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Abstract: The effect of the industrial process and collecting period on produced olive oil and
by-products was evaluated. Obtained results showed significant variations for the majority of quality
indices before and after vertical centrifugation between all samples from the three collecting periods.
All samples were rich in monounsaturated fatty acid: Oleic acid (C18:1) with a maximum of 69.95%.
The total polyphenols and individual phenolic compounds varied significantly through the extraction
process, with a significant variation between olive oil and by-products. Notably, the percentage of
secoiridoids and their derivatives was significant in paste and olive oil, highlighting the activity of
many enzymes released during the different extraction steps. Regarding antioxidant capacity, the
most remarkable result was detected in olive oil and olive mill wastewater samples.

Keywords: olive oil; olive paste; by-product; industrial process; phenolic compounds

1. Introduction

Olive oil represents the main ingredient of the traditional Mediterranean diet, thanks to its
numerous beneficial effects on human health. The health benefits attributed to this product are
mainly due to its richness in antioxidants [1]. Indeed, many scientific studies confirm that antioxidant
compounds (tocopherols and polyphenols) are responsible for the reduction of the risk of coronary
disease and degenerative diseases such as atherosclerosis, cancer, and strokes [2]. On the other hand,
olive oil production represents an essential agro-industrial activity in the economic sector of many
Mediterranean countries. Currently, the production of olive oils uses the continuous two-and three-
phase processing systems because of their higher capacity, shorter processing, and reduced storage
time and workforce costs [3]. This sector results in a high production of waste that can reach 30 million
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tons per year [4]. Olive oil extraction generates two main by-products: A solid residue (pomace) and
an effluent known as olive mill wastewater (omww) [5]. Pomace represents a raw material for the
extraction of pomace oil and is also used as fuel and for generation of biomass by microbiological
processes. Olive mill wastewater has no economic value, representing a worthless by-product of the
extra virgin olive oil industry and an additional cost for disposal pretreatment [6]. Such by-products
are responsible for severe environmental problems because of their high concentration in organic acid
that turns them into phototoxic materials [7]. Particularly, omww has a substantial level of polyphenols
that have a toxic effect on individual plants and microorganisms [8]. However, these by-products may
represent a promising source of bioactive molecules [9]. Several researchers have reviewed literature
data concerning the composition of olive oil by-products in terms of phenolic compounds and have
highlighted interesting results regarding the antioxidant and biological activity of phenolic extracts
from wastewater and pomace [10]. As an approach to reduce the negative impact of olive oil industry
by-products, the phenolic compounds derived from olive oils and by-products are now used in food,
cosmetic, and pharmaceutical industries. Olive by-products show a high concentration in secoiridoid
derivatives [11].

Interestingly, omww has high levels of phenolic compounds, which could be transformed into
a natural source of valuable and powerful antioxidants [12]. Additionally, the phenolic compounds
present in the omww have registered a potent biological activity. In particular, hydroxytyrosol is
considered a protective agent of blood lipids against oxidation according to the European Food Safety
Authority [12,13]. According to literature, the phenolic compounds present in the dry olive residues
have antiproliferative activities against breast cancer [14]. Regarding olive pomace, it represents a
high potential in the production of a functional food because of its low-cost and richness in phenolic
compounds. In fact, the anti-inflammatory effect of olive pomace extract has been clearly demonstrated
where the polyphenols have expressed a high therapeutic potential in intestinal bowel disease [15].

The principal aim of this work is to screen the quality of some olive oils produced in Tejerouine
(Kef region, in the north-west of Tunisia) and to study the effect of production process on the chemical
composition of olive products and by-products using a three-phase industrial scale system for three
harvesting dates.

2. Materials and Methods

2.1. Sampling

All samples (paste, olive oil, omww, and pomace) were obtained from a three-phase continuous
chain olive mill in Tejerouin in the Kef region (north-west of Tunisia). The collected samples come
from the following cultivars: Sample one: Chetoui, samples two, three, five, and seven: Chetoui and
Chemlali, sample four: Chetoui and Gerboui, and sample six: Chetoui and Koroneiki. In blended
samples, the dominant cultivar was Chetoui which is the autochthonous cultivar of the Kef region.
Sampling was carried out in the beginning (d1: 22/11/2017), middle (d2: 19/12/2017), and the end (d3:
19/01/2018) of the crop’s season. From the non-centrifuged oil, omww and pomace were obtained
after horizontal decantation step. From the centrifuged oil and omww were collected after the vertical
centrifugation step.

For each sample, the same orchard and the same percentage of the different cultivars in the blend
were considered for the three collecting dates.

2.2. Solvent-Extraction of the Polar Fraction

2.2.1. Extraction of Polar Fraction from omww

Two methods were used for the extraction of the polar fraction from omww.
Method (1) was as described in literature [16] with some modifications. The omww mixed with

hexane was agitated and centrifuged. Then the delipidated omww (aqueous phase) was collected
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for the liquid–liquid extraction. At this point, ethyl acetate was added (v/v). After agitation and
centrifugation, two phases were obtained representing a supernatant, rich in polyphenols, and a base,
which was omww. The recovered organic phase was evaporated under vacuum in a rotary evaporator
at 38 ◦C. The obtained residue was dissolved in methanol for further analysis.

Method (2) consisted of evaporating 8.33 mL of omww under vacuum in a rotary evaporator
at 40 ◦C. The residue was mixed with methanol/water then dried by rotary evaporator at 40 ◦C,
then methanol was added to the residue before analysis.

2.2.2. Extraction of Polar Fraction from Olive Pomace and Paste

Phenolic extracts from dry pomace and paste were obtained by the conventional method described
in the literature [17]. Briefly, 1 g of dry matter was dissolved in 10 mL methanol. The samples were
maintained for 24 h in the dark under agitation at room temperature. The extract was then filtered and
evaporated under vacuum in a rotary evaporator at 38 ◦C.

2.2.3. Extraction of Polar Fraction from Virgin Olive Oil Samples

The phenolic extract of olive oil was obtained as follows: 2.5 g of olive oil was dissolved in 5 mL
of hexane. Subsequently a mixture of methanol:water (60:40, v/v) was added. After that, the mixture
was agitated and centrifuged at 3500 rpm for 10 min. The polar phase, was recovered for analysis.

2.3. Quality Indices

Determination of free fatty acids (FFAs) given as % of oleic acid, peroxide value (PV), absorbance
in the UV (K232 and K270) was carried out according to the standard methods described by the
International Olive Council (IOC) [18]. The free acidity was determined by titration of a solution of
oil dissolved in ethanol/ether (1:1) with 0.1 M potassium hydroxide in ethanol. Peroxide content was
established by the reaction of a mixture of 1 g of oil and chloroform/acetic acid with a solution of
potassium iodide in darkness. The free iodine was then titrated with a sodium thiosulfate solution.
PV was expressed as milliequivalents of active oxygen per kilogram (meq O2 kg−1). K270 and K232

extinction coefficients were calculated from the absorbance at 270 and 232 nm, respectively, with a UV
spectrophotometer using a 0.1 g of olive oil in cyclohexane and a path length of 1 cm.

2.4. Pigment Content

Chlorophylls and carotenoids were determined colorimetrically. The absorbance at 670 nm was
specific to the chlorophyll fraction, and that at 470 nm was specific to carotenoids. The applied
values of the specific extinction coefficients were E1 = 613 for pheophytin as a major component in
the chlorophyll fraction, and E2 = 2000 for lutein as a major component in the carotenoid fraction.
The pigment contents were calculated as follows:

Chlorophyll (mg/kg) = (A670 × 106) / (E1 × 100 × d)

β-carotene content = (A470 × 106) / (E2 × 100 × d)

E1: The specific extinction for pheophetin
E2: The specific extinction for lutein
where, A is the absorbance and d denotes the spectrophotometer cell thickness (1 cm).

2.5. Trolox Equivalent Antioxidant Capacity (TEAC)

TEAC was performed by preparing a solution of 2,2′-azinobis (3-ethylbenzothiazoline 6-sulfonate
(ABTS) in distilled water and a solution of potassium persulfate. After that, in a 96-well plate, 200 µL of
ABTS was added in all the well plate then 20 µL trolox with different dilutions already prepared, and
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20 µL of extract were added to the first line well plate. Measures were finally performed using a plate
reader. TEAC was expressed as mmol of trolox equivalent (TE) per 100 g of dry weight of extract (d.w.).

2.6. Determination of Total Polyphenols

The total polyphenol contents were determined in each extract using Folin–Ciocalteu’s method
adapted to a 96-well plate assay and expressed as percent of gallic acid equivalent (% GAE per
extract) [19]. A calibration curve of gallic acid was prepared. Then, 10 µL of the extract was mixed
with 50 µL of Folin–Ciocalteu. Then after addition of 100µL of sodium carbonate (Na2CO3), 840 µL of
distilled water was added. After 20 min in the dark. The reading was accomplished at 700 nm.

2.7. HPLC-MS Analysis of the Polar Fraction

The polar fractions of the paste, olive oil, and by-products were analyzed using high-performance
liquid chromatography coupled to mass spectrometry (HPLC-MS). An analytical technique that
combines the physical separation capabilities of liquid chromatography and the mass analysis
capabilities [20]. The phenolic compounds of the different extracts were separated using Agilent LC
1100 series (Agilent Technologies, Inc., Palo Alto, CA, USA) controlled by the Chemstation software
and equipped with a pump, autosampler, column, and UV-Vis diode array detector. The HPLC
instrument was coupled to an Esquire 3000+ (Bruker Daltonics, GmbH, Germany) mass spectrometer
equipped with an electrospray ionization (ESI) source and ion-trap mass analyzer and operated by
Esquire control and data analysis software. The column used was an Agilent Poroshell 120 RP-C18 (4.6
by 150 mm, 2.7 µm). The sample separation was carried out using a linear gradient using 1 % formic
acid (A) and acetonitrile (B). The gradient started with 5% B, 25% at 30 min, 45% B at 45 min, then
5% at 51 min and 5 min more for rebalancing. The flow rate was 0.5 mL/min [21]. The diode-array
detector was programmed at 280, 320, and 340 nm. The operating conditions of the mass spectrometer
were optimized to achieve maximum sensitivity values. The ESI system operated in negative mode to
generate ions [M-H]- under the following conditions: Desolvation temperature at 360◦C, vaporizer
temperature at 400 ◦C, drying gas (nitrogen), and nebulizer at 12 L per minute and 70 psi, respectively.
The data was acquired as full exploration mass spectra from 50 to 1400 m/z using 200 ms for the
collection of the ions in the trap.

2.8. Analysis of Fatty Acids

The analysis of the fatty acid composition was carried out according to the International Olive
Council method [18] with some modifications. Methylated esters were obtained from the mixture of
0.1 g of oil with 3 mL of hexane and 0.5 KOH in methanol 0.2 N. Fatty acid determination was performed
using a gas chromatography GC (Agilent 7890B technology) equipped with a capillary column CP –sil
88 model CP6173 (50 m of length and 250 µm of internal diameter). The film thickness was 250 µm,
and the temperature was maintained at 225 ◦C throughout the analysis time. The temperature of the
injector was 230 ◦C while the detector temperature was 300 ◦C and the oven temperature was set at
240◦C. Hydrogen was used as a carrier gas.

2.9. Statistical Analysis

Statistical significance was tested through a one-way ANOVA and Duncan test at 5% confidence
level using SPSS statistical package (Version 12.0 for Window, SPSS Inc. Chicago, IL, 2003).

3. Results

3.1. Quality Indices, Pigments, and Fatty Acid Composition of Olive Oil Samples

Table 1 shows the variation of quality indices of olive oil samples from the three collecting dates
before and after vertical centrifugation. After vertical centrifugation, all final-produced olive oil
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samples conformed to the norms fixed by the IOC for extra virgin olive oil class except for samples 4d1
and 6d1 (after vertical centrifugation).

Table 1. Quality indices of olive oil samples.

22-11-2017

Sample FFAs PV K232 K270

before vertical
centrifugation

1 0.4 ± 0.8 a,b 6 ± 0.8 a, 1.90 ± 0.02 a 0.1 ± 0.1 a,b

2 0.4 ± 0.1 a,b 9.70 ± 1.15
a,b,c,d 1.9 ± 0.4 a 0.07 ± 0.04 a

3 0.5 ± 0.1 a,b 16.0 ± 1.5 e 2.10 ± 0.05 a 0.10 ± 0.01 a,b

4 0.40 ± 0.02 a,b 13 ±4.6 d 2.17 ± 0.10 a 0.14 ± 0.02 c,d

5 0.4 ± 0.1 a,b 9 ±0.6 a,b,c 2.3 ± 0.3 a,b 0.17 ± 0.04 b,c,d

6 0.40 ± 0.01 a,b 13.0 ± 1.5 d 2.13 ± 0.22 a 0.15 ± 0.03 d

after vertical
centrifugation

1 0.43 ± 0.06 a,b 10 ± 1 b,c,d 2.12 ± 0.1 a 0.12 ± 0.02 a,b,c

2 0.30 ± 0.01 a 6.7 ± 2.3 a,b 1.87 ± 0.03 a 0.06 ± 0.01 a

3 0.40 ± 0.01 a,b 10 ± 1 c,d 2.1 ± 0.2 a 0.07 ± 0.01 a

4 0.3 ± 0.1 a 9.00 ± 0.01 a,b,c 2.6 ± 0.5 a 0.18 ± 0.10 b,c,d

5 0.40 ± 0.15 a,b 10 ± 2 cd 2.3 ± 0.1 a,b 0.14 ± 0.02 c,d

6 0.3 ± 0.1 a,b 13.0 ± 2.1 d 2.6 ± 0.2 b 0.20 ± 0.04 b,c,d

19-12-2018

Sample FFAs PV K232 K270

before vertical
centrifugation

1 0.5 ± 0.0 a,b,c 7.0 ± 1.2 a,b 1.9 ± 0.1 a,b 0.18 ± 0.02 b

2 1.2 ± 0.1 e 9 ± 2 b,c,d 2.47 ± 0.05 d 0.3 ± 0.1 c

3 0.4 ± 0.0 a 5.7 ± 1.5 a 1.92 ± 0.02 a,b 0.18 ± 0.01 b

4 0.4 ± 0.1 a,b 9.0 ± 1.2 b,c 1.85 ± 0.1 a,b 0.18 ± 0.01 b

5 0.5 ± 0.1 a,b,c 18.0 ± 1.5 g 1.82 ± 0.04 a,b 0.180 ± 0.004 b

6 0.4 ± 0.1 a,b 7.0 ± 1.2 a,b 1.71 ± 0.03 a 0.19 ± 0.01 b,c

7 0.5 ± 0.2 a,b 8.0 ± 0.6 a,b 2.07 ± 0.05 c 0.25 ± 0.05 c

after vertical
centrifugation

1 0.6 ± 0.2 b,c 12 ± 0.6 e,f 1.9 ± 0.1 a,b 0.15 ± 0.01 a,b

2 0.9 ± 0.1 d 13.7 ± 1.5 f 2.3 ± 0.1 c,d 0.19 ± 0.01 b,c

3 0.5 ± 0.1 ab 9 ± 1 b,c,d 1.99 ± 0.05 a,b 0.19 ± 0.01 b

4 0.7 ± 0.1 c 12 ± 0.6 e,f 1.9 ± 0.1 a,b 0.11 ± 0.01 a

5 0.6 ± 0.1 a,b,c 10 ± 0.6 c,d,e 1.98 ± 0.03 a,b 0.14 ± 0.03 a,b

6 0.6 ± 0.1 a,b,c 11 ± 1 d,e 1.88 ± 0.01 a,b 0.14 ± 0.02 a,b

7 0.5 ± 0.1 a,b,c 8 ± 1 b,c 1.9 ± 0.2 a,b 0.14 ± 0.03 a,b

19-01-2018

Sample FFAs PV K232 K270

before vertical
centrifugation

1 0.4 ± 0.1 a,b 6.0 ± 1.5 a 1.8 ± 0.1 a,b 0.15 ± 0.02 a,b,c

2 0.4 ± 0.1 a,b 4.0 ± 2.3 a 1.7 ± 0.1 a 0.11 ± 0.03 a

3 0.4 ± 0.1 a,b 11 ± 2 b 1.9 ± 0.1 bc 0.16 ± 0.01 b,c

4 0.5 ± 0.1 a 6.0 ± 1.5 a 1.7 ± 0.2 a 0.14 ± 0.03 a,b

after vertical
centrifugation

1 0.4 ± 0.1 a,b 6.0 ± 1.5 a 1.7 ± 0.1 a,b 0.14 ± 0.01 a,b

2 0.4 ± 0.1 a 4 ± 2.3 a 1.91 ± 0.13 b,c 0.16 ± 0.03 b,c

3 0.4 ± 0 a 12.0 ± 2.1 b 1.9 ± 0.1 b,c 0.18 ± 0.01 c

4 0.43 ± 0.06 a,b 6.0 ± 1.5 a 2.02 ± 0.04 a 0.17 ± 0.01 b,c

(a–g) The different letters indicate a significant difference (Duncan’s test, p = 0.05). Values are expressed as mean
values and standard deviations over three repetitions. Free fatty acids (FFAs): Expressed as % of C18:1 and peroxide
value (PV): Expressed as meq O2 kg−1.
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Regarding pigments, a significant difference (p < 0.05) was observed between centrifuged and
non-centrifuged oils. Interestingly, higher contents in chlorophylls and carotenoids were registered for
centrifuged olive oil in comparison to non-centrifuged ones (Figure 1).

Figure 1. Pigment content variation according to vertical centrifugation and collecting period.
(a) chlorophyll content variation in olive oils of 22/11/2017; (b) carotenoid content variation in olive oils
collected at 22/11/2017; (c) chlorophyll content variation in olive oils at 19/12/2017; (d) carotenoid content
variation in olive oils of 19/12/2017; (e) carotenoid content variation in olive oils collected at 19/01/2018;
and (f) carotenoid content variation in olive oils of 19/01/2018. NC: Before vertical centrifugation, C:
After vertical centrifugation.

The fatty acid composition of the studied samples is reported in Table 2. All obtained fatty
acid percentages were conform to the International Olive Council standards for extra virgin olive oil
class [18]. All samples were rich in monounsaturated acid (oleic acid) C18:1 with a maximum of 69.95%
(sample six at the second collecting date Table 2).
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Table 2. Fatty acid composition of olive oil samples (% m/m methyl esters).

Sample C16:0 C16:1 C17:0 C17:1 C18:0 C18:1 C18:2 C18:3 C20:0 C20:1

d1

1 12.87 0.59 0.13 0.21 3.00 64.6 16.31 - 0.43 0.40
2 12.11 0.52 0.19 0.35 2.81 65.62 15.17 0.75 0.38 0.42
3 13.70 0.56 0.29 0.40 2.98 64.54 14.62 0.51 0.45 0.36
4 12.71 0.52 0.11 0.13 3.00 64.32 16.97 - 0.45 0.36
5 12.92 - 0.16 - 2.96 64.80 17.44 0.61 0.45 0.47
6 12.05 0.39 0.47 0.21 2.92 62.88 19.17 - 0.46 -

d2

1 13.07 0.51 - - 3.12 64.94 16.48 0.49 0.41 0.45
2 12.00 0.36 - - 3.36 63.30 19.61 0.53 0.45 0.39
3 10.69 0.27 0.16 - 3.77 65.13 18.30 0.52 0.45 0.36
4 11.31 0.29 - - 4.01 64.67 17.92 0.63 0.48 0.46
5 16.44 1.28 - - 3.16 63.16 12.67 1.00 0.49 0.40
6 12.58 1.04 0.10 - 2.77 69.33 12.80 0.43 0.44 0.37
7 16.47 0.87 - - 3.18 62.45 13.86 0.41 0.46 0.46

d3

1 11.03 0.46 0.14 3.40 67.78 15.73 0.46 0.44 0.32
2 11.69 0.24 - - 3.44 65.20 16.67 0.47 0.46 0.42
3 9.73 0.35 0.17 - 3.57 67.25 17.36 0.48 0.57 0.37
4 11.74 0.15 0.44 0.05 3.11 65.88 16.99 0.53 0.57 0.38

EVOO (IOC [18]) 7.5–20 3–3.5 - - 0.5–5 55–83 3.5–21 ≤1 ≤0.6 ≤0.5

d1: 22/11/2017, d2: 19/12/2017, and d3: 19/01/2018. Data are expressed by mean values ±SD of three independent
experiments. Values followed by same letters are not significantly different (Duncan’s test, p = 0.05).

3.2. Total Polyphenols in the Extracts

The distribution of total polyphenols (TP) in olive oil and by-product extracts is represented
in (Table 3). A significant variations of TP contents between olive oil extracts as well as between
by-products were observed. After vertical centrifugation, TP contents decreased for some olive
oil samples and on the contrary increased in a part of olive oil samples. However, an apparent
slight decrease was observed for ethyl acetate omww extracts after vertical centrifugation. Among
by-products, ethyl acetate omww extracts showed the highest contents. We can say that ethyl acetate
was more efficient than methanol in extracting omww polyphenols. For all studied samples, TP contents
decreased slightly from olive paste to pomace extracts.
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Table 3. Total polyphenols in olive oil, paste, pomace, and omww extracts (expressed as % GAE per extract).

Samples Paste Oonc Ooc Pomace Omww nc EA Omwwc EA Omwwnc MeOH Omwwc MeOH

d1

1 4.9 ± 0.4 a 45.5 ± 1.4 b 36.8 ± 1.7 b 2.2 ± 1.5 a 13 ± 4 a 13.6 ± 4.4 a 2.7 ± 0.4 a 8.7 ± 2.9 a

2 1.2 ± 1.2 a 35.6 ± 1.8 b,c 44.5 ± 3.7 c 2.7 ± 2.0 a 11.3 ± 3.4 a,b 9.7 ± 2.6 a,b 3.2 ± 0.8 a 3.9 ± 1.7 a

3 2.5 ± 0.4 a 44.8 ± 2.5 b 27.6 ± 1.3 b 2.1 ± 0.8 a 8.1 ± 1.7 a 6.95 ± 1.4 a 3.7 ± 0.6 a 3.6 ± 1.1 a

4 3.9 ± 0.8 a 36.9 ± 1.6 b 35.4 ± 1.7 b 1.6 ± 0.3 a 13.4 ± 2.3 a 11.6 ± 2.3 a 2.7 ± 0.4 a 4.4 ± 1.4 a

5 3.5 ± 0.6 a 37 ± 2 b 35.5 ± 1.7 b 1.3 ± 0.2 a 24.6 ± 6.3 a 19.4 ± 4.5 a 6.0 ± 3.1 a 5.5 ± 1.1 a

6 2.3 ± 0.2 a 43 ± 2 b 35.7 ± 1.3 b 0.7 ± 0.1 a 20.7 ± 3.5 b,c 16.7 ± 2.8 a,b 5.2 ± 1.6 a,b 5 ± 1.4 a,b

d2

1 2.8 ± 0.4 a 37.7 ± 2.0 b 30.6 ± 4.2 b - 10.1 ± 5.1 a 9.2 ± 2.9 a 2.9 ± 0.2 a 4.7 ± 0.8 a

2 3.5 ± 0.3 a 39.4 ± 1.3 b,c 49.8 ± 4.5 b - 29.3 ± 2.9 a,b,c 22.5 ± 2.1 a,b,c 7.5 ± 1.8 a,b 4.8 ± 0.3 a

3 2.1 ± 1.1 a 38.7 ± 1.1 b 69.4 ± 2.8 c - - 16.8 ± 2.2 a,b 5.3 ± 1.8 a -
4 2.4 ± 0.8 a 31.5 ± 1.1 b 68.10 ± 4.05 c 2 ± 1.1 a 12.7 ± 2.6 a,b 10 ± 1.2 a,b 7.1 ± 2.3 a,b 4.4 ± 1.4 a,b

5 2.2 ± 0.9 a 34.21 ± 1.6 b 61.8 ± 3.3 c 1.5 ± 0.2 a 11.5 ± 1.4 a 10.4 ± 2.3 a 3.8 ± 1.4 a 5.44 ± 0.4 a

6 1.02 ± 1.03 a 34.3 ± 9.1 b 79.09 ± 4.6 c 0.06 ± 0.64 a 15.1 ± 5.2 a,b 12.1 ± 3.7 a,b 7.7 ± 2.4 a,b 5.3 ± 0.9 a,b

7 - 31.1 ± 9.8 b,c 51.46 ± 2.8 c 0.3 ± 1.5 a 16.4 ± 6.3 a,b - 7.3 ± 2.7 a,b -

d3

1 6.6 ± 0.5 a 36 ± 1.6 b 49.3 ± 3.1 b 1.1 ± 0.1 a 10.4 ± 2.9 a 7.8 ± 1.4 a 7.0 ± 1.4 a 3.6 ± 0.6 a

2 2.6 ± 0.3 a 47.0 ± 2.1 b 45.1 ± 3.2 b 0.8 ± 0.1 a 4.9 ± 1.6 a 5.2 ± 1.1 a 2.1 ± 1.1 a 4.2 ± 0.5 a

3 6 ± 1 a 76.2 ± 3.8 c 48.4 ± 1.9.b 0.7 ± 0.1 a 10.5 ± 0.9 a 10 ± 1 a 5.6 ± 0.8 a 7.3 ± 1.4 a

4 2.2 ± 0.4 a 39.4 ± 1.3 b 43.6 ± 2.8 b 0.4 ± 0.1 a 14.6 ± 1.7 a 12.1 ± 1.2 a 5.6 ± 2.5 a 5.1 ± 0.8 a

d1: 22/11/2017, d2: 19/12/2017, d3:19/01/2018, oonc: Olive oil before vertical centrifugation, ooc: Olive oil after vertical centrifugation, omwwnc: Olive mill waste water before vertical
centrifugation, omwwc: Olive mill waste water after vertical centrifugation, EA: Ethyl acetate extract, and MeOH: Methanolic extract. Data are expressed by mean values ±SD of three
independent experiments. (a–c) Values followed by the same letters are not significantly different (Duncan’s test, p = 0.05).
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3.3. Evaluation of the Antioxidant Activity: TEAC Assay

Among the studied samples, the TEAC test was performed on 22 extracts. The latter are the extracts
from different matrices (products and by-products) from different collecting dates, and that showed the
highest total polyphenol content. TEAC correlates positively to the polyphenol contents [22]. Figure 2
shows the TEAC variation in the extracts of the different samples under study.

Figure 2. Trolox equivalent antioxidant capacity variation in olive oil, paste, and by-products. d1:
22/11/2017, d2: 19/12/2017, d3: 19/01/2018, oonc: Olive oil before vertical centrifugation, ooc: Olive
oil after vertical centrifugation, omwwnc: Olive mill wastewater before vertical centrifugation, and
omwwc: Olive mill wastewater after vertical centrifugation. (a-h) The different letters indicate a
significant difference (Duncan’s test, p < 0.05) values are expressed as mean values and standard
deviations over three repetitions.

3.4. Phenolic Compound Analysis in Olive Paste, Olive Oil and by-Products

The phenolic compounds were identified using high performance liquid chrmatography coupled
to diode-array detector and electrospray ionization mass spectrometry (HPLC-DAD-ESI-MS/MS)
analysis. The choice of samples to analyze in this part was based on TEAC activity in different matrices.
The objective of this analysis was to assess the behavior of phenolic compounds in the different matrices
during olive oil production process. Table 4 shows the identified compounds in olive oil, olive paste,
and by-products. Nineteen phenolic compounds could be detected and determined based on available
standard compounds, the MS and MS/MS fragments spectra, and the literature [23–30].

Regardless the collection date and vertical centrifugation process, as shown in Table 4 among
samples, olive oil extracts showed the highest percentages in oleuropein aglycone (extracts 1, 9, 10, and
11) whereas, the rest of matrices extracts registered the highest percentages in secoiridoid derivative
(extracts 2, 3, 5, 6, and 7) as well as in terms of hydroxyttyrosol hexoside dimer (extracts 2, 3, 6, and 7),
acyclodihydroelenolic acid hexoside (extract 7), and G13 (extracts 4 and 5). Previously in literature [24]
it was cited that most of these compounds are detected in drupe and paste.

In addition, other compounds were also determined such as stachyose which reached 13% in
omww (7) extract. The compound (+)−1-Hydroxypinoresinol 1-O-β-D-glucopyranoside was present
in omww extract (sample 6). This compounds was found in other researches [25] in wood, leaves, and
stems of ‘Chemlali’ olive cultivar.

p-Coumaroyl-6-oleoside was present only in olive paste extracts (extracts two and three), reaching
14% in olive paste extract three.
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Table 4. Polar compounds determined in olive oil, paste, and by-products.

Proposed Compound M-H]- MS/MS Fragments Sample and Percentage References

Galloyl-HHDP-hexoside 663 - 3 (5.27%) [23]

Hydroxytyrosol hexoside dimer 631 153; 315 2 (15.00%), 3 (11.09%), 6
(17.48%), 7 (13.85%) [24]

Stachyose 665 4 (2.64%), 7 (13.85%) [25]

Secoirioid derivative 815 407; 375; 313
2 (63.66%), 3 (39.98%), 5
(50.49%), 6 (35.20%), 7

(37.85%)
[26]

Acyclodihydroelenolic acid
hexoside 407 389; 165 4 (12.75), 7 (34.91%) [25]

Isonuezhenide 685 523; 453; 421; 299;
223 3 (5.24%), 4 (3.12%) [27]

Caffeoyl-6-oleoside 551 - 2 (6.61%), 3 (6.75%), 6 (6.56%) [24]
p-Coumaroyl-6-oleoside 535 491 2 (6.70%), 3 (14.91%) [24]

(+)−1-Hydroxypinoresinol
1-O-β-D-glucopyranoside 535 - 6 (9.29%) [25]

Elenolic acid dialdehyde linked
to hydroxytyrosol 319 195 1 (10.15%) [28]

G13 1071 909; 837; 771; 685;
523; 385

2 (8.03%), 3 (7.99%), 4 (33.87%),
5 (22.95%) [27]

oleuropein aglycone 377 275; 149
1 (54.61%), 8 (33.60%), 9
(17.76%), 10 (59.86%), 11

(37.99%)
[25]

Forsythoside B 755 447 8 (12.30%) [29]
Leucosceptoside B 781 - 6 (9.63%) [29]

Secoisolariciresinol 361 - 11 (4.53%) [30]
Oleuropein hexoside 701 539 1 (6.06%) [27]

Olive oil samples (1, 8, 9, 10, and 11), paste (2 and 3), pomace (4 and 5), and omww (6 and 7).

4. Discussion

No significant difference was observed among the quality parameters during the three collection
dates, except for some samples such as 4C and 6C of 22/11/2018 that showed k232 values exceeding 2.5
(K232 = 2.6). Similarly, samples 2NC and 2C of 19/12/2017 represented a high percentage of free fatty
acids (1.2% and 0.9%, respectively). Concerning the peroxide values, which evaluate the hydroperoxide
content in olive oil and offer a measure of lipid oxidation, they ranged from 4 meqO2/kg to 18 meqO2/kg
for all the studied samples. Peroxide values did not show an apparent variation according to the vertical
centrifugation process (Table 1). Regarding free fatty acids, generally, no significant difference was
noted between the centrifuged and non-centrifuged olive oils. A slight significant variation in samples
collected in January, was found and especially for sample two free fatty acid content showed a decrease
from 1.2% before centrifugation to 0.9% after centrifugation. Specific extinction values expressed a
slight variation between centrifuged and non-centrifuged oils. Generally, variation obtained in terms
of quality indices was observed mostly in samples according to centrifugation process more than
the harvesting period. These findings are similar to those reported by other researchers [31] who
assessed the variation of quality indices between olive oil obtained from processes of sedimentation
and centrifugation with respect to raw olive oil obtained at the decanter exit.

The change in fatty acid composition can be related to the harvest time [32]. It was previously
demonstrated that storage conditions, extraction process, and harvesting period might have an effect
on the variation of the fatty acid content [32]. The slight variation in the fatty acid contents observed
between analyzed samples seems to be also related to the cultivar, which is in accordance with previous
researches [3].

According to the data of Table 3, it was found that omww polyphenol-extraction was more
efficient with ethyl acetate than with methanol as an extractant solvent. omww comprises different
bioactive phenolic compounds that have antimicrobial and phytotoxic effects. This composition is
variable and depends on the cultivar, harvesting time, and extraction processes [33]. Its richness in
water and nutriment gives to omww a significant value of fertilization. For this reason, it is advised
to use this by-product for nutraceutical purposes due to its richness in nutritive components and its
lower cost [34], since most of the phenolic compounds are lost lost during oil processing, ending up in
wastes instead of oil [35].
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Centrifuged and non-centrifuged olive oil samples presented good antioxidant capacities.
However, a significant variation was observed in this parameter according to the matrix. The highest
value was detected in olive oils followed by omww, paste, and pomace. Moreover, when extracted
by ethyl acetate, the polar fraction of omww presented a higher value of TEAC compared to pomace
extracts. A slight significant difference was registered between centrifuged and non-centrifuged olive
oils and the same behavior was observed for omww (Figure 2). TEAC values for pomace extracts did
not exceed 10 mmol TE/100 g DW. Previous studies showed that the most significant influence of radical
elimination was resulting from the presence of oleuropein aglycone dialdehyde (3,4-DHPEA-EDA)
than other phenolic compounds [24].

The change in phenolic compounds is related to the activity of many enzymes that are released
during pressing and malaxation steps [1]. It was previously demonstrated that all glycoside phenols
are transformed to their aglycone forms, and the complex phenols are completely hydrolyzed to
simple phenolics oleuropein, demethyloleuropein oleoside, and verbascoside [1]. In fact, polyphenol
oxidase could be responsible for indirect oxidation of secoiridoids, and β-glucosidase could play
a role in the production of phenol-aglycones such as the oleuropein aglycone and its isomers by
hydrolysis of oleuropein as explained in literature [36]. The dialdehydic form of elenolic acid linked to
hydroxytyrosol 3,4-DHPEA-EDA was detected in olive oil sample C4d2. The richness of olive oil in
secoiridoid derivatives is an indicator of degradation pathways for the phenolic oleosides shown in the
solid phases [36]. However, some compounds were identified in paste and by-products but not in olive
oil such as hydroxytyrosol hexoside dimer, acyclodihydroelenolic acid hexoside, caffeoyl-6-oleoside,
G13, and isonuezhenide (Table 4).

The presence of oleoside groups (caffeoyl-6-oleoside and p-coumaroyl-6-oleoside) in paste
and by-products (Table 4) results probably from the degradation pathways of simple phenols [1].
The phenolic alcohol hydroxytyrosol hexoside dimer present in paste and by-products gave a base
peak at m/z 631 with an MS/MS fragments at m/z 153 and m/z 315 which is in accordance with the
results found elsewhere [24]. The presence of this compound in paste and by-products is mainly due
to its strong hydrophilic nature and the activity of certain enzymes such as β-glucosidase during
the malaxation process that is responsible for the hydrolysis of the glycosides to their respective
aglycones [24].

The secoiridoids were present with their derivatives during the different steps of the extraction
process specifically, in olive oil, paste, and by-products (Table 4). The transformation of the complex
form of secoiridoid to the simple polyphenol form after malaxation is assured by the phenomenon
of hydrolysis. So, the secoiridoids present in the paste or more precisely in fruit, are distributed
between olive oil and by-product. However, it can be deduced that there is a significant loss of these
major phenolic compounds in by-products. The secoiridoids are responsible for the good quality
of virgin olive oil. Nevertheless, the extraction process of olive oil, such as the three-phase process,
is responsible for the loss of a high amount of certain secoiridoids and their derivatives. On the other
hand, galloyl hexahydroxydiphenoyl hexoside was detected in paste and a tetrasaccharide (stachyose)
in by-products (Table 4). In our study, the distribution of phenolic compounds in paste, olive oil, and
by-products differed significantly during the process of oil extraction.

According to previous works [37–41], the remarkable antioxidant capacity of olive oil, paste, and
by-products may encourage their possible valorization. Further researches will be conducted to study
in-depth the potential anti-cancer activity of selected extracts as novel cytotoxic agents.

5. Conclusions

The olive oil extraction process provides many valuable by-products thanks to their bioactive
compounds. In this study, the matrices entailed in olive oil processing were screened for their quality
indices and chemical composition (fatty acids, chlorophylls, carotenoids, and polyphenols). Different
distribution of total polyphenols and values of TEAC antioxidant activity in olive oil, paste, and
by-products (pomace and omww) extracts were highlighted in this study. Moreover, the distribution
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of individual phenolic compounds varied significantly according to the matrix. This variation is
certainly linked to the transformation of initial phenolic compound in paste after malaxation due to the
phenomenon of hydrolysis. Furthermore, we detected a considerable loss of secoiridoids glycosides
and their derivatives in by-products. Generally, all samples from the three collecting dates shared
similar behaviors for the studied parameters.
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and quantification by HPLC-PAD of phenylethanoid glycosides of five Phlomis species. Phytochem. Anal.
2005, 16, 1–6. [CrossRef] [PubMed]

29. Sanz, M.; De Simón, B.F.; Cadahía, E.; Esteruelas, E.; Muñoz, A.M.; Hernández, T.; Estrella, I.; Pinto, E.
LC-DAD/ESI-MS/MS study of phenolic compounds in ash (Fraxinus excelsior L. and F. americana L.) heartwood.
Effect of toasting intensity at cooperage. J. Mass Spectrom. 2012, 47, 905–918. [CrossRef]

30. Cardinali, A.; Pati, S.; Minervini, F.; D’Antuono, I.; Linsalata, V.; Lattanzio, V. Verbascoside, isoverbascoside,
and their derivatives recovered from olive mill wastewater as possible food antioxidants. J. Agric. Food Chem.
2012, 60, 1822–1829. [CrossRef]

31. Altieri, G.; Di Renzo, G.C.; Genovese, F.; Tauriello, A.; D’Auria, M.; Racioppi, R.; Viggiani, L. Olive oil
quality improvement using a natural sedimentation plant at industrial scale. Biosyst. Eng. 2014, 122, 99–114.
[CrossRef]

32. Alowaiesh, B.; Singh, Z.; Fang, Z.; Kailis, S.G. Harvest time impacts the fatty acid compositions, phenolic
compounds and sensory attributes of Frantoio and Manzanilla olive oil. Sci. Hortic. 2018, 234, 74–80.
[CrossRef]

33. Barbera, A.C.; Maucieri, C.; Cavallaro, V.; Ioppolo, A.; Spagna, G. Effects of spreading olive mill wastewater
on soil properties and crops, a review. Agric. Water Manag. 2013, 119, 43–53. [CrossRef]

34. Sellami, F.; Jarboui, R.; Hachicha, S.; Medhioub, K.; Ammar, E. Co-composting of oil exhausted olive-cake,
poultry manure and industrial residues of agro-food activity for soil amendment. Bioresour. Technol. 2008, 99,
1177–1188. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.foodchem.2006.10.005
http://dx.doi.org/10.3989/gya.044710
http://dx.doi.org/10.1002/jsfa.6234
http://dx.doi.org/10.1002/ptr.5296
http://dx.doi.org/10.1016/j.lwt.2014.03.014
http://dx.doi.org/10.1016/j.fct.2010.05.060
http://www.ncbi.nlm.nih.gov/pubmed/20510328
http://dx.doi.org/10.1016/j.foodchem.2010.12.156
http://www.ncbi.nlm.nih.gov/pubmed/23140740
http://dx.doi.org/10.1055/s-0033-1350823
http://www.ncbi.nlm.nih.gov/pubmed/24072502
http://dx.doi.org/10.1002/pca.2664
http://www.ncbi.nlm.nih.gov/pubmed/28067965
http://dx.doi.org/10.3390/molecules22050689
http://dx.doi.org/10.1021/jf901590n
http://dx.doi.org/10.1002/pca.802
http://www.ncbi.nlm.nih.gov/pubmed/15688949
http://dx.doi.org/10.1002/jms.3040
http://dx.doi.org/10.1021/jf204001p
http://dx.doi.org/10.1016/j.biosystemseng.2014.04.007
http://dx.doi.org/10.1016/j.scienta.2018.02.017
http://dx.doi.org/10.1016/j.agwat.2012.12.009
http://dx.doi.org/10.1016/j.biortech.2007.02.018
http://www.ncbi.nlm.nih.gov/pubmed/17433668


Processes 2020, 8, 701 14 of 14
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