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Abstract

Olive stones (OS) are a by-product of great interest from olive oil mills and the table olive
industry due to their high content of phenolic compounds. In this work, the extraction
of phenolic compounds from OS via microwave-assisted extraction (MAE) with aqueous
acetone was assayed. A central composite design of experiments was used to determine
the optimal extraction conditions, with the independent variables being temperature,
process time, and aqueous acetone (v/v). The dependent variables were the total content
of phenolic compounds (TPC) measured by the Folin—Ciocalteu method and the main
phenolic compounds identified and quantified by UPLC. Under optimal conditions (75 °C,
20 min, and 60% acetone), 3.32 mg TPC was extracted from 100 g of dry matter (DM) OS.
The most suitable extraction conditions were different for each polyphenol. Therefore,
292.11 pg vanillin/g DM; 10.94 pg oleuropein/g DM; and 10.11 protocatechuic acid pg/g
DM were obtained under conditions of 60 °C, 15 min, and 100% acetone; 43.8 °C, 10.45 min,
and 61.3% acetone; and 64.8 °C, 16.58 min, and 97.8% acetone, respectively. Finally, MAE
was compared with the traditional Soxhlet method under the same conditions. As a result,
MAE was proven to be an enhanced and more feasible method for polyphenol extraction
from OS.

Keywords: acetone; design of experiments; MAE; Soxhlet; vanillin

1. Introduction

According to FAOSTAT, 98% of the worldwide production of the olive sector is con-
ducted in Mediterranean countries. In fact, approximately 23.8% of the olives produced in
2018 were from Spain [1,2]. Olive oil, the main product of this sector, is obtained through a
continuous centrifugation system using two-outlet or three-outlet decanters. In the former,
one outlet is for olive o0il, and another is for olive pomace (pulp and stones) and vegetable
water (plus the water added during the process), while in the latter, there are three outlets
(olive oil, pomace and wastewater) [1,3]. It is estimated that 70 kg of stones per ton of
milled olives is produced [2,3].

Although olive o0il is considered a mixture rich in phenolic compounds, proteins,
and pigments [1,4,5], olive stones (OS) contain other special compounds, such as some
polyunsaturated fatty acids (mainly linoleic acid) [1].

Olive stones are mainly a lignocellulosic material essentially composed of three struc-
tural polymers: cellulose, hemicellulose, and lignin, where the latter is the principal source
of polyphenols [5,6]. In general, this by-product is used as a heating source and animal feed;
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however, new approaches aim for more profitable revalorization by obtaining compounds
of high added value for the industrial and pharmaceutical industries [4,7].

Natural antioxidant compounds can be classified as phenolic compounds, carotenoids,
and vitamins [1,6]. Phenolic acids, which belong to the former group, are simple com-
pounds made with at least one phenol ring and several hydroxyl groups. These moieties
allow polyphenols to have a wide range of polarity and antioxidant properties [1,5,8].

Some studies show the importance of polyphenols in the food industry due to their
biological properties (i.e., anti-inflammatory, anti-cancer, or antimicrobial properties) [4,8,9].
Thus, the most representative olive polyphenolic compounds in olives are oleuropein,
hydroxytyrosol, and oleocanthal [5]. Regarding OS, other polyphenols (caffeic acid, proto-
catechuic acid, vanillic acid, vanillin, coumaric acid, or ferulic acid) have been reported in
addition to those mentioned above [7,10]. Beyond their antioxidant activity, vanillin is a
well-known and valuable flavor agent [11], while protocatechuic acid has anti-inflammatory
and neuroprotective activities [12,13].

Although synthetic antioxidants are the main source of polyphenols, there is increasing
interest in natural polyphenols as consumer awareness grows for natural supplements, and
furthermore, sustainable chemical processes are being developed to produce these natural
antioxidants [4,9].

Several extraction techniques have been reported for obtaining phenolic compounds
from different agrifood wastes. These techniques can be classified into conventional meth-
ods (i.e., maceration, Soxhlet extraction) and emergent methods (i.e., ultrasound-assisted
extraction, UAE; microwave-assisted extraction, MAE; homogenizer-assisted extraction,
HAE; pressurized liquid extraction, PLE) [4].

In fact, conventional methods are less effective than phenolic extraction techniques
and emergent methods, as the former are time-consuming and require large amounts of
solvent, while the latter use much less. Rafiee et al. [14] studied maceration and MAE
applied to olive leaves, obtaining the highest TPC via MAE (88.298 mg tannic acid /g DM)
when using methanol as solvent and 15 min process time. Proestos and Komaitis [15]
reported better results using MAE (23.8 mg gallic acid equivalents (GAEs)/g DM) than
conventional techniques applied to different plants, under conditions of 750 W, 4 min
process time, and acetone as solvent. Koraqi et al. [16] compared maceration and UAE with
different solvents (ethanol, acetone, acetonitrile, methanol, and water) in strawberry fruits,
resulting in the highest TPC extraction for UAE (18.78 mg GAE/g DM) under the following
conditions: 17.5 °C, 52 min, and acetone as solvent.

Among emergent methods, diverse studies have reported different results according
to operational conditions and raw materials. Chanioti and Tzia [17] compared HAE, MAE,
and UAE using various solvents (NADEs, ethanol, and water) for extracting phenolic
compounds from OS. These authors found that the optimal extraction of TPC was achieved
when using HAE (18.30 GAE mg/g DM) under the following conditions: NADEs, 60 °C,
and 12,000 rpm. On the other hand, Tapia-Quir6s et al. [18] studied polyphenol extraction
from olive pomace, comparing MAE, PLE, and UAE, with MAE (11 mg GAE/g DM) being
the most efficient technique under conditions of 50% ethanol, 90 °C, and 5 min.

MAE principles (Figure 1) are based on the ionic conduction and dipole rotation
of polar molecules (sample and solvents) absorbing microwave radiation, converting it
into thermal energy, and resulting in the heating of the sample [5,19]. Consequently,
unidirectional temperature and mass transfer occurs from the sample matrix to the solvent.
In contrast, in Soxhlet extraction, bidirectional transfer occurs, where temperatures are
transferred from the solvent to the sample [19-21].
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Figure 1. Principles of microwave-assisted extraction (MAE) and conventional extraction.

Many operating parameters affect the MAE process (i.e., temperature, solvent, process
time, stirring, and sample-solvent ratio). Time, temperature, and stirring depend on the
sample and equipment. The nature of the solvent is by far one of the most critical parameters
because polar chemical molecules, which have a high dielectric constant, can absorb more
microwave energy [22,23]. However, the degree of polarity of polyphenols is wide, as
it depends on their hydroxyl number as well as other functional groups (e.g., keto or
carboxylic groups). Therefore, neither extremely polar nor non-polar solvents are suitable
for extracting large amounts of phenolic compounds [24,25]. Regarding the extracting
solvent, aqueous acetone has been reported as the most suitable solvent for microwave-
assisted extraction of polyphenols because of its wide polarity range [14,23,26,27] and its
high lignin solubilization capacity [28,29].

This work focuses on enhancing the MAE of polyphenols from OS. To achieve this, we
optimized the most important operating factors (temperature, process time, and aqueous
acetone solution (% v/v)) through a response surface methodology (RSM) with a central
composite design (CCD). This factorial model allows us to adjust the response (dependent
variable), the parameter of interest which is controlled by operating conditions (indepen-
dent variables), to a curve surface to find a maximum for the TPC and the most interesting
phenolic compounds.

2. Materials and Methods
2.1. Standards and Reagents

Folin—Ciocalteu’s reagent, methanol 99.9% (HPLC grade), formic acid 98.0% (HPLC
grade), and gallic acid (anhydrous 98.0%) were all supplied by Sigma-Aldrich Chemie
GmbH (Taufkirchen, Germany); Anhydrous sodium carbonate was purchased from Merck
KGaA (Gernsheim, Germany), while acetone and hexane for analysis were supplied by Pan-
reac Quimica S.L.U. (Castellar del Valles, Spain). Phenolic standards: vanillin (Sigma, Saint-
Quentin-Fallavie, France), oleuropein (TRC, Vaughan, ON, Canada), 3-hydroxytyrosol, and
protocatechuic acid (Ehrenstorfer, Augsburg, Germany).

2.2. Raw Material and Pretreatment

OS obtained during the olive pomace pitting process were provided by Agricola
Olivarera Virgen del Campo S.C.A. (Cafiete de las Torres, Cérdoba, Spain) olive mill.

The raw material was dried at 40 °C in a drying oven (JP Selecta, Barcelona, Spain).
Subsequently, it was ground through a PM 200 planetary ball mill (Retsch, Diisseldorf,
Germany) to obtain olive stone powder (OSP) with a 150 pm size.
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2.3. Polyphenolic Extraction Methods
2.3.1. Microwave-Assisted Extraction (MAE)

OSP (1 g) was mixed with 20 mL of aqueous acetone in a Teflon vessel, i.e., a sample—
solvent ratio of 1:20 (m/v) was used [26,27]. The mixture in closed Teflon vessels was
subjected to different extraction conditions (Table 1) in an Ethos One microwave digester
(Milestone, Sorisole, Italy), with 3 experimental variables being modified: process tempera-
ture (T), extraction time (t), and acetone:water (v/v) ratio (A:W). A total of 20 experiments
were run, and three replicates were performed per experiment.

Table 1. Data about 5 levels of each factor (temperature, T; time, ¢; and acetone:water (v/v) ratio,
A:W), where £+ « = £ 1682.

1D Factor (Unit) Levels
- —1 0 +1 +
A T (°Q) 27.5 45 60 75 92.5
B t (min) 2 10 15 20 28
C AW (% v/v) 50 60 75 920 100

After the MAE process, the solution was filtered through vacuum filtration using a
GF/C glass fiber filter (Whatman, Dassel, Germany) with a 1.2 pm pore diameter, which
resulted in a liquid extract.

Similarly to the Soxhlet extraction, the solvent in the resulting liquid extract was
removed at 40 °C in a Hei-VAP Core rotary evaporator (Heindolph, Schwabach, Germany),
and the solid extract was weighed and stored at —4 °C in a freezer.

The amount of solid extract was expressed in mg E/g DM, where E stands for extract
and DM for dry matter.

2.3.2. Soxhlet Extraction

Solid-liquid extraction of OSP (30-40 g) was carried out using a Soxhlet system,; first,
hexane was used for 5 h to extract residual oil, and then pure acetone was used for another
5 h to extract polyphenols [30]. Every extraction experiment was carried out in triplicate,
and the extraction was coded as Soxhlet 100.

The solvent in the resulting liquid extract was removed at 40 °C using a Hei-VAP
Core rotary evaporator (Heindolph, Schwabach, Germany) to allow the solid extract to be
weighed and kept at —4 °C in a freezer. The quantity of solid extract was expressed in mg
E/g DM, where E stands for extract and DM stands for dry matter.

Finally, a Soxhlet extraction using the optimized concentration of aqueous acetone
solution (% v/v) obtained for MAE was carried out in duplicate to compare the performance
between the two methods. This extraction was coded as Soxhlet 60.

2.4. Total Phenolic Content

The total phenolic content (TPC) was determined using the Folin—Ciocalteu method
described by Singleton and Rossi [31] with modifications [5,32-34]. In addition, gallic acid
was used as standard.

The dry extracts were dissolved in 1 mL of 7% aqueous acetone to ensure that the
results were reliable. In a 96-well plate, 70 pL of sample and 70 uL of 10% Folin-Ciocalteu’s
reagent were added, and, after 8 min, 140 puL of 3.5% Na,CO3; was added as well.

Immediately, the plate was incubated with shaking at 25 °C in the dark for 45 min.
Thereafter, the absorbance of the solution was measured at 765 nm using a Bio-Tek Synergy
HT microplate spectrophotometer (Agilent, Santa Clara, CA, USA).
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TPC was determined by comparing the absorbance of the samples with a calibration
curve of gallic acid, and it was expressed as mg GAE/g DM, where GAE stands for gallic
acid equivalents and DM stands for dry matter.

2.5. Chromatographic Analysis of Phenolic Compounds

The samples were prepared by dissolving dry extract in a solution of 50% (v/v)
methanol and 0.1% (v/v) formic acid and vortexed. The mixture was filtered using a
nylon filter with a 0.2 pm pore size. The injection volume in the UHPLC system was 5 uL
of sample.

Phenolic compound analysis was performed on a liquid chromatography system,
namely a binary UHPLC Dionex UltiMate 3000 RS (Thermo Scientific, Waltham, MA, USA)
coupled to a quadrupole-orbitrap QExactive hybrid mass spectrometer (Thermo Scientific,
Waltham, MA, USA) with HESI ionization probe.

To separate phenolic compounds, an Acquity UPLC BEH C18 column (100 x 2.1 mm,
130 f“, 1.7 pm) (Waters, Milford, MA, USA) was used under the following conditions: a
process temperature of 40 °C and a volume flow rate of 0.5 mL/min. The elution solvents
consisted of (A) water with (B) 0.1% (v/v) methanol solution, both mixed with 0.1% (v/v)
formic acid. The elution gradient was as follows: 0-10 min, 95% A and 5% B; 10-12 min,
100% B; and 12-15 min, 95% A and 5% B. The Xcalibur 4.3 software was used to control the
equipment and acquire data.

Phenolic compounds were identified by comparing three parameters with a database:
retention time, exact masses of pseudomolecular ions, and their fragment ions. Trace
Finder 5.1 software (Thermo Fisher Scientific, Waltham, MA, USA) was used for data
analysis [35].

After identifying the most interesting polyphenols, we carried out another chromato-
graphic analysis for the quantification of phenolic compounds using their standards.

The phenolic quantity was expressed as mg polyphenol/g DM, where polyphenol
stands for each studied phenolic compound and DM for dry matter.

2.6. Glucose Content

The glucose content was determined using the phenol-sulfuric method described by
DuBois [36] with modifications [37,38]. The dried extracts were dissolved in 1 mL of 7%
aqueous acetone to ensure that the results were reliable. In a 96-well plate, 30 uL of sample
per well was added with 150 pL of concentrated sulfuric acid. The mixture was shaken for
5 min, and, after 10 min more, 30 puL of 5% phenol was added. After allowing the sample
to rest for 1 h, the absorbance was measured at 490 nm using a Synergy HT microplate
spectrophotometer (Bio-Tek, Winooski, VT, USA).

The glucose content was determined by comparing the absorbance of the samples
with a calibration curve of D-glucose (Glc), and it was expressed as mg Glc/g DM, where
DM stands for dry matter.

2.7. Lignin Content

The lignin content was determined using the Klason lignin content method [39]. In a
crucible, 50-60 mg of dry extract was added with titrated 72% H,SO; (ratio 1:15), and the
mixture was shaken for 2 h. After this time, the mix was dissolved up to 4% H,SO, using
distillate water. This solution was boiled for 4 h and then filtered through vacuum filtration
using a GF/C glass fiber filter (Whatman, Germany) with 1.2 um pore diameter. The solid
was dried in a drying oven (JP Selecta, Barcelona, Spain) at 105 °C until a constant weight
was obtained.
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Lignin content was expressed as mg KL /g DM, where KL stands for Klason lignin
and DM stands for dry matter.

2.8. Experimental Design, Modeling, and Optimization

The selected MAE process parameters were optimized using Response Surface Method-
ology (RSM) through the Echip 7 software (Experimentation by Design, Wilmington, DE,
USA). These parameters were independent variables (temperature, time, and acetone:water
(v/v) ratio, A:W) related to the enhancement of dependent variables (responses) in a sta-
tistical model. The responses were TPC, extraction yield (), and the amounts of the
most interesting polyphenols found. The rest of the extraction conditions were fixed:
sample—solvent ratio of 1:20 (w/v) and microwave power of 500 W.

The central composite design (CCD) was chosen as the most suitable statistical model
because it was expected to find a complex behavior of the sample with linear and quadratic
interactions (Equation (1)).

n n n
y=PBo+ Z Bi-xi + Z ﬁii~x,2 + ZZﬁi]"x,‘j +e i,j= {A, B, C} (1)
i=A i=A iZ

where y was the response; x; and x;; were the values of the independent variable; §;, f;;,
and fB;; were the coefficients related to the independent variables (x; and x;;, respectively);
and By was the independent coefficient.

The CCD model consists of 3 factors and 5 levels (Table 1), which translated into
15 different experiments and repeats 5 times the central point, so there were 20 exper-
iments in total. In this case, the range of values for each level was based on previous
studies [11,12,15,19,20].

The Echip software was used to obtain RSM and an experimental statistical equation
with high reliability. The experimental data were fitted to the statistical equation in order
to obtain regression coefficients for each response. The program used two statistical
tools: t-student test to determine statistically non-significant terms (p > 0.15) that might be
removed in the model, and Analysis of Variance (ANOVA) to determine the accuracy of
the developed model (no lack of fit).

In addition, the Echip program allowed us to apply a regression analysis through R-
square (R?) and adjusted R-square (Rzadj). Both measure the accuracy of statistical terms fitting
to a linear model, and their values must be not only as high as possible but also similar.

3. Results and Discussion

3.1. Soxhlet Extraction
3.1.1. Extraction Yield and TPC with Soxhlet

Two different types of Soxhlet experiments were carried out: Soxhlet extraction with
conditions according to Juhaimi et al. [30], named Soxhlet 100, and the same experiment
but using optimal MAE conditions (A:W of 60%), named Soxhlet 60.

On the one hand, the oil extraction from OSP with hexane was poor; it represented
only 0.083 + 0.012% (w/w). However, the amounts of extracts obtained using acetone
solutions were 3.75 £ 0.46 mg E/g DM and 11.90 + 4.03 mg E/g DM for Soxhlet 100 and
Soxhlet 60, respectively. Similarly, the values of TFC were 0.021 % 0.003 mg GAE/g DM and
0.368 £ 0.016 mg GAE/g DM for Soxhlet 100 and Soxhlet 60, respectively. Hence, the appli-
cation of optimal MAE conditions to Soxhlet extraction led to the highest extraction yields.

3.1.2. Phenolic Compounds with Soxhlet

As Figure 2 shows, the main polyphenol obtained in both Soxhlet experiments was
vanillin. This compound is obtained from the depolymerization of lignin, where its extrac-
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tion is more efficient because it is very soluble in acetone and at high temperatures [11].
Apart from phenolic compounds, two main organic acids were obtained as well: L-(-)-malic
acid and succinic acid (Table 2), which are compounds of hemicellulose [40].

> 15.00
o
Y
>
% 10.00
s m Soxhlet 100
= 5.00
8. B Soxhlet 60
%D 0.00 — —P —-
<& > S S
Arz}(\\\ &o,bo @9 &OQQ;
S S e
f’o &° o
‘2‘6@ ?

Figure 2. Comparison between the main phenolic compounds obtained by Soxhlet extraction accord-
ing to the literature [14,23,26,27] and optimal MAE conditions (blue and orange, respectively).

Table 2. Phenolic compounds and organic acids identified by UPLC in the microwave-assisted
extraction (MAE) of olive stones. Blue square (found) and grey square (not found).

Phenolic Compound

MAE Experiments Soxhlet

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 60 100

Gallic acid !
Protocatechuic acid !
3-Hydroxytyrosol !
3-O-Methylgallic acid !
4-Hydroxybenzoic acid !
Chlorogenic acid 2
Dihydrocaffeic acid 3
2,4-Dihydroxybenzoic acid !
Caffeic acid 3

Vanillin *

Phloretic acid °
p-Coumaric acid 3
Ferulic acid 3

Salicylic acid !

Naringin ©
Neohesperidin °
Oleuropein ’
Apigenin-7-O-glucoside °
Kaempferol-3-O-glucoside ©
Luteolin-4'-O-glucoside ©
Quercetin °

Organic acid

(L)-Malic acid
Succinic acid

Phenolic compounds: ! Hydroxybenzoic acid; 2 Cinnamyl ester; > Cinnamic acid and derivatives; * Phenolic
aldehydes; > Phenylpropanoid acid; ¢ Flavonoid; 7 Secoiridoid [1,6].  In some replicates, it was not found.
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In the same case as phenolic extraction, better results were obtained using Soxhlet 60
(with optimal MAE conditions for A:W). Other polyphenols, such as 3-O-methylgallic acid
and oleuropein, were also extracted. This is due to the higher polarity of aqueous acetone.

Once the polyphenols present in the samples had been identified (Table 2), the most
interesting phenolic compounds from a healthy and alimentary point of view, i.e., vanillin,
protocatechuic acid, oleuropein, and hydroxytyrosol, were selected.

3.2. MAE of Polyphenols

One of the goals of this study was to optimize the process parameters (temperature, A;
time, B; and A:W, C) through DoE (Table 3). Initially, a quadratic model was used to predict
different responses; however, in some cases, a linear model provided a better fit.

3.2.1. Extraction Yield and TPC with MAE

As shown in Table 3, the extract yield (yg) and TPC values ranged from 1.37 to
2.71 mg E/g DM and from 1.83 to 3.55 mg GAE/g DM, respectively. For polyphenolic
extraction, the optimized predicted value was 2.54 £ 0.33% (w/w) under the following
conditions: temperature of 75 °C, process time of 20 min, and A:W of 60%. Regarding TPC,
the optimum, according to DoE, was 3.27 &+ 0.64 mg GAE/g DM under conditions similar
to those for phenolic extraction (Figure 3).

| | |
7 w7 1% 7 .
) RS / | o y /7 L
et 15 / 5 y /o
T, 171 ’.”I_I",,lll Y / / {
%%%%,’y 10/ N 7 — 10 o / / B
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: i = - - / [N
f,’,n‘,,,f:t/, e Z o5 - = 05/ / ol =
Y. s 7/ 2 NS 2 / /it v
i s = ) d < I /A
e N ot oY '5/ /= 00/ VVy /S22 [~ [
2 P Z 00 a4 o) = 4 \ o oV ~
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SR g L T ™ / / ]
[ i}{-!l?,’ /] Al | 05— y / v L
e 08 / \/ /' [ 1.
T, A 3 / / /
1,54 I — - 1.0 Y, ) /[ —
% I -1.0 :
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8 1578 = 157 i /
0 S I I I [ I I I [ [ T l I I I
N
% N A& 415 10 -05 00 05 10 15 15 -10 05 00 05 10 15
7] # AL
Temperature (°C) Temperature (°C)
(a) (b) (©)

Figure 3. (a) Generated response surface plot of the extraction yield (temperature vs. acetone:water
(v/v) ratio, A:W), where the red frame indicates the experimental range, and the black arrow is the
optimum. The 2D contour plot shows the optimum for phenolic compounds (b) and the optimum for
total phenolic content (TPC) (c), where the optimal value is represented as a cross in the square of the
red frame.

Both statistical equations for the polyphenolic extraction response (Equation (2)) and
the TPC response (Equation (3)) are described as linear. Although the model fits with
accuracy (R? = 0.803; R?;4 = 0.765, and R* = 0.621; R?;4; = 0.560, respectively), they did not
achieve the actual maximum value. Therefore, it was necessary to redefine the range of
values for time and/or temperature (Figure 3).

y=202+0.26-x4 +0.06-xp —0.18-xc + 0.01-¢ (2)

y = 2.734 + 0.347-x 4 + 0.118-x5 — 0.121-x¢ + 0.035-¢ 3)

where y represents the response, x4 is the temperature value (°C), xp is the process time
value (min), x¢c is the A:W (% v/v), and ¢ is the error.
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Table 3. A Central Composite Design (CCD model) for microwave-assisted extraction (MAE) with the following process conditions: 3 factors (temperature, T, time, ¢,
and acetone:water (v/v) ratio, A:W) and their levels (real and codified), and the following studied parameters: extraction yield (1), total polyphenolic content (TPC),
and the quantity of polyphenols and glucose.

Exp Factors Codified Factors 7e ! TPC POIy}:ﬁegl;ngQh:[l; ntity ch,;llal;‘:i)ts;l
T (O t (min) AW (%) A B C (wt.%) (ngcl;vﬁE/g Vanillin Pmt(:i:?hulc Hydroxytyrosol Oleuropein (m]gmal)c/g

1 75.0 10 90 1 -1 1 2.23 3.10 £ 0.00 173.93 5.17 3.62 4.34 2.31 +0.01
2 45.0 10 90 -1 -1 1 1.37 1.83 £ 0.00 122.50 3.40 222 1.25 1.35 £ 0.02
3 75.0 20 90 1 1 1 2.30 3.27 £0.03 203.49 9.88 2.44 8.48 4.84 £0.01
4 45.0 20 90 -1 1 1 1.84 2.78 £ 0.00 177.55 9.17 2.15 2.88 3.46 + 0.05
5 75.0 10 60 1 -1 -1 2.50 3.25+£0.00 175.31 5.78 4.28 9.58 4.24 £ 0.04
6 45.0 10 60 -1 -1 -1 2.05 2.57 £0.00 164.88 6.18 4.99 12.67 2.30 + 0.05
7 75.0 20 60 1 1 -1 2.71 3.55 £ 0.04 136.22 8.00 1.92 3.67 6.23 + 0.06
8 45.0 20 60 -1 1 -1 2.08 2.69 £ 0.03 147.82 5.94 3.75 5.39 2.26 £ 0.01
9 27.5 15 75 —1.682 0 0 1.55 2.01 £ 0.00 63.10 224 1.93 1.58 1.50 £ 0.01
10 92.5 15 75 1.682 0 0 2.26 2.82 £ 0.00 121.91 7.23 2.02 4.30 1.88 £ 0.01
11 60.0 2 75 0 —1.682 0 1.82 2.51 £ 0.00 108.49 3.58 3.52 7.93 0.93 + 0.00
12 60.0 28 75 0 1.682 0 1.92 2.55 £ 0.00 109.55 4.58 2.61 6.91 1.92 £ 0.01
13 60.0 15 50 0 0 —1.682 2.20 2.63 £ 0.02 212.12 522 3.61 6.51 8.23 + 0.04
14 60.0 15 100 0 0 1.682 1.60 2.31 £ 0.00 314.70 10.86 2.79 1.33 4.75 £ 0.01
15 60.0 15 75 0 0 0 2.00 2.77 £0.00 126.76 4.89 3.73 4.19 1.95 £ 0.02
15 60.0 15 75 0 0 0 1.91 2.56 +0.00 75.99 2.66 2.95 347 2.83 +0.02
15 60.0 15 75 0 0 0 1.96 2.64 £ 0.00 136.56 4.85 2.89 4.06 2.20 £ 0.04
15 60.0 15 75 0 0 0 1.89 2.39 £ 0.00 131.09 4.69 3.01 3.90 2.00 £ 0.03
15 60.0 15 75 0 0 0 217 293 £0.01 145.41 5.67 4.30 497 1.90 £+ 0.03
15 60.0 15 75 0 0 0 2.06 2.76 +0.00 137.6 481 3.26 4.68 1.33 £ 0.04

I Data are presented with standard deviation.
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3.2.2. Phenolic Compounds with MAE

In most extracts, the same main polyphenols and organic acids were identified: oleu-
ropein, protocatechuic acid, vanillin, vanillic acid, caffeic acid, 3-O-methylgallic, L-malic
acid, and succinic acid (Table 2). A CCD model was used for the most interesting polyphe-
nols in the industry: vanillin, protocatechuic acid, hydroxytyrosol, and oleuropein. Their
models are described in Equations (4), (5), (6), and (7), respectively, and the value of R? and
Rzadj show that all fit accurately: R? =0.877 and Rzudj = 0.833 (Equation (4)), R? =0.733 and
R?,4j = 0.638 (Equation (5)), R? = 0.790 and R?,4; = 0.668 (Equation (6)), and R? = 0.971 and
R?,4j = 0.906 (Equation (7).

y =121.62 +12.82-x4 + 16.53 xc + 17.59- xp-xc — 13.345-x5- xc — 9.97-x 42 + 50.43-xc% + 105.23¢ (4)

y =478 +0.92-x4 +1.03-x5 + 0.82- xc 4 1.06 t-xc — 13.345-x5- xc + 1.40-xc2 4 1.02-¢ (5)

=3.37 —0.05-x4 — 0.47-x5 — 0.43-xc — 0.49-x 4-xp + 0.53-x 4 -xC +0.29-x5-xc — 0.39 13.648-x42 + 031 (6)
y

y =415+ 0.62-x4 — 0.67-xg — 1.70- xc 4 1.68 x4-x¢ 4 2.37-xp- xc + 1.40-x5% + 0.29-¢ @)

where y refers to the response (quantity of polyphenol), x4 is the temperature value (°C),
xp is the process time value (min), xc is the A:W (% v/v), and ¢ is the error.

According to the Echip software, the expected value for optimal conditions for vanillin
extraction was 292.11 & 59.63 pg vanillin/g DM for 60 °C, 15 min, and 100% A:W, while
the optimal value for protocatechuic acid was 10.11 + 3.49 pg protocatechuic/g DM
for the following conditions: temperature of 64.8 °C, process time of 16.58 min, and an
A:W of 97.8%. In the case of 3-hydroxytyrosol, the optimal value was 4.60 &+ 1.21 nug
hydroxytyrosol/g DM with the following experimental parameters: 56.97 °C, 11.45 min,
and 56.97% acetone. For oleuropein, the optimal value was 10.94 & 2.28 ug oleuropein/g
DM under the following experimental conditions: 43.8 °C, 10.45 min, and 61.3% acetone
(Figure 4).

Protocatechuic acid Vanillin
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Figure 4. The response surface plots; temperature vs. acetone:water (v/v), ratio, A:W. The black
arrow indicates the optimum, while the red frame indicates the study area.
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3.3. Glucose Content

Table 3 shows the results of the CCD. The model for the extraction of glucose from
cellulose has R? = 0.864 and Rzad]- =0.815 (Equation (8)) and shows that the maximum value
of glucose in dry extracts is 7.49 £ 2.15 mg Glc/g DM, under the following conditions:
60 °C, 15.02 min, and an A:W of 50.03% (Figure 5). The extraction process using the lowest
A:W yielded the extract with the highest glucose content.

y=181+0.65-x4 +0.60-xp — 0.65-xc —0.45- x4-xCc + 1.63-xc2 4 0.64-¢ (8)
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Figure 5. (a) The 2D contour plot shows the optimum for each polyphenol and (b) generated

response surface plots, temperature vs. acetone:water (v/v) ratio (A:W). The red frame indicates the
experimental range, and the black arrow is the optimum.

3.4. Composition of Dry Extracts

The composition of the most interesting dry extracts was analyzed (Figure 6), which
means optimal extraction under MAE conditions (Exp. 7), MAE conditions of maximum
temperature (Exp. 10), MAE conditions of 50% water (Exp. 13), MAE conditions of pure

acetone (Exp. 14), Soxhlet conditions of pure acetone (Soxhlet 100), and Soxhlet conditions
of 60% acetone (Soxhlet 60).

1 3.56
8.72 11.55
0.263
0.355 0.282
80 44.26
0.231

60

40
20

0

7 10 13 14

8

0.002

Content (wt.%)

SE100 SE60

Experiments

Hlignin M Glucose M Polyphenols m Other

Figure 6. Composition in different dry extracts obtained by microwave-assisted extraction (MAE) (7,
10, 13, and 14) and Soxhlet. Sugars from the depolymerization of hemicellulose and organic acids
were not measured; therefore, they are included in other (yellow bar).
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All these extracts contain a large quantity of small lignin polymers. However, in
experiment 13, where aqueous acetone was used with 50% water, the main component in
the extract was cellulose-derived glucose released during microwave extraction.

The phenolic content of the extracts was low, but in the case of dry extracts under
Soxhlet conditions, it was non-existent.

3.5. Comparison Between MAE and Soxhlet Methods

The MAE and Soxhlet methods were compared under similar conditions, that is, with
the same A:W for their phenolic results. The polyphenol content of the extracts from
Soxhlet extraction was lower than from MAE. The remaining components (lignin, glucose,
organic acids, etc.) were present in similar amounts, making Soxhlet extraction a more
expensive and inefficient process in terms of time and energy consumption. It is well
known that extraction methods such as MAE are more efficient than traditional methods
such as Soxhlet, and that the yield reached depends on the solvent used and the conditions
applied [16-19]. The results obtained in the present work not only confirm this statement
but also show that a more specific extraction under mild conditions can be performed
depending on the degree of polarity of the polyphenols.

In both extraction methods, vanillin and protocatechuic acid were the predominant
phenolic compounds when pure acetone was used, while oleuropein and 3-hydroxytyrosol
were most abundant with 60% acetone. As Figure 7 shows, the highest yield was obtained
using MAE, especially in the case of vanillin.

ug/gDM

50

Oleuropein Soxhlet 100

W Soxhlet60 mMAE Vanillin Protocatechuic acid

(a) (b)

Figure 7. Comparison between the best process conditions for (a) Soxhlet and (b) microwave-assisted
extraction (MAE) according to acetone:water (v/v) ratio (A:W).

The results revealed that, with the same solvent but different A:W, the MAE of certain
polyphenols was enhanced. For example, the highest yield of vanillin and protocatechuic
acid was obtained in experiment 14 under mild temperature and time conditions, but
with an A:W of 100% (Figure 7). On the contrary, the most suitable conditions for MAE of
oleuropein were A:W of 60% and a lower temperature and time of 43.8 °C and 10.45 min. It
can be concluded that the higher the percentage of water, the less selective the polyphenolic
extraction [24,25], and the more glucose obtained. This is illustrated in experiment 13.
Moreover, no significant improvement was observed at higher temperatures, i.e., the
composition of these extracts was similar to others obtained under mild conditions, such as
those from experiments 10 and 7, respectively (Figure 6).

Regarding the TPC and extraction yield, the best result corresponds to experiment 7.
These values are similar to those achieved by Tapia-Quirés et al. [18] in the microwave-
assisted extraction of polyphenols from olive pomaces, but at a lower temperature and with
aqueous acetone. By modifying the process conditions (temperature, time, and, especially,
A:W), it is possible to perform serial extractions of specific polyphenols from the same
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sample, which in turn would improve the yield extraction. Because acetone is a good
solvent for lignin, a significant amount of small lignin polymers remains in the extract [28].
Therefore, it would be useful to extend the studied parameter range to more extreme
values to improve the depolymerization process and the yield of polyphenol extraction in
future research.

Finally, this study provides a clearer view of the polyphenol extraction process from
olive stones and the composition of the extracts obtained; in particular, it shows that
modifying the A:W can enhance a more selective extraction, which could be applied to
other lignocellulosic materials.

4. Conclusions

OS are an important by-product of the olive-oil sector, but also, their lignin part results
in an interesting source of polyphenols for the industry.

MAE was more effective than Soxhlet extraction because it allowed saving solvent
and time in the process while obtaining more polyphenols. Although MAE yielded better
results than Soxhlet extraction, results were lower than expected: 3.32 £+ 0.66 mg GAE/g
DM at 75 °C for 20 min using 60% aqueous acetone. Additionally, smaller polymers of
lignin were obtained as the main components.

Regarding phenolic compounds, UHPLC analysis showed that each polyphe-
nol is extracted by MAE under different optimal conditions. For instance, about
292.00 £ 59.63 ug/g DM of vanillin was obtained with the following operating param-
eters: temperature of 60 °C, time of 15 min, and an A:W of 100%, while the highest quantity
of extracted 3-hydroxytyrosol was about 4.60 & 1.21 ug hydroxytyrosol/g DM for 54.97 °C,
11.45 min, and an A:W of 56.97%.

Consequently, the results suggest that these optimal operating conditions, obtained
from statistical models, can be used to extract a certain quantity of polyphenols. To improve
the MAE process, it would be interesting to assay other types of pretreatments to further
break down OS lignin and to try other solvents to more selectively extract polyphenols.
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