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A B S T R A C T

Table olives are highly appreciated and consumed worldwide. Different aspects are used for trade category
classification being the sensory assessment of negative defects present in the olives and brines one of the most
important. The trade category quality classification must follow the International Olive Council directives,
requiring the organoleptic assessment of defects by a trained sensory panel. However, the training process is a
hard, complex and sometimes subjective task, being the low number of samples that can be evaluated per day a
major drawback considering the real needs of the olive industry. In this context, the development of electronic
tongues as taste sensors for defects’ sensory evaluation is of utmost relevance. So, an electronic tongue was used
for table olives classification according to the presence and intensity of negative defects. Linear discrimination
models were established based on sub-sets of sensor signals selected by a simulated annealing algorithm. The
predictive potential of the novel approach was first demonstrated for standard solutions of chemical compounds
that mimic butyric, putrid and zapateria defects (≥93% for cross-validation procedures). Then its applicability
was verified; using reference table olives/brine solutions samples identified with a single intense negative
attribute, namely butyric, musty, putrid, zapateria or winey–vinegary defects (≥93% cross-validation proce-
dures). Finally, the E-tongue coupled with the same chemometric approach was applied to classify table olive
samples according to the trade commercial categories (extra, 1st choice, 2nd choice and unsuitable for
consumption) and an additional quality category (extra free of defects), established based on sensory analysis
data. Despite the heterogeneity of the samples studied and number of different sensory defects perceived, the
predictive linear discriminant model established showed sensitivities greater than 86%. So, the overall
performance achieved showed that the electrochemical device could be used as a taste sensor for table olives
organoleptic trade successful classification, allowing a preliminary quality assessment, which could facilitate, in
the future, the complex task of sensory panelists.

1. Introduction

Table olives are a food product highly appreciated by consumers [1]
and recognized as a source of bioactive compounds [2], and their
commercialization represent substantial financial revenue. It is of

major relevance to guarantee the quality and safety of the final product,
which requires monitoring physicochemical, microbiological and sen-
sory parameters of olives and brine solutions along the production,
packing and storage chain [3]. Physicochemical, microbiological and
sensory evaluations must be carried out following the methodologies,
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grading systems and procedures established by international regula-
tions [4,5]. The analysis allows classifying table olives according to
different grading scales, namely inedible (unsuitable for consumption)
or edible (suitable for consumption). Table olives prices and consu-
mers’ preferences will greatly depend on their trade category. Table
olives may be classified according to olive sizes (e.g., bullets, fine,
superior, extra large, jumbo, colossal, etc.), physical quality criteria
(extra or fancy, first choice or select olives and second choice or
standard olives) or organoleptic grading based on the median intensity
of the defect predominant perceived (DPP) by a trained sensory panel
during the analysis of both olives and brine solutions (extra, first
choice, second choice and olives that cannot be sold as table olives)
[3,6], as recommended by the International Olive Council (IOC) [5].
This latter commercial classification, although recommended and
implemented already by several table olive producers, is not yet legally
required. Panelists must evaluate olfactory defects (e.g., abnormal
fermentation, which includes butyric, putrid and “zapateria” sensa-
tions) as well as olfactory-gustatory negative attributes (e.g., musty;
rancid; cooking effect; soapy; metallic; earthy and winey–vinegary
sensations). Sensory evaluation of table olives performed by trained
panels is still quite applied [7–21], although it is not always feasible,
mainly due to the scarcity of trained sensory panels, the cost and the
time required for analysis, as well as due to the low number of samples
that can be daily evaluated [22].

So, there is a clear practical need to develop alternative or
complementary analytical methods that could allow the organoleptic
assessment of table olives (olives and brine solutions). Some chroma-
tographic based methods have been reported for assessing sensory
attributes of table olives [23,24]. However, these methodologies are
time-consuming, require sophisticated equipment and skilled techni-
cians [22]. Other instrumental techniques (e.g., headspace-mass
spectrometry, mid-infrared spectroscopy and UV–visible spectropho-
tometry) fused with multivariate analysis showed to be a useful tool to
classify olive oil samples based on their category and the presence of
certain sensory defects [25]. Nevertheless, it is of utmost interest to
investigate the potential of low-cost, fast and sensitive analytical
procedures to evaluate the overall quality of table olives. Recently,
electronic tongues (E-tongue) and/or electronic noses (E-noses) have
been proposed for sensory and physico-chemical characterization of
olive oils [26,27]. Panagou et al. [22] demonstrated the capability of an
E-nose as a screening tool for quality control of fermented table olives
based on their volatile patterns. The device enabled to discriminate
green olives according to three major classes (acceptable, unacceptable
and marginal) based on the evaluation of a sensory panel. The present
work aims to evaluate, for the first time, the possibility of applying a
potentiometric E-tongue combined linear discriminant analysis (LDA)
and meta-heuristic simulated annealing (SA) variable selection algo-
rithm, to: (i) identify and discriminate the most common negative
sensory attributes of table olives; and (ii) to classify table olives
according to their trade commercial quality classification [6]. For that,
first the E-tongue capability to evaluate common negative organoleptic
attributes due abnormal fermentation (i.e., butyric, putrid and zapa-
teria) was evaluated using standard solutions within the concentration
ranges recommend by IOC during the training of a sensory panel [6].
Then, the capability of the E-tongue to distinguish, separately, selected
samples of table olives or brine solutions, for which a single predomi-
nant negative attribute (e.g., butyric, putrid and zapateria, winey–
vinegary or musty defects) was perceived by a trained sensory panel
[6]. Finally, the possibility of applying the E-tongue for assessing table
olives trade quality category (previously established by the sensory
panel considering the median intensity of the defect predominant
perceived (DPP) in the tables olives and/or the respective brine
solutions) was evaluated by using simultaneously the signal profiles
recorded for table olives (aqueous diluted olive paste) and brine
solutions, mimicking the usual classification procedure followed during
the sensory analysis.

2. Materials and methods

2.1. Table olives samples

Forty four table olives commercial samples from different brands
(18 brands) were purchased in local supermarkets in Bragança
(Portugal) and Zamora (Spain), being 36 obtained from natural
fermentation (aromatized with spices or not), 6 are Spanish-style (with
or without added flavors), 1 is California-style (no aromatized) and 1
aromatized from mixed styles (natural fermentation, Spanish-style and
California-style). Furthermore, the olives used in the production
processes were from 7 Portuguese or Spanish cultivars namely cvs
Cobrançosa, Galega, Gordal, Empeltre, Negrinha de Freixo, Hojiblanca
and Manzanilla. The samples were stored in the original packaging, in
dark at ambient temperature (~20 °C) until analysis or after opened in
the refrigerator at 4 °C (being all of them analyzed before the end of the
expiration date). It should be remarked that the number of different
independent samples studied is of the same order of magnitude as
those usually used in the literature regarding table olives analysis [17–
20,22,28–30].

2.2. Table olives organoleptic analysis: sensory panel and sample
preparation

The organoleptic evaluation of the table olives and respective brine
solutions was performed by a trained sensory panel, formed by eight
selected panelists that worked or studied at the School of Agriculture of
the Polytechnic Institute of Bragança (Portugal), including individuals
of both sexes and different ages (from 22 to 56 years). The training
process included theoretical and practical sessions held twice a week
and that followed the main recommendations of the IOC standard
regulation [6]. The sensory panel was trained during 18 months, before
performing the analysis reported in this work.

Sensory analysis of table olives involves, among other, the detection
of negative attributes (e.g., butyric, putrid and “zapateria” due to
abnormal fermentation; and other defects like winey-vinegary, musty,
cooking effect, rancid, etc.) and the assessment of the respective
intensities. The intensities are scaled from 1 (lowest intensity, attrib-
uted when a defect is not perceived) to 11 (highest intensity) [6]. The
type and intensity of the negative sensory attributes present in the table
olives (olives and brine solutions) are the sole attributes used for
commercially classifying the sensory quality of table olives [6]. The
trade category classification is based on the median intensity perceived
by the panel for the DPP. The table olive samples can be classified as
extra (DPP≤3), first choice (3 < DPP≤4.5), second choice (4.5 <
DPP≤7.0) or table olives that cannot be sold as table olives (DPP >
7.0). In this work, an additional category was taken into account for
classification purposes (extra table olives free of any defect; extra_wd),
including the table olives for which no organoleptic defect could be
perceived by any member of the sensory panel (DPP=1). The inclusion
of this new category relayed on the findings reported by Lanza and
Amoruso [17], according to which the occurrence of a sensory defect
changes the entire organoleptic profile of the table olives being samples
classified as “Extra or Fancy”, with DPP greater than 1.0, quite similar
to samples with more intense negative attributes. The statistical data
treatment was carried out using the official software (CALC-ENG V08
01–06–14 IOC TABLE OLIVE) provided by IOC [6]. For the sensory
evaluation, the table olive samples were prepared following the guide-
lines of the official regulation IOC/OT/MO No 1/Rev.2 November 2011
[6].

2.3. E-tongue device

The E-tongue multi-sensor device included two print-screen po-
tentiometric arrays (9.5 cm of width and 2.5 cm of height) containing
each one 20 sensors (3.6 mm of diameter and 0.3 mm of thickness)
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similarly to previous works [31]. The sensor membranes contained a
lipid additive (≈3%), a plasticizer (≈65%) and high molecular weight
polyvinyl chloride (PVC, ≈32%) (as shown in Table 1). All reagents
were from Fluka (minimum purity ≥97%). The type of sensors and
polymeric membrane compositions (relative percentage of additive,
plasticizer and PVC) were chosen considering literature data [32],
being used 4 lipid additives and 5 plasticizers. For this type of lipid
membranes suitable signal stability over time (% RSD < 5%) and
repeatability (0.5% <% RSD < 15%) towards the basic standard taste
compounds (sweet, acid, bitter, salty and umami) have been previously
reported [32]. Moreover, it is known that lipid polymeric membranes
may interact with taste substances via electrostatic or hydrophobic
interactions [33]. As in previous works [31] each sensor was coded with
a letter S (for sensor) followed by a code for the sensor array (1: or 2:)
and the number of the membrane 1–20, corresponding to different
combinations of plasticizer and additive used. When needed, an extra
uppercase letter was used for referring to the simultaneous electro-
chemical analysis of table olives (“O_”) or brine solutions (“B_”).

2.4. E-tongue response towards typical table olives organoleptic
defects

The E-tongue capability for perceiving organoleptic defects due to
abnormal fermentation (i.e., butyric, putrid and zapateria sensations)
or other sensory defects (like winey–vinegary and musty), was studied
firstly using reference solutions (depending on the availability of the
standard compounds referred in the official regulation of IOC [6]) or
using real table olive samples or brine solutions, for which a single
intense defect was identified by the sensory panel (with minimum
intensity of 8 in a 11-intensity scale grade).

2.4.1. Standard solutions mimicking usual table olives sensory
defects

As recommended by IOC [6], standard solutions were used to
mimic the usual sensory defects detected in table olives (and brine
solutions) due to abnormal fermentations According to the referred
regulation, and as shown in Table 2, putrid defect should be mimicked
using 2- mercaptoethanol (Acros Organics, 99%), butyric defect can be
described using n-butyric acid (Acros Organics, > 99%) and zapateria
defect may be simulated using cyclohexanecarboxylic acid (Acros
Organics, > 98%). Although for sensory panel training, IOC [6]
recommends only the evaluation of each organoleptic defect at two

concentration levels, which correspond to known sensory intensities
(Table 2), in this work 5 concentrations of each standard solution were
prepared and used, which included the recommended range: 0.05–2 g/
L for 2- mercaptoethanol; 0.25–2 g/L for n-butyric acid; and 0.075–
2 g/L for cyclohexanecarboxylic acid. These standard solutions were
made using commercial mineral water, aiming simulating real solu-
tions assessed by the sensory panel (for which deionised or distilled
water cannot be used). For each electrochemical assay, 20 mL of each
standard solution were used.

2.4.2. Reference table olives and brine solutions identified with a
single intense sensory defect

The E-tongue performance towards typical sensory defects of tables
olives was further evaluated by using, as previously mentioned,
selected table olive samples (and the respective brine solutions), for
which a unique/predominant defect was identified by the sensory panel
(with minimum median DPP intensity of 8 in a 11-intensity scale
grade). It should be remarked that these samples were only used for
this purpose. For this study it was possible to identify 3 table olive
samples containing a single/predominant very intense organoleptic
defect, two of them related to the abnormal fermentation (butyric or
zapateria) and third to other defects category (winey–vinegary),
according to the IOC classification [6]. So, for the brine solutions, 5
brine samples were chosen according to the sensory panel evaluation,
corresponding to single highly intense organoleptic defects: butyric,
putrid, zapateria, winey–vinegary or musty single defects (the first 3
related to abnormal fermentations and the last 2 belonging to the other
defects category).

For the E-tongue assays, each table olive paste was first ginned and
then crushed using a shredder knives Moulinex® equipment, yielding a
fine-grained paste. Before the electrochemical analysis, each paste was
diluted with commercial mineral water resulting in 5 different diluted
paste proportions (from 9 g of table olive paste with 6 mL mineral
water to 5 g of table olive paste with 10 mL mineral water).

Regarding the 5 different brine solutions with sensory defects, each
liquid sample was initially analyzed without dilution (20 mL) and then
other 4 diluted brine solutions (using mineral water) were also assayed
(ranging from 16 mL of brine solution with 4 mL of mineral water to
4 mL brine in 16 mL mineral water), in order to achieve five concen-
trations/intensity levels of each single defect.

For analysis, each diluted olive paste or brine solution was placed in
transparent plastic pots properly coded.

2.4.3. Table olive commercial samples and brine solutions
The 44 table olive samples were also electrochemically analyzed

(both olives and the respective brine solutions) using the E-tongue
device. As previously described, olives were prior reduced to a paste.
First, olive stones were removed and then the pulp was crushed using
shredder knives Moulinex® equipment. The process turned out into a
fine-grained paste, which was diluted using mineral water (9 g of table
olive paste diluted in 6 mL mineral water). Each diluted paste was

Table 1
E-tongue sensors details ( sensor identification code, plasticizer and additive compounds
used in the preparation of each lipid-polymeric membrane).

No. Plasticizer Additive

S1:1 S2:1 2-Nitrophenyl-octyl ether Octadecylamine
S1:2 S2:2 Oleyl alcohol
S1:3 S2:3 Methyltrioctylammonium chloride
S1:4 S2:4 Oleic acid
S1:5 S2:5 Tris(2-ethyl-hexyl)

phosphate
Octadecylamine

S1:6 S2:6 Oleyl alcohol
S1:7 S2:7 Methyltrioctylammonium chloride
S1:8 S2:8 Oleic acid
S1:9 S2:9 Bis(1-butylpentyl adipate) Octadecylamine
S1:10 S2:10 Oleyl alcohol
S1:11 S2:11 Methyltrioctylammonium chloride
S1:12 S2:12 Oleic acid
S1:13 S2:13 Dibutyl sebacate Octadecylamine
S1:14 S2:14 Oleyl alcohol
S1:15 S2:15 Methyltrioctylammonium chloride
S1:16 S2:16 Oleic acid
S1:17 S2:17 Bis(2-ethylhexyl)phthalate Octadecylamine
S1:18 S2:18 Oleyl alcohol
S1:19 S2:19 Methyltrioctylammonium chloride
S1:20 S2:20 Oleic acid

Table 2
Standard solutions of table olives’ sensory defects due to abnormal fermentation
(according to IOC [6]): defect, standard compound, concentration range and organolep-
tic intensity levels.

Defect
attributes

Standard compound
(chemical formula)

Concentrations
(g/L)

Sensory
intensity
(1–11
scale)

Butyric n-butyric acid (C4H8O2) 0.5 and 1.0 3.5 and 7
Putrid 2- Mercaptoehtanol

(C2H6OS)
0.1 and 1.0 2.5 and 8

Zapateria cyclohexanecarboxylic
acid (C6H11CO2H)

0.15 and 1.0 4 and 9
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placed into transparent plastic pots properly coded. For the brine
solutions, 20 mL of each sample were also placed in transparent plastic
pots properly coded.

2.4.4. E-tongue assays
All samples were analyzed at 20 °C (room temperature) under

agitation using a magnetic stirrer (Velp Scientifica). The E-tongue was
immersed directly in each sample and, after 5-min of stabilization
period, the potentiometric signal profile from the 40 lipid membranes
of the multi-sensor system was recorded. During the signal stabiliza-
tion period, the system allowed monitoring each of the 40 lipid sensor
signals (each 10 s) and so, enabled the visualization of the potentio-
metric signal changes versus time.

2.5. Statistical analysis

Linear discriminant analysis (LDA) was used as a supervised
pattern recognition method to infer about the capability of the E-
tongue to correctly classify the standards recommended by IOC [6] of
negative attributes related to abnormal fermentations (i.e., butyric,
putrid and zapateria). It was also used to classify single predominant
organoleptic defects (abnormal fermentation and other defects accord-
ing to IOC [6]) identified by the trained sensory panel in table olives
samples and respective brine solutions. The best subsets of K inde-
pendent predictors among the 40 E-tongue potentiometric signals
recorded were chosen using a meta-heuristic simulated annealing
(SA) variable selection algorithm [34–36]. The SA algorithm selects
the optimal conditions based on the assumptions of the annealing
physic process using an iterative procedure. The algorithm searches for
a global minimum that optimizes a system with k (≤K) variables. In
each iteration, the solutions of the current and the new subsets of k
variables are compared using the tau2 quality criterion, which is a
measure of the goodness of fitting. A new solution is randomly selected
in the neighborhood of the current solution, being selected if it gave a
better result than the initial one. In general, 10,000 attempts are used
to select the best subset of variables (best model), starting the process
of selecting the best subsets of variables on each trial, thus ensuring a
greater confidence in finding a true optimal solution [34].

To evaluate the LDA classification model, first a leave-one-out
cross-validation (LOO-CV) procedure was applied. This process may
lead to over-optimistic results although, it has proven to be an adequate
procedure when the number of samples is low [31,37]. To minimize
this risk, a repeated K-fold cross-validation (repeated K-fold-CV)
strategy was also applied to the sub-sets of sensors selected by the
SA algorithm. For this purpose, data is randomly, more than once
depending on the number of repeats, each time divided into K folds of
approximately equal size. Each of the folds is left out in turn and the
other K-1 folds are used to train the model. The held out fold is
predicted and these predictions are summarized according to a
performance measure like the sensitivity (e.g., the percentage of correct
classifications). The K estimates are averaged to get the overall
resampled estimate [38]. In this work the number of K-folds was set
equal to 4, enabling the random formation of internal validation
subsets (for each sensory group) with 25% of initial data allowing bias
reduction, being the procedure repeated 10 times. The repeated K-fold-
CV procedure was implemented to reduce the uncertainty of the
estimates, by evaluating the predictive performance of the models
established using 4×10 random sub-sets for internal validation (i.e., 40
total resamples). To normalize the weight of each variable in the final
linear classification model, variable scaling and centering procedures
were evaluated. The classification performance of each LDA model was
graphically evaluated using: a 2-D plot of the two first discriminant
functions with the decision boundary lines between classes; and a plot
of the smooth density estimate of each class data for the first
discriminant function, which allowed perceiving its influence in classes’
separation. Statistical analysis was performed using the Subselect [34]

and MASS [39] packages of the open source statistical program R
(version 2.15.1) at a significance level of 5%.

3. Results and discussion

3.1. Table olives sensory analysis and trade category classification

Each table olive sample was evaluated regarding the negative
sensory attributes by 8 panelists trained according to the IOC regula-
tions [6]. The type and intensity level of the negative attributes (i.e.,
organoleptic defects related to abnormal fermentations or other
sensory defects) perceived in the 44 independent table olive samples
(olives and respective brine solutions) were evaluated by each panelist.
According to the sensory analysis, in 7 table olive samples (olives and
brine solutions) none organoleptic defect could be perceived (DPP=1),
being classified as extra without organoleptic defects (extra_wd). For
the other 37 table olive samples and/or brine solutions, the sensory
panel identified at least one of five organoleptic defects (i.e., butyric,
putrid, zapateria, musty and/or winey–vinegary). Based on the median
intensity level of the DPP (as described in Section 2.1) table olives
samples were classified as follows: 11 samples as extra (1.5≤DPP≤3),
13 samples as 1st choice (3.5≤DPP≤4.5), 7 samples as 2nd choice
(5≤DPP≤7.0) and the remaining 6 samples as olives that may not be
sold as table olives (7.5≤DPP≤10) (Table 3).

3.2. E-tongue evaluation of negative sensory attributes

The capability of the potentiometric E-tongue to differentiate
organoleptic defects of table olives relate with the abnormal fermenta-
tions (i.e., butyric, putrid and zapateria sensations) or other sensory
defects commonly found (like winey–vinegary and musty) was eval-
uated using standard solutions (of chemical reference compounds
recommended by IOC [6]) or using real samples (table olives and
brine solutions) identified as reference defect samples by the sensory
panel (i.e., samples for which a single intense organoleptic defect, with
a minimum median value equal or greater than 8, was perceived).

3.2.1. Reference standard solutions mimicking negative organoleptic
attributes

The E-tongue discrimination performance was evaluated using
aqueous standard solutions of 2-mercaptoethanol (C2H6OS), n-butyric
acid (C4H8O2) and ciclohexanecarboxylic acid (C6H11CO2H) [6], pre-
pared with commercial mineral water to mimic the conditions used
during sensory panel training/evaluation, which concentrations in-
cluded those recommended by IOC [6]. For the three standard studied,
the potentiometric signals recorded with the 20 different lipid-poly-
meric membranes (S1:1 to S1:20, mixtures of 4 additives ×5 plastici-
zers) and the respective 20 replicas (S2:1 to S2:20) showed a linear
(positive or negative) dependency with the decimal logarithm of the
concentration. For 2-mercaptoethanol (putrid sensation: 0.05–2 g/L)
the signals varied from −0.25 V to +0.22 V and sensitivities (i.e., slope
values) of −156 mV/decade to −10 mV/decade were found (correlation
coefficient: −0.9002 to −0.9993). For n-butyric acid solutions (that
mimic butyric negative organoleptic sensation), the signals varied from
−0.11 V to +0.22 V, showing both negative and positive sensitivities
(from −287 mV/decade to −67 mV/decade, 0.923≤R2≤0.999; and,
from +14 mV/decade to +197 mV/decade, 0.901≤R2≤0.998). For
standard solutions of ciclohexanecarboxylic acid (used to mimic
zapateria negative attribute) the recorded signals varied between
−0.07 V and +0.20 V with sensitivities varying between +4 mV/decade
and +78 mV/decade (0.908≤R2≤0.995). The different electrochemical
behaviors found towards each standard chemical compound could be
tentatively explained due to differences in the composition of the lipid-
plasticizer-PVC membranes. Indeed, depending on the type of plasti-
cizer used (which increases solutes absorption by softening the
membrane) and additive (lipid substances) applied, the membrane
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will exhibit different properties depending on the pH, showing either
hydrophobic or hydrophilic interactions. Indeed, PVC polymer mole-
cules have internal positive and negative polarities, while plasticizer
and additive molecules have polar and non-polar regions. Moreover,
since the sensor membrane behaves like a polymer, its permeability
depends on the solutes’ molecular volume.

The results show that the E-tongue, containing lipid membranes as
sensing units, quantitatively respond towards standard solutions
mimicking negative organoleptic attributes (butyric, putrid and zapa-
teria), which is reported for the first time since until now, E-tongue
were only described as taste sensors for basic taste attributes like acid,
bitter, salty, sweet and umami [32,33,40].

Furthermore, the potential use of the E-tongue to qualitatively
discriminate the organoleptic negative attributes, usually found in
tables olives due to the abnormal fermentation, was also assessed
using a supervised multivariate statistical tool (LDA) coupled with a
meta-heuristic SA variable selection algorithm. The LDA-SA approach
aimed to identify the best sub-set of E-tongue sensors (among the 20
sensors and their replicas), which should comprise the minimum
number of independent sensors. The results confirmed the capability
of the E-tongue-LDA-SA procedure for discriminating standard solu-
tions mimicking sensory defects. A model with 2 significant functions
(P-value < 0.0001; explaining 98.4% and 1.6% of the original data
variability) based on the potentiometric signal profiles of 5 sensors
(S1:10, S1:12, S2:8, S2:10 and S2:20; which included oleyl alcohol and
oleic acid as additive compounds) was used. The LDA-SA model
allowed the correct classification of 100% of the original grouped data
(Fig. 1) and 93% of the standard solutions for LOO-CV procedure (i.e.,
1 solution with zapateria defect was misclassified as putrid defect). As
can be inferred from Fig. 1, from the 2-D discrimination plot as well as
density distribution plot, the 1st discriminant function almost allows
total differentiation of the defect sensations evaluated, with a slight
overplot between zapateria and putrid sensations. Also, it should be
remarked that the model included a sensor and its respective replica
(S1:10 and S2:10), which signal profiles may be different due to the
slight variations in membrane composition and physical properties
(transparency and porosity) that may occur when a drop-by-drop
technique is used [31]. Moreover, the inclusion of repeated sensors

Table 3
Table olive details (cultivar and production technology according to the label
information, brand) and trade category classification based on the organoleptic
assessment of the sensory panel (following the IOC regulation [6]).

Sample
number

Cultivara Production
methodb

Brand DPPc Trade
category
classificationd

1 Galega Natural
Fermentation

A Putrid Extra

2 Galega Natural
Fermentation

B Winey–
vinegary

1st choice

3 Galega Natural
Fermentation

A Zapateria Extra

4 Galega Natural
Fermentation

E Winey–
vinegary

Extra

5 Galega Natural
Fermentation

C Putrid NC

6 Galega Natural
Fermentation

C Winey–
vinegary

1st choice

7 Galega Natural
Fermentation

C Putrid 2nd choice

8 Galega Natural
Fermentation

C Putrid 2nd choice

9 Galega Natural
Fermentation

C Putrid 2nd choice

10 Galega Natural
Fermentation

C Putrid 1st choice

11 Galega Natural
Fermentation

D Musty Extra

12 Galega Natural
Fermentation

D Winey–
vinegary

1st choice

13 Galega Natural
Fermentation

D Winey–
vinegary

Extra

14 Galega Natural
Fermentation

D Winey–
vinegary

1st choice

15 Galega Natural
Fermentation

D Putrid NC

16 Galega Natural
Fermentation

A Butyric 2nd choice

17 Galega Natural
Fermentation

A Butyric 1st choice

18 Galega Natural
Fermentation

A Zapateria 1st choice

19 Galega Natural
Fermentation

A Putrid 1st choice

20 Galega Natural
Fermentation

A Putrid 1st choice

21 Galega Natural
Fermentation

E Musty 2nd choice

22 Galega Natural
Fermentation

B Winey–
vinegary

1st choice

23 Mixed Natural
Fermentation

F Zapateria Extra

24 Galega Natural
Fermentation

G Musty Extra

25 Mixed Natural
Fermentation

G Zapateria Extra

26 Negrinha
de freixo

Natural
Fermentation

G Avinhado Extra

27 Mixed Natural
Fermentation

G Free of
defects

Extra_wd

28 Manzanilla Spanish-Style I Free of
defects

Extra_wd

29 Hojiblanca Spanish-Style H Free of
defects

Extra_wd

30 Galega Natural
Fermentation

J Winey–
vinegary

2nd choice

31 Mixed Mix all
processes

G Free of
defects

Extra_wd

32 Gordal Spanish-Style M Free of
defects

Extra_wd

33 Hojiblanca California-
Style

H Free of
defects

Extra_wd

34 Hojiblanca Spanish-Style H Free of
defects

Extra_wd

35 Mixed Spanish-Style G Winey–
vinegary

1st choice

(continued on next page)

Table 3 (continued)

Sample
number

Cultivara Production
methodb

Brand DPPc Trade
category
classificationd

36 Manzanilla Natural
Fermentation

L Winey–
vinegary

1st choice

37 Empeltre Natural
Fermentation

N Musty 1st choice

38 Mixed Natural
Fermentation

K Putrid 2nd choice

39 Mixed Natural
Fermentation

K Winey–
vinegary

Extra

40 Galega Natural
Fermentation

J Winey–
vinegary

Extra

41 Cobrançosa Spanish-Style O Butyric NC
42 Cobrançosa Natural

Fermentation
P Butyric NC

43 Cobrançosa Natural
Fermentation

Q Musty NC

44 Negrinha
de freixo

Natural
Fermentation

R Butyric NC

a Table olives’ cultivar as mentioned in the label.
b Technological method used to produce the table olives according to the label.
c Prevailing negative attribute perceived by the sensory panel in each sample (DPP).
d Table olives trade category classification according to the 4 classes recommended by

IOC [6] (based on the median intensity of the defect predominantly perceived, DPP, by
the sensory panel: Extra, DPP≤3; 1st choice, 3 < DPP≤4.5; 2nd choice, 4.5 <DPP≤7; NC:
Olives that cannot be sold as olive table, DPP > 7) and another proposed in this work
(Extra_wd: when no organoleptic defect is identified by the sensory panel).
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in multivariate models is known to improve model performance [41].
To further test the robustness of the predictive performance of the

E-tongue-LDA-SA model to differentiate sensory negative attributes, a
repeated K-fold-CV procedure (4 folds×10 repetitions) was applied. For
the negative attributes, the best predictive classification results were
obtained using a model also based on the same 5 sensors that enabled
achieving an average correct classification of 97 ± 8% (varying from
75% to 100% for the 40 evaluations performed during the repeated K-
fold-CV procedure).

3.2.2. E-tongue discriminant potential of table olives and brine
samples with a single intense defect

The capability of the E-tongue to discriminate specific very intense
organoleptic defects (median DPP intensity ≥8) in real samples was
evaluated by analyzing tables olives and brine solutions samples,
selected according to the sensory evaluation performed by the trained
panel. The sensory analysis allowed identifying table olive samples with
3 single highly intense organoleptic defects (butyric, winey–vinegary
and zapateria) as well as brine solution samples with 5 single defects
(butyric, musty, putrid, winey–vinegary and zapateria). From each
table olive or brine sample, 5 sub-samples were obtained with different
defect intensities by diluting the initial sample with mineral water (as
described in Section 2.4.2), resulting in a total of 15 and 25
independent sub-samples, which were electrochemically analyzed.
The potentiometric signals recorded with the E-tongue device varied
from −0.27 V to +0.28 V, during the electrochemical assays of table
olive aqueous pastes and brine solutions.

For table olives identified with a single negative organoleptic

attribute a classification E-tongue-LDA-SA model (2 linear discrimi-
nant functions explaining 99.97% and 0.03% of the data variability)
was established based on the electrochemical signal profiles recorded
during the olive paste analysis by 7 E-tongue sensors (S1:9, S1:15,
S2:6, S2:14, S2:15, S2:17 and S2:20). The results showed that the
model was able to correctly classify 100% of the table olive-paste
solutions according to the 3 main defects identified (butyric, winey–
vinegary or zapateria), for the original grouped data (Fig. 2A) as well
as, for the LOO-CV procedure. Concerning the classification of the
reference brine solutions according to each one of the 5 intense sensory
defects perceived by the sensory panel (butyric, putrid, zapateria,
winey–vinegary and musty), an E-tongue-LDA-SA model (for which
the first 2 discriminant significant functions explained 99.7% and 0.2%
of the data variability) was obtained based on the signal profiles of 10
E-tongue sensors (S1:1, S1:2, S1:16, S1:17, S2:4, S2:7, S2:15, S2:16
and S2:20). The classification model also enabled the correct classifica-
tion of 100% of the brine solutions according to the type of sensory
defect for the original grouped data (Fig. 2B) and for the LOO-CV
approach. Also, Fig. 2 (2-D discrimination and density distribution
plots) pointed out that the 1st discriminant function enabled a full
differentiation of the single intense organolpetic defects perceived in
real olive and brine samples.

Once again, prediction performance of the E-tongue-LDA-SA
models was evaluated using the repeated K-fold-CV procedure (K=4
with 10 repeats) trying to minimize the overfitting risk. The results
showed that the best E-tongue-LDA-SA models for classifying table
olives or brine solutions according to the organolpetic perceived
intense defects were based on the same 7 or 10 E-tongue sensors,
which allowed achieving, respectively, mean correct classifications of
93 ± 12% (sensitivities varying from 67% to 100% regarding the 40
split repetitions performed) and 98 ± 5% (sensitivities ranging between
83% and 100%). The slightly better predictive results obtained for the
brine solutions may be due to the higher difficulty in performing the
electrochemical analysis for the table olives, which must be previously
converted into aqueous pastes.

3.3. E-tongue performance as table olives’ classification tool
according to level of perceived sensory defects

The E-tongue capability for classifying the table olives according to
organoleptic quality levels, established according to IOC guidelines [6],
which take into account the perceived intensity of sensory defects, was
evaluated using 44 independent commercial table olives and their brine
solutions.

So, aqueous pastes of the table olive samples and the respective
undiluted brine solutions were electrochemically analyzed (as de-
scribed in Sections 2.4.3 and 2.4.4), totalizing 80 sensor signals
recorded for each one of the 44 samples described in Table 3. The
potentiometric signal data collected (varying from −0.24 V to +0.15 V)
were used to establish the best E-tongue-LDA-SA model for discrimi-
nating the table olives according to IOC quality sensory grades [6] and
that proposed in this work: 7 samples classified as extra free of
organolpetic defects, 11 samples classified as extra, 13 samples
classified as 1st choice, 7 samples classified as 2nd choice and 6 samples
classified as olives that may not be sold (Table 3).

An E-tongue-LDA-SA model (2 discriminant functions explained
99.7% and 0.2% of the original data variability) was established based
on the signal profiles recorded for the brine solutions (9 sensors: S1:2,
S1:4, S1:6, S1:20, S2:7, S2:11, S2:13, S2:15 and S2:20) and the table
olive aqueous pastes (16 sensors: S1:4, S1:10, S1:11, S1:13, S1:16,
S1:18, S2:2, S2:3, S2:8, S2:9, S2:12 to S2:14, S2:16, S2:17 and S2:19).
As can be seen, the model uses more information from the table olive
aqueous pastes analysis compared to that obtained from the brine
solutions, which was expected since, even for the panelists, organolep-
tic defects are more easily perceived in the olives than in brine
solutions. It can be inferred that, in general, the sensor sub-set from
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Fig. 1. Discrimination of standard chemical solutions according to the organoleptic
defect mimicked and usually perceived during table olives sensory analysis due to the
abnormal fermentation, using an E-tongue-LDA-SA model based on the information
gathered by 5 sensors of the E-tongue (S1:10, S1:12, S2:8, S2:10 e S2:20): n-butyric acid
(0.25–2 g/L; butyric defect); 2-mercaptoethanol (0.05–2 g/L; putrid defect); and
ciclohexanecarboxylic acid (0.075–2 g/L; zapateria defect).
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each matrix is not the same, which could be attributed to the fact that
the different defects may be perceived in the olives and brine solutions.
Finally, the E-tongue-LDA-SA model allowed the correct classification
of 100% for the original grouped data (Fig. 3) and 97.7% for the LOO-
CV procedure (being only 1 sample misclassified). Also, both plots of
Fig. 3 show that the 1st discriminant function is sufficient for
differentiating the 5 table olives’ sensory quality trade levels.

The E-tongue-LDA-SA predictive performance was further assessed
using the repeated K-fold-CV procedure. The results showed that best
predictive E-tongue-LDA-SA models were based on the same 25 signal
profiles (9 acquired during the brine solutions analysis and the other 16
during the table olive aqueous pastes evaluation) previously described,
resulting in a mean correct classification of 86 ± 9% (sensitivities
varying from 73% to 100%). It is important to emphasize that the
results are quite satisfactory taking into account the heterogeneity of
the 44 commercial table olives studied in this work (18 different
brands; 7 different olive cultivars plus olive blends; and, produced
using 3 types of technological processes, aromatized or not with spices,
as described in Section 2.1 and Table 3). Furthermore, the samples
evaluated showed a high sensory complexity considering that more
than one sensory defect could be perceived by the panelists as well as
basic gustatory attributes (e.g., salty, bitter and acid). Therefore, the
overall average predictive classification performance obtained with the
E-tongue can be seen as a promising tool for table olives sensory
groups’ classification.

4. Conclusions

In this work it was demonstrated the feasibility of applying a
potentiometric E-tongue (with lipidic cross-sensitivity polymeric mem-

branes) in combination with chemometric tools, for the successful
discrimination of negative organoleptic defects (standard solutions and
reference real samples) usually detected in table olives and their brine
solutions; as well as, to satisfactorily classify this well appreciated food
product according to commercial trade categories, recognized by the
International Olive Council.

The predictive satisfactory classification performance achieved with
the data fusion of the electronic tongue data and linear discriminant
analysis, pointed out its possible practical application for table olives
evaluation according to negative organoleptic attributes, which could
be used as a helpful tool by trained sensory panels. Also, the overall
satisfactory results reported show that this electrochemical based
approach may be used as a device for verifying the sensory quality of
table olives and so, contributing to enhancing consumers’ confidence
and ensuring that the price paid really reflects the product actual
organoleptic quality.

Finally, this study is a proof-of-concept, expanding the applicability
range of this type of electrochemical device (electronic tongue) as taste
sensors from the known olive oil analysis towards other relevant olive
derived products.
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