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Abstract: Olive oil production represents an agro-industrial activity of vital economic importance for
many Mediterranean countries. However, it is associated with the generation of a huge amount of by-
products, both in solid and liquid forms, mainly constituted by olive mill wastewater, olive pomace,
wood, leaves, and stones. Although for many years olive by-products have only been considered
as a relevant environmental issue, in the last decades, numerous studies have deeply described
their antioxidant, anti-inflammatory, immunomodulatory, analgesic, antimicrobial, antihypertensive,
anticancer, anti-hyperglycemic activities. Therefore, the increasing interest in natural bioactive
compounds represents a new challenge for olive mills. Studies have focused on optimizing methods
to extract phenols from olive oil by-products for pharmaceutical or cosmetic applications and attempts
have been made to describe microorganisms and metabolic activity involved in the treatment of such
complex and variable by-products. However, few studies have investigated olive oil by-products
in order to produce added-value ingredients and/or preservatives for food industries. This review
provides an overview of the prospective of liquid olive oil by-products as a source of high nutritional
value compounds to produce new functional additives or ingredients and to explore potential and
future research opportunities.

Keywords: olive oil extraction; microbial consortium; phenols; functional foods

1. Introduction

Olive growing is spread over 10 million and 800 thousand hectares across the world,
97% of which are concentrated in the Mediterranean area, where the olive tree (Olea europaea
L.) has always occupied a central role in among its population. Olive oil is one of the oldest
foods and, among European countries, Spain produces about 826 thousand tons of oil,
corresponding to more than 52% of world production, and Italy holds 33% of the EU
production [1]. However, olive oil extraction represents a serious environmental issue due
to the generation of a high quantity of waste in a very short time. The olive mill waste, both
in liquid and solid forms, includes: olive mill wastewaters (OMWW), wood and leaves,
olive pomace (OP), and stones [2].

The worldwide production of OMWW is estimated around 6 × 106 m3 and 98% is
produced in the Mediterranean basin. The ratio of olive oil production to OMWW is
1.0:2.5 L, reaching, in Italy, a total of 1.4 million m3 of OMWW and 30 million m3 in the
Mediterranean basin [3,4].

In recent years, technological innovations in olive oil extraction have affected the
whole supply chain, impacting the composition of OMWW, which is primarily composed
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of vegetation water, and water added both during malaxation and during pressing. Specifi-
cally, three different extraction processes are commonly applied: (1) the traditional press
process; (2) the two- and; (3) the three-phase decanter process. In the traditional process,
olives are washed, crushed, mixed, and malaxed with the addition of a small quantity of
water which can easily separate the oil from the other fractions. The resulting paste is
then pressed to drain the residual oil and the liquid waste from the presses. It consists
of a mixture of olive juice and added water and residual oil. Finally, the olive oil is sep-
arated from the water by vertical centrifugation or decanting. The traditional process is
applied almost exclusively in small olive mills, with larger mills having been replaced by
continuous systems. Through the use of an industrial decanter to separate all the phases,
the discontinuous pressing process has been replaced by the continuous centrifugation,
using a three-phase system, and later on a two-phase system [5,6]. The two-phase system,
adopted in Spain and widespread in most countries, does not require the addition of
water, other than during horizontal centrifugation, and results in olive oil and semi-solid
olive cake [2]. The three-phase decanter process requires the addition of hot water, in
0.6–1.3 m3/1000 kg of processed olives [2] and results in olive oil, OMWW, and olive cake
(residual solids). As a result of these differences, the three-phase extraction process presents
a slightly higher yield, leading to a lower amount of olive cake but a significantly higher
production of OMWW.

The management of liquid wastes in olive mills has always been challenging, and ex-
tensive efforts have been carried out to find an effective strategy. Nevertheless, the disposal
of OMWW in soil or waterways continues to represent a serious issue for Mediterranean
countries due to its severe phytotoxicity and antimicrobial properties that can compromise
the balance of ecological systems, with detrimental long-term environmental effects. In
many cases, direct disposal of OMWW into lakes, rivers, and water streams has resulted in
disastrous environmental consequences due to their high content of phenolic compounds,
organic and long-chain fatty acids, and tannins.

In addition to traditional decantation, various systems of purification and disposal
have been proposed, such as chemical, agronomic, and biotechnological interventions.
However, such approaches underestimate “waste” as a possible primary resource of high
nutritional value compounds.

According to EU Directive 2018/851 [7], “waste management in the Union should be
improved and transformed into sustainable materials management in order to safeguard,
protect and improve the quality of the environment, protect human health, ensure the
prudent, efficient and rational use of natural resources, promote the principles of the
circular economy, intensify the use of renewable energies, increase energy efficiency, reduce
the Union’s dependence on imported resources, provide new economic opportunities and
contribute to long-term competitiveness”.

The Italian legislation, in addition to the definition of waste, identifies the conditions
under which a substance or object is not to be considered waste, introducing the concept of
by-product, which is described in Article 183-bis of the Legislative Decree n. 152/06 [8] as
“the substance or object originates from a production process, of which it is an integral part,
and whose primary purpose is not the production of such substance or object; it is certain
that the substance or object will be used, during the same or a subsequent production or
use process, by the producer or third parties; the substance or object can be used directly
without any further treatment other than normal industrial practice; the further use is legal,
i.e. the substance or object fulfils, for the specific use, all relevant product and health and
environmental protection requirements and will not lead to overall negative impacts on
the environment or human health”.
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As matter of fact, olive oil by-products contain a high amount of bioactive compounds,
namely phenols (as reported in Table 1). The most of the phenolic fraction present in olives
is found in OMWW (up to 53%) and OP (approximately 45%), with only 2% of the initial
content remaining in virgin olive oil [9]. The phenolic compounds present in OMWW are
hydroxytyrosol, tyrosol, verbascoside, acids (such as caffeic, gallic, vanillic, and syringic)
and polymeric substances [10,11]. Recently, the use of OMWW has been successfully pro-
posed for different applications, and many studies have focused on obtaining compounds
with high added value, i.e., phenolic extracts, through different approaches, including
enzymatic and chromatographic techniques, solvent extraction methods, and membrane
processes, such as microfiltration, ultrafiltration, nanofiltration, and reverse osmosis [6].
Therefore, OMWW could be considered as a potential low-cost starting matrix for extrac-
tion of antioxidants to be applied in several fields, including the food industry, where they
could be used for both fortifying and prolonging the shelf life of final products [12–14].

In the present work, a literature survey was carried out taking into account a fixed
timeline, between 1996 and 2020, and the keywords “olive mill wastewater”.

Searching on ScienceDirect, 794 records were found. Most of them fell within the
scope of environmental science, such as chemical engineering, energy fuels, and agriculture,
with quite constant increasing numbers in recent years, from two papers published in
1992 to 54 papers in the last five years (Figure 1a). To confirm the increasing interest in
biotechnological approaches to OMWW treatment, 298 records were identified in the field
of biotechnology and microbiology (Figure 1b) [15].

The aim of this review is to provide a summary of updated information on research
that has been conducted using OMWW as a renewable raw material to generate high added-
value ingredients/products for agro-food industries, including the functional food sector.
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2. Characteristics of OMWW
2.1. Physicochemical Traits of OMWW

The OMWW is a mixture of vegetation water and soft tissues (mucilage, pectin) of
olive fruits and water used in various stages of the extraction process, i.e., water added
during centrifugation, and water from equipment washing [16]. The physicochemical
traits of OMWW are strongly influenced by soil and climate conditions of the growing
area, olive cultivar, ripeness state and, above all, by the oil extraction system. The OMWW
is dark, almost black, and characterized by a typical, rather intense, odor. Due to the
content of organic acids, namely malic and citric acids, OMWW presents pH values
between 2.0 and 6.0 (Table 1). Reducing sugars, essentially glucose (90%) and fructose
(10%), tannins, phenolic compounds, polyalcohols, minerals, pectins, and lipids are also
present. Compared with other organic wastes, OMWW presents a higher concentration
of potassium and considerable levels of nitrogen, phosphorus, calcium, magnesium, and
iron [17], derived from contact with oil during the extraction phase, and due to the high
hydrophilic nature of phenols [18].

Table 1. Physicochemical characteristics of OMWW, adapted by Demerche et al. [6].

Parameters Values Reference

pH 2.2–5.9 [19,20]
Water (%) 80–96 [21]

Chemical oxygen demand (g/L) 30–320 [22–25]
Biological oxygen demand (g/L) 35–132 [23–25]

Dry matter (%) 6.3–7.2 [26,27]
Ash (%) 1.0 [26,28,29]

Electrical conductivity (ds/m) 5.5–10 [16,20]
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Table 1. Cont.

Parameters Values Reference

Organic matter (%) 57–62
Total carbon (%) 2.0–3.3 [26,30,31]

Total nitrogen (g/L) 2.0–2.4 [21]
Total sugar (g/L) 5.0–12.0 [16,21,26,32–34]

Total fat (%) 1.0–23 [35]
Total suspended solids (g/L) 25–30 [36,37]

Polyalcohol (%) 9.0–15 [21,35,38]
Total phenols (g/L) 0.5–6.1 [6,26,29,33,39–41]

2.2. Microbiological Traits of OMWW

The microbial community present in OMWW is strongly influenced by several param-
eters, among which the ripeness state and the olive variety are the most influential [42,43].
The microbial density in OMWW varies between 105 and 106 CFU/mL (CFU: colony-
forming unit) and is mainly composed of yeasts, bacteria, and molds [42–45]. The yeast
population includes species belonging to Pichia, Candida, and Saccharomyces genera [44,45].
A survey carried out on OMWW revealed the presence of over 100 identified fungi, mainly
belonging to the genera Acremonium, Alternaria, Aspergillus, Bionectria, Byssochlamys, Chalara,
Cerrena, Fusarium, Lasiodiplodia, Lecythophora, Paecilomyces, Penicillium, Phycomyces, Phoma,
Rhinocladiella, and Scopulariopsis [46].

Although many studies report that the culturable microbial population is represented
by only a few bacterial communities, such as: Firmicutes, Actinobacteria, Alphaproteobacteria,
Betaproteobacteria, and Gammaproteobacteria, recently, microarray analyses have revealed a
high-density of a larger microbial population, including Proteobacteria, Bacteroidetes, Chlo-
roflexi, Cyanobacteria, and Actinobacteria. However, the most commonly reported microbial
communities, representing 50% of the 16S rRNA gene sequences deposited in GenBank,
include Gammaproteobacteria (Enterobacteriaceae, Moraxellaceae, Xanthomonadaceae, and Pseu-
domonadaceae) with a percentage of almost 30%, and Betaproteobacteria (Oxalobacteraceae and
Comamonadaceae) with a percentage of 21.5% [46]. Alphaproteobacteria and Actinobacteria
(Micrococcaceae, Microbacteriaceae, and Propionibacteriaceae) together comprised 20%, whereas
Firmicutes (Bacillaceae, Clostridiaceae, Lactobacillaceae, and Paenibacillaceae) and Bacterioides
(Prevotellaceae, Porphyromonadaceae, and Sphingobatteriaceae) phyla accounted for approx-
imately 6.8%, respectively. Furthermore, differences in microbial population have been
detected, highlighting that only 15% of operational taxonomic units (OTUs) are commonly
detected [47]. In addition, high densities of enteric bacteria belonging to Porphyromon-
adaceae, Prevotellaceae, Lachnospiraceae, Eubacteriaceae, Peptococcaceae, Peptostreptococcaceae,
and Ruminococcaceae spp. or to genera Acinetobacter, Enterobacter spp., Pseudomonas, Cit-
robacter, Escherichia, Klebsiella, and Serratia spp. have been reported [48].

3. Reuse of OMWW
3.1. OMWW Management and Bioremediation

The implementation of any treatment based on the circular economy approach and
“waste” reuse concept represents a competitive and innovative choice for agro-food compa-
nies for achieving a reduction in cost management and environmental impact.

According to Tsagaraki and co-workers [39], 1 m3 of OMWW corresponds to 100–200 m3

of domestic wastewater. The COD and BOD5 values of OMWW are very consistent and
even higher when obtained by conventional systems (150 g O2/L COD and 90 g O2/L
BOD5 vs. 90 g O2/L COD and 30 g O2/L BOD5 for conventional and two-phase extraction
systems, respectively).
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According to the European Directive 2000/60/CE [49], the OMWW requires specific
treatment prior to direct discharge to ensure environmental protection and for regenerated
wastewater. Indeed, the disposal of untreated OMWW on agricultural soil causes severe
environmental damages, such as altering the color of natural water sources and exercising
toxic effects on aquatic life and soil quality. OMWW is characterized by a high content
of components with low biodegradability (e.g., long-chain fatty acids, lipids, and simple
and complex sugars). Therefore, the most common applied systems for OMWW reuse are
concerned with lowering the pollutant load and/or extracting bioactive compounds for
different applications [25].

A plethora of physicochemical treatments has been developed in order to remove
the phenolic compounds. However, in the majority of the studies no ecotoxicological
evaluation has been reported and the success of treatment is mainly based on the reduction
of color, COD, phenol content, etc. The most relevant parameter used to evaluate compost
phytotoxicity is the germination index (GI). Low GI values could be attributed to the fact
that at the starting stage, substrates have high concentrations of water-soluble organic
substances, toxic constituents such as alcohols, organic fatty acids and phenolic compounds,
high C/N ratios due to the presence of ammonia and other toxic nitrogen-based products,
as well as high heavy metal and mineral salt contents [50,51].

In addition to traditional settling (conducted in tanks called “hell”), various treatments
have been proposed: physicochemical, biological, or a combination.

Physicochemical systems include different methods based on the use of flocculants,
coagulants, membrane filtration and reverse osmosis [52], or applying oxidation cryoge-
nesis, electrocoagulation [53,54], or a photochemical system [55]. Generally, after these
treatments, the resulting products can be spread on agricultural soil as an organic fertilizer
or simply subjected to evaporation in open tanks [56]. However, these practices are expen-
sive as they produce matrices, such as sludge, that must either undergo further treatments
or be disposed of.

Several reports confirm that microorganisms can be proposed as a promising alterna-
tive for bioremediation of OMWW [51]. Biological methods, involving anaerobic or aerobic
digestion and composting, have been applied to break complex organic compounds into
simpler molecules and may lead to the production of proteins, exopolysaccharides, or en-
ergy [57,58]. The main interest in anaerobic digestion is the production of energy and reuse
of the effluent for irrigation purposes [59]. However, the leading limitation is the inhibition
of methanogenic bacteria by both phenolic and organic acids compounds [60]. According
to Azbar and co-workers [36], anaerobic filters or up flow anaerobic sludge bed reactors
are suitable systems to remove unwanted compounds from OMWW. Filidei et al. [61]
proposed sedimentation–filtration treatment of OMWW prior to anaerobic digestion as a
useful method for its disposal. On the other hand, aerobic treatment is used to reduce the
polluting load, responsible for certain biostatic and phytotoxic effects. Aerobic treatment
has also been applied to reduce the polluting effect of municipal wastewater, focusing
on the degradation of phenolic compounds. Several microorganisms, such as Pleurotus
ostreatus, Bacillus pumilus, Yarrowia lipolytica, etc., have been tested [62–64]. Furthermore, a
pool of Candida boidinii and Pichia holstii strains has been selected for its ability to reduce (up
to 40%) the phenolic content of OMWW combined with 6.0 g/L of (NH4)2SO4 at 10 ◦C [65].

OMWW has been proposed [66,67] as a growth substrate for Azotobacter vinelandii and
the resultant effluents applied to cropland as fertilizer. Therefore, recent studies have shown
that the biotechnological potential of indigenous microbiota should be further exploited
with respect to bioremediation of OMWW and inactivation of plant and human pathogens.

3.2. OMWW Phenolic Compounds for Agricultural Use

Phenolic compounds from OMWW might be used for integrated pest management
programs. Several studies have reported the use of microorganisms (as single or consortia)
to degrade organic compounds in effluents [68,69]. Although OMWWs do not contain
toxic substances, they are characterized by high COD values and a high concentration of
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compounds with biostatic activity. Recently, increasing attention has been focused on the
degrading properties of microorganisms and biological aerobic treatments using yeasts and
filamentous fungi, which have emerged as suitable biofertilization methods for conducting
residues with lower toxicity, COD, and phenolic contents. Aissam et al. [70] treated OMWW
with microorganisms isolated from the same source, such as Candida boidinii, Geotrichum
candidum, Penicillium sp. and Aspergillus niger, obtaining a 40–73% reduction in phenols
and a 45–78% reduction in COD value. Bleve et al. [45] identified several strains belonging
to the genera Geotrichum, Saccharomyces, Pichia, Rhodotorula, and Candida that showed strain-
dependent phenol removal efficiency, decreasing phenolic and COD values, regardless of
initial phenolic concentrations. In particular, G. candidum, both as free and Ca-alginate im-
mobilized cells, showed the best degradation performance, and when immobilized showed
a double reduction rate ability. Indeed, Ca-alginate improved the proteolytic stability of the
enzymes responsible for the degradation process. Maza-Márquez et al. [69] demonstrated
that the use of a microalgal–bacterial consortium, in a photo-bioreactor, induces a decrease
in pollutant load by affecting COD, BOD5, phenolic compounds, color, and turbidity values
of OMWW. The dominant green microalgae Scenedesmus obliquus, Chlorella vulgaris along
with cyanobacteria Anabaena sp., showed a synergistic effect on resistance to toxic pollu-
tants, leading to their decomposition. In addition, the effect of Lactiplantibacillus plantarum
strains on decolorization and biodegradation of phenolic compounds was evaluated [69],
highlighting strains able to decrease the OMWW pH within 6 days. Growth of L. plantarum
induced the depolymerization of high molecular weight phenols, resulting in discoloration
of fresh OMWW and a significant reduction in total phenols [71]. Approximately 58%
of the color, 55% of the COD, and 46% of the phenolic compounds were removed when
OMWW was diluted tenfold before L. plantarum addition.

Furthermore, OMWW has also been proposed for biopesticide and compost produc-
tion. The OMWW application on soil and crops resulted in a growth suppression of most
phytopathogenic bacteria and fungi and weed species without any effect on crop growth.
However, certain measures should be adhered to when OMWW is used as a biopesticide,
especially regarding dose and timing of use [47].

4. OMWW as a Source of Biopolymers and Bio-Energy Production
4.1. Enzyme and Exopolysaccharide Production

OMWW represents a suitable substrate for the production of enzymes by fungi. Fungi
are microorganisms known for their ability to synthesize different biological catalysts
that can be used in different areas. In particular, Ntougias and co-workers [46] demon-
strated that ligninolytic fungi are a useful source of phenoloxidase, polyphenoloxidase,
and peroxidase useful for removing recalcitrant compounds in OMWW.

Several yeast strains have been characterized as highly pectolytic, xylanolytic, pro-
vided with cellulase, β-glucanase, β-glucosidase, peroxidase, and polygalacturonase activ-
ities, which could effectively degrade the complex compounds responsible for OMWW
toxicity [65,72].

Several yeasts have been described as able to reduce phenolics and sugars present
in OMWW, although white-rot fungi appear to contribute more to discoloration [73].
Moreover, Giannoutsou and co-workers [74] isolated six phenotypically distinct groups
of yeasts and three selected isolates were identified through biochemical tests and partial
18S rDNA gene sequence analysis as most closely related to Saccharomyces spp., Candida
boidinii, and G. candidum. These fungal genera have been reported as able to degrade the
phenolic content present in OMWW [75,76].

Several reports also propose strains belonging to different species, such as Panus
trigrinus, Hericium erinaceus, and Pleurotus citrinopileatus for laccase (Lac) and manganese
peroxidase (Mnp) production [77–79]. Filamentous fungi, such as Aspergillus oryzae, A. niger,
Aspergillus ibericus, Aspergillus uvarum, G. candidum, Rizhopus oryzae, Rhizopus arrhizus, and
Penicillium citrinum, have been described as lipolytic reservoirs due to their ability to
produce lipase [80]. These enzymes have been used in different industries, such as dairy
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and pharmaceutical [81]. Moreover, OMWW has been confirmed as a suitable substrate
for production of pectinase, with Cryptococcus albidus var. albidus IMAT 473 showing the
best biotechnological aptitude. This enzyme, compared with other products on the market,
showed a broad spectrum endopolygalacturonase activity [82–84].

Besides enzyme production, OMWWs have also been evaluated as a source of polysac-
charides, especially exopolysaccharides (ESP) [85] with glucose as the main monosac-
charide, followed by galactose, arabinose, rhamnose, and galacturonic acid. Xanthan, a
glucose-mannose and glucuronic acid repeating unit compound, is the main ESP used in
different products, such as in cosmetic formulations or as a supplement and thickening
compound [86]. However, the EPS production through a fermentation process depends on
the type of microorganism. The first production of EPS in OMWW (used at 30% v/v) was
obtained through a strain of Xanthomonas campestris that showed a productive capacity of
4 g/L [87]. Similarly, Paenibacillus jamilae sp. highlighted, on OMWW, the production of an
EPS consisting of fucose, xylose, rhamnose, arabinose, mannose, galactose, and glucose.
Morillo et al. [88] reported that P. jamilae CECT 5266 strain (in a 80% v/v of OMWW) pro-
duced an EPS consisting of glucose, galactose, mannose, arabinose, rhamnose, hexosamine,
and uronic acid, in agreement with results previously reported by Ruiz-Bravo et al. [89]
using the strain P. jamilae CP-7.

4.2. Production of Bio-Energy and Biofuels

The need to reduce dependence on conventional fossil fuels in favor of new alternative
energy resources is a top global priority. Green energies could contribute to the reduction
of greenhouse gas emissions and their consequent unfavorable impacts on global warming
and climate change [90]. The high content of organic matter and the low content of nitrogen,
volatile acid sugars, polyalcohols, and fats, make OMWW an attractive resource for the
production of bioenergy and alternative biofuels, such as methane or ethanol [6,51]. Several
microorganisms are used for biohydrogen production, through single or combined catabolic
pathways (e.g., Rhodobacter sphaeroides, Rhodopseudomonas palustris, and Chlamydomonas
reinhardtii). The production of these substances takes place through a process of anaerobic
digestion, which consists of two phases. During the first phase, macromolecules, such
as carbohydrates, proteins, and lipids, are transformed by hydrolytic and acidogenic
fermentative bacteria into simple or intermediate organic compounds, volatile organic acids
(acetic, propionic, and butyric acids), alcohols (ethanol), ketones, CO2, and hydrogen. In the
second step, through interactions between methanogenic and acetogenic microorganisms,
these metabolites are transformed into CH4 and CO2 [91]. However due to the presence
of oily residues or phenols responsible for antimicrobial activity, OMWW must be first
treated or diluted [92]. As already known, before implementing an anaerobic digestion
process, the treatment of OMWW with some fungi, such as A. niger, Aspergillus terreus,
and Pleurotus sajor-caju play a key role in order to increase the final production of the
reference bioenergy compound. Hamdi et al. [57] and Borja and co-workers [93], through a
comparative kinetic study, demonstrated that the pretreatment of OMWW with A. niger and
A. terreus increased the methane yield. Massadeh and Modallal [94] evaluated the ability of
a P. sajor-caju strain to degrade the phenols of OMWW producing ethanol. For this purpose,
the authors examined the effects of dilution with water (in a 1:1 ratio), heat treatment (at
100 ◦C), and treatment with H2O2. The results showed that the degradation of phenols by
P. sajor-caju reached a level of 50% in heat-treated OMWW, 53% in heat-treated OMWW
pretreated with H2O2, and 58% in undiluted heat-treated OMWW. The highest ethanol
yield was obtained in samples pretreated with P. sajor-caju and after 48 h of fermentation
with 50% diluted and heat-treated OMWW. Further biological treatment was carried out
with Saccharomyces cerevisiae. Sarris et al. [95] and Nikolaou et al. [96] confirmed the aptitude
of S. cerevisiae to produce ethanol and optimal fermentation parameters were detected
using the 1:1 OMWW/water mixture ratio. The fermentation kinetics of molasses mixed
with OMWW where S. cerevisiae was immobilized affected the ethanol yield, reaching
values up to 67.8 g/L per day. Moreover, Zanichelli et al. [97] proposed a multiphase
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treatment using S. cerevisiae added to OMWW with glucose, to a final sugar concentration
of 200 g/L, with A. niger extract to hydrolyze the present polysaccharides. Although
S. cerevisiae showed low fermentative performance, indigenous strains belonging to Pichia
fermentans and Candida spp. reduced phenolic content up to 15% and 18%, respectively,
without any addition or pretreatment [98]. Furthermore, Sarris et al. [99] demonstrated the
ability of Y. lipolytica strain ACA-DC 5029 to grow on media containing a low concentration
of crude glycerol and OMWW, producing a significant amount of citric acid and erythritol.
In the presence of high glycerol concentration, a shift towards erythritol production was
observed, simultaneously with high amounts of citric acid production. The strain showed
promising characteristics to be used in the biotransformation of biodiesel derived from the
combination of crude glycerol and OMWW and the subsequent production of added-value
chemical compounds.

4.3. Use of OMWW in Feed Formulation

The use of agro-industrial by-products in animal feed can represent an economically
and environmentally advantageous solution for the livestock sector, increasing its prof-
itability and sustainability [100]. Olive oil by-products have been tested for the formulation
of feed for lambs, pigs, and chickens by evaluating the antioxidant activity on animals
and on final products. Makri et al. [101] evaluated the effect of OMWW addition in a
silage formulation for lambs, containing 52.5% of solids, 7.5% of OMWW, and 40% of
water. The administration of OMWW-containing silage was found effective in improving
animal welfare and productivity. Furthermore, several authors tested the effectiveness of a
reduction in oxidative stress and in the stimulation of the immune response of the same
extract for pigs. Gerasopoulos et al. [102] studied the antioxidant effect of the addition of
4% of OMWW (representing the retentate obtained by microfiltration) in silage. Piglets fed
with the fortified formulation showed an increase in tested biomarkers (as total antioxidant
capacity: TAC; glutathione: GSH; catalase activity: CAT; protein carbonyls: CARB; and
reactive thiobarbituric acids: TBARS) in blood and tissues and a decrease in oxidative
stress, with an overall increase in productivity. In addition, Varricchio et al. [103] evaluated
the antioxidant activity in piglets fed with phenol extracts, and results highlighted an
increase in leukocytes and cyclooxygenase-2 (COX-2), known as markers of inflammation.
Gerasopoulos et al. [104] repeated the test in chickens, highlighting markers of antioxidant
activity with the same silage formulation proposed for piglet feeding. The results confirmed
that such supplementation lowers the levels of lipid peroxidation and protein oxidation by
increasing the total antioxidant capacity in plasma confirming that both OMWW and oil
by-products (leaves and olive pomace) can be a viable alternatives to fortify animal feeds.

5. Bioactive Properties of OMWW

Olive oil by-products are rich in bioactive compounds with potential health bene-
fits [41]. Ciriminna et al. [105] investigated the relationship between phenolics and health
benefits on food, pharmaceutical, and cosmetic applications. Regarding the food sector,
the addition of phenols from OMWW seems very interesting not only to strengthen the
beneficial effects of foods themselves, but also to extend their shelf life. In the U.S., olive
pulp extracts have been approved by the Food and Drug Administration (FDA) with GRAS
(Generally Recognized as Safe) (GRN No. 459) status as antioxidants in baked goods,
beverages, cereals, sauces and dressings, condiments, and snacks, at a final concentration
of up to 3 g/kg [106,107]. Commercial OMWW implementation in food and recovery of
phenols is of great interest [108,109] and at least five companies worldwide recover phenols
from OMWWs [110] to sell them as natural preservatives or bioactive additives in food
products [111].
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5.1. Antioxidant Properties

Many reports, both in humans and animals, confirmed that most degenerative dis-
eases, such as cancer and cardiovascular diseases [112] are related to oxidative stress,
which has also been identified as a causative agent for declining immune function and
atherosclerosis [113]. Several nutraceuticals aimed to reduce the oxidative stress are cur-
rently available on the market [114]. Phenols are recognized as the main compounds
responsible for the health effects of the Mediterranean diet in prevention of chronic dis-
eases and diet-associated diseases (DRDs), such as obesity, metabolic syndrome, type 2
diabetes (T2D), cardiovascular disease (CVD), hypertension, and some cancers. Their role
has been clearly recognized by the European Food Safety Authority [115] with the health
claim: “Olive oil polyphenols contribute to the protection of blood lipids from oxidative stress.”

In recent years, an increased interest in the extraction of phenols from OMWW has
been registered and different extraction techniques have been proposed [116]. Phenols are
active ingredients of many medicinal plants and the mechanisms of their pharmacological
activity are not yet fully understood. Beyond the mechanism of protection, based on
antioxidant activities, phenols have highlighted: scavenger property against free radicals
and reactive oxygen forms (ROS); ability to act as chelators of heavy metals (especially
iron) and capability to inhibit lipoxygenase, involved in inflammatory processes. The
main radical species, involved in diseases, responsible of cytotoxic effect and in damaging
membranes’ lipids, are superoxide anion (O2−), hydrogen peroxide (H2O2), and hydroxyl
radical (OH−) [117].

5.2. Antimicrobial Properties

The main phenolic compounds present in OMWW are those derived by oleuropein
hydrolysis, as hydroxytyrosol, tyrosol and elenolic acid, but also other phenols: caffeic acid,
p-coumaric acid, vanillic acid, syringic acid, gallic acid, luteolin, quercetin, cyanidin, ver-
bascoside, and other polymeric compounds [10,11]. Marković et al. [118] demonstrated that
hydroxytyrosol, tyrosol, oleuropein, and oleocanthal present a wide spectrum of biological
effects on physiological processes, being antiatherogenic, cardioprotective, anticancer, neu-
roprotective, antidiabetic, anti-obesity compounds. Furneri and co-workers [119] revealed
that oleuropein was also effective against Mycoplasma fermentans and Mycoplasma hominis,
which are naturally resistant to erythromycin and often also to tetracycline. Biocompounds
of olive products, such as aliphatic aldehydes [120], have also been shown to inhibit or
retard the growth of a range of bacteria and yeasts and could be considered as an alterna-
tive for the prevention or treatment of infections. Moreover, they have been evaluated for
drug formulations to reduce the spread of antimicrobial resistance bacteria [121]. Bisig-
nano et al. [122] demonstrated that hydroxytyrosol possesses an in vitro antimicrobial
property against respiratory and gastrointestinal infectious agents, such as Vibrio para-
haemolyticus, Vibrio cholerae, Salmonella Typhi, Haemophilus influenzae, Staphylococcus aureus,
and Moraxella catarrhalis, at low concentrations.

6. OMWW as Replacer of Synthetic Additives

The strong demand for adequate nutrition is accompanied by the concern for envi-
ronmental pollution with a considerable emphasis on the recovery and recycling of food
by-products and wastes [9].

Several studies have focused on replacing synthetic additives with natural substances,
mainly derived from plants and agro-industry by-products [123,124] with promising results.
The addition of such substances not only inhibits the growth of pathogens but also prolongs
the shelf life of food products. OMWWs are added as such or as extracts, concentrated and
stabilized and, in some cases, microencapsulated. Specifically, encapsulation protects them
from degradation due to different factors reducing the amount of compounds required to
be efficient and controlling their release into the food matrix [125].

Besides therapeutic benefits, biophenols present in OMWW have been explored for
their antimicrobial, antifungal, and antiviral properties. Obied et al. [14] reported that
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the phenolic fraction of OMWW shows antibacterial activity against several species, par-
ticularly S. aureus, Bacillus subtilis, Escherichia coli, and Pseudomonas aeruginosa. However,
the antimicrobial activity was found to be higher when the whole phenolic content is
used, compared with the activity of the single phenolic compound [126]. In particular,
Serra et al. [127] showed that natural OMWW extracts exhibited a higher antimicrobial
activity compared with the three individual biophenols (quercetin, hydroxytyrosol, and
oleuropein), suggesting a synergic effect among molecules. In most cases, to inhibit the
growth of target strains, the effective tested dose was 1000 µg/mL. In addition, it has been
shown that individual phenolic compounds, used at low concentrations, were not able to in-
hibit the growth of E. coli, Klebsiella pneumoniae, S. aureus, and Staphylococcus pyogenes, while
whole OMWW was effective in inhibition of both Gram-positive and Gram-negative bacte-
ria [121]. Other authors, however, reported that the bactericidal and fungicidal activities of
OMWW are mainly related to the content of phenolic monomers, such as hydroxytyrosol
and tyrosol [128]. Hydroxytyrosol was found to also be active against foodborne pathogens
such as Listeria monocytogenes, S. aureus, Salmonella Enterica, and Yersinia spp. [129] and
against beneficial microorganisms, such as L. acidophilus and Bifidobacterium bifidum. In
addition, Fasolato et al. [130] confirmed the bactericidal effect of phenol extract purified
from OMWWs. In particular, S. aureus and L. monocytogenes showed the lowest level of resis-
tance (minimum bactericidal concentration MBC = 1.5–3.0 mg/mL) while Gram-negative
bacteria (e.g., Salmonella Typhimurium and Pseudomonas spp.) showed higher resistance,
with MBC values ranging from 6 to 12 mg/mL. In the same study, among the tested starter
species, the growth of Staphylococcus xylosus and L. curvatus was drastically reduced (at
concentrations of 0.75 and 1.5 mg/mL MBC, respectively).

Application of OMWW as Food Supplement

In several studies, olive oil by-products have been added as concentrates or ingredi-
ents in the formulation of novel foods in different agro-food supply chains (Table 2). In
a review, Galanakis [131] collected data related to the addition of OMWW extracts (but
also of other oil industrial by-products) to fortify meat and meat products. The results
showed that the obtained antioxidants induce an improvement of hygienic conditions
and rheological characteristics of the final products. Olive phenols have shown better
performance in raw meat treatment [132] as they were able to hinder lipid oxidation. To
evaluate such an effect, an oxidation test with a thiobarbituric acid reaction (TBAR) was
applied for a storage period of 72 h at 4 ◦C. Results in limiting lipid oxidation appear to
be dependent on the concentration of phenols (500 mg ascorbic acid or catechin/L and
100 mg olive phenols/L). Lopez et al. [133] and Veneziani et al. [111] recently applied
OMWW-extracted polyphenols in fermented sausages and white meat burgers, improving
quality parameters and extending their shelf life. In particular, the addition of the extracts
inhibited the fungal growth and spore germination in fermented sausages by performing
a dose- and species -dependent activity both in vitro and in situ tests. In particular, the
treatment with 2.5% of OMWW extract strongly inhibited in situ growth of Cladosporium
cladosporioides, Penicillium aurantiogriseum, Penicillium commune, and Eurotium amstelodami.
Veneziani et al. [111] evaluated the effect of OMWW-extracted polyphenols in white meat
burgers, wrapped in PVC, on improving sensorial and hygienic characteristics. The ad-
dition of the phenolic extract at different concentrations (0.75 and 1.50 g/kg) delayed the
growth of mesophilic aerobic bacteria, highlighting a dose-dependent behavior, with a 24 h
extension of shelf life, compared with both the control and sample treated with the lowest
concentration. In addition, Fasolato et al. [130], according to Servili et al. [134], found that
a 38.6 g/L concentration of phenolic extract was effective in increasing fresh chicken breast
shelf life. Samples were immersed in a solution containing the extract for a few seconds,
before packing and storage at 4 ◦C. The results showed a delay of growth of both Enter-
obacteriaceae and Pseudomonas spp. with at least a 2 day increase in shelf life, compared
with the control. In addition, the treatments were shown to positively affect the odor of
meat, decreasing the TBARS value. De Leonardis et al. [135] proposed the addition of lard
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with olive phenols as a “novel food”, showing that the natural antioxidants of OMWW
were highly effective in oxidative stabilization of lard. The phenol extract significantly
increased the oxidative stability of lard, and the applied doses (100–200 ppm) were not
cytotoxic when tested on mouse cell lines (embryonic fibroblasts). In addition, several
studies have tested phenol extracts in dairy products to enhance antioxidant activity and
better stabilize the products. Troise et al. [136] tested the antioxidant activity of OMWW
phenolic extract in UHT milk samples, on inhibition of the Maillard reaction (MR), by
adding phenolic extract at 0.1 and 0.05% w/v, revealing the reduction of reactive carbonyl
species formation in samples before heat treatment, inducing a greater stability without
any detrimental sensorial effects. Phenol extracts (100 and 200 mg/L) from OMWW have
also been added in a functional milk drink (similar to yogurt) and fermented with a GABA-
producing strain (L. plantarum C48) and a LAB strain of human origin (L. paracasei 15N).
The results showed that the addition of phenolic compounds did not interfere with either
the fermentation process or the activities of functional LAB [134]. The addition of extracts
of both OMWW and olive pomace, at different concentrations (2, 4, 6, and 8 mg/100 g of
butter) was tested in a butter formulation [137], revealing that the highest concentration
confers resistance to oxidative stress during storage at 25 ◦C for 3 months, inhibiting the
growth of S. aureus, total coliforms, yeast, and molds. Roila et al. [138] added biophenol
extract (at 250 µg/mL and 500 µg/mL) to mozzarella cheese retarding the growth of Pseu-
domonas fluorescens and Enterobacteriaceae. The shelf life was directly proportional to the
concentration, increasing by 2 and 4 days, respectively. Galanakis et al. [139] tested the
antioxidant effect of OMWW phenolic extracts in combination with other antioxidants,
demonstrating a reduction in oxidative deterioration during baking of bread and rusks
and showing an antimicrobial effect against S. aureus, B. subtilis, E. coli, and P. aeruginosa
(at 200 mg/Kg of flour). Recently, Cedola et al. [140] enriched bakery products by adding
OMWW and OP previously subjected to ultrafiltration and evaluated the quality traits of
final products from both a chemical and sensory point of view. Ultrafiltered OMWW, was
used both in bread dough (1500 g of wheat flour, 900 g of OMWW, 45 g of fresh compressed
yeast) and for the formulation of spaghetti at a final concentration of 30% w/w. The results
showed that the addition of OMWW into bread and pasta slightly increased the chemical
quality of bread and pasta without compromising their sensory traits. Zbakh et al. [141]
proposed the exploitation of OMWW for setting up a functional beverage. Commercial
products can include different additives, such as ascorbic acid as antioxidants, chelators
including ethylenediaminetetraacetic acid (EDTA) and acidifiers, such as citric acid or
carbon dioxide. The use of additional antioxidants was not required in beverages when
OMWW extract were applied. Recently, a certain interest has developed in new beverages
using aqueous extracts obtained with olive leaves, characterized by a high concentration
of biophenols. Some of these products are already in the market and sold as integrators
for human consumption. Further studies are required to investigate the effects of different
formulations on the bioavailability of OMWW phenols and on their beneficial effects. These
biological properties can have a significant impact on human health through reducing the
incidence of many diseases, especially cardiovascular and chronic degenerative diseases.

As previously reported by Zbakh et al. [141], which confirmed that OMWW phenolic
compounds are highly bioavailable and safe, the potential application of OMWW for setting
up functional beverages as a natural concentrate of substances with antioxidant action could
be a promising opportunity. To date, on the market there are beverages containing water
extracts with different pharmacological indications: antioxidant, blood pressure regulator,
and incidence on the metabolism of lipids and carbohydrates, although no reference
legislation for the use of olive water for human consumption is currently available.
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Table 2. Application of OMWW in agro-food chains.

Agro-Food Chain Food Quantity Activity Results Reference
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7. Conclusions and Future Perspectives

According to The future of Food and Agriculture: trends and challenges [142], about one
third of all produced food is lost or wasted along the food chain, from production to
consumption, highlighting an inefficiency of current food systems. The valorization and
reuse of food by-products can create a virtuous recycling system in accordance with the
Global Food 2030 objectives.

Although the two-phase extraction system is slowly replacing the traditional olive oil
extraction techniques, the disposal of OMWW remains a problem for many small olive
oil mills in Italy and in other Mediterranean countries and the valorization of such a
by-product appears more important than ever for the agro-food industry.

The chance for agro-food companies to implement a circular economy strategy has
offered new choices in by-product valorization. Despite several chemical characterizations
of olive by-products, further searches are needed to fully understand the resources of such
an interesting valuable raw material. Future olive oil waste management strategies should
include a combination of physical and biotechnological processes, followed by further
treatments, for producing valuable by-products with high functional activities. In this way,
costs of treatments could be compensated by the income from useful by-products.
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