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Abstract

Near-infrared spectroscopy and chemometrics were investigated as a rapid analytical method to evaluate quality parameters
of acaf oil during thermal oxidation under accelerated conditions. A two-factors full factorial design with 2 levels for the
treatment (without antioxidant and with 400 ppm of myricetin) and 8 levels for the oxidation time (giving insight of the
initial stage of oil oxidation) was used. Three quality parameters (peroxide, conjugated diene, and p-anisidine values) were
monitored by reference analysis. Multi-factorial analysis of variance and estimation of the order of the kinetic models pointed
out that both factors and their interaction had a significant effect on the quality parameters (p value <0.05). In particular,
the supplementation of acaf oil allowed delaying the induction period from 2 to 5 days. Chemometrics reveals that the best
spectral region for development of models was 10,000 to 6500 cm™'. Calibration models by partial least square regression
method (using full internal cross-validation and external validation) for the prediction of peroxide and p-anisidine values
present high determination coefficient (> 0.83) and ratio of prediction to deviation (> 2.9) that indicated good performance
for the prediction of new independent samples. High sensitivity (>83%) and accuracy (> 95%) of the linear discriminant
analysis, obtained when the first derivative was used as pre-treatment, were indicators of a suitable technique for classify-
ing new independent samples. Principal component analysis showed the formation of two clusters corresponding to agaf oil
samples safe and unfit for commercialization. In conclusion, near-infrared spectroscopy revealed to be a powerful alternative
analytical technique for prediction and classification of acai oil samples at industrial scale.
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Introduction

The consumption of foods rich in unsaturated oils has been
encouraged in recent years as their important role in human
nutrition and health has been demonstrated scientifically.
Numerous studies have suggested that a frequent intake
of unsaturated fatty acids provides prevention and control
of various diseases. Acai oil, which is of interest in this
work, consists of more than 70% of unsaturated fatty acids
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(Pacheco-Palencia et al. 2008; Batista et al. 2016) and is rich
in natural antioxidants, such as apolar phenolic compounds
(Pacheco-Palencia et al. 2008), tocopherols (Darnet et al.
2011), tocotrienols (Lubrano et al. 1994), and phytosterols
(Schauss 2010). Agai oil is known to present antidiarrheic
(Plotkin and Balick 1984), hypocholesterolemic (Souza et al.
2012), antimicrobial (Filho and Pereira 2012), anticarcino-
genic (Pacheco-Palencia et al. 2008; Monge-Fuentes et al.
2017), anti-inflammatory, and antinociceptive (Favacho et al.
2011) activities. Due to these chemical and biological prop-
erties, agai oil turns out very interesting for food, cosmetic,
and pharmaceutics industries.

However, oils presenting high proportions of unsatu-
rated fatty acids are very sensible to oxidation, which can
be induced in the presence of oxygen, light, heat, and/or
enzymes. Such process has traditionally received consider-
able attention because it causes economic loss to the indus-
try, shortens food shelf life, and produces unpleasant flavors
and odors as well as compounds that may be prejudicial to
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human health (Choe and Min 2006). Oil oxidation can be
delayed by the addition of low concentrations of some exog-
enous lipophilic antioxidants (as example of tocopherols,
carotenoids, or phenolic compounds) (Laguerre et al. 2007,
Choe and Min 2009). The main effect of such practice is
the increase of the induction period (Kiritsakis and Shahidi
2017). The exogenous antioxidant tested in the context of
this work is myricetin.

Many analytical techniques can be used for monitoring
oil oxidation; each one provides complementary information
of both primary and secondary oxidation products (Barriuso
et al. 2013). Reference and empirical analysis are widely
used as they allow a confident determination of some qual-
ity parameters of the status of oil oxidation. Nowadays,
they tend to be replaced by alternative and more modern
techniques that present advantages to be easy, low-cost,
fast, non-destructive, and real-time methods. One of such
technique is the near-infrared spectroscopy (NIRS), which
is investigated in our work.

A recent search in scientific databases pointed out that
NIRS continues to be poorly used as an analytical tool for
edible oil. When used, it mainly concerns the development
of regression or prediction models for parameters of compo-
sition (as example, moisture or protein contents, fatty acid
profile), authenticity, adulteration, or quality of common
oils (as example, olive, soybean, palm, rapeseeds, and sun-
flower). Very few studies have focused on the development
of NIRS methods for assessing quality parameters during oil
oxidation. Moreover, most of authors used an ample range
of oils samples (see for example Costa et al. 2016; Sanchez
et al. 2013; Canha et al. 2012; Armenta et al. 2007; Coz-
zolino et al. 2005) rather than performing a real oil oxida-
tion. Eventually, very few realized a frequent monitoring of
the samples during oil oxidation (see for example Daoud
et al. 2020; Hong et al. 2017; Muresan et al. 2016; Wojcicki
et al. 2015; Yildiz et al. 2001; Moh et al. 1999; Cho et al.
1998). Most of them demonstrate that NIRS, coupled with
chemometrics, has the capacity to predict some quality
parameters during oil oxidation, such as acidity, free fatty
acid, p-anisidine value, total polar materials, peroxide value,
conjugated diene value, or oxidative stability index. These
papers also concluded that more studies are needed to test
this approach on various other oils.

In this context, the main objective of our study was to
investigate for the first time the use of NIRS and chemomet-
rics as an analytical tool for monitoring quality parameters
of agaf oil with and without supplementation during thermal
oxidation. More specifically, our paper aimed to evaluate
if the supplementation of agai oil with myricetin has a sig-
nificant effect on the protection against oxidation. This was
achieved by the use of an experimental design allowing giv-
ing insight of the initial stage of oil oxidation, which is very
little explored in the literature, the determination of the order
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of the kinetic models, and the estimation of the induction
period. Moreover, our study aimed to determine if NIRS has
the ability to predict correctly quality parameters of agai oil
during oxidation. This was achieved by the development of
calibration models by partial least square regression method,
and the discussion of the best NIR spectral region aiming
to maximize the model performance. Eventually, our work
aimed to verify if NIRS has the ability to discriminate oil
samples during oxidation, and in particular to detect quickly
when agai oil samples became unfit for commercialization.
This was achieved by the use of the linear discriminant anal-
ysis and principal component analysis.

Materials and Methods
Raw Material

Three independent bottles of 1L of agai oil were purchased
from Mundo dos Oleos (Cruzeiro, Brasilia, Brazil). It con-
sists of a 100% pure and natural oil extracted by cold press-
ing, maceration, and filtration, without the addition of min-
eral oil, petrolatum, preservatives, essences, or any other
ingredients that may violate the extracted raw material.
The myricetin was purchased from Extrasynthese (Genay,
France) (Reference 1127 S, Batch 17, CAS 529-44-2).

0Oil Oxidation Conditions

The thermal oxidation of agai oil was performed under
accelerated conditions, according to the Schaal oven sta-
bility test (AOCS Cg 5-97, 2017), with small adaptations.
The assays were performed in properly identified 100-mL
amber bottles containing approximately 20 mL of agai oil.
The unopened bottles containing the samples were submitted
to accelerated conditions of oxidation at 60 °C for 7 days in
a stove with air recirculation (drying and sterilizing stove,
SOLAB SL-100, Piracicaba, Sao Paulo, Brazil). The initial
experimental point, namely “day 0,” underwent the oil oxi-
dation for 30 min. This minimum time of 30 min, required
for the oil temperature reaching 60 °C, was determined by
preliminary tests. As soon as the bottles were taken from the
stove according to the experimental design, they were satu-
rated with nitrogen atmosphere (N,) and stored at —20 °C
until the analysis.

Experimental Design

The experiments were performed according to a full facto-
rial design with two factors: treatment and oxidation time.
Two levels were evaluated for the treatment: agai oil without
antioxidant (“C-") and acai oil supplemented with 400 ppm
of myricetin (“My”). Eight levels were evaluated for the
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oxidation time, which correspond to the residence time of
the samples in the stove: 0, 0.5, 1.0, 1.5, 2.0, 3.0, 5.0, and
7.0 days. Each experimental point was repeated three times
using three individual bottles of agai oil. The 48 bottles were
properly identified, and placed randomly in the stove.

Reference Analysis
Quality Parameters

Primary (peroxide value and conjugated diene value) and
secondary (p-anisidine value) oxidation products in the
samples of acaf oil were evaluated according to official
methodologies. The peroxide value (PV), that quantifies the
amount of hydroperoxides, was evaluated according to the
AOCS SURPLUS Official Method Cd 8-53 (2009)—Acetic
Acid-Chloroform Method, using 5 g of acai oil sample. PV
was expressed as milliequivalents of peroxide per kilogram
of sample (mEq O,/kg). The conjugated diene value (CD),
which is relative to the fatty acid with two or more conju-
gated double bonds, was determined according to the AOCS
Official Method Cd 7-58 (2017), using 0.065 g of acai oil
sample. CD was expressed as percent content (% w/w) as
suggested by IUPAC Method 2.206. The p-anisidine value
(pAV), which is an indicative of the amount of unsaturated
aldehydes, was quantified according to the AOCS Official
Method Cd 18-90 (2017), using 0.5 g of acai oil sample.
pPAV is a dimensionless value (pAV unit).

Statistical Analysis

The results were expressed as the mean value + the standard
deviation (n=3). The results were submitted to the multi-
factorial analysis of variance (MANOVA) and the Fisher
LSD test, with a significance level of 95% (a=0.05), using
the STATISTICA software version 7.0 (Statsoft Inc., Tulsa,
OK, USA). In the graphical representations of the results,
same case letters imply that the values are not significantly
different according to the statistical analysis realized.

Rate of Production of Oxidation Products

Equation (1) expresses the rate of production of the oxida-
tion products (per unit of time) during oil oxidation. Con-
sidering that the quality parameter evaluated is noted A, r, 4,
is the rate of variation of A per unit of time; dA is the differ-
ence of the values of A in the time interval, dt, considered;
k is the rate constant kinetic; and » is the apparent order
of the reaction. The kinetics of oil oxidation are frequently
described by zero (n=0), first (n=1), or eventually second
(n=2) order kinetic models.

dA 0
Tadi = 7 = k[A] 1)

Near-Infrared Spectroscopy
Spectral Acquisition

The NIR spectra of agai oil samples were obtained using an
Antamis II FT-NIR Analyzer equipment from ThermoFis-
cher Scientific (Alto de Pinheiros, Sdo Paulo, Brazil), cou-
pled to a fiber optic SabIR transflectance probe. Acai oil
contained in the amber bottles was transferred to 50-mL
beakers externally protected with aluminum fold. The spec-
tra were obtained at 25 °C by accumulation of 32 scans in
the spectral regionfom 10,000 to 4000 cm™! with a resolu-
tion of 10 cm™!. The measurement was performed in trip-
licate. The NIR spectra of each sample were the average of
the three spectra collected.

Data Processing

NIR spectral data were analyzed using the software The
Unscrambler X 10.3 (CAMO Software Inc.). Different pre-
processing strategies of the raw spectral data were evaluated.
First, different NIR spectral regions were studied: whole
spectra 10,000-4000 cm™, cut 1 10,000-6500 cm™', cut
2 6100-5100 cm™, cut 3 48004000 cm™", and the com-
bination between cut 2 and cut 3 (see Fig. 2). Then, differ-
ent pre-treatments were applied to the NIR spectral data:
baseline, detrend, first, and second derivatives, multiplica-
tive scatter correction (MSC), smoothing, normal variate
(SNV). Such pre-treatments were applied individually or in
combination. The first and second derivatives and smooth-
ing pre-treatments were performed using the algorithm of
Savitzky—Golay (5 points and second-order filtering).

Calibration Models by Partial Least Square Regression
Method

The partial least square (PLS) regression method was used
to identify quantitative correlation between NIR spectral
data and the three quality parameters (i.e., peroxide value,
conjugated diene value, and p-anisidine value) obtained by
reference analysis. A PLS regression model was developed
for each NIR spectral regions using the raw NIR spectra
(i.e., without pre-treatment). Two strategies were used. First,
due to the limited number of samples, the calibration was
assessed by using the full leave-one-out internal cross-val-
idation procedure (Wojcicki et al. 2015). Then, the experi-
mental data were divided in two sets for realizing an exter-
nal validation procedure. The statistical parameters used to
evaluate the model performances included the root mean of
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error of calibration (RMSEC), cross-validation (RMSECYV),
and validation (RMSEV) and the determination coefficient
(R?). The ratio of prediction to deviation (RPD) value, cor-
responding to the ratio of the SD (deviation) of cross-valida-
tion or validation set to the RMSECYV or RMSEYV, was also
calculated. The optimum number of PLS factors was deter-
mined applying the root mean error (RMSE) and error (SE).

Principal Component Analysis and Linear Discriminant
Analysis

An exploratory NIR spectral data analysis by PCA was
applied to the raw NIR spectra (i.e., without pre-treatment)
to obtain an overview of the spectral changes among agaf oil
samples during oxidation. The classification analysis was
realized using linear discriminant analysis (LDA) using the
three first principal components (PC) of the PCA. The linear,
quadratic, and Mahalanobis methods were tested. The differ-
ent NIR spectral regions and pre-treatments were tested. The
performance of the classification was expressed in terms of
sensitivity and accuracy. The sensitivity describes the ability
of the model to classify correctly samples. The accuracy is
defined as the fraction of correctly classified samples with
respect to the entire set.

Results and Discussion
Quality Parameters During Oxidation

The significant increase of all quality parameters (i.e., per-
oxide value, conjugated diene value, and p-anisidine value)
with oxidation time whatever the treatment applied clearly
indicates the formation of primary and secondary oxidation
products (Choe and Min 2006) (see lower case letters in
Fig. 1). Our results are comparable to the ones obtained by
Silva and Rogez (2013) who is, to our knowledge, the only
paper who previously studied the oxidation of agai oil. In
particular, the authors submitted agaf oil samples at 60 °C
for 3,7, and 11 days, in the presence of 400 ppm of different
antioxidants, including myricetin.

Thanks to the experimental design used in our study,
coupled to MANOVA statistical analysis, we can conclude
that the treatment, the oxidation time, and the interaction
between both factors are significant for all quality param-
eters (p value <0.05). Only the interaction between the
treatment and the oxidation time for the p-anisidine value
is not significant (p value=0.31), which can be explained
by the high standard deviations (see Fig. 1¢) and by the fact
that it is a secondary product of oxidation. In particular, this
statistical analysis allows identifying the time period that
marks a sudden rise in the oxidation rate, commonly known
as the induction period, which corresponds to the depletion
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Fig. 1 Peroxide value (a), conjugated diene value (b), and p-anisidine
value (c) of acai oil without antioxidant (C-) and supplemented with
400 ppm of myricetin (My) during accelerated conditions at 60 °C for
7 days. Legend: Results are presented as the mean value + the stand-
ard deviation (n=3). Different lower case letters imply that the values
are statistically different, using the multi-factorial analysis of variance
(MANOVA) and the Fisher LSD test, with a significance level of 95%
(p value <0.05)
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of the endogeneous or exogeneous antioxidants (Kiritsakis
and Shahidi 2017). The induction periods relative to treat-
ment “C-" and “My” are approximately 1.5 to 2 days and 3
to 5 days, respectively (see Fig. 1), indicating that the sample
of acai oil without antioxidant is more sensitive to the oxida-
tion than the one supplemented with 400 ppm of myricetin.
This behavior has been observed by other authors for other
vegetable oils (Wojcicki et al. 2015).

In particular, the recommended limits of the peroxide
value in refined edible oil for commercialization and human
consumption are defined as 10 (Codex Alimentarus 1999)
and 30 mEq O,/kg (Gotoh and Wada 2006), respectively.
Acai oil without antioxidant (“C-") exceeds these values
after 2 days and 5 days of oxidation, respectively, while the
addition of myricetin (“My”’) allows delaying this period up
to 5 days and 7 days, respectively (see Fig. 1a).

Eventually, the estimation of the rate of production of the
primary and secondary oxidation products per unit of time
during oil oxidation also points out differences in behavior
as a function of the treatment (see Table 1). According to
the determination coefficients (R?) of the linear regression,
the kinetic model that best adjusted to the results of the pri-
mary oxidation products (peroxide value and conjugated
diene value) of treatment samples “C-" is a first-order kinetic
model (R*=0.98 and 0.93, respectively) (see Table 1). For
the secondary oxidation products (p-anidisine value), the
best model is a zero order kinetic model (R’°=0.91). For
treatment samples “My,” the best models are first-order
(conjugated diene value, R =0.78) and second-order (perox-
ide value, R’ =0.94; and p-anisidine value, R>=0.76) kinetic
models. This second-order kinetic model can be explained
by the important induction period (up to 5 days) regarding
to the total oxidation period (7 days).

NIR Spectral Changes During Oxidation
The NIR spectrum of agai oil (calculated as the average

of the different NIR spectra collected) shows the char-
acteristic absorbance bands of vegetable oils with some

well-defined bands (see Fig. 2) (Hourant et al. 2000). The
10,000-6500 cm™" region exhibits several weak band charac-
teristic of the second overtone of C—H stretching vibrations.
More specifically, the weak bands (a) at 8600 cm™! and (¢)
at 7100 cm™! are related to the methyl group (-CH;) while
the weak bands (b) at 8200 cm™! and (d) at 7000 cm™" are
related to the etilyl group (-CH,-). Such bands are commonly
present in oils rich in mono or polyunsaturated fatty acids.
The 61005100 cm™! region shows two main bands which
are characteristics of the first overtone of C-H stretching
vibrations: (e) at 5800 cm™" and (f) at 5680 cm™', attributed
to the presence of the linoleic and oleic acid, respectively.
The 48004000 cm™! region exhibits two bands attributed
to the = CH- stretching vibration of the cis double bound
(-HC=CH?-) unsaturated fatty acid: (g) at 4670 cm™! and (h)
at 4590 cm™. This region also showed two intense absorp-
tion bands that are characteristic of the combination of C-H
stretching vibration with other vibrational modes: (i) at
4340 cm™! and (j) at 4266 cm™!. Finally, one can observe two
characteristic bands (*) due to the presence of hydroperox-
ides at 4800 cm™~! (~OH combination bands) and 6950 cm™
(first overtones of O—H stretching vibrations).

The most pronounced changes of the NIR spectra of agai
oil during oxidation are observed in the spectral region from
10,000 to 6500 cm™" that exhibits bands related to functional
groups directly involved with oxidation of oils (see Fig. 3).
One can observe an increase of the absorbance as a function
of the oxidation time, whatever the treatment applied. More
specifically, the NIR spectral region from 7000 to 6500 cm™!
is also pointed out in the literature as presenting the most
significant changes due to the formation of hydroperoxides
(Wéjcicki et al. 2015; Costa et al. 2016).

Calibration Models by Partial Least Square
Regression Method

Calibration models were developed using PLS regression
method, using the full leave-one-out internal cross-vali-
dation procedure (see Table 2) and the external validation

Table 1 Evaluation of the order

of the kinetic model for the PV (mEq Oyke) €D %) PAVE)

three quality parameters as a C- My C- My C- My

function of the treatment
k forn=0 7.22 3.26 0.10 0.06 0.39 0.29
R? 0.93 0.67 0.90 0.76 091 0.58
kforn=1 0.32 0.20 0.20 0.14 0.15 0.15
R’ 0.98 0.77 0.93 0.78 0.87 0.53
kforn=2 -0.015 —0.020 —-0.421 —-0.353 -0.103 —0.062
R? 0.94 0.94 0.87 0.69 0.42 0.76

k rate constant kinetic, n order of the kinetic model, R? determination coefficient, PV peroxide value, CD
conjugated diene value, pAV p-anisidine value, C- acai oil samples without antioxidant, My acai oil sam-
ples supplemented with 400 ppm of myricetin

Bold numbers identify the best order of the kinetic model (k and R) for each quality parameter and each treatment
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Fig.2 Average NIR spectrum
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procedure (see Table 4). For this purpose, the samples were
divided in two different sets: 29 samples (approximately 64%
of the total number of samples) were selected as calibration
set, using 2 repetitions of each experimental point, and the
remaining 16 samples were employed as prediction set to
validate the calibration, using the third repetition of each
experimental point (see Table 3).

The different statistical parameters of the calibration
models for prediction of the peroxide value are very sim-
ilar whatever the NIR spectral region considered and the
validation procedure used (full internal cross-validation or
external validation) (see Tables 2 and 4). However, the best
NIR spectral region is 10,000-6500 cm™!, as presenting the
highest R? of calibration (>0.98), R? of cross-validation
(0.92), R? of validation (0.92) and RPD (> 3.55), the small-
est RMSEC (< 1.9 mEq O,/kg), RMSECYV (3.9 mEq O,/
kg), RMSEV (4.0 mEq O,/kg), and number of PLS factors
(< 7). The values obtained for these statistical parameters
are coherent with previous papers that developed calibration
models for prediction of peroxide value during oil oxida-
tion (see for example Calero et al. 2018; Hong et al. 2017;
Wojcicki et al. 2015; Armenta et al. 2007; Yildiz et al. 2001;
Moh et al. 1999 and Cho et al. 1998). Some of these authors
also studied the effect of the NIR spectral region on the qual-
ity of the calibration models and obtained similar conclusion
that is our (see for example Calero et al. 2018; Moh et al.
1999; Yildiz et al. 2001; Armenta et al. 2007).

There is an important variation of the statistical
parameters of the calibration model for the prediction
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of the conjugated diene value as a function of the
NIR spectral region (see Tables 2 and 4). In particu-
lar, the two NIR spectral regions (10,000-6500 cm™!
and 6100-5100 cm™') present relatively high R? of
calibration (> 0.82), R? of cross-validation (> 0.58),
R? of validation (> 0.55), and RPD (> 0.3), and small
RMSEC (<0.47%), RMSECV (<0.74%), and RMSEV
(<0.79%). The other NIR spectral regions (whole spec-
tra, 4800—4000, and 6100-5100 & 4800—4000 cm™})
present very poor quality. One can observe that the sta-
tistical parameters are slightly better using the full inter-
nal cross-validation (Table 2) than the external valida-
tion (Table 4), mainly regarding to the RPD values (1.5
versus 0.3). The two best NIR spectral regions identified
in our study and the values obtained for the different
statistical parameters are coherent with previous papers
who studied the prediction of the conjugated diene value
by NIRS (Daoud et al. 2020; Yildiz et al. 2001).

The different statistical parameters of the calibration
models for prediction of the p-anisidine value present a
slight variation as a function of the NIR spectral region
(see Tables 2 and 4). The best NIR spectral region is
10,000-6500 cm™! as presenting the highest R? of calibra-
tion (> 0.97), R? of cross-validation (0.89), R? of validation
(0.83), and RPD (>2.9), and the smallest RMSEC (0.04
PAV unit), RMSECYV (0.07 pAV unit), RMSEV (0.10 pAV
unit), and number of PLS factors (< 7). One can observe
that the statistical parameters are slightly better using
the external validation (Table 4) than the full internal
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Fig.3 Variation of the absorbance of the NIR spectra in the spectral region from 10,000 to 6500 cm™! as a function of the oxidation time for acai
oil without antioxidant (a) and supplemented with 400 ppm of myricetin (b)

cross-validation (Table 2), mainly regarding to the RPD
values (12.73 versus 2.9). The best NIR spectral region
identified in our paper and the values obtained for the differ-
ent statistical parameters are coherent with previous papers
who studied the prediction of the p-anisidine value during
oil oxidation (Calero et al. 2018; Yildiz et al. 2001).

In conclusion, one of the best NIR spectral region
for the development of calibration models for predic-
tion by PLS method for the three quality parameters is
10,000-6500 cm~', which is coherent with previous
papers. Moreover, as commonly observed in the litera-
ture, the best statistical parameters of the calibration mod-
els are obtained for the prediction of the peroxide value
and p-anisidine value (Yildiz et al. 2001). The models
are characterized by R? of calibration > 0.97, R? of cross-
validation > 0.89, R? of validation > 0.83, and RPD > 2.9,
which indicates good performance for the prediction of
new independent samples (Wdjcicki et al. 2015).

Principal Component Analysis of NIR spectra

The spectral changes occurring during oil oxidation are
evaluated using PCA on the raw NIR spectra (i.e., with-
out pre-treatments), as presenting the best visualization for
discrimination (see Fig. 4). The PC1 and PC2 explain 85
and 14%, respectively, of the total variability of the data
occurring during oxidation. Two main conclusions may be
highlighted. First, PCA exhibits a logical organization of
the points according to the oxidation time, highlighted by
the pathway from day O to day 7. Such behavior was pre-
viously reported by Wojcicki et al. (2015), who used the
combination of MIRS and NIRS to study the oxidation of
olive, sunflower, and rapeseed oils during accelerated oxi-
dative degradation. Second, it is interesting to observe that,

although with a slight overlap, the PCA shows the formation
of two sample clusters. Most of colored points, i.e., points
from day O to day 1.5, are located in the left part of the
PCA. Such points are relative to acai oil samples present-
ing peroxide value below the limit of 10 mEq O,/kg (see
Fig. 1a). On the other hand, points relative to acaf oil unfit
for commercialization are located in the right part of the
PCA. A similar discrimination of oil by PCA was previously
reported by Costa et al. (2016), who used NIRS to classify
soybean oil samples according to expiration date (correlated
to the peroxide value). PCA turns out a fast, practical, and
visual tool for the decision to preserve or throw away acai
oil samples at industrial scale.

Classification Analysis

The classification parameters of the LDA are presented for the
different NIR spectral regions, without pre-treatment and with
the pre-treatment that gives the best results of sensitivity and
accuracy (see Table 5). The worst performance parameters of
classification as a function of the oxidation time are obtained
using the NIR spectral data without pre-treatment whatever
the NIR spectral region considered (accuracy < 89%). The
classification analysis using the quality parameters obtained
by reference analysis presents highest sensitivity and accu-
racy (91.1%). Eventually, the use of pre-treatments of the NIR
spectral data allows increasing the classification parameters.
The use of the NIR spectral regions 6100-5100 cm™" (with
normalize and second derivative, or SNV and first derivative)
and 6100-5100 and 4800—4000 cm™" (with smoothing) also
presents an accuracy of 91.1%. The use of the NIR spectral
region 10,000-6500 cm™" with the pre-treatments MSC and
first derivative, or SNV and First derivative, allows an accu-
racy of 95.6% (see Table 5). In particular, the sensitivities are
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Table 2 Cross-validation statistics of the PLS calibration models for prediction of the three quality parameters as a function of the NIR spectral

region
Quality parameter NIR spectral region Calibration Cross-validation RPD PLS factors
R RMSEC R RMSECV

PV Whole spectra 0.978 2.036 0.804 6.262 2.12 9

(mEq O,/kg) 6100-5100 & 4800-4000 cm™! 0.969 2.454 0.711 7.599 1.82 9
6100-5100 cm™! 0.949 3.112 0.735 7.283 1.90 7
48004000 cm™! 0.960 2.752 0.403 10.923 1.27 9
10,000-6500 cm ™! 0.981 1.902 0.924 3.898 3.55 6

CD Whole spectra 0.259 0.960 0.186 1.030 1.08 2

(%) 6100-5100 & 48004000 cm™! 0.272 0.952 0.181 1.033 1.08 2
6100-5100 cm ™ 0.913 0.329 0.578 0.741 1.51 7
4800-4000 cm™! 0.239 0.973 0.178 1.035 1.08 1
10,000-6500 cm™! 0.819 0.475 0.683 0.643 1.74 5

pPAV Whole spectra 0.968 0.040 0.623 0.139 1.60 9

¢) 6100-5100 & 4800-4000 cm™! 0.941 0.054 0.486 0.162 1.37 8
6100-5100 cm™" 0.910 0.066 0.657 0.132 1.67 6
4800-4000 cm ™! 0.954 0.047 0.232 0.198 1.12 9
10,000-6500 cm ™! 0.967 0.040 0.886 0.076 2.90 6

R? determination coefficient, RMSEC root mean of error of calibration, RMSECYV root mean of error of cross-calibration, RPD ratio of prediction
to deviation, PV peroxide value, CD conjugated diene value, pAV p-anisidine value

Bold lines identify the best NIR spectral region(s) for each quality parameter

100% for all oxidation times except for “day 0” and “day 1”
where the sensitivities are 83.3%, signifying that only one
sample is not classified correctly. It is interesting to mention
that Costa et al. (2016) also identified that the best LDA clas-
sification performance (96%) of 50 samples of soybean oil
according to expiration date was obtained for the NIR spectral
region from 10,000 to 6500 cm™! and with the first derivative
as pre-treatment.

Conclusions

In our opinion, the important finding of our study is the
demonstrated potential of the use of NIRS and chemomet-
rics for the evaluation of quality parameters of acai oil with
and without supplementation during thermal oxidation. In
particular, thanks to the experimental design used, our paper
points out that the supplementation of acai oil with myri-
cetin allows delaying the induction period. Our study also
concludes that NIRS coupled to PLS calibration models and

LDA classification models allows predicting correctly qual-
ity parameters and classifying correctly agai oil samples as a
function of the oxidation time, respectively. Eventually, our
work shows that agai oil samples can be easily discriminated
as safe or unfit for commercialization using PCA. Such find-
ings could be useful for laboratories and industries leading
with acaf oil, mainly in the Amazonian Region.
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Table 3 Composition of the

o S Quality parameter
calibration and validation

Calibration set

Validation set

datasets for prediction of the N  Average deviation Range n Average deviation Range

three quality parameters using

NIRS PV (mEq O,/kg) 29 1544 14.89 6.40-57.20 16 14.74 14.37 5.80-56.01
CD (%) 29 0.40 0.22 0.17-1.06 16 0.41 0.24 0.14-1.09
pAV (-) 29 2.12 1.08 0.06-4.79 16 2.09 1.21 0.06-4.30

N number of samples, PV peroxide value, CD conjugated diene value, pAV p-anisidine value
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Table 4 External validation
statistics of the PLS calibration
models for prediction of the

Quality parameter NIR spectral region

Calibration Validation RPD PLS factors

R? RMSEC R’ RMSEV

three quality parameters as a

function of the NIR spectral PV Whole spectra 0.997 0.76 0.698 7.68 1.87 10
region (mEq Oy/kg) 6100-5100 & 4800-4000 cm™' 0.965 2.58  0.554 934  1.54 8
6100-5100 cm™ 0.972 231 0331 1143 126 6

4800-4000 cm™! 0.935 3.51 0402 10.82 133 7

10,000-6500 cm™" 0.996 0.82 0917 4.03 357 7

CcD Whole spectra 0.819 046 0253 101 023 6

(%) 6100-5100 & 48004000 cm™' 0.455 0.78  0.053 142  0.17 2

6100-5100 cm™" 0972 0.18 0549 0.79  0.30 7

4800-4000 cm™! 0436 081 011 111 021 2

10,000-6500 cm™" 0951 024 0704 0.64 037 6

PAV Whole spectra 0.996 0.01 0474 0.17 729 10

©) 6100-5100 & 4800-4000 cm™" 0.995 0.02 0520 0.16  7.66 10

6100-5100 cm™ 0926 006  0.089 022 555 6

48004000 cm™! 0.991 002 0460 0.17  7.20 9

10,000-6500 cm™! 0.995 0.02  0.829 0.10 1273 7

R? determination coefficient, RMSEC root mean of error of calibration, RMSEV root mean of error of vali-
dation, RPD ratio of prediction to deviation, PV peroxide value, CD conjugated diene value, pAV p-anisi-

dine value

Bold lines identify the best NIR spectral region(s) for each quality parameter
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