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The acidity, moisture and fat content in intact olive fruits were determined on-line using a NIR diode
array instrument, operating on a conveyor belt. Four sets of calibrations models were obtained by means
of different combinations from samples collected during 2009–2010 and 2010–2011, using full-cross and
external validation. Several preprocessing treatments such as derivatives and scatter correction were
investigated by using the root mean square error of cross-validation (RMSECV) and prediction (RMSEP),
as control parameters. The results obtained showed RMSECV values of 2.54–3.26 for moisture, 2.35–2.71
for fat content and 2.50–3.26 for acidity parameters, depending on the calibration model developed. Cal-
ibrations for moisture, fat content and acidity gave residual predictive deviation (RPD) values of 2.76,
2.37 and 1.60, respectively. Although, it is concluded that the on-line NIRS prediction results were accept-
able for the three parameters measured in intact olive samples in movement, the models developed must
be improved in order to increase their accuracy before final NIRS implementation at mills.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The olive tree (Olea europaea L.) is one of the most ancient
domestic fruit trees cultivated in the Mediterranean regions and
has an important economic impact mainly due to the production
of olive oil. Virgin olive oil is obtained from olive fruits using only
mechanical means and without the application of any chemical
treatment. The quality of a virgin olive oil can be affected by sev-
eral factors, such as the agronomic techniques used, the seasonal
conditions and the ripening stage among others. In order to assure
the correct quality of this oil, characterisation and quality control
of the raw materials is required at the entrance of the olive pro-
cessing plants (mills) as well as before starting olive oil extraction
process, because the quality of the olives can be changed during
the storage.

From the mill industrial point of view, the three main quality
parameters are the oil content and moisture of the fruit and free
acidity of olive oil. The knowledge of these parameters allows to
determine the payment to the growers and the final destination
of the olives (acceptability for milling or rejection and storage
monitoring). Traditionally, these parameters have been estimated
by analytical methods in chemical laboratories, such as Soxhlet
ll rights reserved.
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and Foss-let (Núñez et al., 2005) for the determination of the oil
content, as the gravimetric method for the determination of mois-
ture and as the acid–base titrations for the determination of free
acidity. In most of cases, these methods are tedious, destructive,
time consuming, require considerable sample manipulation, espe-
cially for large sample sets and also organic solvent consuming
(Muik, Bernhard, Molina-Diaz, & Ayora-Cañada, 2003). Moreover
they do not allow obtaining a quick response in oil content and
moisture determinations, since require a prior milling of the olives
and a subsequent drying of the paste obtained. Therefore, in order
to carry out an effective quality control and characterisation of the
receiving olives, fast, versatile and non destructive methods are
necessary for the instant measurement of all these parameters.

In this context, near infrared spectroscopy (NIRS) has been one
of the most important techniques to be used in the food and feed
laboratories in the last years. NIRS already plays an important role
due to its ability for rapid and non-destructive quantitative and
qualitative analysis of a high variety of products and constituents
in food/feed industry (Fernández Pierna, Baeten, & Dardenne,
2006; Murray, Aucott, & Pike, 2001; Osborne, Fearn, & Hindle,
1993). As far as olives are concerned, near infrared applications
regarding olive pomaces, pastes and oils composition have been re-
ported many times and a survey of these studies has been given
(Armenta, Moros, Garrigues, & De La Guardia, 2010). However, to
our knowledge, few papers in the literature have been dealing with
the use of NIR spectroscopy in intact olive fruits.
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The first applications in intact olives were developed with a Per-
ten diode array reflectance spectrometer. In this way, León, Rallo,
and Garrido (2003) and León, Garrido-Varo, and Downey (2004)
carried out the analysis of intact olive samples in order to deter-
mine the oil content and moisture of olives as well as fatty acids’
composition of olive oil by using NIRS. Evaluation of the use of this
technology for the determination of acidity and oil content in in-
tact olive fruits was also carried out by González, Pérez-Marín,
Garrido-Varo, and Guerrero (2004). Similar studies were done by
Morales-Sillero et al. (2011) that confirmed that NIRS can be used
as a useful technique to assess the properties of intact olives. For
that, spectral data were recorded using a Foss-NIRSystems 6500
SY-II monochromator instrument. Recent advances in NIRS tech-
nology have allowed the development of field portable instru-
ments, that enable collect spectral information directly on the
fruit on the tree (Cayuela, Garcia, & Caliani, 2009), allowing a more
rapid and efficient analysis (Cayuela & Pérez-Camino, 2010; Gracia
& León, 2011).

However, until now, few papers dealing with on-line process
control using NIRS in the olive mill industry have been published.
One major reason is probably the lack of suitable sensing devices,
which are required to be at the same time robust and non-destruc-
tive (Hildrum, Nilson, Westad, & Wahlgren, 2004). One of the first
preliminary studies of the viability of NIRS on-line methods was
performed by Hermoso, Uceda, García-Ortiz, Jiménez, and Beltrán
(1999). In this paper, the technique was used for the measurement
of the oil content and moisture in olive pomace from a two-year
campaign. The NIRS equipment (MM55E Infrared Engineering,
Maldon, Essex, UK) was installed at the decanter olive pomace pas-
sage. In another study, Jiménez-Márquez, Molina-Díaz, and Pasc-
ual-Reguera (2005) applied near infrared transmittance
spectroscopy to on-line control quality and characterisation of vir-
gin olive oils. PLS models were developed for acidity value, bitter
taste and fatty acid’s composition. The use of NIRS was also inves-
tigated by Gallardo-González, Osorio-Bueno, and Sánchez-Casas
(2005) for determining in real time the moisture and oil contents
of olive pastes and the resulting olive wastes generated in the 2-
phase oil extraction process. All the studies mentioned here indi-
cated that NIRS gives favourable performance parameters com-
pared with the analytical techniques for on-line analysis in olive
pomace, olive pastes and olive oils. However, no scientific informa-
tion has hitherto been available regarding the viability of NIR spec-
trometers for on-line quality control in intact olives.

In the present study, a reflectance instrument for NIRS measure-
ments (CORONA 45 Vis/NIR, Carl Zeiss Jena GMBh, Jena, Germany)
with a diode array detector was used on a conveyor belt set for the
on-line determination of the oil content, moisture and free acidity
parameters in intact olive fruits.
A

B

Fig. 1. Scheme of CORONA 45 Vis/NIR instrument on the process line. (A): NIR
equipment and (B): computer.
2. Materials and methods

2.1. Olive samples

Olives (O. europaea L.) from more than 50 different varieties
have been used in this study. 38% of the olives were from the ‘Pic-
ual’ cultivar, which is the variety most extended in Spain, and espe-
cially in Andalusia. The olives were gathered during the harvesting
time (October–March) of two olive crop seasons (2009–2010 and
2010–2011), mainly from the region of Córdoba and Jaén, but also
from other regions of Andalusia.

The olives were harvested manually, and leaves and damaged
olives were removed. After, the olives were stored in a refrigeration
chamber at 5 �C and 90% relative humidity until their chemical and
spectroscopic analyses.
2.2. On-line NIR analysis

This work was performed at the laboratory of the Food and
Postharvest Technology Area at the IFAPA ‘‘Alameda del Obispo’’
(Cordoba, Spain), where a process line for the project was built,
as shown in Fig. 1. A set of four conveyor belts were aligned and
disposed each one with respect to the previous one for guarantee
receiving olives in a continuous way. On a base placed next to
the largest and flat conveyor belt, the computer and NIRS equip-
ment were installed.

After a sample stabilisation for 24 h at laboratory temperature
(24 �C) using an air conditioner equipment, since this factor can
strongly affect background levels during spectrum acquisition
(Williams, 2001), the olives were transferred to a conveyor belt
of 2.8 � 2.10 m, over which the NIRS instrument was mounted
on the base to get on-line measurements.

Spectral Vis/NIR measurements were recorded using a Zeiss
Corona 45 Vis/NIR diode-array spectrophotometer (Carl Zeiss, Jena,
Germany). This instrument is fast and robust, without moving
parts and provides spectral information in the wavelength range
between 380 and 1690 nm, at a resolution of 2 nm. It is equipped
with a silicon diode array (Hamamatsu S 3904) for the wavelength
region 380–950 nm and an InGaAs array for the range 950–
1690 nm. Instrument references were achieved with external black
and white standards.

After stabilising the instrument during 1 h, the measurements
in the olive samples (of approximately 10–20 kg) were performed.
Previous to the measuring of the samples, a complete optimisation
of the system (not shown here) has been performed (Salguero-
Chaparro, Baeten, Abbas, & Peña-Rodríguez, 2012). This system
optimisation allowed defining some important parameters as the
distance from sensor to surface of the sample on the conveyor belt,
which was fixed to 13 mm, the speed of conveyor belt (0.1 ms�1)
and the thickness of layer, which was kept constant.

Spectra were acquired with an integration time of 5 s and the
final spectra corresponded to the average of 10 scans for each sam-
ple. A total of thirty spectra were acquired per olive fruit sample
and averaged.
2.3. Software

Instrument control and initial spectral manipulation were car-
ried out using CORA software v.3.2.2. (Carl Zeiss, Inc., Thornwood,
NY, USA) and WinISI III software v.1.50 (Infrasoft International,
Port Matilda, PA, USA).

Spectral data were processed using the Matlab software pack-
age version 7.0 (The Mathworks, Inc., Natick, MA, USA). The PLS
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Toolbox (version 4.11, EigenvectorResearch, Inc., Manson, WA,
USA) was used for principal component analysis (PCA) and PLS
regression.
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2.4. Reference analysis

After spectral acquisition, the olive oils were extracted using an
Abencor laboratory mill (MC2 Ingeniería y Sistemas, S.L. Seville,
Spain), simulating commercial oil-extraction systems. The process
consisted of the following steps: 1000 g of olives were ground in a
hammer mill. Then, the crushed sample was divided into two parts.
One was used for the determination of the moisture and the oil
content and the other part, approximately 700 g, was beaten in a
thermo beater with talc and then centrifuged (two rounds of 60 s
each at 3000 rpm) to obtain the oil for free acidity determination
(Frías et al., 1991).

Around 25 g of the olive paste obtained was placed in capsules
to determine moisture and dried for 18 h in an oven at 105 �C. Ol-
ive moisture was gravimetrically determined and expressed as per-
centage of fresh weight (AENOR, 1973). Determination of free
acidity value was carried out according to the analytical method
described in Regulation EEC/2568/91 of the European Union Com-
mission (EC, 2008) and expressed as oleic acid percentage (%w/w).
Finally, Soxhlet extraction was carried out to determine the oil
content from the dried material of each sample using 180 ml of
n-hexane as solvent (UNE 55030) (AENOR, 1961).

Fig. 2 shows the distribution of the obtained values for each
parameter determined by reference analysis. Table 1 shows the
mean, standard deviation (SD) and range of the figures obtained
by reference values for the samples used in this study for the three
constituents analysed (free acidity, moisture and oil content).
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Fig. 2. Frequency histograms of reference lab values for free acidity, fat content and
moisture.
3. Results and discussion

Water and oil are the major components of the pulp and the
skin in the olive fruit. At the usual harvest time for oil production,
the pulp (which accounts for approximately 75% of the total weight
of the fruit) has about 30–60% water and 20–35% oil. In the skin
water represents 30% and oil 27%. Sugars (3%) and polysaccharides
(mainly cellulose, hemicellulose and lignin) (4%) are also present in
the pulp (Beltrán, Uceda, Hermoso, & Frías, 2004). Spectra for sam-
ples of intact olives acquired with the CORONA 45 Vis/NIR instru-
ment presented in the visible region two particularly noticeable
peaks around 670 and 446 nm due to the chlorophyll and carote-
noids pigments present in the fruits, respectively (Chaoyang,
Zheng, Quan, & Wenjiang, 2008). Furthermore, peaks located at
970 nm and around 1200 nm supplies information related to the
second overtone of the O–H stretching vibration of water and to
the C–H second overtone of fat, respectively (Büning-Pfaue,
2003; Williams & Norris, 1987). Finally, absorption located around
the 1440 nm has been linked in olive products to the O–H stretch
first overtone of water (Jiménez, Izquierdo, Rodríguez, Dueñas, &
Tortosa, 2000; Kavdir, Buyukcan, Lu, Kocabiyik, & Seker, 2009).

After the visual observation of the characteristic peaks in the
spectra, a principal component analysis (PCA) was done. This algo-
rithm is an explorative data technique that can be used to deter-
mine natural clusters and groups with similar characteristics and
to give an insight of possible outliers (Massart, Vandeginstem,
Deming, Michotte, & Kaufman, 1988). Here, PCA has been applied
in order to check the distribution of the samples in the data set
conformed by the two years (2009–2010 and 2010–2011). Previ-
ously to the PCA, a multiplicative scatter correction (MSC) treat-
ment was applied. MSC is designed to remove from reflectance
spectra at least some of the large amount of variability that may
be caused by scattering effects (Fearn, Riccioli, Garrido-Varo, &
Guerrero-Ginel, 2009).



Table 1
Chemical characterisation of the olive samples for building PLS models.

Number of
samples

Mean SD Range

Free acidity (% oleic acid) 242 3.31 4.85 0.09–26.06
Moisture (%) 252 54.25 8.29 31.42–74.55
Oil content (%) 250 18.85 4.92 5.11–30.34
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Fig. 3. Principal Components Analysis (PC1 and PC2), after a multiplicative scatter
correction for samples from 2009 and 2010 years.

1124 L. Salguero-Chaparro et al. / Food Chemistry 139 (2013) 1121–1126
The PCA plot of the samples is shown in Fig. 3, where the first
two PCs explained 99.81% of the total variation in the spectral ma-
trix. As can be observed, although a clear level of clustering is ob-
served among samples of the first campaign (2009–2010), olives
harvested during the first year are included in the space comprised
by the samples of the second campaign (2010–2011), showing no
separation between both years.
Table 2
Results of the PLS models for free acidity, moisture and fat content determination in intac

Strategy 1 Strategy

Free acidity
Pretreatment SNVDT (15,2,2) MSC (9
No. latent variables 6 7
R2 0.41 0.72
RMSEC (%) 2.39 2.16
RMSECV (%) 3.41 2.50
RMSEP (%) 4.67 3.12
RPD 1.02 1.63

Moisture
Pretreatment SNVDT (15,2,2) SNVDT
No. latent variables 6 6
R2 0.76 0.87
RMSEC (%) 2.02 2.29
RMSECV (%) 2.65 2.54
RMSEP (%) 5.48 4.89
RPD 1.56 0.98

Oil content
Pretreatment MSC (15,2,2) SNVDT
No. latent variables 5 7
R2 0.52 0.75
RMSEC (%) 2.05 2.18
RMSECV (%) 2.71 2.35
RMSEP (%) 4.09 3.05
RPD 1.27 1.08
Once the PCA was applied (no outliers were detected), quantita-
tive calibrations were developed for predicting oil content, mois-
ture and free acidity in intact olives, using Partial Least Squares
(PLS) as regression method. The main idea of PLS regression is to
get as much concentration information as possible into the first
few loading vectors using both reference data (chemical, physical,
etc.) and spectral information. In this study, leave-one-out cross-
validation (LOOCV) and external validation were used for estab-
lishing and validating calibration models. For each iteration of
LOOCV, one sample was left out and the multivariate model was
constructed by the rest of the samples. The process was repeated
until all the samples were used once in the validation set.

Saeys, Darius, and Ramon (2004) established several levels of
prediction accuracy for a heterogeneous material based on the
RPD values. In this way, an RPD value between 1.5 and 2.0 indi-
cates a possibility to distinguish between high and low values,
while a value between 2.0 and 2.5 makes approximate quantitative
predictions possible. Finally, an RPD value between 2.5 and 3.0 re-
veals a good prediction of this calibration.

For the determination of these quality parameters (oil content,
moisture and free acidity), four different strategies were developed
using different calibration and external validation sets:

– Strategy 1: Calibration model with samples collected in 2009
and validation with samples collected in 2010.

– Strategy 2: Calibration model with samples collected in 2010
and validation with samples collected in 2009.

– Strategy 3: Calibration model with all samples collected in 2009
and 70 samples collected in 2010 and validation with the rest of
samples collected in 2010.

– Strategy 4: Combination of the 2009 and 2010 data sets (60%
samples for calibration model and 40% for validation model,
selected by Duplex algorithm).

For each strategy studied, the results of the PLS models for free
acidity, moisture and oil content are summarised in Table 2.

As it can be observed in Table 2, prediction models for all
parameters provided better results in the strategy 2 than in strat-
egy 1, where R2 showed values higher than 0.70 in all cases and
t olives.

2 Strategy 3 Strategy 4

,2,1) SNVDT (None) MSC (None)
8 8
0.74 0.72
2.53 2.44
2.94 2.79
2.53 2.70
1.60 1.81

(15,2,2) SNVDT (None) SNVDT (15,2,1)
7 6
0.87 0.88
2.95 2.57
3.26 3.19
2.98 3.30
2.76 2.56

(None) SNVDT (None) SNVDT (None)
8 8
0.79 0.79
2.34 2.22
2.66 2.53
2.15 2.36
2.37 2.05
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Fig. 4. NIR-predicted data versus reference data for the external validation sets for
acidity, moisture and fat content in the strategy 3.
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RMSEP values of 3.12%, 4.89% and 3.05% for free acidity, moisture
and oil content, respectively. However, these results were expected
due to the fact that the variability included in the first harvest per-
iod was much lower than the variability in the second campaign.
During the first harvest period, bad weather conditions (constant
rains) avoided an adequate and diverse collection of olives, which
could be representative of the whole variability of a normal cam-
paign, in terms of geographic origin of the samples, composition,
agroclimatic conditions (rain, temperature, hours of sun, etc.) and
other factors such as the variety.

Although it is not possible to establish a clear advantage from
using strategy 3 or strategy 4, because of the results presented sim-
ilar statistics values for the three olive quality parameters, values
obtained in strategy 3 were slightly better than those obtained in
strategy 4 in terms of R2 and RMSEP. R2 values of 0.74, 0.87 and
0.79 were obtained for free acidity, moisture and oil content,
respectively and a RMSEP value lower than 3% for all cases in strat-
egy 3. In this case, the external validations showed good predic-
tions for moisture, with an RPD value of 2.76 and for oil content
(RPD = 2.37) and also acceptable results for free acidity parameter
(RPD = 1.60). NIR-predicted data versus reference data for the
external validation sets for each parameter of the strategy 3 is
shown in Fig. 4.

As indicated earlier, the literature provides no data regarding
the prediction of oil content, moisture and free acidity of intact ol-
ive fruits using a diode array instrument in dynamic conditions, so
the results obtained may only be compared with those reported by
other authors using at/off-line NIR instruments. Nevertheless, di-
rect comparisons are not relevant here since the sampling errors
are not the same in both types of analysis. This can be explained
by the fact that larger batches are analysed during the acquisition
of the spectrum in movement (on-line) compared to the relatively
small sample used for the chemical analysis of reference. These
samples taken for reference analysis cannot represent the true
average of the whole batch and therefore, the sampling error will
be probably much higher in these on-line measurements (Isaksson,
Nilsen, Tøgersen, Hammond, & Hildrum, 1996).

Results for oil content obtained in this study compare quite well
with the accuracy of equations reported by Cayuela and Pérez-
Camino (2010) (R2 = 0.78; RPD = 2.77). However, for oil content
Gracia and León (2011) obtained a higher R2 value (0.89) and lower
RMSECV value (1.99%). On-line equations for moisture developed
with the diode array device showed R2 and RPD values slightly
higher than those observed in Morales-Sillero et al. (2011)
(R2 = 0.86; RPD = 2.70). Nevertheless, Cayuela et al. (2009) re-
corded a quite low RMSEP value (1.52%) for moisture content. Fi-
nally, the results obtained for free acidity showed a much lower
RPD and R2 values than those obtained by Cayuela and Pérez-Cami-
no (2010) (2.67 and 0.80, respectively).
4. Conclusions

The study reports here an on-line application of NIRS technol-
ogy as a method to monitor and control the olive quality parame-
ters (oil content, moisture and free acidity), without the need for
milling the fruits, allowing in this way, provide real time informa-
tion at the reception in the mill, about the quality and composition
of the olives that will be used in the olive oil extraction process.

The results obtained may suggest the viability of diode array
instrument for use in real on-line industrial environments. Never-
theless, further studies with larger data sets are necessary before
the definitive implementation of these calibrations at mill industry
level in order to improve the robustness of calibration models to
become more stable for on-line monitoring of intact olives.
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