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ARTICLE INFO ABSTRACT

The supercritical CO, extraction of oil from four different quinoa varieties has been studied in this work. For this
purpose, the influence of extraction temperature (40-60 °C), pressure (20-40 MPa) and raw material size
CO, (250-1000 um) on the extraction rate has been considered. The extraction rate resulted to be faster the higher
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ininoa the pressure whereas the temperature had less influence on the extraction kinetics. The experimental data were
oi modelled using the Sovova’s kinetic model.
Tocopherol

The quality of the oil extracted has been evaluated in terms of antioxidant activity (AA), fatty acid profile and
tocopherol content. The highest AA was obtained for quinoa oil extracted at 40 MPa and 40 °C; this oil presented
high content of polyunsaturated fatty acids (63% of the total) and significant amount of tocopherols (2.5 mg/g
oil).

Quinoa oil extracted using CO, presented higher antioxidant capacity and tocopherol content than quinoa oil
extracted with hexane, regardless the quinoa variety used.

conditions, unlike other cereals, which reinforces its attractiveness [4].
This renewed interest in quinoa has been fostered by The Food and

1. Introduction

In recent years there has been a renewed interest in quinoa
(Chenopodium quinoa Willd) due to its outstanding nutritional proper-
ties: it is rich in high quality proteins, vitamins and minerals [1].
Quinoa has been grown in South America for centuries [2], primarily in
Bolivia and Peru [3]. This pseudo-cereal has the ability to grow in a
wide diversity of environments due to its resistance to weather and soil
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Agricultural Organization of the United Nations (FAO) after having
considered it as “high nutritive” due to its high protein content (in the
range from 10 to 18%) and high quality oil (in the range from 4.5 to
8.75%) [5]. Moreover, quinoa shows a fatty acid profile rich in un-
saturated acids (mainly oleic and linoleic) and a balanced content in
aminoacids [6] such as lysine and methionine [1]. The increased
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Fig. 1. Supercritical fluid extraction plant. 1: CO, reservoir; 2: syringe pump; 3: cryostat; 4: bursting disk; 5: high pressure extractor; 6: oven; 7: separator.

concern that consumers have about food safety and food functionality,
willing to try functional and healthier products, is pushing the studying
and growing of quinoa in European countries and Japan [7], where
there is a great potential for this cultivar. In this sense the presence of
essential fatty acids and tocopherols in the oil extracted from quinoa
has attracted the attention of the cosmetic, pharmaceutical and food
industries [3].

Despite all the excellent properties attributed to quinoa, there is a
limited amount of research works about it [2]. The conventional
methods to extract oil from seeds are based on the use of organic sol-
vents at relative high temperatures followed by laborious purification
procedures. To the best of our knowledge there is a limited number of
works dealing with the extraction and characterization of the oil ex-
tracted from quinoa [8-10]. Alternatively to the organic solvents, the
supercritical fluid extraction is a well-known technology used to extract
high added value compounds from many different sources. Supercritical
CO,, (SC-COy) is one of the most common supercritical solvents due to
its properties: mild critical point (critical temperature 31.7 °C and cri-
tical pressure around 7 MPa), non-toxicity, non-explosivity, low price
and high selectivity to non-polar molecules such as oils. Its solvent
properties can be changed dramatically with small changes in pressure
and temperature [11]. SC-CO, also separates easily from the extract,
once the pressure is released, leaving no traces in the extract. All these
properties make SC-CO, a potentially successful solvent for the ex-
traction of oil from quinoa [12]. Although it is possible to find in the
literature numerous works that successfully deal with the extraction of
oil from cereals, such as wheat bran [13], corn [14] or amaranth [15],
there is only one work that uses supercritical CO, to extract oil from
quinoa [3]. Przygoda and Wejnerowska, did not study the extraction of
oil from a kinetic point of view: an experimental design was used in-
stead of studying the extraction curves. From that work it is not possible
to conclude what mechanism controls the extraction process, whether
the internal diffusion, external transport or equilibrium. In that work
temperature was varied from 35 to 120°C, pressure from 8.5 to
28.5 MPa for experiments lasting up to 100 min. The oil yield and the
tocopherol concentration were quantified and the effect of the process
parameters was studied.

The purpose of this work is to study the influence of several ex-
traction parameters (pressure, temperature and particle size) on the
extraction rate of quinoa oil (cv. Titikaka, since it is the most ex-
tensively grown in Europe due to its adaptation to the climatic condi-
tions). The Sovovas mathematical model [16] is used to describe the
experimental extraction curves. In a second step of the work, the quality
and stability of the quinoa oil obtained by SC-CO, is analysed and

compared to the oil obtained using hexane, in terms of fatty acid pro-
file, tocopherol content and antioxidant activity.

Finally the oil extracted from four quinoa varieties (Pasankalla,
Collana and Altiplano and Titikaka) using either hexane or supercritical
CO, is analysed and compared.

2. Materials and methods
2.1. Raw material

Four different varieties of quinoa (kindly provided by Quinoa Spain
Productos Ecoldgicos S.L. and harvested in Alava (Spain)) were used in
this work. The oil content of those varieties, named Titikaka, Altiplano,
Collana and Pasankalla, was determined by Soxhlet extraction (Buchi B-
8111) using hexane as solvent.

Quinoa seeds were ground in a ball mill (Fritsch) to get different
particle sizes in the range from 250 to 1000 pm and study the influence
of the particle size on the extractability of the oil by SC-CO,.

2.2. Supercritical fluid extraction equipment and procedure

The extraction experiments were carried out in a lab-scale plant,
whose diagram is shown in Fig. 1.

The maximum specifications of this experimental set-up are 150 °C
and 50 MPa. The extractor has a volume of 26.5 mL with '4” internal
diameter. In a typical experiment, around 12 g of quinoa were placed in
the extractor, which was pressurized with CO5 (Air Liquide S.A.) up to
the extraction pressure. Then, the solvent flowed at the desired pressure
and temperature (at a mass rate of 0.14 = 0.02kg/h) for the desired
time (maximum 3 h). Different combinations of pressure and tempera-
ture were tried in order to study their influence on the extraction per-
formance.

2.3. Analytical methods

2.3.1. Determination and quantification of the fatty acids profile

The fatty acids profile was determined by the AOAC official method
[17]. According to this method the fatty acid methyl esters were firstly
prepared and then analyzed by gas chromatography using a Hewlett
Packard (6890N Network GC System) gas chromatograph equipped
with an auto-sampler (model 7683B) and a flame ionization detector
(FID). Helium was used as a carrier gas at a flow rate equal to 1.8 mL/
min. A fused silica capillary column (OmegawaxTM-320,
30m X 0.32mm) was used.
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Table 1
Oil content of four quinoa varieties obtained by Soxhlet extraction
using hexane.

Quinoa Variety g oil/g of insoluble solid

Titikaka 43 = 0.1
Pasankalla 7.9 = 0.1
Altiplano 6.0 * 0.4
Collana 4.9 = 0.3

Most of the fatty acid methyl esters were identified by comparison
of their retention times with those of chromatographic standards
(Sigma Aldrich). Their quantification was made by relating the peaks
area to the area of an internal standard (methyl tricosanoate) as in-
dicated by the AOAC method [17]. Calibration curves were made for
several pairs formed by internal standard + several representative
chromatographic standards in order to find the corresponding response
factors.

2.3.2. Determination and quantification of the tocopherol profile

Tocopherols determination was done by HPLC-DAD. 0.03 g of the
sample were weighted and dissolved in 2 mL of hexane, shaken for a
minute in a vortex mixer and filtered (pore size 0.45 um). Tocopherols
were determined following a modification of the IUPAC method [18]
using a HPLC (Agilent series 1100) equipped with the software Chem-
Station, a degasser (G1322A), a quaternary pump (G1311A), an auto-
sampler (G1329A), a column oven (G1316A) and a diode array detector
(G1315A). The column used was ACE 5 Silica (250 X 4,6 mm). The
mobile phase was 99% hexane (A) and 1% 2-propanol (B) at a flow rate
of 1 mL/min. An isocratic gradient was used, the total run time was
15min and the injection volume was 50 puL. All the tocopherols were
monitored at 296 nm. The column was kept at 25 °C.

The individual compounds of a-, y- and 8-tocopherols were identi-
fied and quantified using a calibration curve of the corresponding
standard compounds.

2.3.3. Determination of antioxidant capacity: DPPH assay

The antioxidant capacity of the quinoa oil was evaluated using the
DPPH assay. The free radical scavenging capacity was evaluated using
the 2,2-diphenyl-1-picrylhydrazyl radical (DPPH:). Briefly, 2 mL of the
DPPH solution (10 uM) prepared in isooctane were mixed with 0.5 mL
of isooctane quinoa oil solution (0.02 g/mlL). The absorbance was
measured (Jasco V-750 spectrophotometer) at 517 nm and 25 °C against
a blank of pure isooctane for 120 min. The antioxidant capacity was
presented in the form of percentage of inhibition of the DPPH radical
versus time.

2.3.4. Total phenolics (TP) quantification

The Folin-Ciocalteau method was used to quantify the total phe-
nolics content in the oil extracted from quinoa, following the method
described by Ricciutelli et al. [19]. Briefly this analytical procedure
took 2.5 mL of oil sample that were dissolved in 2.5 mL of hexane and
then extracted for 5min in a vortex stirrer using 2.5 mL of a methanol-
water (80/20, v/v) mixture. The mixture was centrifuged at 5000 rpm
and the supernatant was collected and extracted twice, using the me-
thanol:water mixture. Finally 7.5mL of methanolic extract was col-
lectd. Afterwards the collected solution was washed with 2 x 2.5 mL of
hexane and collected in a 50 mL volumetric flask where 2.5 mL of Folin-
Ciocalteau reagent and 2.5 mL of 7.5% sodium carbonate solution were
added. Finally, the solution was brought up to the flask volume with
distilled water. After 240 min in the dark the absorbance was measured
at 765 nm (Jasco V-750 spectrophotometer). The TP content was ex-
pressed in mg equivalents of gallic acid per kg of oil.
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2.4. Statistical analysis

The experimental results were analysed using Statgraphics
Centurion. The LSD (Least Significant Difference) test was run to de-
termine which means were significantly different from which others at
a 95% confidence level, in order to test the significance of the experi-
mental conditions on the studied response.

3. Experimental results
3.1. Conventional solvent extraction

The oil content of the four quinoa varieties was determined by
Soxhlet extraction using hexane as solvent. Results are presented in
Table 1.

As can be seen in Table 1, significant differences in the oil content
were observed among the varieties of quinoa used in this work, being
oil content of Pasankalla (7.9 = 0.1 g of 0il/g of insoluble solid) almost
two times higher than Titikaka (4.3 = 0.1 g of oil/g of insoluble solid).

3.2. Supercritical CO; extraction

3.2.1. Influence of the process parameters

The extraction of a solute from a solid raw material involves three
different stages: internal mass transfer, phase equilibrium and external
mass transfer. In this section the extraction isotherms (40, 50, 60 °C) at
three different pressures (20, 30, 40 MPa) were obtained in order to
find out the stage that controls the extraction of oil from quinoa using
supercritical COs.

Quinoa was milled to obtain three different particle sizes: 500-
1000 pm; 250-500 pm and 125-250 pm. In these experiments the tem-
perature was kept at 50 °C and pressure at 30 MPa. The best results were
obtained for the intermediate particle size (range from 250 to 500 pm),
as can be seen in Fig. 2. The largest particle size (500-1000 um) pre-
sented a higher resistance to the internal mass transfer, and therefore
the extraction was very slow since only part of the oil was accessible to
the SC-CO,. However, very small particle sizes did not help the ex-
traction process: although the initial part of the extraction curve was
very fast, the final extraction yield was significantly lower than the one
for the intermediate particle size. Lower particle sizes involve more
broken cells and therefore the oil is released and easily accessible to the
SC-COs. In turn, small particles can induce the channeling of the CO,
which would leave zones of the packed bed without contact with the
solvent.

The effect of temperature on the extraction rate was studied at 40,
50 and 60 °C, at three different pressures (20, 30 and 40 MPa). The CO,
mass rate was kept constant at 0.14 = 0.02 kg/h. Results are shown in
Fig. 3(a—c), where the extraction curves are presented. All the extrac-
tion curves share a common trend: an initial straight line (the extraction
process is controlled by solubility) followed by a curved line, which
indicates that the extraction is being controlled by the internal diffu-
sion. The second part of the curve indicates a much lower extraction
rate, therefore most of the oil is extracted in the first part of the ex-
traction process.

In general, and regardless the extraction temperature considered, an
increase of the oil extraction rate was observed when pressure was
increased. This was in agreement with the results presented by
Westerman et al. [15] for oil extracted from amaranth seeds, a cereal
that shares similarities with quinoa. The faster extraction rates observed
with increasing pressure at constant temperature can be attributed to an
increase of the CO, solvent power, induced by the increase of the
density.

Fig. 3 also shows that the first part of the extraction was not sig-
nificantly affected by temperature: at a constant pressure, the initial
slopes of the extraction curves obtained at different temperatures were
similar. However, it was in the second part of the extraction curve when
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the influence of the temperature was important: an increase in the
amount of oil extracted was observed the higher the temperature. This
phenomenon was observed for the three levels of pressure studied. At a
given pressure, when temperature is increased the CO, density de-
creases, decreasing its solvent power, but the transport properties of the
CO,, are enhanced: internal mass transfer limitations are overcome as a
consequence of the CO, lower viscosity which enhances its diffusion
allowing to extract more oil. This was specially observed in the ex-
periments done at 40 MPa. This trend was again similar to that pre-
sented by Westerman et al. [15] in the extraction of amaranth seeds.

3.2.2. Modelling of the supercritical extraction

In this work, the model proposed by Sovova [16] was used to de-
scribe the experimental extraction curves. As described by Rebolleda
et al. [14] this model uses the simplification that assumes that the so-
lute is a single pseudo-component. This model expresses the extraction
yield, e, as:
po B

N @
Where E is the amount of extract (kg) and N,, the amount of insoluble
solid (kg) loaded in the reactor. The amount of CO, consumed, g, is
calculated according to the following expression:

_Qt
= N @

Where Q is the solvent rate (kg/h) and t is the extraction time expressed
in hours.

The model of Sovova considers that the extraction curve consists of
two parts. The first one is linear, since the solute is easily accessible for
the solvent being transferred directly; in the second part of the curve
the solute diffuses first out of the intact cells and then to the fluid phase.
The slope of the linear part of the curve has a value close to the solu-
bility of the oil in the CO,. The model proposed by Sovova is described
in Egs. (3) and (4), used to describe the first and the second part of the
extraction curve, respectively:

e=gqyfor0<g<gq, ©)]

e =x,[1 — Ciexp(=C,q)], forq > q, (©)]

In the previous equations y; is the experimental weight solubility
datum, C; and C; are two adjustable parameters, q. is the crossing point
(separates the solubility controlled extraction from the internal diffu-
sion controlled extraction) and x, is the solute concentration in the
untreated solid (kg solute/kg insoluble solid). These adjustable

parameters were calculated using the software Statgraphics Centurion
XVI using the Marquardt’s algorithm. Two more parameters were cal-
culated using the Sovovd’s model: the grinding efficiency, r, which is
described as the volumetric fraction of broken cells in the particles; and
the solid-mass transfer coefficient, k.a,. Both r and k,a, were calculated
according to the Egs. (5) and (6), respectively:

C
r=1-— Clexp(2ch) ©)
ka, = 1= N0 =QC

Ny, (6)

In Eq. (6) the flow rate, Q, is expressed in kg~s’1, and ¢ refers to the
porosity of the bed.

In Fig. 3(a—c) the experimental extraction data are represented to-
gether with the calculated curves using the Sovova’s model (dashed
lines). It can be seen that there is a good fitting between the experi-
mental data and the curves described by the model. The mean relative
deviations (MRD) between experimental and calculated yields were
calculated (using the Eq. (7)) for each extraction curve:

1 Corp — €
MRD(%) = — Y abs| 2= |.100
n l=1 ec’xp

(7)

The fitting parameters and the calculated error between the ex-
perimental and the calculated data using the model are presented in
Table 2.

From the results presented in Table 2 the grinding efficiency (r) for
the quinoa oil SC-CO, extraction is higher than that obtained for other
seeds: whereas for quinoa r was in the range 0.40-0.82, for wheat bran
was in the range 0.39-0.59 [13] or for corn germ oil it was reported to
be in the range 0.32-0.48 [14]. An increase of the grinding efficiency
was observed when pressure was increased at constant temperature at
all temperatures studied in this work; however, temperature only pro-
duced slight changes at the same pressure. The particle size had a sig-
nificant effect on this coefficient: higher values were observed the lower
the particle size of the quinoa used for the extraction. The g, value was
in the range 4.4-22.5 kg CO,/kg insoluble solid. This parameter showed
a marked decrease with the CO, density used in the extraction process
that changed from 723.7 kg/m> at 60 °C and 20 MPa to 956.1 kg/m?> at
40 °C and 40 MPa.

The initial slope of the extraction curve (y;, expressed in kg of oil/kg
CO,) increased with temperature and dramatically with pressure (see
Table 2), proving that the solvent power of the CO, increased with
density. The value of the slope can be related to the solubility of the oil
in the SC-CO,. Del Valle et al. [20] proposed a general equation to
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Fig. 3. Effect of pressure and temperature on the extraction of oil from quinoa. In figures a), b) and c) experiments were done at 40, 50 and 60 °C, respectively. O
refers to experiments done at 20 MPa, [] to 30 MPa and /\ to 40 MPa. Dashed line represents the extraction curve obtained with the Sovova’s model, and dotted line
the amount of oil extracted using hexane in a Soxhlet apparatus.

predict the solubility of vegetable oils in SC-CO, (with a = 40% error). temperature correction term (TCT) was calculated and data were di-
This equation is a function of both solvent density and temperature. In vided by this TCT term. The general equation proposed by Del Valle
order to compare data obtained at temperatures different from 40 °C, a et al. and the TCT are the following:
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Table 2
Fitting coefficients for the quinoa extraction with CO,, modelled using the
Sovova’s model.

T(¢C) P(MPa) s Xu Cy Cy Ksag r MRD (%)
40 20 0.0015 0.037 1.345 0.081 8.59E-05 0.45 8.8
40 30 0.0027 0.034 1.047 0.173 9.61E-05 0.60 6.9
40 40 0.0085 0.035 0.411 0.140 5.38E-05 0.70 2.2
50 20 0.0015 0.041 1.660 0.093 7.69E-05 0.40 3.7
50 30 0.0033 0.041 0.582 0.080 4.54E-05 0.60 6.0
50 40 0.0099 0.039 0.385 0.143 3.61E-05 0.73 4.0
60 20 0.0028 0.042 0.902 0.070 3.75E-05 0.47 9.9
60 30 0.0040 0.042 1.170 0.170 6.32E-05 0.61 129
60 40 0.0096 0.041 0.840 0.256 7.53E-05 0.72 2.5
500-1000 pm*” 0.0050 0.017 0.525 0.077 3.41E-05 0.49 1.6
250-500 pm* 0.0033 0.041 0.582 0.080 4.54E-05 0.60 6.0
125-250 pm* 0.0037 0.034 0.490 0.207 5.11E-05 0.82 4.4

@ Particle size effect experiments were carried out at 50 °C and 30 MPa.

[9.59—8.45((0/910)—1)—23.0((p/910)—1)2]
) *TCT

Cour (gkg™) = 8.07(i

910 ®

Where TCT is described in Eq. (9):

TCT = exp{_4182[1 _ 259(1 _ L)](A _ L)}
T 313)]\T 313 9

In Fig. 4, the solubility data calculated using Del Valle’s equation are
presented together with the error limits allowed for the general equa-
tion. The experimental data obtained for the quinoa oil extraction are
also presented in Fig. 4. It can be seen that, in general, our experimental
data are within the limits proposed by the general equation. This fact
indicates that the extraction process is being controlled by the solubility
of the oil in the supercritical CO,. However there are three values that
are below the lower limit of solubility values predicted by Del Vallés
equation; this can be due to the mass transfer resistance and effect of
deviations from plug flow.

The solubility in SC-CO,, of other oils extracted from cereals was in a
similar order of magnitude to quinoa. For instance amaranth solubility
was in the range from 0.0004 to 0.0074 kg oil/kg CO- at 60 °C and from
10 to 30 MPa [15]. He et al. [21] reported a solubility of oil from
amaranth around 0.0080 kg oil/kg CO, at 40 °C and 25 MPa, obtained
from the slope of the extraction curve. Both researchers using amaranth
as raw material concluded that the solubility of its oil in CO, increased
with pressure at constant temperature; however contradictory results
were reported regarding the temperature effect: Westerman et al. [15]
reported that solubility slightly increased with temperature at constant
pressure whereas He et al. [21] reported a decrease. In any case the
most important effect on solubility was attributed to pressure in both

CO, density (kg/m3)
700 750 800 850 900 950 1000
100 . . . . .
<
o
O
iy
=~ 10 A
2
2
E
3
8
= 14
o
0

Fig. 4. Corrected (at 40 °C) experimental solubility values of quinoa oil as a
function of the CO, density (@). Solid line represents the prediction of del Valle
et al. [20] general equation and dashed lines represent the error limit of the
general equation.
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cases.
3.3. Characterization of the quinoa extracts: quality and stability

3.3.1. Characterization of Titikaka quinoa oil extracts

3.3.1.1. Antioxidant activity. The quality of the oils extracted from
Titikaka quinoa variety was evaluated in terms of antioxidant activity
using the DPPH method. With this method, it was seen that the oils
extracted at 60 °C had similar antioxidant activity at all the pressures
studied in this work: around 80% DPPH radical inhibition after one
hour; after the 60 min and up to 120 min the DPPH radical inhibition
remained constant. Between the extraction experiments carried out at
40 or 50 °C it was observed that the lower the temperature the higher
the antioxidant activity. Pressure in turn had a significant influence on
the antioxidant activity of the extracted oil, being higher the higher the
pressure. In Table 3 the inhibition of the DPPH radical activity is
presented for oils extracted under different SC-CO, conditions
throughout the time, up to 60 min.

Oil extracted at 40 MPa and 40 °C exhibited the highest antioxidant
activity, higher than 90% DPPH radical inhibition for the oil extracted
from Titikaka variety. At 40 °C, a slight decrease in the antioxidant
activity (80% inhibition of the DPPH radical) was observed when
pressure was decreased down to 20 MPa.

Marmouzi et al. [8] reported a 47% inhibition of the radical DPPH
for a quinoa oil extracted using hexane, from quinoa seeds that con-
tained 4.9 = 0.3% of fat. This value is significantly lower than ours,
probably due to the extraction method and the differences in the quinoa
varieties used in each study. The DDPH assay used by Marmouzi et al.
consisted of the addition of 2.7 mL of 0.2 mM DPPH solution (in me-
thanol) to 0.3 mL of the quinoa oil. The antioxidant activity of quinoa
oil has been studied by several researchers; all of them conclude that
quinoa is one of the cereals that shows a higher antioxidant activity.
Pasko et al. [22] determined the polyphenols content in quinoa (no
further information about the proximate composition), concluding that
this cereal has the highest content compared to amaranth, which pre-
sents a higher antioxidant activity evaluated in terms of the FRAP and
ABTS assays.

The literature on total polyphenols in quinoa oil is scarce. Most of
the papers report the total polyphenols extracted from quinoa seeds
(which is around 0.7 mg GAE/g for quinoa [23]). In our case the oil
extracted from the Titikaka variety using SC-CO, resulted in a total
polyphenols content of 112.9 + 4.2 mg gallic acid/kg of oil. The total
polyphenol content in quinoa oil is slightly lower than in other oils,
such as olive oil: Owen et al. [24] reported that total phenolics content
was around 196 *= 19 mg/kg oil, on average for different olive oils.

3.3.1.2. Determination and quantification of the tocopherol profile. The
importance of tocopherols, some of the major lipid soluble antioxidants
[25], is related to their antioxidant properties and to their several
physiological functions [10]. The tocopherol profile extracted from
Titikaka quinoa varieties using SC-CO, was quite similar at all the
experimental extraction conditions used in this work: a-tocopherol
resulted to be the most abundant (1.1-1.5 mg/g oil) followed by y-
tocopherol (0.9-1.2 mg/g oil) with very small amounts of §-tocopherol
(0.1-0.3mg/g oil). It was observed that temperature enhanced the
extraction of tocopherols, whereas high pressures contributed to
improve the extraction of tocopherols at 40-50°C. The highest
amount of tocopherols was extracted at 50 °C and 40 MPa (3.3 mg/g
oil extracted), decreasing at higher temperatures as can be seen in
Fig. 5. The statistical analysis of the experimental data using the LSD
test allowed identifying five homogenous groups (a homogenous group
does not show significant differences among the members of the group).
According to this test it was clearly seen that pressure had a clear effect
at 50 °C, where a pressure increase led to a significant improvement in
the extraction of tocopherols. At 60°C a slight decrease in the
tocopherol content was observed when pressure was increased; an
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Table 3
DPPH radical activity inhibition (expressed in%) obtained using quinoa oil extracted under different experimental conditions (from 20 to 40 MPa, and from 40 to
60 °C).
Time (min) 20 MPa 30 MPa 40 MPa
40°C 50°C 60 °C 40°C 50°C 60 °C 40°C 50°C 60°C
0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1 47.5 = 4.8 47.3 = 3.2 43.4 = 5.2 42.8 = 1.6 50.0 = 1.2 41.9 = 5.5 449 = 3.0 43.5 = 2.7 295 = 2.0
5 63.6 = 3.4 62.5 = 2.8 61.5 = 4.3 61.0 = 1.2 67.1 = 2.8 61.2 = 5.1 65.4 = 3.1 639 = 1.4 532 = 2.8
10 69.7 = 4.7 66.8 = 3.4 66.7 = 3.6 66.7 = 2.1 72.7 = 3.3 66.6 = 5.3 72.3 = 3.2 70.4 = 1.0 59.1 = 2.3
15 73.2 = 5.2 69.7 = 4.3 69.8 = 5.8 70.3 = 1.1 76.4 = 3.8 69.8 = 5.0 76.4 = 2.8 743 = 1.2 61.3 = 3.3
20 75.7 = 5.2 719 = 1.6 72.3 = 5.4 72.6 = 1.5 78.7 = 3.9 72.0 = 4.9 79.5 = 2.7 77.3 = 2.0 64.8 + 2.5
30 78.8 = 5.0 749 = 2.6 75.5 = 5.3 76.0 = 1.2 81.8 = 2.8 75.2 = 4.7 84.1 = 2.3 819 = 1.5 68.8 = 2.5
40 81.0 = 4.9 77.1 = 1.2 77.7 = 5.3 78.3 = 1.8 83.8 = 4.3 77.5 = 4.3 88.0 = 2.2 857 = 1.1 72.0 = 2.3
50 82,5 + 4.6 78.8 + 2.4 79.2 = 5.0 80.1 = 2.2 85.1 = 3.2 79.3 = 4.1 91.6 = 2.2 89.2 = 0.9 75.0 = 2.0
60 83.8 = 4.2 80.4 = 3.8 81.0 = 4.5 81.5 = 1.8 86.3 = 4.1 80.7 = 3.7 95.1 = 1.9 92.8 = 2.1 78.7 = 2.0

opposite trend observed at 40 °C.

Przygoda and Wejnerowska [3] found that a pressure increase re-
duced the amount of tocopherols present in quinoa oil extracted with
SC-CO.,, and for that reason they used low pressures (18.5 MPa), high
temperatures (130 °C) and long extraction times (180 min) to maximize
the extraction of tocopherols and obtain around 3.4 mg tocopherol/g oil
extracted. This content is similar to that presented in our work, but ours
was obtained at a significantly lower temperature. This probes that
extremely high temperatures are not necessary to obtain high toco-
pherol recoveries in oils extracted from quinoa using SC-CO,. The high
stability of tocopherols from quinoa with high temperatures has been
reported by [25]. These authors concluded that, although tocopherols
are resistant to high temperatures, a high extraction temperature might
affect the antioxidant capacity of the oil, and therefore should be
avoided.

The characterization of quinoa oil in terms of tocopherol content
has been carried out by other researchers. For instance Tang et al. [10]
extracted oil from different quinoa varieties (white, red and black)
using a mixture of MTBE and THF. The oil content was in the range 6.6-
7.2%, whereas the highest tocopherol content was found in black
quinoa (0.9 mg/g oil). No significant differences were observed be-
tween quinoa varieties regarding tocopherol form content, being vy-to-
copherol the most abundant (around 80%). Alvarez-Jubete et al. [26]
extracted quinoa oil using hexane. The oil content of quinoa resulted to
be 7.2%, with tocopherol content close to 1 mg/g oil extracted, being y-
tocopherol the most frequent. When amaranth was used as raw mate-
rial, lower tocopherol content was detected, and form f was the major
one. The results presented by other researchers exhibited a significantly
lower tocopherol content compared to the results obtained using SC-
CO,. Besides the higher efficiency of the supercritical extraction,

aspects such as quinoa variety or particle size used for the extraction
might explain the differences reported.

3.3.1.3. Fatty acid profile. The fatty acid profile of the oil extracted
from Titikaka quinoa variety using SC-CO, at different pressures and
temperatures was determined. No significant differences in the profiles
were observed (data not shown since the fatty acid profile was basically
similar to the fatty acid profile for Titikaka presented in Table 4). Only
a slight PUFA decrease was observed at the highest temperature. The
highest amount of total fatty acids was observed when the extraction
was performed at 40°C and 20 MPa, the mildest conditions, and
resulted to be 911.7 = 14.7 mg/g oil.

The variety used to perform the supercritical CO,-extraction kinetic
study, Titikaka, resulted to be the variety that contained the highest
amount of PUFA (accounting for up to the 63% of the total fatty acids).
Within the unsaturated fatty acids, the major resulted to be linoleic acid
(56.1 + 1.6%) followed by oleic acid (6.4 * 0.2%). Palmitic acid was
the major saturated fatty acid found in the oil extracted from Titikaka
quinoa (approximately 9.5 = 0.2%). This fatty acid profile was quite
similar to that provided by other authors such as Rebolleda et al. [13]
when extracting oil from wheat bran using SC-CO,. Since the extraction
method did not affect significantly the fatty acid profile, it is possible to
compare our results with those obtained by other authors using organic
solvents to extract oil from quinoa. Marmouzi et al. [8] reported an oil
content in quinoa around 4.9%. The analysis of the fatty acid profile (oil
was extracted with hexane) reported similar values to ours: a 66% of
the total FA were PUFA, being linoleic and a-linolenic the most abun-
dant (60.3% of the total fatty acids). Peiretti et al. [6] reported that the
most abundant fatty acid in quinoa was linoleic (48.8% of the total fatty
acid extracted) followed by oleic (23.9% of the total) and palmitic
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Fig. 5. Total tocopherols present in oils extracted from Titikaka quinoa using supercritical CO, as a function of the extraction pressure and temperature. Capital
letters indicate the homogeneity among the groups using the LSD (Least Significant Difference) procedure.
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Fatty acid profile (expressed in% of fatty acid) of quinoa oil obtained from different quinoa varieties extracted with hexane (Soxhlet) and SC- CO, (40 °C, 40 MPa).

Some minor fatty acids have not been considered.

Fatty acids (%) Titikaka Altiplano Collana Pasankalla

Hexane SC-CO, Hexane SC-CO, Hexane SC-CO, Hexane SC-CO,
Palmitic C16:0 9.0 = 0.2 9.5 + 0.2 84 £ 04 9+1 9.1 + 0.4 9.4 = 0.5 11.9 = 0.1 12.7 = 0.9
Stearic C18:0 0.6 = 0.0 0.5 = 0.0 09 £ 0.0 0.8 = 0.0 0.8 = 0.0 0.7 = 0.0 0.6 = 0.0 0.6 £ 0.0
Oleic C18:1n-9 21.4 = 0.5 18.8 = 0.5 31 =2 27.2 = 0.5 27 £ 1 26 £ 1 264 = 0.1 26 = 2
Vaccenic C18:1n-7 1.3 = 0.1 1.4 = 0.0 0.8 £ 0.0 1.1 = 0.1 0.9 += 0.0 1.1 = 0.1 1.6 = 0.1 1.4 = 0.2
Linoleic cis&trans C18:2n-6 56 £ 1 56 = 2 46 + 2 47 = 1 52 £ 2 52 £ 3 43.2 = 0.3 45 £ 3
a-linolenic C18:3n-3 6.2 = 0.2 6.4 = 0.2 7.9 = 0.5 82 = 0.3 3.8 = 0.2 3.6 = 0.2 83 = 0.3 9.1 = 0.7
Arachidic C20:0 0.5 = 0.0 0.4 = 0.0 0.7 = 0.0 0.6 = 0.0 0.7 = 0.0 0.5 = 0.0 0.5 = 0.0 0.4 = 0.0
Gondoic C20:1n-9 1.4 = 0.1 1.4 = 0.0 1.6 = 0.1 1.5 = 0.1 1.8 = 0.1 1.7 = 0.1 1.9 = 0.0 1.6 = 0.1
SFA 11.5 = 0.2 11.5 = 0.3 11.5 = 0.6 11.4 = 0.2 12.1 = 0.5 11.7 = 0.6 145 = 0.1 12.7 = 0.9
MUFA 26.0 = 0.7 259 = 0.9 35 2 33.7 = 0.9 32 +1 32 £ 2 337 £ 0.3 333
PUFA 63 + 2 63 + 2 55 + 3 55 + 2 56 + 3 56 + 3 51.8 = 0.3 54 = 4
Total FA (mg/g oil) 821 + 11 809 + 12 870 + 22 873 = 12 844 = 18 775 = 20 765 * 3 847 + 31

(9.6% of the total). Similar compositions were reported by Przybylski
et al. [27], who performed one of the first quinoa lipid characteriza-
tions that can be found in the literature.

3.3.2. Characterization of the oil obtained at the optimal SFE conditions for
the 4 quinoa varieties

According to the results presented in Section 3.3.1.1 the highest
antioxidant activity of the oils extracted from Titikaka quinoa was
obtained at 40 °C and 40 MPa. Under these extraction conditions, con-
sidered as optimal, the extraction of oil from the other three different
quinoa varieties (Altiplano, Collana and Pasankalla) was carried out
and the extracted oil was characterized and compared to those results
obtained for Titiakaka variety. The oil from the all the quinoa varieties
was also extracted using hexane in order to evaluate the effect of the
extraction method on the quality of the oil extracted.

In Fig. 6 the antioxidant activity of oils extracted from several
quinoa varieties using either SC-CO, or hexane is also shown. The an-
tioxidant activity of the oil extracted using supercritical CO, was sub-
stantially higher than that obtained using hexane, as can be seen in
Fig. 6. Whereas oil extracted from Titikaka quinoa using SC-CO- pre-
sented an inhibition of the DPPH radical higher than 90% after 60 min,
oil extracted from the same quinoa using hexane only provided 60% of
inhibition under the same conditions. Similar results were observed for
the other three quinoa varieties studied: SC-CO,, significantly improved
the quality of the oil regardless the quinoa variety used, exception made
to the Altiplano variety, which was not strongly affected by the
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Fig. 6. Inhibition of the activity of the radical DPPH of oil extracts obtained
from different quinoa varieties using CO»-SC at 40 MPa and 40 °C (full symbols)
and hexane (empty symbols). Key: #0 Titikaka; l[JAltiplano; A /\ Collana;
@O Pasankalla.

extraction method. This behavior might be attributed to structural
changes compared to the other quinoa varieties.

No significant differences were observed in the fatty acid profile of
the different varieties of quinoa studied when the SC-CO, extraction
was carried out. As shown in Table 1, the variety Titikaka presented the
lowest amount of oil in its composition. Despite this fact, Titikaka
quinoa oil was mainly composed by PUFA (around 63%) whereas, for
the rest of the analysed varieties, the percentage of PUFA decreased
down to 54-56%. All the varieties had similar content in saturated fatty
acids. The extraction method (either SC-CO, or hexane) did not influ-
ence the fatty acid profile, as can be observed in Table 3, since the
content in SFA, MUFA and PUFA was quite similar. Tang et al. [10] did
not report significant differences in the fatty acid profile obtained from
different quinoa varieties, being SFA around 11% of the total, MUFA
32% and PUFA up to 57%. These researchers extracted oil from quinoa
using hexane as solvent.

Larger differences were observed in the total tocopherol content, as
presented in Fig. 7. In this figure, the total tocopherol content in oils
extracted from different varieties of quinoa using either hexane or su-
percritical CO, (40 MPa, 40 °C) as solvents is presented. It can be clearly
seen that supercritical CO, significantly improves the extractability of
tocopherols compared to the results obtained when hexane was used. In
the case of Titikaka quinoa, supercritical extraction doubles the amount
of tocopherols extracted. The statistical analysis of the experimental
results (LSD test, 95% confidence level) revealed that both, the ex-
traction method and the quinoa variety, significantly affected the
amount of tocopherols present in the oil. Przygoda and Wejnerowska
[3] also probed that, compared to the conventional hexane extraction,
supercritical CO»-improved dramatically the extraction of tocopherols,
leading to oils up to four times more concentrated in tocopherols. No
other works have been found in the literature dealing with the SC-CO,
extraction and characterization of quinoa oil.

All in all, the oil extracted from Titikaka variety with SC-CO, re-
sulted to be probably the best of the oils extracted from the different
varieties studied in this work, since it presented the highest PUFA
content and antioxidant activity and the second highest tocopherols
content.

4. Conclusions

In this work, supercritical CO, was used to extract oil from different
varieties of quinoa. The extracted oil was compared to the oil extracted
using hexane, probing the higher quality of the SFE oil in terms of
antioxidant activity and tocopherols profile when extracted at 40 MPa
and 40 °C. SC-CO, provided oils with a higher tocopherol content, re-
gardless the quinoa variety used. Nevertheless, the extraction method
did not influence the fatty acid profile. The highest PUFA content was
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Fig. 7. Total tocopherols present in oils extracted from different quinoa varieties using supercritical CO, at 40 MPa and 40 °C (black bars) and hexane (grey bars).

detected for the oils extracted from the variety Titikaka.

The influence of the main process parameters was evaluated: the
optimal quinoa particle size was found to be in the range 250-500 um in
order to avoid internal diffusion limitations (particle size larger than
500 um) or the formation of preferential channels in case very small
particle sizes are used. Regarding the effect of pressure, it was observed
an increase of the extraction rate with pressure, favored by the higher
density of the CO,. The effect of temperature on the extraction of oil
from quinoa did not provide a clear trend: in the initial period of the
extraction, temperature is not playing a significant role on the extrac-
tion rate, just a slight increase in the solubility of the oil; however, once
the maximum extraction rate is passed, it seems that temperature does
affect the extraction rate, with higher extraction rates the higher the
temperature. This phenomenon can be attributed to the better mass
transfer properties of the CO, the higher the temperature, that de-
creases viscosity and improves its diffusivity through the quinoa grains.

All in all, it has been observed that supercritical fluid extraction
using CO, is a suitable technology to extract high quality oil from dif-
ferent varieties of quinoa seeds.
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