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Abstract: Currently, interest in finding new feedstock as sources of natural food antioxidants is
growing. The extracted olive pomace (EOP), which is an agro-industrial residue from the olive
pomace extracting industries, is generated yearly in big amounts, mainly in the Mediterranean
countries. EOP was subjected to an ultrasound assisted extraction with ethanol-water mixtures.
The effect of main parameters, such as ethanol concentration (30–70% v/v), ultrasound amplitude
(20–80%), and extraction time (5–15 min), on the extraction of antioxidant compounds was evaluated
according to a Box–Behnken experimental design. The antioxidant capacity of the resulting extracts
was determined by measuring their content in total phenolic compounds (TPC) and flavonoids (TFC),
as well as their antioxidant activity by DPPH, ferric reducing antioxidant power (FRAP), and ABTS
assays. Considering the simultaneous maximization of these five responses, the optimal conditions
were found to be 43.2% ethanol concentration, 70% amplitude, and 15 min. The ultrasound assisted
extraction of EOP under these optimized conditions yielded an extract with a phenolic and flavonoid
content (per gram of EOP) of 57.5 mg gallic acid equivalent (GAE) and 126.9 mg rutin equivalent
(RE), respectively. Likewise, the values for DPPH, ABTS, and FRAP assay (per gram of EOP) of 56.7,
139.1, and 64.9 mg Trolox equivalent, respectively were determined in the optimized extract.

Keywords: extracted olive pomace; response surface methodology; phenolic compounds; flavonoids;
antioxidant activity

1. Introduction

In recent years, the demand for natural antioxidants as alternatives to synthetic antioxidants
has increased. Phenolic compounds, such as flavonoids, phenolic acids, phenolic alcohols, stilbenes,
lignans, and tannins, exhibit antioxidant activities and other types of bioactivity (anti-inflammatory,
anticarcinogenic, antiviral, hepatoprotective, and neuroprotective activities, among others) [1,2].
These properties make these compounds useful in the food and pharmaceutical industries as food
preservatives and biocompounds for human health [3]. The residual biomass from agro-industrial
processes could be a cheap and abundant source of high-added value compounds. The valorisation
of these by-products within the context of biorefineries that produce biofuels, power, and chemicals
within a single installation might help in diversifying the economies of rural areas and developing an
industrial complex [4].
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Olive oil consumption has become a worldwide phenomenon due to its healthy properties.
Olive oil production has important social and economic effects in Mediterranean countries. Spain leads
the list of olive oil-producing countries and generated more than six million tons of olives in 2017 [5].
Several by-products and residues are generated during the olive oil production process and they
require appropriate disposal. Olive pomace is the major by-product in olive oil mills and it represents
nearly 70–80% of the weight of olives [6,7]. Currently, most of this agro-industrial by-product is dried
and extracted with an organic solvent, such as hexane, to recover the residual oil that remains in the
olive pomace, which represents 1–3% of its total weight [6]. The final solid waste that was produced by
olive pomace-extracting industries is called extracted olive pomace (EOP). This biomass represents
around 20% of the pomace dry weight, and thus more than one million tons of this waste is produced
yearly in Spain. The olive skins, pulp, seeds, and different proportions of pieces of stone form this
exhausted solid with a moisture level of approximately 10% [8]. Currently, the stone content in EOP is
diminishing, because stone fragments are generally recovered from pomace for use as fuel, mainly in
domestic heating systems. With respect to the current use of EOP, the main part of this residue is burnt
as a biofuel in small factories or in electric plants. However, different environmental problems that
occur during EOP combustion, such as particle emission and hazardous gas generation, hinder this
valorisation option [7]. Several phenolic compounds with antioxidant activities have been detected
in residual biomass from the olive oil production process, which include hydroxytyrosol, tyrosol,
oleuropein, ligustroside, apigenin, luteolin, rutin, vanillic acid, and caffeic acid [9,10]. Therefore,
this residue is an interesting source of high-value bioactive compounds. Additionally, the removal of
part of the non-structural fraction could improve the further energetic use of the biomass [7].

New extraction technologies have been used to overcome some of the disadvantages of the
classical extraction techniques, such as maceration or the use of a Soxhlet extractor. Among these
techniques, ultrasound-assisted extraction (UAE) reduces the extraction time and the solvent and
energy consumption [11]. Additionally, this method achieves higher extraction yields and it is easy
to scale up. UAE induces the formation of bubbles (which growth and collapse) in the irradiated
liquid causing cavitation [12]. These phenomena cause mechanic, thermal, and chemical effects inside
the samples. Thus, a higher extraction rate is achieved due to the structural changes in the solid
sample that enhance mass transport. Moreover, the increase in temperature improves the diffusion
and the solubility of the polyphenols [13]. Bath and probe ultrasound devices are the principal types
of ultrasound equipment. In an ultrasonic probe system, the energy is applied directly to the sample,
the energy losses are therefore minimised, and the extraction yields are increased [14]. Ultrasonic power,
frequency, amplitude, extraction time, temperature, liquid-solid ratio, solvent composition, and the
matrix properties are the main parameters in the UAE process [15]. The use of a mathematical tool,
such as response surface methodology (RSM), can be useful in optimising and studying the effects of
different operational parameters of UAE on the responses. RSM has been previously applied to study
the UAE of antioxidants from different agro-industrial biomasses [11,13].

In the present work, EOP was subjected to UAE as a first step in a global strategy to valorise
olive-derived biomass to produce energy and chemicals via the biorefinery approach. The aim
of this work was evaluate the influence of three operational parameters (i.e., water/ethanol ratio,
ultrasound amplitude, and extraction time) and to determine their optimal values while using RSM
to maximise the flavonoid and phenolic compound contents and the antioxidant activities of the
EOP extracts, which were determined by various tests (DPPH, ABTS, and ferric reducing antioxidant
power (FRAP)). Additional experiments under the conditions that were optimized by simultaneously
considering the five analysed responses were performed to evaluate the adequacy of the model
equations. To our best knowledge, this is the first time that real industrial exhausted olive pomace is
ultrasound-assisted extracted.
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2. Materials and Methods

2.1. Raw Material

EOP was collected during the olive oil season from the olive pomace extracting industry functionary
“Oleocastellar S.A.”, which is located in the province of Jaén. The EOP was homogeneized and air-dried
until moisture equilibrium was achieved. Afterwards, the EOP was milled with a 1 mm sieve and then
stored in a dry place until use.

2.2. Ultrasound-Assisted Extraction (UAE) and Experimental Design

The extraction of the EOP was studied according to the Box–Behnken design, a type of response
surface methodology with three levels of each factor, which allows for reducing the number of
experiments that are needed to provide enough information for statistically acceptable results. In the
Box–Behnken design, each variable or factor adopts three levels and the experiments are distributed
at the midpoints of the edges and at the centre of the cube that was formed by the factor levels.
It constitutes a typical experimental design when fitting the quadratic models.

The extraction of EOP was carried out in an ultrasound probe device (UP400S, Hielscher, Germany)
with a 22 mm diameter sonotrode. The maximum power was 400 W and the ultrasonic frequency was
24 kHz. The ethanol concentration (20, 50, 80%), ultrasound amplitude (30, 50, 70%), and extraction
time (5, 10, 15 min) were the three variables studied (Table 1). Table 1 presents the natural and coded
values of these factors. The biomass was milled and sieved while using a cutting mill (Ultra Centrifugal
Mill Retsch ZM 200, Haan, Germany) to 1 mm particle size, and the liquid-solid ratio was 20 mL/g (i.e.,
15 g of EOP and 300 mL of solvent inside a 400 mL beaker). The sonotrode was submerged by 1.5 cm
in the samples. The samples were not cooled and therefore the temperatures of the samples increased
during the extraction. Once the extraction was completed, the samples were vacuum filtered and the
extracts were stored at −18 ◦C.

Table 1. Uncoded and coded values of the factors.

Independent Variable Nomenclature Units
Value

(−1) 0 (+1)

Ethanol concentration EtOH %v/v 20 50 80
Amplitude Amp % 30 50 70

Extraction time t min 5 10 15

The influence of each variable was determined according to a second-order polynomial equation,
which relates the independent variables (xi and xj) in the coded values with the response (yi) through
the regression coefficients (β0, βi, βij, and βii), as shown in Equation (1).

yj = β0 +
∑

βi ·xi +
∑

βii · xi
2 +
∑∑

βij ·xi · xj (1)

The experimental data were analysed with commercial software (Design Expert 7.0.0, Stat-Ease Inc.,
Minneapolis, MN, USA). The model predicted the optimal UAE conditions that were determined and
experimentally tested in triplicate to evaluate its adequacy.

2.3. Antioxidant Capacity Indicators for EOP

The total phenolic compounds were measured by spectrophotometry, following the Folin–Ciocalteu
method [16], with some modifications. Briefly, 0.5 mL of diluted extract was added to 3.875 mL of water
and 0.125 mL of Folin–Ciocalteu reagent. Subsequently, 0.5 mL of a solution of Na2CO3 (10% w/v) was
added and the mixture was homogenised. After 1 h, the absorbance was measured at 765 nm [17].
Gallic acid was used as a reference standard compound and the results are expressed as mg of gallic
acid equivalent (GAE)/g EOP.
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The flavonoid content was measured according to a colorimetric method that Kim et al., describe [18].
In short, 1 mL of diluted extract was added to 0.3 mL of a solution of NaNO2 (5% w/v), followed by
0.3 mL of 10% AlCl3 solution after 5 min, and the resultant solution was homogenised. Six minutes
later, 2 mL of NaOH solution 1 M was added, and the resultant solution was mixed. After 5 min,
the absorbance was measured at 510 nm. Rutin was used as the reference standard, and the results are
expressed as mg of rutin equivalents (RE)/g EOP. All of the measurements were performed in triplicate
and the mean values are reported.

Three different assays widely known, DPPH, ABTS, and FRAP, were performed to know the
antioxidant activity of the EOP extracts. In the DPPH radical scavenging assay, 2 mL of 6 × 10−5 M
methanolic solution of DPPH (2,2-diphenyl-1-picrylhydrazyl) was added to a 200 µL of sample.
The reduction of absorbance was measured at 517 nm after 15 min.

The TEAC (Trolox equivalent antioxidant capacity) method is based on the scavenging of ABTS
radical (2,2’-azino-di(3-ethyl-benzothiazoline-6-sulfonic acid)). ABTS radical cation (ABTS·+) was
originated by reacting 7 mM ABTS stock solution with 2.45 mM potassium persulfate, which allowed
the mixture to stand at room temperature and protected it from the light for 12–16 h before use.
Afterwards, ABTS·+ solution was diluted with phosphate buffer (PBS, pH7.4) to an absorbance of 0.7
at 734 nm. The decrease in absorbance was read at 6 min after the addition of 2.0 mL of diluted ABTS·+
solution to 20 µL of samples.

The FRAP (ferric reducing antioxidant power) reagent was prepared with 200 mmol/L acetate buffer
(pH 3.6), 10 mmol/L of 2,4,6-tripyridyl-s-triazine (TPTZ) solution in 40 mmol/L HCl, and 20 mmol/L
FeCl3·6H2O in distilled water in the proportion of 10:1:1, respectively. The samples (100 µL) were mixed
with the FRAP reagent (3 mL) and the absorbance was measured at 593 nm after 6 min. Trolox was
used as the standard and the antioxidant activities are expressed as mg of trolox equivalent (TE)/g EOP.
All of the samples were analysed in triplicate.

3. Results and Discussion

3.1. Influence of the Factors on the UAE of EOP and Model Equations

The Box–Behnken design was applied to study the impact of the three variables (ethanol
concentration, amplitude, and ultrasonic time) on the ultrasound-assisted extraction of EOP. A total
of 17 experiments, including one point and four replicates at the centre of the domain selected
for each factor, were performed in random order (Table 2). Ethanol-water mixtures were selected
as the extraction solvents following results that were obtained in our laboratory with other olive
residues [17]. Additionally, ethanol is a low-cost and non-toxic solvent that is used in several food
applications. Regarding the time and amplitude, the experimental range was not extended to avoid
solvent evaporation, as the samples were not refrigerated during the experiment. The final temperature
exceeded 75 ◦C (experiments 3 and 16) in the cases with higher values for both parameters. Table 2
presents the final temperatures of all of the experiments. The values of the fixed variables, such as
particle size and the solid-liquid ratio, were selected based on the results of a preliminary screening [17].

Table 3 summarises the different statistical parameters and demonstrates the model adjustment
to the experimental data for each model equation. The models that were obtained for each of the
responses were statistically significant, with p-values < 0.0001 in all cases, and the dispersions of
the experimental results were independent of the pure errors of the models, as indicated by the lack
of significance of the p-values for the lack of fit (p > 0.05 in all cases). R2 values that are close to 1
indicate good accuracies of the models and, in all cases, the R2 values were greater than 0.97. Moreover,
the good precision and reproducibility of the models were confirmed by the CV values, which were
below 3.5% in the five response equations.
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Table 2. Experimental conditions for ultrasound-assisted extraction (UAE) for extracted olive pomace
(EOP) and experimental data for the responses.

Exp. EtOH
(%v/v)

Amp
(%)

Time
(min)

T
(◦C)

TPC (mg
GAE/g EOP)

TFC (mg
RE/g EOP)

DPPH (mg
TE/g EOP)

ABTS (mg
TE/g EOP)

FRAP (mg
TE/g EOP)

1 50 50 10 59 55.8 119.7 53.6 126.0 58.9
2 20 30 10 47 53.0 113.9 50.7 121.6 56.9
3 50 70 15 76 60.4 125.6 59.9 140.5 64.4
4 50 50 10 58 54.5 118.2 56.6 128.0 61.0
5 20 50 5 44 51.1 105.2 51.8 103.6 51.6
6 50 50 10 58 54.2 117.4 55.8 124.3 58.3
7 50 30 5 41 54.1 113.2 52.3 116.7 51.8
8 50 30 15 57 53.3 116.0 58.3 128.2 57.5
9 50 70 5 54 54.7 114.5 59.3 122.9 57.7
10 50 50 10 59 54.3 119.4 56.1 125.2 57.5
11 80 50 15 64 37.3 91.2 45.3 84.8 43.2
12 80 70 10 69 41.3 88.0 44.0 90.4 44.2
13 80 50 5 44 35.7 81.1 40.5 72.1 36.6
14 80 30 10 44 32.8 83.1 40.8 74.6 36.1
15 50 50 10 59 52.5 118.4 56.1 128.3 58.8
16 20 70 10 74 53.5 110.0 52.7 119.3 55.6
17 20 50 15 64 51.3 113.2 52.1 116.9 52.8

GAE: gallic acid equivalent; RE: rutin equivalent; TE: trolox equivalent.

Table 3. Statistical parameters of the five model equations.

Coefficient TPC TFC DPPH ABTS FRAP

F-value 147.14 166.67 76.85 192.12 60.44
p-value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

R2 0.9913 0.9901 0.9835 0.9934 0.9734
Adj R2 0.9843 0.9842 0.9707 0.9882 0.9571

C.V 1.98 1.61 2.00 1.96 3.24
Lack of fit (p-value) 0.8047 0.0706 0.6751 0.2425 0.2274

The experimental results were adjusted to quadratic regression equations. The equations for the
coded values of the independent variables that modelled the five studied responses are presented
below, with the non-significant terms (p-values > 0.1) removed.

TPC = 54.28 − 7.73 · EtOH + 2.08 · Amp + 0.84 · t + 1.99 · EtOH · Amp + 1.63 · Amp · t − 10.44 EtOH2 + 1.32 · Amp2 (2)

TFC = 118.05 − 12.35 · EtOH + 1.5 · Amp + 4 · t + 2.19 · EtOH · Amp + 2.08 · Amp · t − 19.82 EtOH2 (3)

DPPH = 55.94 - 4.60 · EtOH + 1.73 · Amp + 1.45 · t + 1.12 · EtOH · t − 1.34 · Amp · t − 9.27 EtOH2 + 1.16 · t2 (4)

ABTS = 126.37 − 17.46 · EtOH + 4.02 · Amp + 6.88 · t + 4.54 · EtOH · Amp − 28.78 EtOH2 + 3.91 · Amp2
− 3.22 · t2 (5)

FRAP = 59.13 − 7.11 · EtOH + 2.44 · Amp + 2.52 · t + 2.35 · EtOH · Amp − 11.2 EtOH2 + 1.57 · t2 (6)

3.1.1. Total Phenolic Compounds (TPC)

Phenolic compounds are metabolites with antioxidant activities that are present in vegetable
sources. These compounds are highly sensitive to environmental factors; therefore, the extraction
conditions are very important in recovering high levels of bioactive compounds [1]. As presented in
Table 2, the amounts of TPC ranged between 32.8 and 60.4 mg GAE/g EOP in the experiments numbered
14 and 3 of the design. The model equation (Equation (2)) revealed that the ethanol concentration
was the most influential factor in this response, as can be deduced from the higher coefficients of
the linear and quadratic terms for this variable. Likewise, the influence of the other two factors,
ultrasound amplitude and extraction time, as well as the interaction between them, was significant.
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As an example, Figure 1 shows a close agreement between the predicted and experimental values
for TPC.
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Figure 1. Predicted versus experimental values for total phenolic compounds (TPC) content in the
EOP extracts.

As presented in Figure 2a, the ethanol concentration had a positive influence that reached a
maximum at approximately 40% ethanol and subsequently declined, as indicated by the negative signs
of the linear and quadratic terms for this parameter. This behaviour can be explained in accordance
with the principle of similarity and intermiscibility; i.e., greater extraction of phenolic compounds is
achieved when the solvent and the solute have similar polarity [2]. Notably, the use of a mixture of
ethanol and water, as the solvent is more efficient in the phenolic extraction than the use of a pure
solvent. Goldsmith et al. [19] optimised the UAE of olive pomace while only using water and achieved
a maximum of 19.7 mg GAE/g OP, which is lower than the values that were obtained in the present
work. The amplitude and extraction time had a positive effect over the entire range (Figure 2b) and
amplitude had the greater positive effect. Thus, the highest TPC (60.9 mg GAE/g EOP) was predicted
by the model at an ethanol concentration of 41.7%, an amplitude of 70%, and a time of 15 min.
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3.1.2. Total Flavonoid Compounds (TFC)

Flavonoids are a subgroup within the highly diverse group of phenolic compounds, and their
specific biological properties depend on their chemical structures. The TFC values ranged between 81.1
(experiment 13) and 125.6 mg RE/g EOP (experiment 3) in the performed experiments (Table 2). These
results indicate that the extraction yield of flavonoids increased up to 1.55 times when the extraction was
carried out at the intermediate level of ethanol concentration and the highest level of both ultrasound
amplitude and time. This shows the importance of optimising the UAE conditions. As expected,
taking into account that flavonoids can be considered as phenolic compounds, the predicted model for
TFC (Equation (3)) was similar to that obtained for TPC with a significant negative effect of the ethanol
concentration in both responses.

Figure 2 depicts the surface of the TPC response as a function of ethanol concentration and amplitude
(a) and as a function of amplitude and time (b). The extraction time and amplitude exhibited positive
influences over the entire studied range. The TFC level reached a maximum at a solvent composition of
approximately 40% ethanol regarding the influence of the ethanol concentration (Figure 3a), and again
this was the most important factor. Similar influence of the ethanol concentration in flavonoid extraction
has been observed in other biomasses [2,18]. In this work, the model predicted the greatest TFC at 42.3%
ethanol concentration, 70% amplitude, and 15 min, which would achieve 126.9 mg RE/g EOP.
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3.1.3. Antioxidant Activity

Three methods were applied to determine the antioxidant activities in the EOP extracts.
The experimental values (Table 2) varied between 40.5 and 59.9 mg TE/g EOP in the DPPH assay,
between 72.1 and 140.5 mg TE/g EOP in the ABTS assay, and between 36.1 and 64.4 mg TE/g EOP in the
FRAP assay. The software generated similar model equations for DPPH Equation (4), ABTS Equation (5),
and FRAP assays Equation (6).

In the three analytical methods that were applied, the antioxidant activity depended on the three
variables studied, with the linear and quadratic terms for the ethanol concentration being the most
significant ones with a clear negative influence. It is worth noting that a significant interaction effect
between this factor and the ultrasound amplitude was detected for ABTS and FRAP assays, but not for
DPPH. In the case of ABTS assay, the negative coefficient for the quadratic term for extraction time
was not sufficient to change the trend. Figure 4a,c,e depict the influence of ethanol concentration and
amplitude on the DPPH, ABTS, and FRAP assay responses, respectively. Figure 4b,d,f present the
surface responses as a function of amplitude and extraction time for the same responses. The three
assays of antioxidant activity produced similar influences of the studied variables on the TPC and TFC
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responses. This behaviour indicates a clear correlation between the presence of phenolic compounds
and the antioxidant activity of the EOP extracts. The extraction time and amplitude increased with
the values of the responses across the entire studied ranges, and the ethanol concentration produced
maximum yield when the liquid was approximately 40% ethanol.Energies 2019, 12, x FOR PEER REVIEW 9 of 14 
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Figure 4. Response surfaces of the antioxidant activity of the extracted olive pomace (EOP) extracts.
(a,b) DPPH assay; (c,d) ABTS assay; and, (e,f) FRAP assay.
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3.2. Process Optimisation and Validation of the Model

An optimisation of the three studied variables was carried out with the objective of simultaneously
maximising the five measured responses due to the relationship between phenolic compounds and
their antioxidant activity (i.e., TPC, TFC, DPPH, ABTS, and FRAP). The optimal conditions that
were predicted by the model that maximised all responses included a 43.2% ethanol concentration,
70% amplitude, and a 15 min extraction time. Table 4 shows the values that were predicted by the
model for all of the responses in the optimal conditions and the means of three experiments that were
performed in the optimal conditions to test the adequacy of the model. The experimental data were
close to the values that were predicted by the model; the error was below 10% in all cases.

Table 4. Predicted and experimental ultrasound-assisted etraction (UAE) values of EOP in the optimal
conditions that simultaneously maximised the five responses.

Values TPC (mg
GAE/g EOP)

TFC (mg
RE/g EOP)

DPPH (mg
TE/g EOP)

ABTS (mg
TE/g EOP)

FRAP (mg
TE/g EOP)

Predicted value 60.9 126.9 59.3 139.4 63.0
Experimental value 57.5 ± 0.3 139.6 ± 2.3 56.7 ± 1.5 139.1 ± 4.7 64.9 ± 0.6

Error 5.9% 9.1% 4.6% 0.2% 2.9%

Regarding other residues from olive oil production, Martinez-Patiño et al. [17] studied the phenolic
content and antioxidant activity of extracts from olive tree pruning (OTP) and olive mill leaves (OML)
while also using UAE. The optimised UAE conditions for OTP and OML were similar to those for EOP,
but the ethanol concentration was slightly higher (approximately 55%). All of the responses that were
determined for the EOP extracts were significantly greater than those of the OTP and OML extracts.
Table 5 summarises the increments in the five studied responses in the EOP extracts with respect to
OTP and OML. In the case of TPC, the EOP liquids produced results that were 1.85 times greater than
those from the OTP extracts and 1.37 times greater than those of the OML extracts.

Table 5. Comparison of the main antioxidant activity indicators for EOP and other olive oil
production residues.

Residue Ratio TPC TFC DPPH ABTS FRAP

EOP/OTP 1.85 1.88 1.79 2.09 1.78
EOP/OML 1.37 1.45 1.33 1.45 1.31

Other by-products from agro-industrial processes have been studied in terms of obtaining
phenolic compounds while also using UAE. For example, waste from sunflower oil production,
e.g., sunflower seed cake, reached 17.96 mg GAE/g dry TPC biomass in optimised UAE conditions,
43% ethanol, 70 ◦C and 86 µm amplitude [20], and the residue from lemon juice production produced
17.97 mg GAE/g dry TPC biomass and an antioxidant activity of 9.4 mg TE/g dry biomass in a
FRAP assay of extracts that were obtained with UAE at 50 ◦C, 45 min and 250 W [21]. In both
cases, the reported phenolic compound concentrations are lower than those that were obtained with
EOP extracts in this work. Hence, EOP could be considered to be a relevant source for antioxidant
compounds, in an olive-derived biorefinery concept.

3.3. Olive Pomace and Extracted Olive Pomace as Sources of Antioxidants

Olive pomace (OP) and extracted olive pomace (EOP), respectively, are the main wastes in the
olive mills and the olive pomace extracting industries. Table 6 presents recent references from the
literature related to the extraction of phenolic compounds from these agro-industrial residues. OP is
the by-product obtained after olive oil separation (by centrifugation), which still contains residual
oil and it is described with different names that include alperujo or olive cake while orujillo is the
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final residue, exhausted, and dry olive pomace. Most of these references used olive pomace from
olive mills as raw material. In most of these works, olive pomace from the olive mills was used as
raw material, and then it was defatted in the laboratory with an organic solvent prior to antioxidant
extraction. Only the present work and that of Caballero et al. [22] used real EOP industrial waste.

Table 6. Antioxidant capacity indicators for olive pomace extracts.

Material Method Conditions Characterization of the Extracts Ref.

Olive pomace Ultrasound assisted
extraction Water, 30 ◦C, 75 min

TPC: 19.7 mg GAE/g
DPPH: 31.2 mg TE/g;

CUPRAC: 73.5 mg TE/g
[19]

Orujillo
(exhausted

pomace)

Supercritical fluid
extraction

Ethanol (60%), pressure 200, 250 and
300 bar

TPC: 14.0 mg GAE/g
DPPH: 85.3 µg TE/mL [22]

Olive pomace

Homogenate (HAE),
microwave (MAE),

ultrasound (UAE) and
high hydrostatic

pressure (HHPAE)
assisted extraction

Natural deep eutectic solvents:

[23]

HAE (60 ◦C, 30 min, 12,000 rpm) TPC: 34 mg GAE/g; 28 g d.w/g
DPPH

MAE (60 ◦C, 30 min, 200 W) TPC: 29.6 mg GAE/g; 36.7 g
d.w./g DPPH

UAE (60 ◦C, 30 min, 280 W, 60 kHz) TPC: 20.1 mg GAE/g; 40.6 g
d.w./g DPPH

HHPAE (10 min, 600 MPa) TPC: 26 mg GAE/g; 45.7 g d.w./g
DPPH

Olive pomace

Conventional solvent
extraction (CSE) CSE (Water-EtOH) TPC: 16.9 mg GAE/g;

DPPH: 0.81 g TE/L

[24]Ultrasound-assisted
extraction (UAE) UAE (70 ◦C, 120 min) TPC: 14.7 mg GAE/g;

DPPH: 1.76 g TE/L

Cyclodextrin-enhanced
pulsed UAE Cyclodextrin-enhanced pulsed UAE TPC: 69.6 mg GAE/g

DPPH: 52.2 mg TE/kg

Olive pomace Ultrasound-assisted
extraction (UAE)

UAE (90% EtOH; 50 ◦C; 5 min, S/L: 30
g/mL, 135.6 W/cm, 60 kHz)

55.1 mg HT/g; 381.2 mg MA/g;
29.8 mg OA/g [25]

Olive pomace Extraction via membrane
processing

Selected membranes
(NF90, NF270, BW30)

TPC: 1234.3 mg GAE/L extract
TFC: 464.2 mg EE/L extract

DPPH: 405.9 µg TE/L extract
FRAP: 9183.3 µmol FSE/L extract

[26]

Olive cake Conventional extraction Methanol, 70 ◦C, 12 h, 3 cycles TPC: 4.37 mg GAE/g
DPPH: 72% inhibition [27]

Olive pomace

Hydrothermal
pretreatments (steam

explosion (SE) and
subcritical water (SCW))

200 ◦C, 5 min

SE
TPC: 73.3 mg GAE/g

SCW
TPC: 69.7 mg GAE/g

[28]

Olive cake Extraction by magnetic
stirring Ethanol and acetone (70%), 2 h

TPC: 63.7 mg GAE/g extract
DPPH: 95.4% inhibition

ORAC: 0.82 mg TE/g
[29]

Alperujo Hydrothermal treatment Ethyl acetate, 160 ◦C, 60 min
(pH = 4.5)

TPC: 64.2 g GAE/100 g
DPPH: 12 mg TE/mL
FRAP: 1.8 mg TE/mL

[30]

Olive-waste cake Soxhlet extraction n-hexane; 60 min

TPC: 35 mg GAE/g;
TFC: 13.3 mg CTE/g

DPPH: 67.2 µmol TE/g
FRAP: 176.7 µmol TE/g

[31]

TPC: total phenolic content; GAE: gallic acid equivalents; d.w.: dry weight; TE: trolox equivalents; TFC: total
flavonoids content; HT: hydroxytyrosol; MA: maslinic acid; OA: oleanolic acid; EE: epicatechin equivalents;
FSE: ferrous sulfate equivalents; CTE: catequin equivalents.

Several extraction methods have been studied, including conventional extraction, UAE, microwave-
assisted extraction (MAE), high hydrostatic pressure-assisted extraction (HHPAE), supercritical fluid
extraction (SFE), and extraction with eutectic solvents. In this body of work, Chanioti and Tzia [23]
reported that the use of eutectic solvents improved the phenolic extraction yield from OP with respect
to conventional solvents (i.e., solutions of water and ethanol). However, the content of the phenolics
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that were obtained in the present work with real EOP that was extracted by ultrasound with an
ethanol-water mixture of 43% (57.5 mg GAE/g EOP) was higher than that reported by these authors
with the use of deep eutectic solvents and ultrasound as the extraction method (20.1 mg GAE/g OP).
Caballero et al. (2018) [22] reported a TPC of 14.1 mg GAE from exhausted pomace while using SFE.
Seçmeler et al. (2018) [28] proposed the use of steam explosion and other hydrothermal pretreatments,
such as subcritical water for the recovery of phenols and reported higher values (69.7–73.3 mg GAE)
than those that were obtained in the present research. Regarding the content of specific phenolic
compounds, Xie et al., [25] found that UAE resulted in greater extraction efficiencies of hydroxytyrosol,
maslinic acid, and oleanolic acid from OP when compared with conventional extraction and MAE.
Importantly, the comparison of the results from different works that utilised different extraction
techniques is difficult due to the variability of OP and EOP samples (e.g., differences due to the type of
cultivation and the variety and maturation of the olives) and the different methods that are used to
quantify the phenolic compound content and measure the antioxidant activity. However, the results
that were obtained here and in the studies reported in the bibliography suggest that the residual biomass
contains noticeable amounts of phenols and high antioxidant activity. Therefore, the extract from olive
pomace has potential for use as a natural bioactive ingredient in different industrial applications.

4. Conclusions

Exhausted olive pomace is an interesting source of natural antioxidant compounds, which can be
extracted as a first step in a biorefinery strategy for valorisation of this agro-industrial residue. This work
investigated the impact of ultrasound assisted extraction conditions on TPC, TFC, and antioxidant
activity of EOP while using RSM. The optimal conditions for UAE were determined at 43.2% ethanol
concentration, 70% ultrasound amplitude, and 15 min extraction time, yielding an optimal extract with
higher phenolic and flavonoid content, as well as higher antioxidant activity than those previously
determined for other by-products of the olive oil industries, such olive oil or olive tree pruning also
extracted by ultrasound.
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