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 i g  h  l  i g  h  t  s

Uxi  (Endopleura  uchi)  is  a native
species  from  the  Amazon  region.
The  fruits  have  potential  for  edible
vegetable  oil  production,  due  to  their
chemical  composition.
Uxi  oil  was  obtained  with  high  yields
at temperatures  of  40  and 60 ◦C  and
pressures  of  300  and  400  bar.
The  functional  quality  indices  express
that uxi  oil can  be  consumed  in  the
human  diet  as  table  oil,  similarly  to
olive  oil.
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a  b  s  t r  a  c  t

In  this  research,  uxi (Endopleura  uchi)  oil  was obtained  via  supercritical  CO2 extraction  in  order  to
promote  the  valorization  of the species  in the  industrial  scenario,  showing  the  potential  of its oil as  a
functional  food.  The  oil  was extracted  at temperatures  of 40  and  60 ◦C and  pressures  of  200−400  bar.  The
highest  yield  was  obtained  at 60 ◦C  / 400  bar (24.48  ±  0.20 %)  in  db.  The  oil  showed  a composition  with
predominance  of oleic  acid  (n-9),  as well  as  a stable  thermal  behavior  up to 300 ◦C. The  uxi oil  obtained
eywords:
mazon
unctional food
upercritical CO2

ioactive compounds

via  supercritical  CO2 is presented  as a  potential  product  for  the  food  industry  due  to  its good  functional
quality.
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1. Introduction
Uxi (Endopleura uchi) is a native species from the Amazon
region, and its fruits are widely consumed by the local population
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1–3]. Uxi wood is commercially desirable by the civil construction
ndustry (manufacture of posts and beams), which contributes to
he indiscriminate extraction of its species’ trees, causing deforesta-
ion in the Amazon region [4]. The fruits have potential for edible
egetable oil production, due to their chemical composition [5]. The
tudy by Berto et al. [6] showed that the lipid fraction of the uxi fruit
ontains a predominance of unsaturated fatty acids. Other charac-
eristic compounds in the uxi oil include phytosterols, tocopherols
nd carotenoids [7–9]. The phytochemical profile of the species also
ndicates the presence of bergenin in the bark of its trunk [10].

Unsaturated fatty acids are structural components of cell
embranes, incorporated into phospholipids, which regulate the

uidity and function of the membrane, in addition to having the
ole of metabolites precursors with biological properties of inter-
st. A major effect attributed to linoleic acid (n-6) is the decrease
n cholesterol levels in the blood, due to the reduction in the levels
f low-density plasma lipoproteins, contributing to the prevention
f cardiovascular diseases [11]. The benefits of linoleic acid (n-6)
nclude the reduction of atherosclerosis, carcinogenesis, obesity,
iabetes and inflammatory processes [12].

Obtaining high quality lipid products depends on factors related
o the extraction process, such as temperature, nature of the sol-
ent, solvent/raw material ratio, extraction period, atmospheric
omposition and preparation of the raw material. The compounds
egradation can be accelerated by the mechanical pressing sys-
em, while the use of organic solvents can increase the oils toxicity.
onventional methods, although allowing high yields, are lengthy,
xposing raw materials to hydrolytic and oxidative rancidity pro-
esses, contributing to the loss of the quality of the final product
13,14].

Considering this scenario, the application of supercritical fluid
urn out to be an alternative to obtain high quality vegetable oil,
reserving the nature of the characteristic compounds, as in the
ase of unsaturated fatty acids and other substances of interest
bioactive compounds). Extraction with supercritical CO2 is con-
idered to be a green technique, environmentally friendly, due to
he characteristics of the used solvent, especially because it is non-
orrosive, non-toxic, non-flammable, presents low cost and easy
emoval of the extracted product, besides allowing high profitabil-
ty in mass and shorter process time [15,16].

In this context, extraction with supercritical CO2 represents
n important tool to replace conventional methods, and it can
e applied for the production of uxi oil. This proposal allows the
evelopment of a new product and the valorization of the species,
specially in terms of environmental preservation. In this research,
xi (Endopleura uchi) oil was obtained via supercritical CO2 extrac-
ion in order to promote the valorization of the species in the
ndustrial scenario, showing the potential of its oil as a functional
ood.

. Material and methods

.1. Uxi samples

The uxi fruits were collected in the municipality of Bujaru, Pará,
razil (-01◦64′09′′S, -48◦02′73′′W),  in March 2018. After 48 h of
ipening, the material was transported to the Extraction Labora-
ory of the Federal University of Pará, where manual pulping was
erformed. The pulp was frozen in an ultra-freezer at −80 ◦C for 24
. Dehydration was carried out in a freeze dryer (Alpha, 2–4 LD Plus,
ermany) for 72 h. The dehydrated pulp was crushed in a proces-

or (Croydon, LR03, Brazil) and stored in a polyethylene package,
ept under vacuum, at a temperature of 5 ◦C, for five months,
ntil the analysis and extraction of the oil. The real density was
etermined using the Hélio (He) automatic gas pycnometer Quan-
 of Supercritical Fluids 165 (2020) 104932

tachrome Ultrapyc 1200e. The apparent density was determined
by the mathematical ratio between the mass and volume of the
pulp, according to Eq. 1. The bed porosity was  determined through
Eq. 2. The average diameter of the particles was  determined from
granulometric analysis using Tyler sieves 14–32, according to ASAE
[17].

�a = ms

Vs
(1)

ε = 1 − �a

�t
(2)

Where: �a is the apparent density, �t is the real density, ms is the
sample mass, Vs is the sample volume, and � is the bed porosity.

2.2. Centesimal composition

The centesimal composition of the dehydrated uxi pulp was
determined by analyzing the moisture, ash, lipids, proteins and
carbohydrate contents, according to the methods described by
Instituto Adolpho Lutz [18]. The moisture content was  determined
by drying the sample in an oven at 105 ◦C, until constant weight.
The percentage of ash was determined by incinerating the samples
in muffle heated to 550 ◦C. The lipid content was  determined by the
Soxhlet method, using petroleum ether as a solvent. Protein con-
tent was  quantified using the Kjeldhal method, using factor 6.25 for
nitrogen conversion. Total carbohydrates were calculated from the
difference between 100 and the sum of moisture, ash, lipids and
proteins.

2.3. Oil extraction with supercritical CO2

The experiments were carried out in the extraction unit Spe-
edTM SFE (Model 7071, Applied Separations, USA) equipped with
100 mL  cell (0.0317 m internal diameter and 0.1244 m high) and
cylinder containing CO2 (99 % purity, White Martins, Brazil). The
global yield isotherms were determined through tests with 20 g
of uxi pulp (5.05 cm of bed height inside the cell). The extractions
occurred at temperatures of 40 and 60 ◦C and pressures of 200, 300
and 400 bar. The extraction period was divided into two  stages:
static period of 1800s and dynamic period of 10,800 s. The CO2 mass
flow was  8.85 × 10−5 ± 2.95 × 10−6 kg.s−1. The CO2 density was
determined using the platform from National Institute of Standards
and Technology (NIST), which uses the state equation developed
by Span and Wagner [19]. The global oil yield (on a dry basis) was
determined using Eq. 3. Each condition was performed in duplicate.

Y(%db) =
(

mo

ms

(
1 − Us

100

)
)

100 (3)

Where: Y(%db) is the oil global yield in dry basis, mo is the oil mass,
and Us is the percentage moisture of the pulp.

2.4. Solubility prediction of uxi oil in supercritical CO2

The solubility of uxi oil in supercritical carbon dioxide was  deter-
mined according to the methodology described by Cunha et al. [20].
The solubility of uxi oil in CO2 in a pressurized system was  cal-
culated using the Peng-Robinson [21] cubic equation of state (Eq.
4) combined with the quadratic Van der Waals mixing rule. For
mixtures, parameters a and b were obtained through the phys-
ical properties of pure substances and the use of a mixing rule,
with the interactions between the components of the mixture rep-

resented by the parameters of binary interaction. In this work it
was used the Van der Waals mixing rule with two parameters of
binary interaction, represented by Eqs. 5–8. The symbols kij and
�ij are the parameters of binary interaction. In order to estimate
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he parameters of binary interaction, it was used the computer
oftware EDEFLASH as in the research conducted by Araújo and
eireles [22]. This software used the PT flash procedure and the
odified Simplex mathematical method by Nelder and Mead [23]

o minimize the objective function (OF). The symbols xe
i, xc

i, ye
i, yc

i
epresent the fraction of experimental liquid in the system, fraction
f calculated liquid, fraction of experimental gas in the system and
raction of calculated gas, respectively.

 = RT

V − b
− a(T)

V (V + b) + b(V − b)
(4)

m =
∑∑

xixjaij (5)

m =
∑  ∑

xixjbij (6)

ij =
(

aiiajj

) 1
2

(
1 − Kij

)
(7)

ij = (bii + bjj)
2

(
1 − �ij

)
(8)

F =

√
1
n

∑n

i=1

(
xe

i
− xc

i

xe
i

)2

+
(

ye
i
− yc

i

ye
i

)2

(9)

The use of a cubic equation of state to estimate solubility
equires specific information about each constituent of the oil, such
s critical temperature (Tc), critical pressure (Pc) and acentric fac-
or (�). For the calculation of critical properties (Tc, Pc), it was  used
he method of Ashour and Wennensten [24] and Constantinou and
ani [25], while the calculation of the acentric factor was  done by
sing the method of Wagner [26] and Tu [27].

The objective function correlates the difference between the
heoretical and the experimental value. Experimental fatty acid bal-
nce data were obtained from the literature Maheshwari; Zou; Yau
28–30]. Solubility (S) was calculated according to Eq. 10, and the
esults were expressed in mg  oil/g CO2.

 = ˙Mizi

MCO2 zCO2

x1000 (10)

here: zi is the molar fraction of component i in the gas phase; M
s the molar mass of each component.

.5. Gas chromatography coupled to mass spectrometry (GC–MS)

The fatty acid composition of the uxi oil was  determined using
atty acid methyl esters (FAMEs) according to the methodology
uggested by Khan and Scheinmann [31] with modifications. The
AMEs were identified by Gas Chromatography coupled to Mass
pectrometry (GC–MS), using the equipment QP-2010-Plus (Shi-
adzu) by means of silica capillary column (Rtx-5 ms,  30 m × 0.25
m × 0.25 �m)  with the aid of the software MS Solution and litera-

ure data [32–34]. The analysis conditions were: oven temperature
rogrammed at 100 ◦C (5 min) with a gradient from 4 ◦C/min up
o 260 ◦C (20 min); helium (1.2 mL/min) as carrier gas; splitless
njection of 1 �L of sample; ionization by electron impact at 70
V. The compounds were identified by comparing their retention
ndices and mass spectra with those from the standard fatty acids
vailable in the literature.

.6. Functional quality of uxi oil

The functional quality of uxi oil was determined based on the

roportions of fatty acids, according to the respective lipid profiles,
valuated in three composition indices: Atherogenicity Index (AI),
epresented in Eq. 11; Thrombogenicity Index (TI), Eq. 12, following
he methodology proposed by Ulbricht and Southgate [35]; and the
 of Supercritical Fluids 165 (2020) 104932 3

ratio of hypocholesterolemic / hypercholesterolemic (H/H), Eq. 13,
suggested by Santos-Silva et al. [36].

AI = (12 : 0) + 4 (14 : 0) + (16 : 0)
(
∑

MUFA)  + (
∑

n − 6) + (
∑

n − 3)
(11)

TI = (14 : 0) + (16 : 0) + (18 : 0)

0, 5(
∑

MUFA)  + 0, 5(
∑

n − 6) + 3(
∑

n − 3) +
(∑

n−3∑
n−6

)
(12)

H/H =
(18 : 1n − 9) + (18 : 2n − 6) + (20 : 4n − 6) + (18 : 3n − 3)

+ (20 : 5n − 3) + (22 : 5n − 3) + (22 : 6n − 3)

(14 : 0) + (16 : 0)
(13)

Where: 12:0 lauric acid, 14:0 myristic acid, 16:0 palmitic acid, 18:0
stearic acid, 18:1 oleic acid, 18:2 linoleic acid, 18:3 linolenic acid,
20:5 eicosapentaenoic acid, 22:5 docosapentaenoic acid, and 22:6
docosahexaenoic acid.

2.7. Prediction of the triglyceride composition of uxi oil

The identification of possible triglycerides was carried out using
the methodology developed by Norris and Mattil [37]. This the-
ory addresses the random distribution of fatty acids that make up
triglyceride molecules (TAGs), and in this aspect, it is possible to
verify that N3 TAG molecules are possible, considering the identifi-
cation of N fatty acids present in the uxi oil and the presence of all
isomers of the triglyceride molecules. In this context, an alternative
to this determination was to develop an Excel spreadsheet, apply-
ing knowledge of combinatorial analysis to determine all possible
combinations between the fatty acids that constitute a triglyceride
molecule. This methodology results in a large number of TAGs, and
the results were described by groups of TAGs (NC:NDB), where NC
is the number of carbons, discounting three carbon atoms of the
glycerol, and NDB is the number of double bonds. Groups with less
than 1 % (w / w)  of the total concentration were ignored and all
isomers were considered. Combinatorial analysis was applied and
developed in the Visual Basic for Application (VBA) programming
language.

2.8. Thermal analysis

2.8.1. Thermogravimetric (TG-DTG)
The TG-DTG analysis was  carried out in a Shimadzu thermobal-

ance (DTG-60 H) according to the following parameters: air flow
of 50 mL/min, heating ramp rate of 10 ◦C/minute and temperature
range of 30–600 ◦C. It was  used aluminum crucibles and sample
mass of 7 ± 0.5 mg.  This analysis was performed for the best con-
dition of global mass yield of uxi oil.

2.8.2. Differential scanning calorimetry (DSC)
DSC analysis was performed on Shimadzu DSC-60A equipment

(induced oxidation) according to the following parameters: nitro-
gen flow of 50 mL  / min, heating ramp rate of 10 ◦C and temperature
from 20 to 600 ◦C. It was used aluminum crucibles and sample mass
of 5 ± 0.5 mg.  The DSC analysis was performed for the best condition
of global mass yield of uxi oil.

2.9. Statistical analysis
The experimental essays of oil extraction were carried out in
duplicate. In order to verify the existence of a significant difference
between the SFE conditions, the results averages were submitted to



4 R.H.H. Pinto, E.G.O. Menezes, L.C. Freitas et al. / J. of Supercritical Fluids 165 (2020) 104932

Fig. 1. Global yield isotherms of uxi oil extracted with supercritical CO . Fig. 1.1. Yield versus pressure and Fig. 1.2. Yield versus density. Diamond dots represent the isotherm
o nditions statistically equal, with 95 % confidence. SD: Standard Deviation.
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Table 1
Binary interaction parameters.

Parameters

FattyAcids Kij
16:0 Palmitic −0.017277716 −0.02322057
18:0 Stearic 0.084396659 −0.00171055
18:1 Oleic 0.090523308 −0.00181091
2

f  40 ◦C; square dots represent the isotherm of 60 ◦C. Repeating letters represent co

nalysis of variance and, when significant, compared by the Tukey
est with 95 % confidence level, using the STATISTIC®7.1 software
Statsof, Inc., Tulsa, USA).

. Results and discussion

.1. Freeze-dried uxi pulp characteristics

The real density of the uxi pulp was 1200 ± 10 kg/m3, while
he apparent density was equal to 504.48 ± 9.36 kg/m3. The bed
orosity was 0.58 ± 0.01. The average diameter of the pulp particles
as 0.82 ± 0.02 mm.  The centesimal composition of the dehydrated
xi pulp showed moisture equal to 6.96 ± 0.02 %; ash content of
.49 ± 0.01 %; lipid content equal to 25.61 ± 0.02 %; protein content
f 3.87 ± 0.05 % and total carbohydrates of 62.07 %.

.2. Global yield

The extraction performance and global yields of uxi oil are
hown in Fig. 1. The highest yield, 24.48 ± 0.20 % (db), was  obtained
n the condition of 60 ◦C and 400 bar, while the lowest yield, 9.44

 0.05 % (db), was observed in the condition of 60 ◦C and 200 bar.
he results obtained in the uxi oil + CO2 system showed a direct
elationship between CO2 yield, pressure and density. At 60 ◦C/400
ar the density of CO2 presented a value of 890.14 kg/m3, caus-

ng greater CO2 solubility power, contributing to greater efficiency
f the extraction process, contrary to the condition of 60 ◦C/200
ar, with CO2 density equal to 723.68 kg/m3. This behavior was
bserved in the research carried out by Pinto et al. [13] and Batista
t al. [38]. High yields were also observed at 40 ◦C/ 300 bar (23.75

 0.06 %), 40 ◦C/400 bar (23.83 ± 0.68 %) and 60 ◦C/300 bar (23.25
 0.66 %) in dry basis. These results are statistically equal to that

ound at 60 ◦C/400 bar. Considering these results, the best condi-
ion observed in this study was 40 ◦C/300 bar, as it allows oil to be
xtracted with lower energy consumption and less work done by
he pump.

.3. Oil solubility in supercritical CO2

The calculated solubility values are in accordance with the
xtraction yields obtained experimentally, as it is found that the
olubility between the uxi oil and the supercritical solvent is higher
t a temperature of 60 ◦C and 400 bar. However, the operational

xtraction conditions of 40 ◦C/300 bar, 40 ◦C/400 bar and 60 ◦C/300
ar also showed high solubility values. The parameters of binary

nteraction are shown in Table 1. The Table 2 shows the calcu-
ated values for the physical properties, as well as indicates the
The values of the binary interaction parameters of the phase equilibrium were cal-
culated using the Peng-Robinson cubic equation of state [21]. The calculated phase
balance data are close to the experimental values found in the literature.

methods used for the calculations. Fig. 2 shows the prediction of
solubility expressed in mg  oil/g CO2. In this aspect, it is possible
to observe that both isotherms showed the dominant effect on the
solvent density during the oil extraction/separation process, since
an increase in solubility was verified as the pressure increased.

The solubility or solvation power of a fluid is determined
through its density, and this property increases in isothermal sys-
tems by increasing the pressure, whereas in isobaric systems,
density increases with decreasing temperature Silva et al. [39].
Fig. 2 shows that the solubility power of CO2 increased with a pres-
sure increase from 200 to 400 bar, in the isotherm of 60 ◦C. The
behavior of the CO2 solvation power in the 40 ◦C isotherm increased
from 200 to 300 bar. However, it remained almost unchanged from
300 to 400 bar. These data confirm the extraction performance
observed through the results regarding the global yields, consider-
ing that the values were statistically equal. The solubility prediction
data show the crossing point between the isotherms. Above the
crossing point, the vapor pressure of the uxi oil compounds is pre-
dominant. The high yields obtained at 40 ◦C/300 bar and 40 ◦C/400
bar were due to the high density of CO2, while the yields observed
at 60 ◦C/300 bar and 60 ◦C/400 bar are explained through the
increased vapor pressure of the lipid compounds in the uxi pulp.
Before the crossing point, the density of CO2 was predominant, and
after this point, the vapor pressure turned predominant.

3.4. Fatty acid profile

The fatty acid profile of uxi oil under different temperature and
pressure conditions did not change in qualitative terms. The chem-
ical composition of uxi oil showed a predominance of unsaturated
fatty acids (UFA) with a concentration of 58.09–59.86 g/100 g oil,
with an emphasis on oleic (n-9) and linoleic acid (n-6). Among sat-

urated fatty acids (SFA), palmitic acid and stearic acid were the
majority. The results can be seen in Table 3. The concentration
of oleic acid (n-9) ranged from 52.32–54.59 g/100 g oil, while for
linoleic acid (n-6) the content was  between 2.27 and 5.59 g/100
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Table  2
Thermophysical properties calculated by group contribution methodology.

FattyAcids MM (g/mol) Tb (K) Tc (K) Pc (bar) �

16:0 Palmitic 256.42 608.4731* 780.3814** 14.1765** 1.0104***
18:0  Stearic 284.48 626.8235** 796.6483** 12.4403** 1.0861***
18:1  Oleic 282.46 626.8074** 797.5042** 12.6837** 0.9245****

Where MM:  molar mass, Tb: boiling temperature, Tc: critical temperature, Pc: critical pressure, �: acentric factor. *Ashour and Wennesten [24], **Constantinou and Gani
[25], ***Wagner [26], ****Tu [27].

Fig. 2. Solubility of uxi oil in supercritical CO2. Fig.2.1. Solubility versus pressure; Fig. 2.2. Solubility versus density. Diamond dots represent the temperature of 40 ◦C; square
dots  represent the temperature of 60 ◦C.

Table 3
Fatty acid composition of uxi oil.

g fatty acid/100 g oil

Fatty Acid
40 ◦C 40 ◦C 40 ◦C 60 ◦C 60 ◦C 60 ◦C
200  bar 300 bar 400 bar 200 bar 300 bar 400 bar

14:0  Miristic 0.24 0.12 0.06 0.36 0.18 0.05
16:0  Palmitic 23.90 22.84 24.19 24.30 23.21 22.07
16:1  Palmitoleic 0.76 0.42 0.23 0.97 0.64 0.16
17:0  Margaric 0.65 0.38 0.23 0.77 0.59 0.16
18:0  Stearic 14.70 14.36 14.71 13.21 14.49 14.04
18:1  Oleic (n-9) 54.59 52.67 53.69 52.32 53.35 53.69
18:2  Linoleic (n-6) 2.27 4.69 5.59 3.72 3.77 5.16
20:1  Gondoic 1.04 0.64 0.35 1.08 0.92 0.27
24:0  Lignoceric 0.12 0.15 0.12 0.24 0.37 –∑

FA 98.27 96.27 99.17 96.97 97.52 95.60∑
SFA 39.61 37.85 39.31 38.88 38.84 36.32∑
UFA 58.66 58.42 59.86 58.09 58.68 59.28∑
MUFA 56.39 53.73 54.27 54.37 54.91 54.12∑
PUFA 2.27 4.69 5.59 3.72 3.77 5.16

AI  0.42 0.40 0.41 0.44 0.41 0.38
TI  1.32 1.28 1.30 1.30 1.29 1.22
H/H  2.36 2.50 2.44 2.27 2.44 2.66

W  fatty
A mics.
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here
∑

: summative, FA: fatty acids, SFA: saturated fatty acids, UFA: unsaturated
therogenicity Index, TI: Thrombogenicity Index and H/H: Hypo/Hypercholesterole

 oil. The concentration of palmitic acid ranged from 22.07–24.30
/100 g oil, while stearic acid had a content of 13.21–14.49 g/100

 oil. The sum of unsaturated fatty acids in this research reached a
alue close to that found by Berto et al. [6] for lipid extract of uxi
ulp.

The effects of oleic acid (n-9) include its activity on the
ypothalamus, a region that controls energy homeostasis. The
ypothalamus combines energy intake with energy expenditure

n order to prevent obesity through signs of satiety (leptin) and
ormones (insulin). Upon detecting unsaturated fatty acid, the
ypothalamus reduces food intake and, consequently, glucose

ntake [40].
Polyunsaturated fatty acids (PUFA) are considered essential
atty acids, as humans do not have the ability to desaturate bonds
f the type n-3 and n-6, and for this reason, they must be obtained
hrough food. Fatty acids n-6 are widely consumed in the form of
inoleic acid, mainly from vegetable oils. PUFAs are precursors to
 acids, MUFA: monounsaturated fatty acids, PUFA: polyunsaturated fatty acids, AI:
 The standard deviations for all fatty acids were lower than 1.8 %.

eicosanoids, which are potent lipid mediators, playing an impor-
tant role in inflammatory regulation [41]. According to the Food and
Nutrient Database for Dietary Studies (FNDDS), PUFAs have high
concentrations in nuts, seeds and oils of vegetable origin, such as
flaxseed, soy and sunflower. According to US  Institute of Medicine
(IOM) the consumption of linoleic acid (n-6) should be 11.1–22.2
g/day, considering a diet of 2000 kcal/day, equivalent to 5–10 % of
age-specific dietary macronutrients [42].

Epidemiological investigations demonstrate that an adequate
diet with linoleic acid (n-6) is associated with lower levels of
low plasma density lipoproteins (LDL-C), and dietary intervention
research indicates that replacing 5 % of the energy in the SFA-
derived diet with PUFA n-6 decreases LDL-C up to 10 %, significantly

reducing the risk of developing cardiovascular disorders [11]. A
higher consumption of PUFA, specifically, linoleic acid (n-6), is asso-
ciated with improved glycemic levels [43].
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Table  4
Triglycerides composition of uxi oil.

g Triglycerides/100 g oil

40 ◦C 40 ◦C 40 ◦C 60 ◦C 60 ◦C 60 ◦C
TAG  X:Y MM 200 bar 300 bar 400 bar 200 bar 300 bar 400 bar
PPP  48:0 806 1.44 1.34 1.45 1.57 1.35 1.23
PPS  50:0 834 2.65 2.52 2.65 2.57 2.52 2.35
PPO  50:1 832 9.86 9.24 9.66 10.16 9.30 8.98
PPLi  50:2 830 – – 1.01 – – –
PSS  52:0 862 1.63 1.58 1.61 1.40 1.58 1.49
PSO  52:1 860 12.13 11.62 11.75 11.05 11.61 11.42
PSLi  52:2 858 – 1.03 1.22 – – 1.10
POO  52:2 858 22.52 21.30 21.45 21.89 21.37 21.84
POLi  52:3 856 1.87 3.79 4.47 3.11 3.02 4.20
SSO  54:1 888 3.73 3.65 3.57 3.00 3.62 3.63
SOO  54:2 886 13.85 13.39 13.04 11,9 13.34 13.90
SOLi  54:3 884 1.15 2.39 2.72 1.69 1.89 2.67
OOO  54:3 884 17.14 16.38 15.87 15.71 16.37 17.71
OOLi  54:4 882 2.14 4.37 4.96 3.35 3.47 5.11

Where X: number of carbons, Y: Double Bond, MM:  Molar Mass, P: Palmitic acid, S: Stearic acid, O: Oleic acid and Li: Linoleic acid.
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here TG: Thermogravimetric, DTA: Differential Thermal Analysis and DTG: Deriva

.5. Functional quality

Considering the majority composition of unsaturated fatty acids
nd their functional properties, uxi oil extracted with supercritical
O2 can be characterized as a functional food due to the athero-
enicity index (AI) and thrombogenicity index (TI), as well as the
orrelation between hypo and hypercholesterolemic compounds
H/H). The results showed that AI varied from 0.38 to 0.44, while TI
aried from 1.22 to 1.32, and H/H from 2.36 to 2.66. The AI results
ere similar to those found by Cunha et al. [20] who evaluated

he functional quality of bacaba-de-leque oil (Oenocarpusdistichus
art.) and Silva et al. [39] who evaluated aç aí oil (Euterpe oler-

cea), both products extracted with supercritical CO2. The AI and
I information in lower values in the diets are desirable parame-
ers for revealing a better nutritional and functional composition
f the oils, especially for acting in the prevention of cardiovascu-
ar disorders. Conversely, H/H values should be analyzed inversely
roportional to AI and TI, because H/H is related to the benefits
f high-density lipoproteins (HDL) in metabolism. Thus, higher
/H values are desirable in lipid products for human consumption

35,36].

.6. Triglycerides
In order to determine the composition of triglycerides (TAG),
nly those that would be present in the oil in an amount greater
han 1 % of the total molecules were considered. The predictions
hermogravimetric.

were carried out using a computer application in Excel/VBA devel-
oped by the research group from the Extraction Laboratory - UFPA.
The most representative triglycerides in the composition of uxi oil
were OOO, POO, SOO and PSO, whose quantities add up to more
than 70 % of the composition. The TAG profile of uxi oil is shown in
Table 4. Other oils that also have a proven amount of fatty acids sim-
ilarly had a high amount of triolein and other triglyceride molecules
found in this study [44,45].

3.7. Thermogravimetric study

The degree of unsaturation from the constituent fatty acids rep-
resents the main parameter for determining the nutritional and
functional qualities of uxi oil. The majority presence of unsaturated
fatty acids indicates less stability in the presence of certain extrinsic
factors that can contribute to oxidative processes, such as tem-
perature and atmosphere, which represent deleterious elements
of oils, as can be seen in Fig. 3. The thermogravimetric profile of uxi
oil elucidates its behavior in relation to the gradual rise in tem-
perature and inert atmosphere. Thermogravimetric and derived
thermogravimetric analyzes (TG/DTG) show stability up to 300 ◦C
for uxi oil extracted with supercritical CO2 at 40 ◦C/300 bar, with
pronounced loss of mass at 380 ◦C. The loss of mass of the uxi oil

increases with increasing temperature. The observed temperature
levels represent values above the usual for food preparation. Above
380 ◦C, the sample degrades successively, with loss of mass until
complete decomposition at 600 ◦C.
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fluid region from the triple-point temperature to 1100 K at pressures up to
ig. 4. Differential scanning calorimetry (DSC) of uxi oil extracted at 40 ◦C/300 bar.

The DTG curve confirms the more pronounced decomposition
f the oil at temperature levels close to 380 ◦C, maintaining a linear
attern of behavioral changes, resisting the action of an oxida-
ive factor, such as temperature, which kept inert the atmosphere
pplied in this investigation. The dynamics exhibited by the TG and
TG curves indicate changes in the uxi oil extracted via supercritical
O2 when subjected to temperature increase, in a nitrogen atmo-
phere. The results of this investigation demonstrate the effects of
egetable oil oxidation on exothermic reactions, similarly to the
esults obtained by Santos et al. [46] in research carried out with
apucaia oil (LecythispisonisCamb.) obtained via supercritical CO2.
antos et al. [47] also found similar results in a study carried out
or Brazil nut oil (Bertholletia excelsa).

The DSC curve (Fig. 4) shows the mass loss behavior of char-
cteristic compounds of uxi oil, with a large oxidation peak at

 temperature level close to 400 ◦C. This dynamics confirms the
esults observed for the TG and DTG curves, because in this tem-
erature value there is a large release of energy resulting from the

arge decomposition of the oil’s lipid compounds.

. Conclusion

The process parameters analyzed in this study showed that the
ensity of supercritical CO2 was the main factor to obtain high
ass yield of uxi oil, with the use of temperature close to the CO2

ritical point, which contributed to the quality of the obtained prod-
ct. The fatty acids and triglycerides profiles (by prediction) and
he thermogravimetric study showed that uxi oil has interesting
unctional quality due to the majority composition of unsatu-
ated fatty acids that can be used to prevent the development
f chronic-degenerative disorders. The functional quality indices:
therogenicity (AI), thrombogenicity (TI) and hypo / hypercholes-
erolemic ratio (H/H) express that uxi oil can be consumed in the
uman diet as table oil, similarly to olive oil. It also can be applied

n the synthesis of functional foods or as phytotherapeutic product
n the treatment of coronary and cardiovascular diseases based on
-9 and n-6.
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