond-
ing, the molecular packing in crystals, which is influenced by
molecular shape, size and symmetry, and other intermolecular
interactions such as charge transfer and dipole-dipole interac-
tions in the solid phase [38].



Characteristics of Chia (Salvia hispanica L.) Seed Oil Extracted by Ultrasound Assistance 331

The MDSC technique is more sensitive to the individual
TAG transitions, as the instantaneously superposed high heat-
ing rates allow to differentiate between phenomena related to
changes in heat capacity in the reversing heat flow: such glass
transition and melting; and the interfering kinetic processes in
the non-reversing heat flow: such crystallization, structural per-
fection, decomposition, and evaporation. Therefore, most tran-
sitions in the total heat flow have components in the reversing
and non-reversing heat signals, which indicate that the transi-
tions show a combination of melting and crystallization of the
respective fatty acids in the experimental temperature range. In
some instances, crystallization and melting can contribute to
the reversing heat flow, as a result of rapid interfacial crystal-
lization and melting within the modulation cycle [41, 48]. The
differences in reversing and non-reversing heat flow are very
clear for chia oil (Fig. 5), likely due to high amounts of poly-
unsaturated fatty acids that cause both chemical constraints, re-
leased during melting, and physical constraints, released during
enthalpic relaxation, around unsaturated fractions. So, the melt-
ing of fatty acids is best observed in the reversing heat flow,
together with endothermic relaxations in the non-reversing heat
flow; the contribution of each process can be estimated from the
enthalpy of both reversing and non-reversing events.

These heat flows are relatively well coupled in presence of
mono-unsaturated fractions, but deviate stronger in presence of
poly-unsaturated fatty acids as an indication of structural rear-
rangements or co-crystallization before melting [41]. This is a
consequence of the known phenomenon of polymorphism of
natural oils and fats that has interested researchers for many
years. When a partial melting of a polymorph, accompanied by
a conversion or transition to a higher polymorph takes place,
both endothermic peak and endothermal changes are represent-
ed in a single endothermic peak, as can be shown in total heat
flow signal in Fig.4 [38, 40, 49].

The multiple shoulder bands in the reversing heat flow
(Fig. 5) show the stepwise melting of the oil structure: typically,
fats crystallize first in the least stable polymorph with the lowest
energy barrier (o) and later transform or recrystallize to steadier
polymorphs (B’ or B). Direct crystallization of B’ or B forms from
melts tends to occur only when no super-cooling, or sometimes
little, of the less stable forms is present. This signal represents the
thermodynamic changes; it means the structural changes, as well
as the non-reversible heat flow the kinetic ones.

In most cases, the reaction enthalpy from the total heat
flow equals the sum of enthalpies of reversing and non-revers-
ing heat flows (Table 1). The enthalpy values obtained from the
reversible signal for the different polymorphs in M, also can
be seen in Table 1. In general, some of the less thermally sta-
ble TAG polymorphs melt while the remaining ones rearrange
and recrystallize into steadier polymorphs, which melt at higher
temperatures. According to Himawan, Starov & Stapley [40],
Samyn et al. [41], and Tan & Che Man [42], it is possible that
this first melting peak corresponds to any aLnaLnoLn, aLnol-
nL, or aLnLL chia oil TAGs.

It is also well known that mixing different fatty acid frac-
tions in a TAG produce more complex polymorphic behaviour;

evidence has already been provided that melting of TAG com-
plexes can occur simultaneously during heating in the MDSC.
Therefore, in a certain temperature range, the melting of two
or more TAG structures could take place together, resulting in
broad or overlapping melting transitions [36, 40], as in M,; this
behavior may be due to the presence of monounsaturated TAGs
in chia oil, such as aLnalLnP, oLnLP and LLSt.
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Fig.5. Heat flow deconvolution in reversible and non reversible sig-
nals for extracted samples: a) Soxhlet, b) Stir and ¢) UAE.

The crystallization of fats releases a considerable quantity of
latent heat, as much as 200 kJ kg ™!, so the polymorphic struc-
tures must be more directly reflected on the AHm values, since
these values mean the latent heat when the crystalline phases
transform to disordered neat liquid. It seems that, the more dis-
ordered in the crystal structures, the fewer values of AHm are
obtained [40, 47], as in the a form evaluated. This general sta-
bility behaviour can be seen in the enthalpy changes in table
1 for the polymorphs evaluated in M;. In agreement Martini
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et al. [50], the melting profile can be explained by the smaller
crystals generated during UEA. Smaller crystals have greater
surface area, and they will therefore melt faster upon heating.
Even though UEA generates smaller crystals, the packing of the
crystals is such that a broader melting profile is obtained, as can
be seen in the non-reversible signal. The lipid’s melting profile
of a lipid network depends on the amount of crystallized mate-
rial, and the size of the crystals, among other factors [51]. These
different melting profiles suggest that different polymorphic
forms might be forming in the oil samples as a consequence of
stirring and UEA application.

Besides the heat flow, the specific heat capacity (Cp)
is more fundamental material property and can be measured
during MDSC experiment[41]. For oils with the higher degree
of unsaturation, Cp increase with heating temperatures; this
increase is theoretically explained by the heat consumption
during expansion and density variations of the substance un-
der heating [52]. By definition, the heat capacity measurements
are derived from the reversible heat flow curves, so changes in
melting behaviour observed as a consequence of stirring and
sonication are due to different molecular interactions of the
same molecular entities. Differences in enthalpy values can be
attributed to the formation of different molecular compounds.
The type of TAGs that form the crystalline network, the type
of molecular interactions formed during crystallization such
as hydrogen bonds, dipole— dipole interactions, and molecu-
lar packing affect melting enthalpy values. Therefore, any of
these three reasons could be responsible for changes in enthal-
py values observed as a consequence of sonication [40, 53] and
stirring.

The relative stability of two polymorphs and the driving
force for transformations between them at constant temperature
and pressure are determined by their respective Gibbs free en-
ergies (G); the polymorph which has the lowest Gibbs-free en-
ergy is the most stable. Due to its monotropic nature, the Gibbs

Table 1. Main transitions in chia oils extracted.
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free energy values are largest for the o-form, having the least
dense crystal packing, intermediate for the f’-form, and smallest
for the B-form, with the most dense crystal packing. This is main-
ly a consequence of the higher heats of fusion of polymorphs
with higher melting temperature. Each polymorphic form has its
own melting temperature. The presence of the double bond, with
the inflexible twist, gives greater steric hindrance than found in
completely saturated TAGs, which forces specific structures to be
formed to enable the S and U fatty acid fractions to be packed to-
gether in the same lamella leaflet. Consequently, this TAG group
exhibits still more complicated polymorphic behaviour [40]. In
this study, although G was not evaluated, it can be assumed, for
the values obtained, that the melting enthalpy decrease with the
presence of more double bonds.

If the fatty acids composition might also affect oxidation,
especially concerning the unsaturation degree, and a small de-
crease in saturated fatty acids and an increase in unsaturated
fatty acids occurred when UAE was used, both the formation
and the amount of primary oxidation compounds increase [55].

Results would indicate that oxidation of chia oil does occur
upon application of ultrasound, suggesting that micro-mechani-
cal shocks attributed to cavitation, affect structural and functional
components up to the point of lipid oxidation and deterioration.
The collapse of the bubbles leads to energy accumulation in hot
spots where temperatures of above 5000 °C and pressures of ap-
proximately 500 MPa have been measured [54]. This phenome-
non can cause lipid oxidation through three mechanisms, which
can act alone or combined. The first one is purely thermal, due
to the high temperatures achieved during cavitation. The second
one is due to free radicals and oxygen, generated by sonolysis,
mediated chain reactions involving the following stages: i) ab-
straction of hydrogen atom, ii) formation of lipid free radical
(R*), iii) formation of lipid-peroxyl free radical (ROO¥*), iv) for-
mation of lipid hydroperoxide (ROOH); and the third one is due
to the mechanical shear forces created by microstreaming and

Sample Melting peak Tm AHm Polimorphs* Non reversible
(°C) J/g) Tm (°C) AH (J/g) AH (J/g)

o=-44.33 0.046

Soxhlet -36.86 8.845 B'=-41.02 0.072 8.097
p=-31.05 0314
o=-46.81 0.057

Stir M, -39.18 11.580 B'=-40.76 0.101 10.440
p=-33.89 0.621
o= -46.65 0.029

UAE -40.04 6.010 B'=-41.67 0.041 5.451
B=-35.93 0.187

Soxhlet -14.86 1.142 0.345 0.797

Stir M, -16.88 2.946 0.089 2.857

UAE -19.84 4214 2.082 2.165

*Melting temperature and enthalpy obtained from reversible heat flow signal
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shock waves [55-59]. However, ultrasonication did not notice-
ably influence the composition of the extracted oil.

The FTIR spectra (Fig. 6), of oils extracted with and with-
out US, present strong triplet bands in 2960-2850 cm™! range
whose is assigned to C-H stretching of the methyl and meth-
ylene backbones of lipids. In particular, the distinctive peak
at 3010 cm™ was caused by C-H stretching of cis-olefinic —
HC=CH- bonds, representing the unsaturated fatty acids. The
position of this peak strongly depends on the number of conju-
gated C=C double bonds in fatty acids of the analyzed oil, com-
monly used to determine the degree of unsaturation [60].The
high degree of unsaturation observed is due to a significantly
high proportion (~55%) of a- linolenic acid, which contains 3
conjugated C=C double bonds in its structure.
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Fig. 6. FTIR spectra for chia seed oil extracted.

It should be noted that FTIR spectra did not show O-H stretch-
ing band at ~3470 cm™!, indicating the presence of only a negli-
gible amount of moisture in these oils. In the low-wavenumber
region, the spectra consisted of a prominent peak at 1743 cm’!
due to C=0 carbonyl stretching of ester functional groups of
lipids and fatty acids. According to Guillen & Cabo [61] this
peak provides a measure of total lipids in the analyzed oils, as
the weak peak occurring at 1654 cm™, due to C=C stretching
of disubstituted cis-olefins, can also be used to determine total
unsaturation.

The overlapped bands within the range of 1470-1370 cm™!
arose due to the combination of deformation modes of methyl
and methylene groups. Other strong peaks present at 1160 and
1098 cm™! were the first band represents combined asymmetric
stretching of (C—C(=0)-0) and (OC- C) bonds, while the band
at 1099 cm! is associated with (C—O—C) symmetric stretching
of triglycerides and esters. The most intense band at the lower
end of the spectra centered at 720 cm™' was attributed to the
combination of rocking vibration and the out-of-plane defor-
mation of methylene in cis-disubstituted olefins.

The only difference among spectres, from oil extracted
with and without US, is in 987 and 968 cm™' bands, the last one
related to the proportion of frans olefinic groups coming from
mono or polyunsaturated acyl groups (-HC=CH- out of plane
bending), and at low trans fat level, the presence of the conju-
gated trans/trans 18:2 faty acid near 990 cm™ [62, 63]. These
two bands almost disappear when UAE is applied, maybe due
the temperature effects of cavitation that can break covalent
C-C or C-H bonds [44].

Due to the capability of the FTIR spectroscopy to reveal
the characteristic peak that specifically represents unsaturated
fatty acids (UFAs) in the observed spectrum, this method is of-
ten used for a rapid determination of UFAs among oils. For
this purpose, integrated areas under the bands at 3010 cm-1 and
1743 cm™ were obtained to represent UFA and total lipid con-
tent, respectively. Then, %UFA values were calculated as the
percentage of the integrated band areas at 3010/1743 cm™ (i.e.
UFAs per total lipids). The %UFA result (18.88%) showed that
Chia oil contains high concentration of UFAs, that also corrob-
orates well with the degree of unsaturation observed using the
individual feature of the band at 1654 cm™ [61, 64].

4. Conclusions

In the main, lower precision in ultrasound-assisted process-
es results from the use of ultrasonic baths, in which energy
distribution is not uniform and ultrasound energy is wasted.
However, these drawbacks can be easily avoided by using an
ultrasonic probe device.

The most probably mechanism for ultrasonic enhance-
ment of extraction is that the waves in the vegetable material
break the cells, by the collapse of cavitation bubbles producing
wall disruption together with a good penetration of the solvent
through the ultrasonic jet. Thus, implementation of ultrasonic
treatment provided significantly higher yield with reduction in
extraction time that may improve through put into the commer-
cial oil production process.

MDSC does not provide any direct information about the
chemical composition of edible oils under a given set of ex-
perimental conditions. However, it provides useful information
regarding the nature of the thermodynamic changes that are
associated with the edible oils transforming from one physi-
cal state to another. These thermodynamic characteristics are
sensitive to the general chemical composition of edible oils and
fats and thus can be used in qualitative and quantitative ways
for identification of edible oils.

The TAG's chia oil content, were more influenced by the tem-
peratures used during the extraction than by the ultrasound treatment.

The FTIR spectroscopy technique offers several advan-
tages; in combination with the ATR technique, has shown to
be a useful tool in detecting mixtures or adulterations in oils
and fats. From the ratio of absorbances of olefinic and aliphatic
-C-H stretching vibration bands, the degree of unsaturation of
oils and fats can be determined, also from the absorbance of a
single band such as the -C=C- stretching band at 1654 cm™! or
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the olefinic band at 3010 ¢cm’!, although, in these cases, only
cis- unsaturation is taken into account.

The factors affecting lipid degradation include energy in-

put (light or heat), fatty acids composition, types of oxygen,
and minor compounds such as metals, pigments, phospholipids,
free fatty acids, mono and diacylglycerols, thermally oxidized
compounds and antioxidants. All those factors are also pres-
ent in the ultrasound food processing and should be carefully
studied.
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