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Abstract: Olive pomace management represents a great concern to the olive oil industry. This work
focused on the development of a “zero waste” strategy for olive pomace based on a fractionation
approach resulting in the obtention of different value-added fractions. The physicochemical composition
of edible fractions obtained (liquid and pulp) was analysed. The potential use as a solid biofuel of the
non-edible fraction (stones) was evaluated. High amounts of hydroxytyrosol (513.61–625.76 mg/100 g
dry weight) were present in the liquid fraction. Pulp fraction was demonstrated to be a good source of
fibre (53–59% dry weight) with considerable antioxidant activity both from free and bound phenolics.
The stones fraction exhibited substantial high heating values (18.65–18.94 megajoule (MJ/kg). All these
results support the added value of the olive pomace fractions combining the biofuel potential from
the stones fraction and the functional food ingredients’ potential both from liquid and pulp fractions.
The present methodology seems to be a feasible whole valorisation approach to achieve the circularity
in the olive oil sector, prioritising obtaining high over low added-value products.
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1. Introduction

The reduction and valorisation of by-products is one of the biggest challenges of the food industry.
Nowadays, there is an increasing concern for the achievement of a more sustainable food production
chain, specifically, in reducing the environmental impact of its by-products or the costs associated
with its proper treatment [1]. Besides the economic and environmental consequences, there is also
an ethical and moral dimension within the general concept of global food security, since 805 million
people across the globe suffer from hunger [2].

These negative impacts are even more flagrant in growing industries, like the olive oil industry
(mainly in the Mediterranean countries), that produce large quantities of by-products and wastes [1,3].
Portugal is one of the Mediterranean countries where olive oil production has been rising (with an
estimated increase of 30% in olive oil production in 2019 compared to the 2018 campaign) [4], which
also implies the treatment of more tonnes of waste. Between all the wastes and by-products of the
olive industry, the olive pomace is the most representative [5]. Olive pomace is a combination of olive
husk and pulp, crushed olive stone and olive mill wastewater with a moisture content of 65% [6] that
derives from the modern two-phase extraction method, in which no water is added (more eco-friendly
than the three-phase process) [7].
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Olive pomace is phytotoxic and non-biodegradable biomass [8] that is challenging to treat due
to its richness in moisture (higher energy demand and consequently higher costs during the drying
process) and organic compounds (adverse effects on soil) [9]. Nonetheless, olive pomace is also a
significant source of bioactive compounds like fibre [10], minerals, polyunsaturated fatty acids and
phenolic compounds [5].

Commonly, olive pomace is sent to pomace oil extraction mills, in which, after a drying process,
it is used to extract oil using hexane. This process generates pomace oil but also dried pomace that is
mainly used as a solid fuel [3] due to its high calorific power [11]. However, dried olive pomace contains
oil residues and principally low-weight particles (pulp and olive stones < 1 mm), which are considered
to be harmful compounds related to uncontrolled emission, corrosion and slagging, compromising
the performance of olive pomace as solid biofuel [12]. To a lesser extent, olive pomace can also be
composted to avoid the harmful effects of the organic compounds and used as a fertiliser [9], or even
used to generate or cogenerate electricity [13]. However, these traditional olive pomace treatments
were considered a wastage of bioactive compounds with high value-added, as these treatments are
not the most sustainable options because of their use of solvents and high carbon dioxide equivalent
CO2-eq emissions [9,13]. Besides, under the aim of a transition from a non-sustainable linear economy
(‘take-make-dispose of’) to a circular bioeconomy (maintain the value of products and materials
for as long as possible while minimising resource use and waste generation) of the olive oil sector,
higher-value uses should be prioritised over the current energy and compost valorisation [14].

Bioactive compounds of olive pomace have been described as potent food antioxidants and
antimicrobials and can even contribute to the prevention of chronic diseases such as cardiovascular
disease and cancer [7]. Having this in consideration, olive pomace should be firstly employed as food
source ingredients and only after as an energy generator [14].

The adoption of valorisation approaches to increase the value of olive pomace biomass is a
crucial target to permit the olive oil sector to enhance its economic and environmental sustainability.
A considerable number of valorisation methods of olive pomace have been studied in the last years,
but none of the proposed methods appear to answer entirely to the principal problem. Olive pomace
has been explored as a biomass source for biorefineries to produce second-generation ethanol [3],
for agricultural use as compost or as irrigation water [8] and as a component in the manufacture of
different materials as lightweight aggregates [6]. Additionally, more studies about the recovery of
value-added products have been explored using conventional solvent-extraction or non-conventional
extraction techniques (e.g., microwave-assisted, enzyme-assisted and supercritical fluid extraction) [15].
Nevertheless, in these previous studies, only low amounts of olive pomace were used, or merely
a small fraction was valorised (often phenolic compounds), leaving the majority of olive pomace
untreated [16]. Besides that, some of these approaches are not sustainable (the use of water or solvents)
or possess high total operational costs [15]. Therefore, more complete, sustainable and economically
viable valorisation approaches for olive pomace need to be developed and validated.

One of the obstacles for the achievement of a total olive pomace valorisation scheme is linked to
its structural heterogeneity and complexity. Olive pomace is a mixture of water, residual skin, pulp
and pieces of the crushed stone [17]. Olive pomace heterogeneity could be the biggest challenge for
its valorisation but could also be an advantage to obtain different value-added products from olive
pomace. Therefore, the application of a fractionation process appears as a promising alternative for the
production of value-added olive pomace fractions without any consumption of water nor chemicals
and lower energy consumption during the drying process [18].

The result of the fractionation approach could be producing liquid (L-OP), pulp (P-OP) and
stone (S-OP) fractions from crude-olive pomace (C-OP). The stone fraction promises to exhibit the
best properties for thermal power generation due to its uniform size and high density [12]. On the
other hand, liquid and pulp fractions from olive pomace have potential as food ingredients. It is
expected that the liquid fraction might be a source of phenolic compounds such as hydroxytyrosol
and derivatives [8], and that the pulp fraction might be a potential source of antioxidant dietary
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fibre [19], i.e., a rich source of fibre and phenolic compounds (free and bound to fibre) [20]. Therefore,
the valorisation of these bioactive compounds is required at competitive prices, so that it can be used,
for instance, as powdered food ingredients.

In this line, the present work focuses on the use of a fractionation approach (wet and dry
fractionation) as an eco-friendly “zero waste” solution to obtain new value-added products from olive
pomace. The physiochemical/bioactive properties and calorific potential of the different obtained olive
pomace fractions were assessed to validate its potential as valuable ingredients to the energy and
food industries. Moreover, the nutritional profile and chemical composition (regarding proximate
composition, sugars, fibre composition, free and bound phenolic compounds) of olive pomace were
also assessed.

2. Materials and Methods

2.1. Chemicals

The 2, 2-diphenyl-1-picrylhydrazyl (DPPH), 2, 2′-azo-bis-(2-methylpropionamidine)-dihydrochloride
(AAPH), fluorescein, 2, 2-azinobis-3-ethylbenzothiazoline-6-sulphonic acid (ABTS diammonium salt),
potassium sorbate, sodium carbonate, ethylenediaminetetraacetic acid (EDTA), sodium sulphite and
sodium lauryl sulphate were purchased from Sigma-Aldrich (Sintra, Portugal). Methanol, acetonitrile
and sulphuric acid were purchased from Fischer Scientific Portugal. Folin–Ciocalteu’s reagent
and potassium persulfate were purchased from Merck (Algés, Portugal). Standards of mannitol,
glucose, arabinose, mannose, galactose, xylose, galacturonic acid, trolox, gallic acid, vanillin, quercetin,
p-coumaric, protocatechuic and caffeic acid were purchased from Sigma-Aldrich (Sintra, Portugal),
whereas hydroxytyrosol, tyrosol, luteolin and luteolin-7-O-glucoside were obtained from Extrasynthese
(Lyon, France).

2.2. Olive Pomace Samples

The crude olive pomace was collected from 2 olive mills (OM) with a continuous biphasic
extraction system (OM 1 and OM 2) from the Inner Centre Region of Portugal. The main olive cultivar
is Galega Vulgar (80% of the olive heritage). The samples were homogenised, packed in polyethene
flasks and stored (at −80 ◦C) until use.

2.3. Fractionation of Olive Pomace

Fractionation of the crude olive pomace samples (OM 1 and OM 2) was carried out to produce
liquid, pulp and stones fractions following the scheme evidenced in Figure 1. The first step is the wet
fractionation by centrifugation (4000 rotation per minute (RPM), 10 min) to separate the liquid fraction
from the solid, followed by freeze-drying (Telstar Lyo Quest HT 40).

The dry fractionation was applied in the freeze-solid by sieving after a previous milling process
with a coffee grinder obtaining the pulp fraction (particle size < 1 mm) and the stones fraction (particle
size > 1 mm). The stone fraction and edible fractions (liquid and pulp fractions) obtained from olive
pomace were vacuum-packed and stored in a dark and dry place at room temperature, until use.
The crude olive pomace samples were also freeze-dried, milled and sieved as a control.
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Figure 1. Proposed fractionation process for olive pomace valorisation to achieve maximum value
and “zero waste”: products and yields. Abbreviations: OM 1—olive mill 1, OM 2—olive mill 2,
C-OP—Crude olive pomace, L-OP—liquid-rich fraction, P-OP—pulp-rich fraction.

2.4. Chemical Composition Determination

2.4.1. Proximate Composition

The moisture content (Association of Official Agricultural Chemists (AOAC) No. 934.06) was
determined in the fresh and dried samples. The contents in crude fibre (Weende method), crude
protein (Kjeldahl method with conversion factor: 6.25), lipid (AOAC 920.39), crude ash (AOAC
No. 942.05) and carbohydrate (calculated by difference from crude fibre, moisture, protein, lipid and
ash) were estimated in freeze-dried samples. All methodologies followed the recommendations of the
Official Methods of Analysis [21]. All analyses were done in triplicate. The chemical compounds were
expressed as g/100 g dry weight (DW).

2.4.2. Detergent Fibre

The contents of neutral detergent fibre (NDF) and acid detergent fibre (ADF) were determined by
the method of Goering and Van Soest [22] NDF measures all insoluble cell wall material, including
hemicelluloses, cellulose and lignin, and ADF measures cellulose and lignin.

2.4.3. Cellulose, Hemicellulose and Lignin

For cellulose (as glucose), hemicellulose (as arabinose, mannose, galactose and xylose) and
lignin (soluble and insoluble) determination of crude olive pomace, liquid and pulp fraction samples,
the methodology of Sluiter et al. [23] was followed. Previously, the removal of extractives was carried
out using a Soxhlet extraction system (SER 148, Velp, Usmate Velate MB, Italy) using ultrapure water
and absolute ethanol as solvents in two sequential stages [24]. Then, the free-extractives samples
were submitted to two-step sequential acid hydrolysis and further determination/quantification of the
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cellulose, and hemicellulose content was achieved using high-performance liquid chromatography
(HPLC). Structural carbohydrates were determined by HPLC (micro guard column: Aminex Carbo-P,
Bio-Rad; carbohydrate analysis column: Aminex HPX-87P heavy metal, 300 × 7.8 mm, Bio-Rad; flow
rate: 0.6 mL/min; detector: refractive index) and were used to calculate the cellulose (as glucose) and
hemicellulose (as arabinose, mannose, galactose and xylose) content [23]. The insoluble lignin content
was calculated gravimetrically after hydrolysis residue filtration, and soluble lignin was estimated by
ultraviolet (UV) spectrophotometry at 340 nm [23]. The results were expressed in g/100 g DW.

2.4.4. Extractable Pectins

Extractable pectins from the crude olive pomace, liquid and pulp fraction samples were fractionated
into water-soluble pectin, chelator-soluble pectin and hydroxide-soluble pectin and quantified,
according to Deng et al. [25]. First, 1.0 g of the sample was homogenised in 20 g of deionised
water for 10 min. The homogenate was filtrated (Whatman No. 1 filter paper) and the retentate and
filtrate were collected. Water-soluble pectin was determined as the precipitate that resulted from the
addition of 95% ethanol to the filtrate (1:5) and then allowing it to stand overnight in a refrigerator.
Chelator-soluble pectin was determined from the water-extracted residue, by boiling the residue with
95% ethanol for 10 min, followed by 3 successive extractions of the resulting residue with 50 mL,
20 mM Na2-EDTA and pH 8.0. Following each extraction, the suspension was filtered, and the filtrates
were combined. The residue obtained from the Na2-EDTA extractions was subsequently extracted
with 50 mM NaOH (50 mL) for 15 min at room temperature, the suspension was filtered, and the
filtrate was collected for measurement of hydroxide-soluble pectin. The referred quantification was
based on a colorimetric assay (AOAC 994.13, 2007) using galacturonic acid for determination of
the calibration curve. Briefly, 250 µL boric acid–sodium chloride solution (content) and 250 µL of
the sample (or standard) were mixed with 4 mL of 96% H2SO4 and incubated at 70 ◦C for 40 min.
Afterwards, 200 µL of dimethylphenol reagent (100 mg of 3, 5-dimethylphenol in 100 mL of glacial
acetic acid) was added and mixed, and the absorbance of the resulting solution was measured at
400 and 450 nm, respectively [25]. Water-soluble, chelator-soluble and hydroxide-soluble pectins were
quantified as galacturonic acid equivalents (GUAE).

2.4.5. Soluble Sugars

The soluble sugars were estimated in ultra-pure water extractives using the phenol-sulphuric acid
method for total carbohydrates [26]. The sugar content was determined by thoroughly mixing 80 µL
of the soluble sugar-containing solution with 2 mL 98% H2SO4 and 320 µL phenol 5%, incubating
the reaction mixture for 15 min at 100 ◦C, cooling (room temperature), and measuring absorbance at
490 nm, using a calibration curve obtained with D-(+)-glucose. Results were expressed as g glucose
equivalents/100 g DW. Free sugar profiles were determined by HPLC coupled to a refraction index
detector using an Aminex 87-H column (Bio-Rad, Berkeley, CA, USA) at 55 ◦C and 35 mM H2SO4 as
mobile phase (flow rate: 0.5 mL/min) [27]. Sugar identification was achieved by comparison of the
retention times of sample peaks with glucose and mannitol standards. The results were expressed
in g/100 g DW.

2.5. Structural Characterisation

Chemical Groups and Bonding Arrangement of Constituents

Fourier-transform infrared spectroscopy (FTIR) spectra of crude olive pomace and fraction samples
(liquid, pulp and pulp fraction extractives-free) were recorded using an IRAffinity-1S, Shimadzu.
The spectra were collected through the wavenumber range of 600 to 4000 cm−1, with a resolution
of 4 cm−1 for 50 scans. The resulting spectra were baseline-corrected and analysed using Origin
Lab software.



Appl. Sci. 2020, 10, 6785 6 of 22

2.6. Bioactive Characterisation

2.6.1. Free and Bound Phenolic Compounds

The extracts of free phenolic compounds were obtained according to the Alu’datt et al. [20] with
some modifications. Samples (1.5 g) of crude olive pomace, liquid and pulp fraction samples were
extracted on an orbital shaker (250 RPM) using methanol (25 mL) for 60 min (twice), followed by
centrifugation (4000 RPM, 10 min) and supernatant recuperation. The extraction of bound phenolic
compounds was achieved according to Xie et al. [28] with some adaptations. The extraction residue was
hydrolysed for 4 h (20 mL of 4 M NaOH on an orbital shaker at 250 RPM) followed by acidification to
pH 1.5–2.0 using 6 M hydrocloric acid (HCl). After 30 min of centrifugation (8000 RPM), the supernatant
was extracted 5 times with ethyl acetate (30 mL). The ethyl acetate was dried using anhydrous Na2SO4

and evaporated to dryness using a rotary vacuum evaporator at 30 ◦C. The resulting residue was
subsequently dissolved in methanol to a final volume of 10 mL. The free and bound phenolic extracts
obtained were stored at −20 ◦C until use.

The total phenolic content (TPC) of free and bound phenolic extracts was determined according
to the Folin–Ciocalteu’s method [29]. Briefly, 50 µL of the methanolic extract was mixed with 50 µL
Folin–Ciocalteu’s reagent, 1 mL of Na2CO3 (75 g/L) and 1.4 mL of ultra-pure water. The reaction tubes
were incubated for 60 min at room temperature in the dark. The absorbance of the reaction mixtures
was measured at 750 nm using gallic acid as a standard. All analyses were performed in triplicate.
Results were expressed as mg gallic acid equivalents (GAE)/g DW.

To identify the phenolic compounds, the extracts were analysed in an liquid chromatography
electrospray ionization quadrupole time-of-flight mass spectrometry (LC-ESI-UHR-QqTOF-MS)
system (Bruker Daltonics, Billerica, MA, USA) following the methodology of Monforte, Martins
and Ferreira [30], with some modifications in the gradient elution program (mobile phase A: 0.1%
aqueous formic acid and mobile phase B: acetonitrile with 0.1% formic acid) to obtain a good separation
of phenolic compounds: 0–5 min (5% B), 5–25 min (15% B), 25–35 min (30%), 35–40 min (95% B), 40–41
(5% B) and 41–42 min (0% B). Identification of the main phenolic compounds was based on standard
solutions retention time, UV-Vis and mass spectra, when available. The other peaks were tentatively
identified based on the literature, and their elemental composition was confirmed according to accurate
mass (within 5 mDa of the assigned elemental composition) and isotope rate calculations designated
mSigma (mSigma values < 20). The main phenolic compounds identified were quantified by HPLC
(Waters e2695 separation module system interfaced with a Photodiode array UV/V is detector) using
external calibration curves constructed based on their maximum UV signal (280, 320 and 360 nm)
following Oliveira et al.’s [31] procedure. The separation was performed in a reverse-phase column
(COSMOSIL 5 C1 8-AR-II packed column—4.6 mm Inner Diameter. × 250 mm; Dartford, UK).

Sample and standard solutions were analysed using a solution of water/acetonitrile (95:5 v/v) with
0.2% trifluoroacetic acid (TFA) was used as mobile phase A, while mobile phase B was constituted of
acetonitrile (100%) with gradient program at a flow rate of 1 mL/min: 0–2 min (100% A), 2–28 min
(60% A) and 28–30 min (100% A). [31]. Identification of the main phenolic compounds (3-hydroxytyrosol,
protocatechuic acid, tyrosol, oleuropein, luteolin-7-O-glucoside, caffeic acid, rutin hydrate, p-coumaric
acid, luteolin and quercetin) in methanol was performed by comparison of retention times, spectra and
peak areas at maximum absorption wavelength. The results of the main phenolic compounds were
expressed as mg/100 g DW.

2.6.2. Antioxidant Activity

The free and bound phenolic extracts were used to evaluate the radical scavenging capacity of
crude olive pomace, liquid and pulp fraction samples according to 3 methods: DPPH [32], ABTS [33]
and Oxygen Radical Absorbance Capacity (ORAC) [29]. In the DPPH method, 1.75 mL of a 60 µM
DPPH methanolic solution was added to 250 µL of sample and incubated at 30 ◦C for 1 h. The results
were obtained by absorbance measurement at 515 nm in a spectrophotometer. ABTS was generated
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through a chemical oxidation reaction with potassium persulfate [33]. The concentration of ABTS
radical was adjusted with methanol to an initial absorbance of 0.700 ± 0.020 at 734 nm. To 200 µL of this
solution of ABTS, 20 µL of the sample, Trolox or solvent were added, using a 96-well plate. The mixture
was incubated (30 ◦C) for 5 min, and the absorbance at 734 nm was measured with a microplate reader.
In the ORAC assay, the reaction was carried out at 40 ◦C in 75 mM phosphate buffer (pH 7.4), and the
final assay mixture (200 mL) contained fluorescein (70 nM), AAPH (14 mM) and antioxidant (Trolox or
sample, at different concentrations). The fluorescence was recorded during 137 min (104 cycles) in a
FLUO star OPTIMA plate reader (BMG Labtech, Offenburg, Germany) with 485 nm excitation and
520 nm emission filters. The equipment was controlled by the FLUO star Control software version
(1.32 R2) for fluorescence measurement. Black polystyrene 96-well microplates (Nunc, Denmark) were
used. AAPH, Trolox and fluorescein solutions were diluted in 75 mM phosphate buffer (pH 7.4). Trolox
was used as a standard, and a blank control was performed using a sample solvent for all the methods.
All values of antioxidant activity were performed in triplicate and expressed in µM Trolox-equivalents
(TE)/g DW.

2.7. Energy Potential

The higher heating values (HHVs) of crude olive pomace, liquid and pulp fraction samples were
measured by an automatic adiabatic bomb calorimeter (Parr calorimeter Type 6200). Measurements
were made in duplicate (1 g of sample) according to EN 14918 and following Reference [34]. The samples
of crude olive pomace and its pulp fraction were compacted in pellets before analysis, to prevent the
occurrence of uncontrolled combustion. The interior surface of the bomb was washed with distilled
water and collected in a beaker. The bomb washings were titrated with a standard sodium carbonate
solution (0.0709 N). The pH and moisture content of stones fraction samples were evaluated to validate
their quality as solid biofuel.

2.8. Evaluation of the Potential Valorisation of Olive Pomace Using the Fractionation Approach in the Centre
Region of Portugal: Case Study

To illustrate the potential of the proposed approach, a case study was evaluated considering the
situation in the centre region of Portugal (third major olive oil producer region in Portugal), which
represented around 15% of the national olive oil production in 2018 using the data from Instituto
Nacional de Estatística (INE) [35].

2.9. Statistical Analysis

Data obtained for all parameters were analysed using a one-way analysis of variance (ANOVA).
Tukey’s post hoc test was applied for comparison of means, and differences were considered significant
at p < 0.05. The Shapiro–Wilk test confirmed the normality of data distribution. Statistical analyses
were carried out using R Software.

3. Results and Discussion

3.1. Fractionation Approach

The wet and dry fractionation applied to crude olive pomace samples from OM 1, and OM 2 was
shown to be reproducible. The yield (% DW) for the different fractions was similar for both crude
olive pomace samples. Figure 1 presents the proposed process for “zero waste” valorisation of olive
pomace, including the principal mass balances. The first step of wet fractionation (centrifugation)
led to two different fractions: sediment and supernatant. The sediment (solid fraction) was the most
representative fraction for both crude olive pomace samples (63–53% of crude olive pomace fresh
weight). As a result of this first fractionation, the moisture and sugar concentration of solid fraction
were reduced, facilitating its drying, and the crude olive pomace phenolics were recovered mainly in
the liquid fraction (supernatant) [18]. In the present approach, the wet fractionation (centrifugation)
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followed by freeze-drying allowed to obtain 0.02 to 0.03 kg of liquid fraction from 1 kg of the wet olive
pomace, showing a yield of 9% (DW) for both crude olive pomace samples analysed. A higher water
loss occurred during the drying of liquid and solid fraction from OM 2 due to their higher moisture
(liquid fraction: 95.29 ± 0.81, solid fraction: 68.18 ± 1.86) than the liquid and solid fraction obtained
from OM1 (liquid fraction: 88.64 ± 0.36, solid fraction: 62.07 ± 0.08).

After the drying step and dry fractionation (milling and sieving), two different fractions were
obtained, the stones and pulp fraction. For both crude olive pomace samples (0.16–0.23 kg from 1 kg of
wet olive pomace), pulp fraction had the highest yield (% DW) around 65% and 71% for the OM 1 and
OM 2 samples, respectively. On the other hand, a yield (% DW) between 20% and 26% was attained for
the stones fraction.

Other fractionation approaches have been applied to olive pomace [17,18]. Delisi et al. [18]
obtained an extract rich in phenolic compounds and olive pomace oil from the liquid fraction and
a solid biofuel from the solid fraction. The simple conversion of the solid fraction in solid biofuel
neglected not only the high value of the compounds like fibre and phenolics presented in this fraction
but also compromised its performance as a solid biofuel due to the risk of occurrence of uncontrolled
combustion triggered by the presence of fat and small particles [12]. On the other hand, Ying et al. [17]
ignored the energy potential of the stones fraction completely, using a considerable amount of water
prior to centrifugation and discarded a considerable amount of olive pomace pulp fraction (not using a
dry fractionation step to separate the pulp from stones). Neither of these two studies reported the yields
of each of the fractions obtained from olive pomace fractionation. Besides that, the approaches reported
in the literature have not explored the whole olive pomace fractions’ potential, compromising not only
the quality of the added-value products but also the “zero waste” goal. In contrast, the fractionation
approach proposed in this work appears to be a promising and sustainable alternative to create different
added-value products from olive pomace biomass without any consumption of water nor chemicals,
and firstly, prioritising higher value applications and lastly, the energy valorisation according to circular
bioeconomy principles [36].

3.2. Proximate Composition

The proximate composition of crude olive pomace, liquid and pulp fraction samples is presented
in Table 1. The liquid (2.67–2.73 g/100 g DW) and pulp fraction (0.30–0.99 g/100 g DW) exhibited
lower moisture content. When comparing the liquid and pulp fraction, the liquid fraction was shown to
contain a higher amount of carbohydrates (73.34–77.17 g/100 g DW) and ashes (11.27–10.74 g/100 g DW).
An equivalent amount of carbohydrates (82.4% DW) were obtained by Ying et al. [17] for their liquid
fraction, however, they reported a lower ash content (3.5%) that could result from the non-environmental
addition of water [37]. On the other hand, pulp fraction was characterised by the inherent fibre richness
of crude olive pomace [38], exhibiting a high crude fibre content (54–55% DW). Ying et al. [17] reported
lower fibre content in their flesh-enriched fraction (42.7% DW), probably because of the discharge of a
substantial amount of pulp together with stones and the water addition (extraction of soluble fibres to
supernatant). Besides that, the pulp fraction exhibited a significant amount of protein (8–9% DW) and
fat (15–21% DW). The significant differences in fat and ash composition of the pulp fractions obtained
from OM 1 and OM 2 could be explained by differences in olive varieties and maturation degree [39].
Comparing the proximate composition from the liquid and pulp fraction samples obtained from the
two crude olive pomace samples used (OM 1 and OM 2), a similar composition was attained.

3.3. Detergent Fibre

The study of the detergent fibre composition of crude olive pomace, liquid and pulp fraction
samples is presented in Table 1. Neutral detergent fibre is a good predictor of the nutritional value of
dietary fibre [40], especially in insoluble fibre-rich samples like olive pomace [3]. In the liquid fraction,
the neutral detergent fibre content was defined as “not detected”, due to the limitation of the neutral
detergent fibre method regarding water-soluble fibre measurement. Despite this limitation of the



Appl. Sci. 2020, 10, 6785 9 of 22

method, pulp fraction exhibited a high amount of neutral detergent fibre (53–59% DW) close to the
value of crude fibre reported above and higher than the total dietary fibre reported by Ying et al. [17] to
their flesh-enriched fraction (42.7% DW). This high content of neutral detergent fibre reported for the
pulp fraction in this study supports its potential application in food formulation as a source of fibre.
Fibre fortification is increasing due to its well-known health-promoting properties [19].

Table 1. Chemical composition of crude olive pomace (C-OP) and edible olive pomace fractions (L-OP
and P-OP) produced after the wet and dry fractionation processes (g/100 g DW (dry weight)).

Chemical Components
C-OP L-OP P-OP

OM 1 OM 2 OM 1 OM 2 OM 1 OM 2

Proximate
Compostion
(g/100 g DW)

Moisture 0.93 ± 0.01 b 0.98 ± 0.07 b 2.66 ± 0.31 a 2.94 ± 0.01 a 0.63 ± 0.04 b 0.91 ± 0.04 b

Ash 4.48 ± 0.09 c 4.93 ± 0.09 d 10.74 ± 0.21 b 11.27 ± 0.18 a 3.11 ± 0.19 e 1.97 ± 0.03 f

Crude Fibre 35.90 ± 1.32 b 31.94 ± 1.44 b 0.13 ± 0.10 c 0.09 ± 0.01 c 54.54 ± 2.63 a 54.08 ± 2.06 a

Protein 8.75 ± 0.13 a 8.82 ± 0.15 a 3.80 ± 0.24 d 4.41 ± 0.12 c 7.98 ± 0.18 b 8.71 ± 0.12 a

Fat 15.61 ± 1.37 b 20.04 ± 0.58 a 2.68 ± 0.29 d 5.56 ± 0.50 c 14.99 ± 0.41 b 21.34 ± 0.94 a

Carbohydrates 33.28 ± 2.37 b 32.31 ± 1.29 b 77.17 ± 0.88 a 73.34 ± 1.12 a 18.77 ± 2.87 c 11.92 ± 1.89 d

Detergent Fibre
(g/100 g DW)

NDF 46.48± 1.47 b,c 40.76 ± 2.76 c ND ND 53.29± 0.46 a,b 59.28 ± 1.98 a

ADF 31.06 ± 0.73 b 25.34 ± 0.95 c ND ND 33.51± 0.88 a,b 36.66 ± 0.62 a

Structural
Carbohydrates
(g/100 g DW)

Cellulose (as glucose) 9.55 ± 0.38 a,b 8.60 ± 0.54 b ND ND 10.90 ± 1.26 a 10.32± 0.68 a,b

Hemicellulose 11.29± 0.50 a,b 10.28 ± 0.25 b ND ND 11.85 ± 0.72 a 12.40 ± 0.94 a

Xylose 8.03 ± 0.26 b 6.50 ± 0.21 b ND ND 8.07 ± 0.51 a 8.35 ± 0.69 a

Arabinose 0.36 ± 0.13 b 0.83 ± 0.13 a ND ND 0.61 ± 0.11 a,b 1.70 ± 0.06 a

Mannose 1.02 ± 0.32 a 1.06 ± 0.20 a ND ND 1.05 ± 0.15 a 1.26 ± 0.21 a

Galactose 1.88 ± 0.05 a 1.79 ± 0.05 b ND ND 2.12 ± 0.03 a 2.07 ± 0.01 a

Lignin 43.95 ± 1.31 a 42.48 ± 0.56 a ND ND 43.38 ± 0.32 a 45.72 ± 1.76 a

Insoluble 26.84 ± 0.76 a 25.06 ± 1.69 a ND ND 23.62 ± 0.94 a 26.49 ± 1.53 a

Soluble 17.12 ± 0.76 a 17.42 ± 1.21 a ND ND 19.76 ± 0.63 a 19.23 ± 0.24 a

Pectins
(g GUAE/100 g

DW)

TSP 3.23 ± 0.50 a 2.92 ± 0.24 a 0.69 ± 0.28 b 1.33 ± 0.16 b 3.37 ± 0.90 a 2.64 ± 0.15 a

WSP 0.64 ± 0.22 d,e 1.00 ± 0.16 b 0.77 ± 0.12 b,c 1.32 ± 0.16 a 0.49 ± 0.08 c,d 0.46 ± 0.16 d

CSP 2.50 ± 0.34 a,b 1.86 ± 0.26 b ND ND 2.86 ± 0.81 a 2.12 ± 0.10 a,b

HSP 0.09 ± 0.04 a 0.17 ± 0.10 a ND ND 0.02 ± 0.01 a 0.06 ± 0.01

Soluble
Sugars

(g/100 g DW)

Total soluble sugars *1 6.56 ± 0.36 e 9.36 ± 0.48 c 19.01 ± 3.74 b 28.78 ± 3.40 d 2.36 ± 0.25 c 4.41 ± 0.16 c

Glucose 6.85 ± 1.42 b 6.31 ± 0.61 b,c 19.75 ± 2.00 c 20.37 ± 1.74 c 4.00 ± 0.90 b,c 2.67 ± 0.61 c

Mannitol 7.16 ± 1.40 c,d 10.55 ± 1.66 c 21.10 ± 2.55 c 32.37 ± 2.65 b 4.81 ± 1.61 c 4.08 ± 0.88 d

OM 1—olive mill 1, OM 2—olive mill 2, C-OP—crude olive pomace, L-OP—liquid fraction, P-OP—pulp fraction.
NDF—Neutral detergent fibre, ADF—Acid detergent fibre. TSP—Total soluble pectins, WSP—Water-soluble pectins,
CSP—Chelator-soluble pectins, HSP—Hydroxide-soluble pectins. ND—Not detected. *1 g glucose equivalent/100 g
sample dry weight. Data were expressed as mean ± standard deviation (n = 3). The different superscripts in the
same row represent significant differences between samples (p < 0.05).

3.4. Cellulose, Hemicellulose and Lignin

As validated by the crude fibre and the neutral detergent fibre method, fibre is the most abundant
component in crude olive pomace and pulp fraction. Polymerised sugars compose fibre into cellulose
and hemicellulose structures, which can be quantified by HPLC after acid hydrolysis. The cellulose
and hemicellulose content of crude olive pomace samples were not significantly different (p < 0.05).
Hemicellulose (as the sum of xylose, arabinose, galactose and mannose) was a little more abundant
in the pulp fraction (12% DW) than cellulose (10–11% DW), with xylose (8% DW) being the main
hemicellulose sugar, followed by galactose (2%) (Table 1). The pulp fraction richness in xylose makes
its potential application in the food industry even more feasible. Xylans have unique properties, like
the capacity of interaction with bile and cholesterol, activation of colon peristalsis and important
technological properties [41].

Taking into consideration that the olive endocarp is mostly lignified [3], the lignin content is
high in pulp fraction (42–46%). Lignin is a macromolecule inert for colonic fermentation but can be
able to release when linked to phenolic compounds with low molecular weight (bound phenolics)
(e.g., vanillin and caffeic acid). These phenolic compounds can play an essential role in gut health due
to their antioxidant properties, antimicrobial and immunological activity [42,43].
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3.5. Pectins Quantification

Some studies have reported the extraction of pectins from olive by-products [44]. The extractable
pectins of edible fractions (liquid and pulp fraction) were estimated (Table 1). The total extractable
pectins were not significantly different in the crude olive pomace and pulp fraction samples (p < 0.05).
Overall, the pulp fraction showed the highest total extractable pectins amount (2.64–3.37 g GUAE/100 g
DW), and chelator-soluble pectins were the most significant, corresponding to 64–85% of total extractable
pectins. On the other hand, in the liquid fraction, only water-soluble pectins were detected (0.77–1.32 g
GUAE/100 g DW) and in a higher amount than in the pulp fraction (0.46–0.49 g GUAE/100 g DW).
Only a small amount of hydroxide-soluble pectins was detected in the pulp fraction. In conclusion,
the total extractable pectins were concentrated in the pulp fraction, but the water-soluble pectins were
condensed in the liquid fraction from olive pomace. Soluble pectins identified in the liquid fraction
were also known to have a positive effect on decreasing blood glucose [10].

3.6. Soluble Sugars

Total soluble sugar content (using glucose as standard) was not significantly different between
samples of crude olive pomace and respective fractions, except for the liquid fraction (p < 0.05) (Table 1).
The HPLC analysis of soluble sugars allowed the identification of glucose and mannitol (Table 1),
revealing the higher concentration of mannitol in agreement with previously reported results for
maturated olive fruits [45]. The liquid fraction revealed significantly different amounts of mannitol
between samples (OM 1 and OM 2). The higher concentration of mannitol in the liquid fraction from
OM 2 (32.37 ± 2.65 g/100 g DW) than OM 1 (21.10 ± 2.55 g/100 g DW) can be explained by the higher fat
content and a possibly higher degree of maturation of its olives. During olive maturation, it is normal
to occur an increase of mannitol at the same time as olive mesocarp accumulates oil [39].

In general, the designed fractionation approach led to a concentration of the soluble sugars in
the liquid fraction, principally mannitol (4–8 times higher than in the pulp fraction), as reported
previously [18]. So, in terms of nutritional composition, the liquid fraction was mostly a source
of minerals and carbohydrates (glucose and mannitol). This composition can be an asset as a
functional component to formulate sport food products [46] or food products with health benefits,
namely, to decrease the intake of carbohydrates that raise blood glucose levels [47]. Mannitol as the
predominant soluble sugar in the liquid fraction is a non-metabolisable (uptake insulin-independent)
and low-energy sweetener (1.6 kcal/g), but also a food preservative (as an antioxidant and as a reducer
of the sugar crystallisation) [48].

3.7. Infrared Spectroscopy

The major peak assignments in olive pomace fractions measured by FTIR include lipids,
polysaccharides and pectin and cellulose components (Figure 2). Unsaturated fatty acids (like linoleic and
oleic acid) and triacylglycerols were identified at 3008 cm−1 (C-H stretching of olefinic double bonds) and
1744 cm−1 (ester peak because of C=O stretching vibration of carbonyl groups of the triacylglycerols),
respectively [49]. In agreement with the more abundant lipid content of the pulp fraction, larger peak
areas were detected at 2922 and 2850 cm−1 in the pulp fraction (methylene absorbance peaks associated
with antisymmetric and symmetric stretching vibrations of aliphatic C-H in H2 and terminal CH3
groups, respectively) [49].

The bands at 3300–3400 (vibration of hydrogens in bound OH groups of the type alcohol or phenol)
and 2922 cm−1 (C-H stretching vibrations of asymmetric aliphatic structures) could be attributed to
high levels of less condensed structures, such as phenolic compounds and acids [49]. These bands
were more evident in liquid than in pulp fraction.
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The vibration peaks of cellulose and lignin were more evident in pulp fraction, at wavelengths
ranging between 1315 and 1460 cm−1 (1370 cm−1, CH2 bending mode (xyloglucan, cellulose), 1338 cm−1,
CH deformation from ring vibration (polysaccharides, pectin and cellulose)). At 1080 and 1024 cm−1,
two significant peaks in the pulp fraction were identified, which are typical from xyloglucans (C-O
stretching and C-C stretching) and C-O stretching and C-C stretching (pectin, cellulose). Pectin was
noticed mainly in peaks between 1100 and 1600 cm−1 (namely 1630 cm−1, COO− asymmetric stretching
(pectin ester group), 1240 cm−1, C-O stretching (pectin), 1160 cm−1 O-C-O symmetric stretching
(glycosidic link of cellulose, pectin)). The presence of soluble sugars was identified between 1045 and
1160 cm−1 in the liquid fraction.

The differences in peak intensity and some shifts in peak position between the liquid and pulp
fractions were related to the content, type and structure of its components. The principal spectral
variations among the liquid and pulp fraction were principally due to higher fat content and fibre
richness (lignin and xylans composition) of the pulp fraction versus the higher phenolic and sugar
content of the liquid fraction obtained from olive pomace. The FTIR results allowed to deduce that the
pulp fraction could not only be explored as a source of fibre but also of unsaturated fatty acids in food
formulation for its beneficial effects on the reduction of cholesterol and triglycerides [50].

Assignments were based on studies from previous work on the FTIR analysis of olive pomace [1],
olive mill wastewater [51], olive pomace fractions [17] and olive oil [49].

3.8. Bioactivity Characterisation

3.8.1. Total Phenolic Content and Antioxidant Activity of Free and Bound Phenolics

The TPC and antioxidant activity (DPPH, ABTS and ORAC) of crude olive pomace, liquid and
pulp fraction samples are presented in Figure 3. Total TPC resulted from the sum of the free phenolic
compounds with the bound phenolic compounds. TPC in the crude olive pomace samples was of
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22.73–24.51 mg GAE/g DW in crude olive pomace without significant differences between each other
(p > 0.05) regarding TPC from free and bound phenolic compounds. Different TPC results were
reported in previous works for crude olive pomace: higher [38] and lower values [20], mainly due to
the differences between olive cultivars and oil extraction conditions.
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fraction. GAE—Gallic acid equivalents, TE—Trolox equivalents.
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Liquid fraction (21.21–22.67 mg GAE/g DW) and crude olive pomace exhibited similar values
of TPC regarding free phenolic extracts, and pulp fraction (8.32–14.86 mg GAE/g DW) revealed
significantly lower values (p < 0.05). On the other hand, TPC of bound phenolic extracts from
pulp fraction (2.78–5.13 mg GAE/g DW) was similar or higher than in crude olive pomace samples
(3.20–3.62 mg GAE/g DW). However, as expected, higher recovery of phenolic compounds was
achieved in liquid rather than in pulp fraction.

Antioxidant activity of crude olive pomace and edible fractions (liquid and pulp fraction) were
evaluated using three different methods (DPPH, ABTS and ORAC), due to the absence of a single
antioxidant determination methodology able to reflect the total antioxidant activity of a sample.
The model of scavenging stable radicals, DPPH, is widely used to evaluate antioxidant capacities of
natural products, including olive oil samples [52]. The DPPH method showed that the proton-removal
activity of free phenolic compounds from the liquid fraction (76.03–106.03 µM TE/g DW) was higher
than pulp fraction (41.05–79.20 µM TE/g DW) and analogous to crude olive pomace (79.94–103.15 µM
TE/g DW). ABTS showed the same tendency as DPPH, where free phenolic compounds’ extract of
the liquid fraction showed higher values of antioxidant activity and similar to crude olive pomace.
Nonetheless, the bound phenolic extracts of the pulp fraction had the double capacity (21.25–26.98 µM
TE/g DW) to inhibit the free radicals when compared to the liquid fraction (12.34–13.34 µM TE/g DW)
(p < 0.05). When comparing ABTS with DPPH, ABTS had higher values, which could be related to the
use of methanol in both methods. Water is commonly used as a solvent in ABTS, and its substitution
by methanol allows to improve the evaluation of the total antioxidant activity of complex samples
(aqueous and organic compounds) [33].

In ORAC, the liquid fraction (1546.93–1585.46 µM TE/g DW) also showed the highest antioxidant
activity value compared to the pulp fraction (454.74–502.80 µM TE/g DW) or crude olive pomace
(641.05–734.81 µM TE/g DW) (p < 0.05). The ORAC values were much higher than the values obtained
by DPPH and ABTS. Similar differences were reported in antioxidant activity assays of olives [53] and
olive pomace [38]. These differences probably arise from the different mechanisms involved during
each methodology: single-electron transfer in the case of DPPH/ABTS and hydrogen atom transfer in
the case of the ORAC assay.

The values of the three methodologies are in agreement with the TPC results, showing that the
phenolic compounds are the main antioxidant activity contributor of liquid and pulp fraction. All three
antioxidant activity methods applied indicate a stronger antioxidant activity (p < 0.05) of the liquid
fraction, but the antioxidant activity of the pulp fraction along with its higher fibre content is by the
established concept of an “antioxidant dietary fibre” material [19].

3.8.2. Identification of Phenolic Compounds

A detailed analysis of free and bound phenolic compounds is required to elucidate which
compounds are responsible for the antioxidant activity of the edible fractions (liquid and pulp
fractions). Table 2 shows the free phenolic and bound phenolic profile of the crude olive pomace, liquid
and pulp fractions, identified by LC-ESI-UHR-QqTOF-MS. The distribution (in percentage) of the
phenolic compounds from C-OP, L-OP and P-OP are given in the Supplementary Material (Figure S1).
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Table 2. Phenolic compounds identified (or tentatively identified) in free (FPC) and bound phenolic (BPC) extract crude olive pomace (C-OP) and edible olive pomace
fractions (L-OP and P-OP) produced after the wet and dry fractionation process.

Phenolic Compound FPC BPC RT
(min)

UV-Vis
max Formula m/z exp m/z theo Error

(mDa) mSigma Fragments Ref.

Hydroxytyrosol and tyrosol derivatives

Dihydroxytyrosol 4 4 1.9 279 C8H10O4 169.0504 169.0506 0.3 5.1 151.0397; 123.0448 [54]
Hydroxytyrosol glucoside 4 4 3.9 278 C14H20O8 315.1092 315.1088 −0.4 16.3 315.1090; 153.0555; 123.0450 [55]

Hydroxytyrosol 4 4 4.3 281 C8H10O3 153.0557 153.0555 −0.2 0.9 153.0554; 123.0450 (a)
Tyrosol glucoside 4 6 8.3 275 C14H20O7 299.1144 299.1136 −0.2 15.1 299.1139; 119.0349; 101.0244, 89.0245 [55]

Tyrosol 4 6 12 276 C8H10O2 137.0609 137.0608 0.5 n.a. 137.0603; 111.0084; 95.0510 (a)

Secoiridoids and Derivatives

Oleoside 4 4 6.2 270 C16H22O11 389.1092 389.1089 −0.3 5.6 389.1088;183.0664; 165.0560; 121.0656; 345.1195 [55]
Verbascoside 4 6 13.3 330 C29H36O15 623.1990 623.1981 −0.9 8.3 623.1983; 161.0244; 461.1665; 162.0276; 135.0451 [55]

Caffeoyl-6′-secologanoside 4 6 14.7 326 C25H28O14 551.1416 551.1406 0 18.1 551.1416; 507.1504; 345.1193; 281.0673; 161.0245 [55]
Oleuropein 4 6 17.1 280 C25H32O13 539.1761 539.1771 0.7 27.6 539.1764; 307.0828; 275.0931; 223.0613; 179.0566 (a)

Comselogoside 4 6 17.5 311 C25H28O13 535.1462 535.1457 −0.1 19.9 535.1465; 145.0296; 491.1558; 389.1093; 345.1197 [55]

Flavonoids

Rutin 4 4 10.7 355 C27H30O16 609.1465 609.1461 −0.1 18 609.1462; 300.0289 (a)
Luteolin-7-O-glucoside 4 4 11.6 349 C21H20O11 447.0929 447.0933 0.8 20.5 447.0925; 285.0414 (a)

Luteolin 4 6 20.4 349 C15H10O6 285.0414 285.0405 −1 3.3 285.0414; 151.0037 (a)
Quercetin 4 6 20.5 342 C15H10O7 301.0362 301.0354 −0.5 4.5 301.0359; 151.0035; 178.9988; 121.0294 (a)
Apigenin 4 6 25.0 339 C15H10O5 269.0461 269.0455 −0.5 4.8 269.0461; 151.0035 (a)

Phenolic Acids

Vanillin 6 4 4.2 279 C8H8O3 151.0400 151.0401 0.3 18.7 151.0397; 137.0235; 109.0290; 105.0341 (a)
Hydroxybenzoic acid 6 4 5.6 C7H6O3 137.0241 137.0244 0.4 4 137.0241; 138.0280 [54]

Caffeic acid-3-glucoside 4 4 5.8 277 C15H18O9 341.0876 341.0878 0.2 9.5 341.0876; 179.0351; 135.0450 [55]
Caffeic acid 4 4 7.0 323 C9H8O4 179.0350 179.0350 0.0 7.5 179.0350; 135.0448 (a)

Coumaric acid 4 4 9.0 309 C9H8O3 163.0397 163.0401 0.3 19.6 163.0397; 119.0499 (a)
Ferulic acid 6 4 10.4 323 C10H10O4 193.0509 193.0506 −0.3 18.6 193.0504; 178.0268; 134.0370 (a)

RT—retention time, 4—Compound identified, 6—Compound not identified, UV—ultraviolet, Error Ref—reference, (a) Comparison with standard, (b) Capriotti et al. [54]
(c) Peralbo-Molina et al. [55].
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The HPLC quantification of phenolic compounds for which a standard is available is presented
in Table 3. In agreement with TPC results, the amounts of phenolic compounds identified in the
free phenolic extract were higher than in the bound phenolic extract for all samples. The main
phenolic classes identified in free phenolic extracts were (1) hydroxytyrosol/tyrosol and its derivatives,
followed by (2) flavonoids class (largely luteolin), (3) comselogosid and derivatives class (essentially
comselogoside, verbascoside and caffeoyl-6-secologanoside) and (4) phenolic acids (mainly caffeic
acid and p-coumaric acid). The liquid fraction exhibits a rich composition in hydroxytyrosol and its
derivatives (625.76 ± 51.33 and 513.61 ± 27.85 mg/100 g DW in OM 1 and OM2, respectively) owing
to the hydrophilic nature of this phenolic class [56]. Previous works also supported the efficiency of
centrifugation to recover these compounds [18]. Hydroxytyrosol and its derivatives are one of the
principal phenolic compounds present in olive fruits and by-products. They have been characterised to
have potent biological activities as an antioxidant, anti-inflammatory and antimicrobial, with promising
applications in foods, but also in cosmetics and medicine [5,8,57].

Moreover, the European Food Safety Authority (EFSA) has issued a favourable scientific opinion
regarding health claims for the dietary consumption of hydroxytyrosol and its derivatives (protection of
blood lipids from oxidative damage) [58]. As a result, in the last years, hydroxytyrosol application and
recovery studies have increased exponentially. Comselogoside, verbascoside, caffeoyl-6-secologanoside
and caffeic acid, which are also associated with the prevention of cardiovascular diseases, were also
identified in a slightly higher amount in liquid than in pulp fraction.

Luteolin was the predominant phenolic compound of the pulp fraction. The reduced water
solubility of luteolin could explain the retention of this compound in the pulp fraction [59]. Studies
reported that luteolin has antioxidant, anti-microbial, anti-inflammatory and anti-diabetic activity [60].
The pulp fraction was also characterised by a significant amount of bound phenolic compounds, namely
vanillin, hydroxytyrosol, protocatechuic acid and caffeic acid. These bound phenolic compounds
represented a significant amount of the total phenolic compounds of the pulp fraction (18–27%).
The highest amount of bound phenolics in the pulp fraction could be linked to its higher fibre content
and with the possible linkage of vanillin, caffeic and protocatechuic acids to structural components of
the cell wall (cellulose, lignin and protein) [61]. Caffeic acid was detected in a much higher amount in
bound form, and protocatechuic acid and vanillin were only noticed in bound form. Caffeic acid has
been related to the reduction or complete inhibition of α-glucosidase activity (potential anti-diabetic
activity) [62]. Vanillin and protocatechuic acid have been described to have potent antioxidant activity
and antimicrobial activity [63,64]. Other compounds like hydroxybenzoic and ferulic acid were only
identified in bound phenolics extracts.

Overall, the liquid fraction allowed the recovery of a considerable amount of hydroxytyrosol and
its derivatives related to the prevention of cardiovascular diseases, and the pulp fraction exhibited a
significant quantity of free (mainly luteolin) and bound phenolics. Therefore, the liquid fraction could
be explored by the food industry to achieve new food products with health benefits in the prevention
of cardiovascular diseases. Daily consumption of less than 1 g of the liquid fraction would provide
the amount of hydroxytyrosol (5 mg) that would be needed to protect low-density lipoprotein (LDL)
particles from oxidative damage, according to the health claim approved by the EFSA [58]. Besides
the health benefits, the liquid fraction exhibited a more potent antioxidant activity, which supports
its potential application as a food preservative (as an antioxidant and/or antimicrobial). On the other
hand, the pulp fraction fibre, including the lignin, could act as a carrier of the bound phenolics [42]
that could exert significant gut health benefits, including antioxidant and antibacterial activity able
to repress pathogenic bacteria in the colon (i.e., Escherichia coli, Clostridium), but also prebiotic-like
effects by stimulating the growth of beneficial bacteria (i.e., Lactobacillus and Bifidobacterium spp.) [65].
Besides that, the pulp fraction exhibited a significant amount of free phenolics (mainly luteolin and
hydroxytyrosol) and significant antioxidant activity. So, the pulp fraction could be considered a
significant source of “antioxidant dietary fibre”, which can be applied as a food ingredient that offers
the technological and gut health-promoting properties associated to fibre and antioxidants [19].
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Table 3. Phenolic composition (mg/100 g DW) in crude olive pomace (C-OP), a liquid-rich fraction
(L-OP) and pulp-rich fraction (P-OP) from olive pomace.

Phenolic
Compound

C-OP L-OP P-OP

OM 1 OM 2 OM 1 OM 2 OM 1 OM 2

Hydroxytyrosol Free 207.08± 13.95 c 173.67± 13.68 c 573.43± 59.62 a 504.73± 27.67 b 81.62± 20.98 d 26.54 ± 8.35 e

Bound 17.35 ± 6.03 c 16.44 ± 4.70 c 78.51 ± 8.70 a 15.99 ± 1.53 c 43.14 ± 9.85 b 11.93 ± 3.69 c

Tyrosol Free 51.21 ± 3.01 b 65.89 ± 6.91 a ND ND 35.48 ± 1.87 c 20.75 ± 3.48 d

Protocatechuic acid Bound 10.30 ± 1.17 b 8.38 ± 1.02 b ND ND 15.73 ± 1.32 a 10.09 ± 1.03 b

Caffeic acid
Free 21.92 ± 1.71 a 8.79 ± 1.25 c 23.63 ± 3.10 a 15.14 ± 0.85 b 14.01 ± 0.58 b 0.51 ± 0.12 d

Bound 25.15 ± 2.15 b 16.61± 3.25 c,d 40.71 ± 5.23 a 23.10± 1.49 b,c 34.76 ± 3.48 a 13.47 ± 1.87 d

Vanillin Bound 1.39 ± 0.23 b 0.85 ± 0.20 c ND ND 1.63 ± 0.18 a,b 1.79 ± 0.26 a

p-Coumaric acid Free 7.41 ± 0.58 b 8.30 ± 0.97 b 8.04 ± 1.17 b 15.75 ± 1.80 a 6.46 ± 0.16 b 1.40 ± 0.13 c

Bound 8.69 ± 3.50 d 14.47 ± 2.85 b 13.43± 2.60 b,c 19.47 ± 0.45 a 9.64 ± 0.64 c,d 15.64± 0.80 a,b

Rutin Free ND 30.85 ± 2.71 a ND ND ND 16.49 ± 0.93 b

Luteolin-7-O-glucoside Free ND 10.51 ± 0.77 a ND ND ND 10.31 ± 1.09 a

Luteolin Free 18.40 ± 0.51 c 44.47 ± 2.98 a ND ND 22.34 ± 0.66 b 45.26 ± 1.47 a

Quercitin Free 3.22 ± 0.34 a,b 3.45 ± 0.46 a ND ND 2.80 ± 0.36 b 0.91 ± 0.24 c

Total
Free

290.18± 15.51 c 346.03± 24.37 d 581.47± 60.70 a 520.47± 29.17 b 152.45± 22.0 e 127.66± 31.43 e

77% 84% 84% 92% 58% 72%

Bound
62.87 ± 8.26 c 56.75± 10.99 c 132.64± 0.93 a 58.55 ± 2.41 c 97.17± 18.98 b 51.41 ± 8.49 c

17% 13% 19% 10% 37% 28%

OM 1—Olive pomace from olive mill 1, OM 2—Olive pomace from olive mill 2, C-OP—Crude olive
pomace, L-OP—liquid-rich fraction, P-OP—pulp-rich fraction. ND—not detected by high-performance liquid
chromatography (HPLC). Data were expressed as mean ± SD (n = 3). The different superscripts in the same row
were significantly different (p < 0.05).

3.9. Energy Content

The energy content obtained for samples following the fractionation ranged between 19 and
22 MJ/kg higher heating value (HHV) (Table 4). Crude olive pomace showed energy content equivalent
to previous works [12]. The wet fractionation (pulp + stones fraction) did not reveal significant
differences in HHV (p < 0.05) in comparison to crude olive pomace. However, the separation of the
pulp fraction from the stones fraction significantly influenced the energy content values (p < 0.05).
As expected, the pulp fraction exhibited the higher HHV (~22 MJ/kg), due to its substantial oil content.
However, the pulp fraction’s high composition in oil and low weight could generate uncontrolled
combustions and emissions disturbing the combustion and its performance as fuel [12]. The lowest
HHV was shown in the stones fraction (~19 MJ/kg). Nonetheless, these values were similar to those
achieved in previous works focused on the stones fraction (18.80 MJ/kg) [66]. Besides, the HHV
obtained for the stones fractions were identical to other biomass sources, namely oak wood (18.70 MJ/kg)
and pine bark (18.30 MJ/kg), and to most agricultural residues (e.g., vine shoots (18.30 MJ/kg), palm
kernel (18.67 MJ/kg)) [67].

The moisture content of stones fraction samples showed a moisture content of 6% (OM 1:
5.48 ± 0.01 g/100 g DW, OM 2: 5.39 ± 0.08 g/100 g DW) and a pH value of 4.3. The moisture values
obtained are in agreement with results reported by Topal et al. [66] for olive stones (6.1 g/100 g DW).

Table 4. Higher heating value (HHV) of crude olive pomace (C-OP) and olive pomace fractions
produced after the wet and dry fractionation process (MJ/Kg DW).

High Calorific Value (MJ/Kg Dry Weight)

C-OP P + S-OP P-OP S-OP

OM 1 OM 2 OM 1 OM 2 OM 1 OM 2 OM 1 OM 2

20.57± 0.03 c,d 21.67± 0.20 b 20.21± 0.05 d 20.86 ± 0.11 c 21.52± 0.12 b 22.21± 0.01 a 18.94± 0.00 d 18.65± 0.00 d

OM 1—Olive pomace from olive mill 1, OM 2—Olive pomace from olive mill 2, C-OP—Crude olive pomace;
L-OP—liquid-rich fraction, P-OP—pulp-rich fraction, P + S-OP—Solid fraction without application of the dry
fractionation. Data were expressed as mean ± SD (n = 3). The different superscripts in the same row represent
significant differences between samples (p < 0.05).
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The values of HHV, moisture and pH were measured to support the stones fraction application as
solid biofuel. Besides, its character, being free of impurities (oil and low-weight particles), guarantees
a better and safer combustion performance for this olive pomace fraction.

In the future, other compounds of stones (ash, chlorine, nitrogen, potassium, magnesium and
phosphorus) need to be quantified in order to ensure its quality as a solid biofuel [12], as well as the
possible use of binders and additives to improve the stability and the combustion characteristics of the
stones fraction [68].

3.10. Evaluation of the Fractionation Valorisation Approach for Olive Pomace in the Centre Region of Portugal:
Case Study

The present fractionation process has the potential to be a promising strategy for the whole
valorisation of crude olive pomace at a large scale, due to being cheaper and more efficient regarding
water and energy usage. To demonstrate the potential of the fractionation process proposed, we have
considered the situation in the centre region of Portugal (third major olive oil producer region in
Portugal), which represented around 15% of the national olive oil production in 2018 [35]. According
to data from Instituto Nacional de Estatística (INE) [35], the production of olives used for olive oil
extraction was of 62,280 tonnes in the centre region. It is estimated that approximately 35–40 kg
of olive pomace is produced per 100 kg of olives [64], or, according to data of the most significant
world producing regions of olive products (Andalusia), it represents approximately 65% of the initial
weight [13]. So, at least 21,978 tonnes of crude olive pomace was generated in 2018, only in the centre
region of Portugal.

Assuming the recovery of 80% of crude olive pomace through the selective collection in the centre
region of Portugal, over 17,500 tonnes of crude olive pomace could be used to produce, on average:
(1) 460 tonnes of enriched phenolic-mineral-sugar extract (liquid fraction) with a very significant
recovery of hydroxytyrosol (~53%), (2) 3440 tonnes of antioxidant fibre powder (pulp fraction) and
also (3) 1200 tonnes of stones fraction with an HHV of about 19 MJ/kg that could be applied as solid
biofuel (Figure 4). This study presents a highly promising methodology for the valorisation of crude
olive pomace; however, a detailed cost–benefit analysis would be necessary to assess the economic
feasibility of the proposed approach.
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4. Conclusions

This study demonstrated that a fractionation approach might constitute a new and promising
route for converting olive pomace into multiple value-added products, like added-value energy
applications without throwing away high-value compounds with food application. The first step
(wet fractionation) leads to the production of a liquid fraction (yield of 9% in dry weight) rich in
minerals (≈11 g/100 g), sugars (mainly mannitol: 21–32 g/100 g), and phenolic compounds (mainly
hydroxytyrosol: 514–626 mg/100 g), but also has the advantage of optimising the drying process of
the solid fraction. The dry fractionation allowed for attaining a stones fraction (yield of 20–26% in
dry weight) with significant calorific power (~19 MJ/kg) and a pulp fraction (yield of 65–71% in dry
weight), which is a relevant source of antioxidant dietary fibre with a neutral detergent fibre content of
53–59 g/100 g and a significant antioxidant activity not only in free phenolics (ORAC: 455–503 µM
trolox equivalents/g) but also in bound phenolics (ORAC: 121–130 µM trolox equivalents/g).

Considering the yield, the chemical composition and the in vitro antioxidant activity of both
edible fractions, this approach allowed to obtain two sources of food ingredients: an enriched
phenolic-mineral-sugar extract (liquid fraction) with potential application as a food preservative or
health-promoting food ingredient, and a source of antioxidant dietary fibre (pulp fraction). At the
same time, impurities such as the olive pulp and the small piece of stones related to emission, corrosion
and slagging were removed to obtain a solid biofuel with better performance.

In the future, optimisation studies should be performed in combination with life cycle analysis
(LCA) to improve the sustainability and economics of the fractionation approach proposed in this study.
To guarantee the application of olive pomace fractions to develop new food ingredients, future studies
about the safety, bioactivity and stability/bioaccessibility of its bioactive compounds will be necessary.
At a pilot-scale, the replacement of the centrifugation without refrigeration and freeze-drying (adopted
at the lab-scale) by mechanical pressing and conventional drying techniques respectively, could be
feasible options to ensure a more affordable process.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/10/19/6785/s1,
Figure S1: Distribution (in percentage) of the phenolic compounds from olive pomace and its fractions identified
by LC-ESI-UHR-QqTOF-MS.
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