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SUMMARY: The regulation of  The European Union for olive oil and olive pomace established the limit 
of  35 mg·kg-1 for fatty acids ethyl ester contents in extra virgin olive oils, from grinding seasons after 2016. 
In this work, predictive models have been established for measuring fatty acid ethyl and methyl esters and to 
measure the total fatty acid alkyl esters based on near infrared spectroscopy (NIRS), and used successfully for 
this purpose. The correlation coefficients from the external validation exercises carried out with these predic-
tive models ranged from 0.84 to 0.91. Different classification tests using the same models for the thresholds 
35 mg·kg-1 for fatty acid ethyl esters and 75 mg·kg-1 for fatty acid alkyl esters provided success percentages from 
75.0% to 95.2%.
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RESUMEN: Determinación rápida de ésteres alquílicos en aceite de oliva virgen para detección temprana de defec-
tos sensoriales. La reglamentación de la Unión Europea para el aceite de oliva y el orujo de oliva ha establecido 
el límite de 35 mg·kg-1 al contenido de ésteres etílicos de ácidos grasos en los aceites de oliva virgen extra, para 
campañas de molienda posteriores a 2016. En este trabajo se han establecido modelos predictivos para medir 
los ésteres etílicos y metílicos de ácidos grasos y para la medida de los ésteres alquílicos de ácidos grasos totales 
basados en la espectroscopía de infrarrojo cercano (NIRS) y utilizados con éxito para este propósito. Los coefi-
cientes de correlación de los ejercicios de validación externa realizados con estos modelos predictivos oscilaron 
entre 0,84 y 0,91. Diferentes pruebas de clasificación utilizando los mismos modelos con respecto a los umbrales 
de 35 mg·kg-1 para ésteres etílicos y 75 mg·kg-1 para ésteres alquílicos, proporcionaron porcentajes de éxito del 
75,0% al 95,2%.
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1. INTRODUCTION

Virgin olive oil is the natural juice of the olive, 
which is usually a product of good or high quality. 
However, some processing steps are susceptible to 
product deterioration. After separating the solid and 
the aqueous phase from the olive oil, a series of sieves 
are needed. Each of these elements, specially the 
decanter, is difficult to keep clean (Alba, 2013) and 
the presence of foam is frequent.  Under these condi-
tions, alcoholic fermentation may produce ethanol or 
methanol in certain quantities, which constitutes sub-
strates for esterification, thus lending sensory defects 
to olive oil (Gómez-Coca et al., 2012).

Fatty acid alkyl esters (FAAEs) are formed by the 
esterification of short chain alcohols, mainly ethanol 
and methanol, with free fatty acids, yielding ethyl and 
methyl esters, respectively (Gómez-Coca et al., 2012). 
In fact, the most frequent olive oil defects are due to 
fermentation processes. This is the case of the fusty 
(atrojado) defect, characteristic of olives stored in 
piles, where anaerobic fermentation occurs. However, 
aerobic fermentation may happen in the foam of the 
decanters, as mentioned above. When FAAEs reach a 
certain concentration, they make fermentative altera-
tion evident (Pérez-Camino et al., 2002). For this rea-
son, a relationship between the FAAE concentration 
of olive oils and their sensory classification has been 
proposed, and a link between the presence of large 
quantities of FAAEs in olive oil and its fermentative 
sensory defects has been proven (Gómez-Coca et al., 
2012). Therefore, techniques for rapid determination 
of FAAEs in virgin olive oil for the early detection of 
sensory defects would be very useful.

The EU regulation for olive oil and olive pomace 
(European Commission Regulation, 1991) requires 
the presence of the fruity attribute and the complete 
absence of sensory defects, together with other physico-
chemical characteristics such a free acidity below 0.8% 
in order for an oil to be classifies as EVOO. In contrast, 
VOO admits the presence of sensory defects below 3.5 
on a scale of 10, and maximum acidity of 2%. The most 
recent amendment of the EU regulation (European 
Commission Regulation, 2016) established the limit of 
35 mg.kg-1 for fatty acid ethyl esters (FAEEs).

The relationship between ethanol and the olive 
oil sensory defects muddy, mold, fusty and vin-
egary must be emphasized. The presence of ethanol 
reveals the remarkable influence of alcoholic fer-
mentation on the sensory defects from a microbial 
origin, which is most common to virgin olive oil 
(Cayuela et al., 2015). Methanol is also present in 
the last three defects above, according to data from 
Procida et al. (2005). Methanol toxicity is more than 
300 times higher than that of ethanol according to 
the international chemical safety data sheets of 
both alcohols. Therefore, although fatty acid methyl 
esters (FAMEs) have not been included in the regu-
lation mentioned above, the methanol and FAME 

contents are important factors in olive oil quality, 
and it is essential to measure them.

Among the various non-destructive and rapid tech-
niques that can offer solutions for measuring FAAEs 
in virgin olive oil, near infrared spectroscopy (NIRS) 
technology, based on chemometrics, has provided 
major achievements. It offers several advantages, such 
as being a non-destructive and rapid, potentially multi-
parameter method. In addition, it is environmentally 
friendly, since no solvents or reagents are used. The 
suitability of measuring the main parameters of olive 
oil quality, such as free acidity, peroxides, K270 and 
K232 by NIRS has been reported several times (Conte 
et al., 2003; Mailer, 2004; Armenta et al., 2007; Bendini 
et al., 2007; Costa et al., 2008). In fact, the number of 
laboratories using NIRS techniques for routine analy-
sis of these parameters is continuously increasing. Vis/
NIRS has been reported to be a suitable method for 
determining the Oil Stability Index (OSI) (Cayuela et 
al., 2013), which measures olive oil oxidation.

Direct GC–MS with electron ionization (Boggia et 
al., 2014) has been reported as an advantageous method 
for FAAE analysis in addition to the UE and IOC 
official method (European Commission Regulation, 
1991), which is the most frequent. Mid infrared spec-
troscopy (Valli et al., 2013) and time domain reflec-
tometry (Berardinelli et al., 2013), both based on 
chemometric approaches, are the most unique, rapid 
techniques reported up to date for FAAE analysis in 
olive oils without requiring sample preparation.

Considering the above background, it might be 
useful to have rapid, alternative methods for detect-
ing and quantifying FAAEs and FAEEs in olive oils, 
as this would allow early detection of fermentation 
defects in the product. In the present work a NIRS 
rapid, non-destructive, and environmental friendly 
technique for the screening of FAAEs, FAEEs, and 
FAMEs in olive oil is reported.

2. MATERIALS AND METHODS

2.1. Olive oils

Olive oils from two different sample groups were 
used. A collection of olive oils preserved at the 
Instituto de la Grasa (IG-CSIC) provided 483 olive 
oil samples (set I), collected from different origins, 
composed of extra virgin, virgin, and lampante olive 
oil. Another sample group composed of 124 samples 
of the same olive oil types (set II) was provided by 
AINIA Technology Center (Paterna, Spain) within 
a research service.

2.2. Instrumentation

Spectral acquisition was performed for every 
sample with two different spectrometers. The pur-
pose of this was to assess the performance of dif-
ferent optical and constructive features, as well as 
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to test the utility of using visible wavelengths which 
perhaps may be related directly or indirectly to any 
compounds implied in fatty acid alkyl ester forma-
tion, which cannot be ruled out a priori.

Labspec (Analytical Spectral Devices Inc., 
Boulder) is a Visible/NIR spectrometer, with three 
detectors. The visible range (350-1000 nm) is pro-
cessed by a diode array detector with a sensitivity of 
512 pixels. Wavelengths in the visible spectrum may 
provide information directly or indirectly related to 
the quality parameters analyzed. The wavelength 
range of 1000-1800 nm is covered by a InGaAs detec-
tor cooled at -25 ºC. The same device combined with 
a high order blocking filter operates for the 1800-
2500 nm interval. The scanning speed is 100 ms. A 
spectrophotometric cuvette accessory (Ocean Optics, 
Dunedin) joined by fiber optic connectors, was used. 
The olive oil spectra were registered with Indico Pro 
software (Analytical Spectral Devices Inc., Boulder).

Luminar 5030 (Brimrose Corp., Maryland) is an 
AOTF (acousto-optic tunable filter) NIR spectro-
photometer, equipped with a reflectance post dis-
persive and InGaAs (1100-2300 nm) detector. The 
reference is automatically taken by the instrument. 
The scanning speed in Luminar 5030 is 60 ms. The 
spectrometer is equipped with a transflectance probe 
for liquid measurements in stainless steel. This probe 
has interchangeable threaded path lengths, and 0.5 
cm is used for olive oil. The signals were registered 
with software Acquire (Brimrose Corp., Maryland).

2.3. Spectral acquisition

For both spectrometers the whole spectrum was 
registered, with spectral variables at 1 nm interval 
each. Each sample is represented by an average spec-
trum, resulting from a total 100 spectra correspond-
ing to two replicates of 50 spectra each.

The temperature of a body influences the NIR 
radiation it reflects and absorbs, hence it is an impor-
tant factor in NIRS. In order to set the thermal con-
ditions for using the calibrations, the samples were 
taken from 4 ºC storage and placed in the lab 18 h 
before processing. Prior to the recording of spectra, 
the sample vials were placed in a thermostatic bath 
at 33 °C to check the stability of temperature. The 
recording of spectra was made nondestructively 
from each virgin olive oil sample without any other 
treatment. The acquisition with Labspec was carried 
out by transmittance, using the spectrophotometric 
cuvette accessory. The same operation with Luminar 
5030 was carried out using its transflectance probe.

2.4. Reference analysis

The reference analyses for the determination of 
FAEEs, FAMEs and FAAEs were conducted accord-
ing to the official method established by The EU 
(European Commission Regulation, 1991). Fatty 

acids methyl ester (FAMEs) values from the sample 
set II were provided by The AINIA Technology 
Center. The analysis method for FAAEs and FAMEs 
was the same as described for FAEEs. The reference 
analysis was done in duplicate.

2.5. Calibration procedure and chemometrics

Transmittance spectral data were transformed to 
absorbance. Mean and maximum normalization and 
second Savitzsky Golay derivatives were tested. The 
calibration sets for all models were formed once the 
external validation sets from the total of the olive oil 
samples available were excluded, as indicated below. 
Therefore, the external validation sets reserved were 
not included in the multivariate models. Partial Least 
Square (PLS) models for FAAEs, FAEEs and FAMEs 
were developed starting from the whole spectrum 
using The Unscrambler 9.7 (CAMO Software AS, 
Norway), with the full cross internal validation (FCV) 
procedure. The models’ principal components (PCs) 
were fixed after probes, using ten PCs initially. The 
procedure for selecting the spectral variable partici-
pating in the models consisted of several consecutive 
cycles. These consisted of eliminating those variables 
whose spectral correlation coefficients with the ana-
lyzed parameter were closer to zero. Variable selection 
ended in the last cycle which improved the statistical 
model R2 and R2

CV. This selection was made on the 
regression coefficient graph of The Unscrambler 9.7.

Model fitness was assessed independently of the 
model validation procedure described below accord-
ing to its proximity between R2 and R2

CV and stan-
dard error of calibration (SEC).

2.6. Model performance assessment

The calibration models were assessed by external 
validation exercises which make predictions on the 
validation set previously reserved. The validation 
sets for FAAEs (Va), FAEEs (Ve), and FAMEs (Vm), 
were built by selecting one of every five of the total 
olive oil samples available counting from the first, 
which were not used for calibration and reserved. 
Model performance was assessed mainly accord-
ing to the coefficient r of  the simple linear regres-
sion between the analyzed and the predicted values 
in the external validation exercises. This statistic is 
proposed as the most suitable for the purpose of 
a rapid detection of a significant presence of total 
FAAEs and FAEEs in olive oils, as discussed later. 
Their SEC and SEP were also considered.

After the previous tests, the model FAAEs, 
FAEEs and FAMEs were used in the same exter-
nal validation sets for detecting those samples with 
values higher than FAAEs 75 mg.kg-1 or FAEEs 
35 mg.kg-1 according to the thresholds previously 
mentioned. The outcomes are expressed as percent-
age of prediction success. The model prediction is 
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considered a success if is higher than these thresholds 
when the reference value is above this limit, as well as 
when the prediction values lower than this threshold 
also matches a reference value lower than it.

3. RESULTS

3.1. Olive oil spectrum

Near-infrared spectra are composed of vari-
ous bands which overlap as a result of the first and 
second overtones and a combination of the funda-
mental vibrations, mainly carbon–hydrogen. The 
assignment of the major near-infrared absorption 
bands of vegetable oils’ spectra has been described 
by Sato et al. (1991). Monounsaturated fatty acids 
match with the first overtones at 1,724 nm and 
1,766 nm, and with their combination at 2,358 nm. 
Polyunsuturated fatty acids relate to the first and 
second overtones and their combination at eight 
different wavelengths. Triolein is assigned to a first 
overtone at 1,725 nm, and with a combination at 
2,143 nm. Wavelengths in the region of 1,800 nm 
seem to be characteristic of saturated fatty acids 
(García-González et al. 2013). The assignment of 
the major visible absorption bands of olive oil has 
been described by Moyano et al. (2008).

Olive oil spectra acquired with Labspec from the 
samples analyzed in this work, shown in Figure 1, 
agree with the previously indicated reports. A broad 
absorbance band exists around 1220 nm, due to 
second overtones of C–H and CH = CH– stretch-
ing vibrations. Absorption intensity near 1,720 nm 
is characteristic of the first overtone of the C-H 
vibration of various chemical groups (−CH3, -CH2, 
=CH-) and varies according to analyzed TAGs. A 
high intensity absorbance peak occurs at about 2300 
nm which is caused by a combination of fundamen-
tal vibrations from the C-H groups (Sato et al., 
1991: Hourant et al., 2000).

3.2. Population characterization

The values from the FAAE, FAEE, and FAME 
reference analysis corresponding to the calibration 
and external validation sets are included in Table 1. 
As can be seen, wide variation ranges of the olive 
oils studied were integrated into the calibrations of 
all the parameters analyzed. The FAAEs ranged 
from 3.0 mg.kg-1 to 520.0 mg.kg-1 in calibration set 
I and from 13.0 mg.kg-1 to 780.0 mg.kg-1 in calibra-
tion set II. The FAAE averages from the calibration 
sets analyzed were 48.4 mg.kg-1 and 96.3 mg.kg-1, 
respectively, in calibration sets I and II.

3.3. Spectral variable analysis and chemometry

Maximum normalization provided slightly bet-
ter performance than the mean normalization treat-
ment for the FAAE, FAEE, and FAME calibrations 
tested. The treatments with first or second Savitzky 
Golay derivatives did not improve the calibration 
statistics in the tests (data not shown), which were 
conducted with the same calibration sets of samples 
with either of the spectrometers.

The procedure for selecting spectral variables 
provided a set of  wavelengths contributing to the 
models, including diverse NIR regions. The wave-
lengths participating in the calibrations are shown 
in Figure 2, where the regression coefficient graphs 
from the models for FAAEs, FAMEs and FAEEs 
obtained from the NIR (1100-2300 nm) spectrom-
eter are depicted. In these graphs, the horizon-
tal line within a certain wavelength indicates zero 
contribution to the model. The spectral windows 
corresponding to 1700 nm and 2100-2200 nm can 
be highlighted for their contribution to FAEE and 
FAAE models.

The calibration from the NIR spectrometer 
provided the best yields for the quantification of 
FAAEs, FAEEs and FAMEs. The visible wave-
lengths tested using the Vis/NIR spectrometer (350-
2500) nm did not improve the calibration. Moreover, 
after the removal of the visible spectrum and selec-
tion of spectral variables, the statistics of these last 
calibrations were lower than those from the exclu-
sively NIR wavelengths using the same method.

3.4. Fatty acids alkyl esters

The FAAE calibration statistics from both spec-
trometers are shown in Table 2. These calibrations 
come from absorbance spectral data treated with 
maximum normalization which provided the best 
fits with both instruments. The NIR model from 
calibration set I for FAAEs provided R 0.84 and 
SEC 30.9. The statistic R was a little lower with Vis/
NIR wavelengths, showing R 0.82, while SEC was 
29.9. Calibration set II gave R 0.94 and SEC 48.2 
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Figure 1. Olive oil Vis/NIR absorbance spectrum.
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using only NIR spectra, and R 0.92 and SEC 55.0 
with Vis/NIR.

The predictions of the external validation exer-
cises, carried out by using the best models to mea-
sure FAAEs on sets of 97 and 40 samples initially 
reserved for this purpose are shown in Figure 3. The 

FAAE model performance was satisfactory, accord-
ing to the r 0.91 and 0.93, respectively, for sample 
sets I and II. The same statistics r from Vis/NIR 
wavelengths were somewhat worse, with values of 
0.84 and 0.89, and the SEP values were worse with 
this optical configuration (Table 2).
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Figure 2. Wavelengths contributing to the models of FAAEs (a), FAMEs (b), and FAEEs (c).

Table 2. Statistics of the fatty acid alkyl ester, fatty acid ethyl ester, and fatty acid methyl ester models.

NIR
(1100-2300 nm)1

Vis/NIR
(350-2500 nm)2

Calibration Validation Calibration Validation 

Ra SECb SEPc r Ra SECb SEPc r

FAAEs I 0.84 30.9 33.6 0.91 0.82 29.9 43.2 0.84

II 0.94 48.2 54.5 0.93 0.92 55.0 90.9 0.89

FAEEs I 0.81 17.5 25.6 0.89 0.79 19.5 29.3 0.84

II 0.94 28.5 67.2 0.88 0.93 39.8 74.5 0.84

FAMEs II 0.95 12.6 18.7 0.92 0.92 15.2 23.4 0.91
1Initial wavelengths used from the NIR optical configuration
2Initial wavelengths used from the Vis/NIR optical configuration
aModel coefficient of calibration; bStandard error of calibration;
cStandard error of performance; dResidual predictive deviation.
FAAEs, fatty acid alkyl esters; FAEEs, fatty acid ethyl esters;
FAMEs, fatty acid methyl esters.

Table 1. Statistics of total Fatty Acid Alkyl Esters (FAAEs), Fatty Acid Ethyl Esters (FAEEs), Fatty Acids 
Methyl Esters (FAMEs) of the calibration and validation sets.

I II

N Range X r N Range X r
Calibrations

FAAEs 386 3.0-520.0 48.4 57.7 80 13.0-780.0 96.3 142.1

FAEEs 382 1.0-214.0 24.7 29.9 80 4.0-609.0 62.3 104.6

FAMEs 80 5.0-200.0 32.1 39.0

Validations

Va 97 3.0-572.0 50.7 78.2 40 7.0-865.0 127.1 190.5

Ve 97 1.0-361.0 27.7 49.8 40 1.0-652.0 91.1 143.0

Vm 40 4.0-213.0 36.0 47.8

I, calibration set I; II, calibration set II; FAAEs, fatty acid alkyl esters (mg.kg-1) FAEEs, fatty acid ethyl esters (mg.kg-1); 
FAMEs, fatty acid methyl esters (mg.kg-1); Va, validation of fatty acid alkyl esters; Ve, validation of fatty acid ethyl esters; 
Vm, validation of fatty acid methyl esters.
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3.5. Fatty acids ethyl esters

The FAEE calibration statistics are included in 
Table 2. The model from the NIR instrument gave R 
0.81 and SEC 17.5 with calibration set I, and R 0.94 
and SEC 28.5 with calibration set II. In addition, 
the Vis/NIR optical configuration provided R 0.79 
and SEC 19.5 with calibration set I, and R 0.93 and 
SEC 39.8 with calibration set II.

A sample with a FAEE value of 652 mg.kg-1 was 
included in validation set II, the only one higher than 
400 mg.kg-1. Taking into account the EU regulation 
the main interest is measuring the FAEE contents 

higher than 35 mg.kg-1 within a usual range. Thus, 
the usual range of the FAEE calibration has been 
considered to be up to 400 mg.kg-1. Therefore, the 
referred sample was removed from the validation set.

The external validation exercise of FAEEs using 
the NIR spectrometer provided SEP values of 25.6 
and 67.2 and r 0.89 and 0.88, respectively for valida-
tion sets I and II. The same statistics were worse with 
the Vis/NIR instrument, showing SEP values of 29.3 
and 74.5, and r 0.84 and 0.84, respectively, for valida-
tion sets I and II. These predictions using the Vis/NIR 
instrument, for sample groups I and II are shown in 
Figure 4, and their statistics are gathered in Table 2.
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Figure 3. External validations of fatty acid alkyl ester models. a, calibration set I; b, calibration set II.
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Figure 4. External validations of fatty acid ethyl ester models. a, calibration set I; b, calibration set II.
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3.6. Fatty acids methyl esters

Calibration for FAMEs was performed only 
with the sample group II. The optical configuration 
using NIR wavelengths from the spectrum com-
prised between 1100 to 2300 nm provided the best 
outcomes, the same as with FAAEs and FAEEs. The 
model from the NIR instrument with sample set II 
gave R 0.95 and SEC 12.6. These statistics are gath-
ered in Table 2.

Prediction exercises were carried out, as external 
validations, by using the FAME models to mea-
sure the 40 olive oil samples initially reserved and 
the same one was used for predicting FAAEs and 
FAMEs, whose statistics are shown in Table 2. This 
prediction using the NIR spectrometer, depicted in 
Figure 5, provided a SEP value of 18.7 and r of  0.92. 
The Vis/NIR instrument provided lower statistics, 
with values for SEP of 23.4 and r of  0.91.

3.6. Classification exercises

The models from the NIR configuration were 
used for classifying the samples of the external 
validations as higher or lower than the arbitrary 
threshold of 75 mg.kg-1. The samples composing 
validation set I were classified regarding this thresh-
old using the FAAE model I. This model was suc-
cessful at classifying 94.8% of the total samples. At 
the same time, the model correctly classified 78.65% 
of the samples from validation set I, whose FAAEs 
were higher than 75 mg.kg-1. Model II of FAAEs 
provided 90.5% success in the same classification on 
the total samples of validation set II.

Similarly, the prediction with FAEE model I pro-
vided correct classification of 88.7% of validation set 

I regarding the threshold of 35 mg.kg-1, regulated by 
the EU (European Commission Regulation, 2016), 
and was successful in the classification of 75.0% of 
the 16 samples whose FAEE values were higher than 
this threshold. Model II of FAEEs provided 70.0% 
success in this classification on the total samples of 
validation set II.

The EU regulation on FAAEs does not establish 
any threshold for FAMEs as such, although a simi-
lar classification exercise with FAME model II pro-
vided a correct classification of 95.2% of validation 
set II, considering the same threshold of 35 mg.kg-1 

as for FAEEs.

4. DISCUSSION

The major near-infrared absorption bands of 
the olive oils analyzed in the current study agreed 
with the literature. The wide variation range of 
the FAAEs shown in these olive oils must be high-
lighted as it brings significant value to the database 
established.

The null contribution of the visible spectrum to 
the predictive models of FAEEs and FAMEs was 
confirmed, which was expected since no pigmented 
compounds related to the content of FAAEs had 
been identified a priori. Besides, the best results for 
FAAEs, FAEEs and FAMEs were provided by the 
spectrometer using exclusively NIR wavelengths 
(1100-2300 nm) and transflectance configuration.

Time domain reflectometry (Berardinelli et al., 
2013) and mid infrared spectroscopy (Valli et al., 
2013), the only techniques which are rapid and 
without sample preparation for analyzing FAAEs 
reported previously, may be suitable according to 
the results reported, while the cost of the required 
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Figure 5. External validations of fatty acids methyl ester models. Calibration set II.
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equipment may be analogous to the case of the NIR 
technique. However, the versatility of NIR spec-
troscopy may make this analysis of FAAEs possible 
for olive oil and olive mill laboratories, when they 
already have instrumentation to be used for other 
previous applications. Thus, particularly, but not 
only in those cases, NIR spectroscopy may be an 
advantageous method for analyzing FAAEs in olive 
oils. However, if  routine analysis is intended, the 
technique requires some improvement. Also, as is 
normal in NIRS, a procedure for testing the model’s 
operation periodically is necessary.

CONCLUSIONS

Considering the results above for quantitative 
predictions and classifications together, PLS mod-
els based on NIR spectroscopy can provide a useful 
tool for early detection of virgin olive oil’s FAAEs 
and FAEEs.

The results of the present research indicate that 
NIR predictive models of FAAEs and FAEEs can 
provide an alternative method for the detection of 
these parameters in virgin olive oil. This technique 
is characterized as rapid, non-destructive, environ-
mentally friendly and potentially multi-parametric. 
This also implies the early detection of fermenta-
tion defects in virgin olive oil, which is also useful 
for non-destructively monitoring its quality.
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