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Abstract: Exhausted olive pomace (EOP) is a waste generated in large quantities each year in the
olive oil industry. This biomass contains phenolic compounds with antioxidant, antiatherogenic, anti-
inflammatory, and antimicrobial properties. For the extraction of these compounds, the use of a novel
and environmentally friendly technique, microwave-assisted extraction using water as extraction
solvent, was proposed. A Box–Behnken design of experiments based on the response surface
methodology was used to optimise the effect of the factors temperature (40–100 ◦C), extraction time
(4–40 min), and solid loading (2–15%). The response variables were the total phenolic content analysed
by Folin–Ciocalteau assay, hydroxytyrosol content by HPLC, and antioxidant activity through FRAP
and ABTS assays. The optimal conditions for each response variable were determined. Overall,
microwave-assisted extraction is considered a suitable technique for the extraction of bioactive
compounds from EOP at short extraction times. In particular, the maximum content of hydroxytyrosol
(6 mg/g of EOP) could be obtained at 99.7 ◦C, 3.9% (w/v) solids, and 34.3 min. Therefore, this extract
has the potential to be used as a functional and antioxidant additive.

Keywords: exhausted olive pomace; microwave-assisted extraction; antioxidant activity; phenolic
compounds; hydroxytyrosol

1. Introduction

Exhausted olive pomace (EOP) is the final solid residue generated after subjecting olive
pomace to a drying process and a solid-liquid extraction with hexane to extract the residual
olive oil [1]. In Spain, around 1.2 million tons of this waste are generated every year [2].
According to the chemical composition of EOP, it is considered a promising feedstock for the
production of bioenergy, including bioethanol, from its structural carbohydrates (around
35%) and bioactive compounds from the non-structural components (around 50%), which
includes phenolic compounds. Therefore, the valorisation of this biomass, considering all
these compounds, would allow it to be introduced into the biorefinery concept.

The food industry is currently investigating the possibility of replacing synthetic
antioxidants with antioxidants of natural origin, including those of olive origin [3,4]. Due
to its bioavailability, chemical properties, bioactivity and low toxicity, these extracts and
those rich in hydroxytyrosol could be used as a food additive and functional ingredient for
food and nutraceutical applications [5].

Therefore, the extraction of phenolic compounds from olive biomass can be performed
as the first step within a biorefinery approach. Conventional techniques such as macer-
ation, Soxhlet extraction and hydrodistillation have been used for years for the recovery
of these compounds. These methods have drawbacks such as long extraction time, high
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solvent consumption, low reproducibility, etc. [6]. These problems have been overcome
by employing new extraction techniques such as microwave-assisted extraction (MAE),
ultrasound-assisted extraction, accelerated solvent extraction or supercritical fluid extrac-
tion [7,8].

Therefore, the purpose of this work was to optimise the extraction of phenolic com-
pounds, including hydroxytyrosol, and the antioxidant activity of the extracts obtained
from EOP by MAE using water as solvent. Response surface methodology (RSM) was
employed to evaluate the extraction parameters of temperature, extraction time and solid
loading using a Box–Behnken experimental design (BBD).

2. Methods
2.1. Raw Material

EOP was obtained from the olive pomace industry “Spuny SA” (Castellar, Jaén, Spain)
and milled to a size of 1 mm with a ZM 200 ultracentrifugal mill (Retsch, Haan, Germany).

All the chemicals and reagents were of analytical grade and were supplied by Sigma-
Aldrich (St. Louis, MO, USA): Folin–Ciocalteu’s phenol reagent, 2,4,6,-tri (2pyridyl)-
1,3,5,-triazine (TPTZ), iron (III) chloride, [2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic
acid) diammonium salt (ABTS), 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid
(Trolox) and standards of gallic acid. Methanol (HPLC grade) was obtained from Honey-
well (Morristown, NJ, EEUU) and acetonitrile (HPLC grade) from PanReac AppliChem
(Barcelona, Spain). Hydroxytyrosol (98% of purity, w/w) was procured from Extrasynthese
(Lyon, France). Ultrapure water was obtained using a Milli-Q system (Millipore, Bedford,
MA, USA).

2.2. Microwave-Assisted Extraction of Exhausted Olive Pomace

The extraction was carried out in a microwave reactor Anton Parr Monowave 400
(Graz, Austria). Three independent variables were studied, temperature (40–100 ◦C),
extraction time (4–40 min), and solid loading (3–15%, w/v), applying a BBD. It consisted of
17 experiments, including five central points. The response variables studied were: total
phenolic content (TPC), hydroxytyrosol content, and antioxidant activity.

Once the MAE assays were finished, each sample was filtered under a vacuum, and
the recovered extract was filtered through syringe filters (nylon, pore size 45 µm) (Grupo
SinerLab, Madrid, Spain) for analysis.

2.3. Measurement of the Total Phenolic Content and Antioxidant Activity

TPC was determined using the Folin-Ciocalteu colorimetric assay, according to a
procedure described by Singleton and Rossi [9] with a little modification according to
Gómez-Cruz et al. [10] and using gallic acid as standard. To determine the antioxidant
activity of the extracts, ferric-reducing power assays (FRAP) and ABTS radical scavenging
assay were applied according to Martínez-Patiño et al. [3] and using Trolox as a standard.
The absorbance was measured using a Bio-Rad iMarkTM microplate reader (Hercules,
CA, USA).

2.4. Phenolic Profiling and Quantification of Hydroxytyrosol

The phenolic profile and hydroxytyrosol content of the aqueous extracts from EOP
were determined by reversed-phase (RP)-high-performance liquid chromatography (HPLC)
in a Shimadzu Prominence UFLC chromatograph (Kyoto, Japan) equipped with a diode-
array detector, according to Gómez-Cruz et al. [4]. A calibration curve was built using a
commercial standard of hydroxytyrosol.

2.5. Statistical Analysis

The experimental data obtained after applying the designs were analyzed using
the Design-Expert® v8.0.7.1 software (Stat-Ease, Inc., Minneapolis, MN, USA). Then, the
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response variables were fitted to a second order polynomial model equation obtained by
response surface methodology (RSM) according to the following equation:

yj = β0 +
3

∑
i=1

βixi + ∑
3

∑
i<j=1

βijxixj +
3

∑
i=j

βiix
2
i (1)

where y is the dependent variable, xi and xj are the independent variables, β0, βi, βij and
βii are the regression coefficients.

ANOVA was used to determine the significance of the results.

3. Results and Discussion

Water was the solvent selected for the extraction of phenolic compounds from EOP to
develop an eco-friendly extraction methodology since it is abundant, low cost, non-toxic,
and is generally recognized as a safe (GRAS) solvent [11]. Then, the conditions were
optimised using a BBD design and RSM.

In the experimental design, the values obtained for the total phenol content (TPC)
ranged from 25 to 41 mg GAE/g EOP and the hydroxytyrosol content between 4 and
6 mg/g EOP. As an example, Figure 1 shows the response surface for the TPC, where it
can be observed that the extraction time and solid loading have a positive influence until
a maximum is reached. Alternatively, the temperature was affected positively under the
conditions tested. The hydroxytyrosol content showed a similar trend.
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Figure 1. Response surface for the total phenol content (TPC) at 70 ◦C.

The antioxidant activity of the aqueous extracts obtained by MAE was determined
by the FRAP and ABTS methods. In this case, the three parameters studied also showed
a significant influence on these response variables. In general, the solid loading and
temperature had the greatest influence on both of them, whose values ranged between
32 and 55 mg TE/g EOP and 61 and 97 mg TE/g EOP.

The quality of fit of the response surface models was assessed by ANOVA. The
adjusted coefficient of determination (R2), the coefficient of variation (CV) and the statistical
parameters F-value and lack of fit (p-value) were determined for each of the responses. The
models developed presented adjusted coefficients of determination (R2 adj) in the range of
0.886–0.964, suggesting that the experimental data matched well with the predicted values.
Furthermore, the CV ranged from 1.98 to 3.55%, indicating the reliability and accuracy of
the model. ANOVA results showed high F-values for all response variables (21.65–587.22),
implying that the model was highly significant and there was no lack of fit.

Once the effect of the three factors (temperature, time, and solid loading) on all
responses had been analysed, the software was able to determine the individual optimum
conditions for each response. These depended on the response variable and ranged between
99.5 ◦C (TPC) and 100 ◦C (FRAP), 22.9 min (FRAP) and 34.3 min (hydroxytyrosol content)
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and 3% solids (FRAP) and 6.4% solids (ABTS). The predicted optimum values were: 41 mg
GAE/g EOP for TPC, 6 mg/g EOP for hydroxytyrosol content, 55 mg TE/g EOP for
the antioxidant capacity determined by the FRAP method and 102 mg TE/g EOP by the
ABTS method.

The results obtained show that MAE is an efficient technique for the extraction of
bioactive compounds from EOP using short extraction times, as other studies suggested for
olive pomace [12], and simply using water.

4. Conclusions

MAE, using water as a “green” solvent, was efficient for the extraction of antioxidant
compounds from EOP, including hydroxytyrosol. Its content was maximized at 99.7 ◦C,
34.3 min and a solid loading of 3.9% (w/v): 6 mg/g EOP.
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