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Olive trees are the oldest known cultivated trees in the world and present-day cultivation
is widespread, with an estimated magnitude of 9 million hectares worldwide. As the olive
oil industry has continued to grow, so has the environmental impact of olive oil production,
such as the energy and water consumption, gas emissions and waste generation. The
largest contributor to waste generation are the olive leaves, an abundant and unavoidable
byproduct of olive-oil production due to the necessity of tree-pruning. It is estimated that
an annual 1.25 million tons of olive leaf waste are generated in Spain alone, around 50% of
the total world production. The leaves are currently used for biomass production or animal
feed. However, because of their polyphenolic composition, olive leaves have potential
in numerous other applications. In this review we analyze the chemical composition of
olive leaves, and discuss current processing methods of the olive leaf waste, including
thermochemical, biochemical, drying, extraction and condensation methods. We also
examine current applications of the treated olive leaves in sectors relating to cattle feed,
fertilizers, novel materials, energy generation, and food and pharmaceutical products.
The aim of this review is to provide a resource for producers, policy makers, innovators
and industry in shaping environmentally sustainable decisions for how olive leaf waste
can be utilized and optimized.

Keywords: processing methods, waste management, olive leaf, olive oil, sustainable decisions

INTRODUCTION

Olive Production, Consumption, and Economic Impact

The olive tree plays an important role in the history, economy, and culture of Western civilization
(Rhizopoulou, 2007). Fossil evidence indicates an origin in the Oligocene, in what is now Italy and
the Eastern Mediterranean Basin, 20-40 million years ago (Waterman and Lockwood, 2007). To
this day, olive trees and olive oil are deeply rooted in Mediterranean culture and play an important
role in agriculture (March and Rios, 1989).

It is believed that olive tree cultivation began in Mesopotamia (4,000 B.C), with the first records
of olive crops dating to the Minoan civilization, at around 2,500 B.C.

Regarding Ancient Egypt (3100-30 BCE), the vast majority of olive plantations were located near
the Nile Delta. As the cultivated olive variety did not generate significant quantities of oil, Egyptians
used it primarily as a pharmaceutical and cosmetic product (Zaragoza, 1981; Meeks, 1993).

Ancient Greece had an appreciation for olive oil which is reflected in images on jars and walls
such as those seen in the palace of Knossos. In fact, a symbol still seen today is the crown of olive
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branches in recognition of peace and victory. The consumption
of olive oil also functioned as a marker of social class distinction
(Foxhall, 2007).

Through trade and constantly traveling Greek warriors, olive
tree cultivation was introduced in Italy and the consumption of
olive oil grew rapidly. It has been estimated that Romans imbibed
201 of olive oil per year (Bownan and Gansey, 2009). The trade
routes were based on wine, garum and olive oil, with olive oil
being used in the skylights to illuminate the interior of houses.
The use of olive oil became so popular that there was great
competition in the stalls selling oils; one example counts more
than 123 stalls selling olive oil, compared to 240 stalls selling
bread (Thorndike, 2015).

As can be seen throughout history, olive trees have not
only been extensively cultivated for dietary purposes, but have
also become a symbol of Mediterranean culture, as well as a
representation of peace, victory, and life.

Today, Greece has by far the largest per-capita consumption of
olive oil, followed by Spain and Italy; but the latest figures indicate
that the consumption of olive oil outside its home territory has
been rising steadily. According to the Spanish Official Journal
“Boletin Oficial del Estado” (2013), Spain is leading international
olive oil production; with an estimated market value between
2007 and 2012 of ¢1,886 million. This represents 4.6% of the
total agricultural production in Spain. The olive tree plantations
comprise around 2.6 million hectares of land in Spain, which
constitutes around 14% of utilized agricultural surface, of which
28% are watered with various irrigation methods. The latest
data shows that Spain produced a total of 1,793 million tons
of olive oil in 2018/2019 (nearly 50% of world production),
of which 1,173 million tons were exported to the rest of the
world. This data represented a 30% increase in the previous
year’s figures (Agencia de Informacion y Control Alimentarios,
2020).

Spain is also the main exporter internationally. It is calculated
that olive oil exports represent around 60% of the total trade
values in Spain, with destinations to over 100 countries (Agencia
de Informacién y Control Alimentarios, 2020).

Globally, the production volume of olive oil has tripled
in the last 60 years, and in 2019/20 amounted to 3.12
million metric tons, of which the top five producers of olive
oil besides Spain are Greece, Italy, Turkey and Morocco
(Weber et al, 2019). Smaller industries exist in Australia
and in the United States (California, Hawaii, Texas, Georgia,
and Oregon); although most of the olive oil consumed
in these countries is usually imported from Italy, Spain
and Turkey.

Consumption of olive oil worldwide has been increasing
since 2016, and in 2019/20, the global consumption volume
amounted to 2.97 million metric tons. Per capita consumption
is highest in Greece (over 241 per year), followed by
Spain (141 per year) and Italy (141 per year). Tunisia,
Portugal, Syria, Jordan and Lebanon consume around 81,
and North America and Northern Europe around 0.71
However, overall, the consumption of olive oil outside its
cultivation zones has been rising steadily (Weber et al,
2019).

TABLE 1 | Overall consumption and emissions by production of 11 of olive oil
(Avraamides and Fatta, 2008).

Total consumption (g)  Pruning process (g)

Consumption of crude oil 495 48.7
Consumption of fresh water 3,194,000 0

Emissions of carbon dioxide 3,900 909
Emissions of nitrogen oxides 32.2 3.7
Emissions of sulfur dioxide 13.7 1.3

Environmental Impact of the Olive Industry

and Olive Leaves

The olive oil industry generates by-products that can have
a negative impact on the environment when not processed
correctly. One of the by-products are the olive leaves, produced
by the pruning and harvesting of olive trees. Normally, olive
leaves get gathered with other objects such as twigs and branches.
From the total pruning residues, it is estimated that the leaves
constitute 25% of the dry weight. It has been estimated that the
total amount of olive leaves that could be gathered in Spain alone
is ~750,000 tons per year (Manzanares et al., 2017). Avraamides
and Fatta (2008), reported that for everyone liter of olive oil
produced, 6.23kg of pruning residues (branches and leaves)
are generated.

As a consequence of this production magnitude,
environmental effects must also be considered. Clearly,
there are different practices and techniques for the agricultural
production of olives and the subsequent olive oil production,
and each of these have different adverse environmental effects
associated with them (Salomone and Ioppolo, 2012). However,
the essence of these effects is that production of olive oil
involves important resource consumption, such as energy
and water, and considerable emission and waste generation
(Salomone and Ioppolo, 2012). Given the magnitude of the
industry, the optimization of its life cycle is crucial to limit these
adverse effects.

Various life cycle analysis have been done to identify the key
elements and processes that give rise to the most significant
environmental problems. These studies then report the overall
consumption and emissions by production of 11 of olive oil,
with the total number being broken down by the various sub-
processes including fertilization, irrigation, pruning... (Table 1)
(Avraamides and Fatta, 2008).

A key segment is the analysis of CO, emissions. 3.9 kg of CO,
per liter of olive oil is emitted. The pruning process produces
909 g of CO,, which is over 23% of the total CO, emitted in
the elaboration of 1L of olive oil. The majority of this CO; is
generated when the pruning residues are burned, as a way to get
rid of the biomass and obtain energy, creating 748 g of CO; per
liter of olive oil (Avraamides and Fatta, 2008).

Introduction to Current Treatments and
Applications of the Olive Leaves

Currently, there are several studies and procedures to use olive
leaves in different sectors such as in the food, energy and
pharmaceutical industries.
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Pruning (normally
in Winter / when
necessary i.e.
tree infection)

\4

1 Hectare of Olive

(1) Olive Tree Pruning Biomass (leaves
and small branches) = 1500 kg
25% of these are leaves = 375 kg

Mechanical
L harvesting of the
olive fruit
' : »  (2) Leaves, Twigs and Other Debris [:{> 2000 kg of pomace
1300 kg Wastewaters

4

400 kg stones, 40 kg
pomace oil and 260 kg
pomace dry residues

2500 kg of olives retrieved which
produce 500 kg of Olive Oil

FIGURE 1 | Schematic designed to show the two processes where olive leaf by-products are generated. Reproduced from Manzanares et al. (2017).

Olive leaves’ composition can be broadly divided into
lignocellulosic and what the literature refers to as olive leaf
extract. The lignocellulosic compounds of olive leaves consist of
different concentrations of cellulose, hemicellulose and lignin.
The composition is leveraged for energy production through
biochemical and thermochemical treatments of the whole leaf.

However, olive leaf extracts are of special interest for their
therapeutic effects and are generally used for pharmaceutical
and food applications. These extracts have different classes of
bisphenols, discussed in section Olive Leaves (Apostolakis et al.,
2014; Romero-Garcia et al., 2016).

In this review we further discuss current olive leaf treatments
and applications. The aim is to provide a reference for producers,
policy makers, and industry in shaping environmentally
sustainable decisions for how olive leaf waste can be utilized
and optimized.

OLIVE LEAVES

Olive leaves appear in two different steps of the olive oil
production process (Figurel). Firstly, during the pruning
process, where the Olive Tree Pruning Biomass (OTPB) [leaves
(25% dry weight basis), branches that do not exceed a centimeter
in thickness (50%) and branches that are more than a centimeter
thick (25%)] (Manzanares et al., 2017) is obtained. Secondly, as
a result of the mechanical harvesting of the olive fruit (Ozcan
and Matthdus, 2017), in which leaves, twigs and other debris
are obtained with the fruit, and which need to be separated in
a further step (Souilem et al., 2017).

As formerly discussed, the pruning process is an essential
process of the olive tree life cycle. Eliminating old branches
gives the tree a structure, facilitating harvest and balancing out

TABLE 2 | Lignocellulosic components of olive leaves (Garcia-Maraver et al.,

2015).
Cellulose (wt.%, Hemicellulose Lignin (wt.%, dry
dry basis) (wt.%, dry basis) basis)
Olive 5.7 3.8 39.6

leaves

production. Pruning is typically done in winter but, depending
on the temperature of the region, it can be delayed until late in
the season as the process can make the orchard less resistant to
the cold. It is also possible to prune the trees during the summer
if needed, for example, if the plant is infected. This is exceptional
as during the summer months the plant grows better and it is
less probable for bacteria to spread (International Olive Council,
2007).

Composition and Physical-Chemical

Characteristics of Olive Leaves
As mentioned before, we can broadly divide olive leaf
composition into two categories, namely:

1. Lignocellulosic materials
2. Olive leaf extract

Lignocellulosic Materials

Cellulose, hemicellulose and lignin are the building blocks that
make up all leaves (Table 2). In general, chemical composition
and moisture content of leaves determine aspects such as the
heating value of the foliage.
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FIGURE 2 | Molecular structure of oleuropein.

Olive Leaf Extracts
There are also other molecules present in trace amounts specific
to the olive tree, including:

e Oleuropeosides (including oleuropein and verbascoside)

e Flavones  (including  luteolin-7-glucoside,  apigenin-
7-glucoside, diosmetin-7-glucoside, luteolin,
and diosmetin)

e Flavonols, like rutin

e Flavan-3-ols

e Chatechin  substituted phenols (including  tyrosol,

hydroxytyrosol, vanillin, vanillic acid, and caffeic acid)

Possible roles of these molecules are to defend the plant
from insects and UV radiation. Among these molecules,
oleuropein (Figure 2) is the most abundant of the constituents
of olive leaf extract. It is present in as high as 14% in
the unripe fruit, compared to 24.5% found in olive leaves,
compared to 1.4% apigenin-7-glucoside, 1.4% luteolin-7-307
glucoside, and 1.1% verbascoside (Benavente-Garcia, 2000). It
has important properties, including antioxidative, antimicrobial
and antiviral effects. However, using the extract without
isolating the components might be beneficial due to bisphenol’s
synergistic effects.

These compounds are also found in the fruit of the olive
tree. For example, oleuropein is. The amounts present of
other polyphenols.

Overall, the polyphenolic profile of the olive leaf is
affected by technological factors and industrial processes used
for extraction, including: preparation, solvent type, solvent
composition, solid-to-solvent ratio, particle size of the extracted
material, temperature, pH, time and temperature of extraction.
In addition, the polyphenolic profile is also affected by agronomic
factors such as the leaf age, degree of ripeness, geographical origin
(Table 3), cultivation and phonological stage during sampling
(Sahin and Bilgin, 2017).

As the leaf ages, the amount of oleuropein decreases while
the amount of hydroxytyrosol increases due to the chemical and
enzymatic processes that take place (Tan et al., 2003).

The antioxidant potential of oleuropein may be due to its
ability to chelate metals ions, such as Cu and Fe, that catalyze

free radical generation reactions (Andrikopoulos et al., 2002) as
well as the ability to inhibit many inflammatory enzymes such
as lipoxygenases without affecting the cyclo-oxygenase pathway
(Visioli et al., 2002).

OLIVE LEAF WASTE MANAGEMENT

Treatments for Olive Leaves

Given the large quantities of leaves, there are various efforts to
utilize them and extract energy or various molecules. The leaf by-
products can therefore undergo various treatments before they
are used for different purposes (Table 4). These treatments are
summarized in the five categories below:

1. Thermochemical treatments: Combustion, gasification,
and pyrolysis
Biochemical treatments
Drying methods

Extraction methods
Condensation of active components

ARl b

The biochemical and thermochemical treatments are quick and
cheap ways of treating big quantities of olive leaves, and therefore
are the most popular treatments. However, in these treatments
the leaves are used along with branches and logs that are part of
the OTPB.

Thermochemical Treatments

The main purpose of thermochemical treatments is to get
rid of the leaves or to obtain energy, like biofuels. For this
purpose, OTPB is processed with methods such as combustion,
gasification or pyrolysis.

Nowadays, combustion is the simplest way to get rid of
the OTPB. Its advantages include high thermal efficiency, low
operation cost and non-frequent cleaning. Garcia Martin et al.
(2020) reports that low quantities of nitrogen and sulfur in
olive-pruning debris could mean this procedure is advantageous
from an environmental point of view. Nevertheless, the direct
combustion of the OTPB tends to be an ineffective process, as
an absolute combustion rarely takes place (Garcia Martin et al.,
2020).

The gasification process involves the partial oxidation of the
biomass with an amount of oxygen or steam carried out at
higher temperatures. As a product a mixture of gases known as
“syngas” is generated, composed by carbon monoxide, hydrogen
and methane. Downsides normally are the high temperatures
required for tar production (>700°C) and the production of
suspended solids (Garcia Martin et al., 2020).

Pyrolisis, also known as thermal decomposition, uses high
temperatures (400-600°C) and is carried out under partial or
complete absence of oxygen to transform the OTPB into three
main products namely syngas, bio-oil and solid residues rich in
carbon (Garcia Martin et al., 2020).

In practice, most of the OTPB is burned at the roadside
after harvesting. Only large diameter branches are collected and
are used for domestic heating. The conversion into olive leaf
pellets for subsequent heating is currently being considered. The
advantages to thermochemical processes are that installations
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TABLE 3 | Total polyphenols, flavonoids and oleuropein of olive leaf extracts (Ben Salah and Abdelmelek, 2012).

Olive varieties Total polyphenols Total polyphenolic yield Total flavonoids Total flavonoid yield Oleuropein Total oleuropein yield
(mg GAE/qg) % (mg CE/g) % (mg/g) %
Gerboua (Tunisia) 142.21 99% 125.64 100% 45.02 79%
Limouni (Tunisia) 144.19 100% 120.88 96% 52.2 91%
Chetoui (Tunisia) 102.32 71% 94.03 75% 57.24 100%
Chemlali (Tunisia) 99.71 69% 82.74 66% 47.42 83%
Sevillane (Spain) 73.05 51% 56.75 45% 30.76 54%
Lucques (France) 106.8 74% 97.74 78% 52.12 91%
Rosicola (ltalia) 91.9 64% 76.01 60% 48.48 85%
Meski (Italia) 110.08 76% 91.32 73% 52.63 92%

TABLE 4 | Treatments for olive leaves with corresponding description, advantages, and disadvantages.

Advantages

Disadvantages

Name of treatment Description

Biochemical Two types: Anaerobic digestion
and bioethanol production

Thermochemical Conversion routes of biomass to

heat, power, steam, or electricity
Three types: Combustion,
gasification, pyrolysis

Extraction and
condensation methods

Methods by which valuable
compounds (such as
polyphenols) are separated
selectively from the matrix
(extraction), and increased
concentration (condensation)

Treating large volumes of olive leaves.
Bioethanol production is a promising
alternative to fossil fuels (greener)

Quick, cheap ways of treating big
quantities of olive leaves. Easy

High thermal efficiency, low operation
cost (Combustion)

Olive leaves are an inexpensive,
renewable, and abundant source of
polyphenols, which have important health,
and functional benefits

Multiple steps required before
fermentation (pretreatment, hydrolysis)
(Bioethanol production)

Required pretreatment is not cost-effective
(Bioethanol production)

Waste management problem of liquid
residues (pyrolysis)

Cleaning of gases and suspended solids
from tar (gasification)

Ash-related problems, like
agglomeration/deposition (gasification)
Big variability in the quantity of
polyphenols, flavonoids, and secoiridoids
depending on technological and
agronomical factors

Solvent waste

are less bulky, simpler and smaller while the biochemical
ones must use heat and gas immediately. However, there are
some disadvantages to these practices, especially concerning
the generation of waste products. Pyrolysis can be performed
under different conditions: inert atmosphere (N;) or pyrolysis-
based circular system (which is a pyrolysis at 600°C under He
atmosphere); however, it has been concluded that microwave-
assisted pyrolysis of the pruning biomass can be an appropriate
method for yielding useful chemicals and fuels, and hence
represents a possibility for reducing the environmental risks
that are associated and involved in the disposal (Garcia Martin
et al., 2020). Other study has used different agricultural residues,
including the OTPB in order to use them as soil amendment,
and analyzed in depth the characteristics of each waste depending
of the temperature and the time it was applied; the research
concluded that the optimal factors to get a high pH product is
to put the temperature at 500°C during a residence time higher
than an hour (Campos et al., 2020).

Biochemical Treatments

Biochemical processes are another possible treatment
for the OTPB and include anaerobic digestion and
bioethanol production.

Anaerobic digestion consists of introducing the biomass
into a digester without oxygen, followed by the addition of
a bacterial culture which is responsible for biogas production.
There are scarce references in the literature of methane
generation from OTPB. However, the finest OTPB particles
have found to achieve the highest methane yield (176.5 Nm3
per t volatile solids, which accounted for 93.5% gains over
the untreated OP), due to their high nitrogenous matter
and low C/N ratio found in this substate, which makes it
suitable for anaerobic digestion. Nonetheless, olive mil waste
has a higher potential for anaerobic digestion and hence
methane production. Since around 10-12 million cubic meters
of Olive Mill Wastewater are produced yearly, it is possible that
researchers have focused on this issue—explaining the lack of
information on methane production from OTPB (Costa et al.,
2018).

As the pruning biomass has a high cellulose and low lignin
content, it is an ideal substrate for bioethanol production.
Currently, the bioethanol production encompasses four stages,
namely: pre-treatment, hydrolysis of polysaccharides into
monomer sugars, fermentation of monomer sugars to ethanol,
and ethanol concentration.
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These different stages are discussed in the “Energy generation”
section.

Drying Methods

There are several methods used to dry the whole leaves with the
purpose to concentrate the bioactive compounds present in the
leaves. Various studies have measured the impact of each method.
The most common procedures are solar drying, infrared drying,
microwave drying and freeze drying.

Solar drying consists of drying the leaves by convective heat
through solar power or specialized equipment. Studies have
investigated the quality attributes of dried leaves in terms of color,
total phenols and radical scavenging activity while controlling the
temperature and airflow. The results found significant differences
between the temperature, the total phenols and scavenging
activity. At lower temperatures, antioxidant capacity was higher
but total phenols decreased. Otherwise antioxidant capacity was
lower when the leaf was dried at higher temperatures and flow
rates (Bahloul et al., 2009).

Infrared drying uses infrared radiation to reduce the
moisture in the leaves. Some investigations have observed the
difference between fresh and blanched leaves dried at different
temperatures, studying its total phenolic content and color
difference between each sample. The results show a higher
concentration of total phenols around 50°C, and an increase in
luminance and greenness around 50-60°C (Boudhrioua et al.,
2009).

Microwave drying also uses radiation to reduce the water
content of the leaves, while freeze drying uses pressure and
low temperatures to obtain the same result. A study compared
the total oleuropein and other phenols present in the leaves
depending on different drying methods (microwave, freeze,
vacuum, oven, and ambient air). The most effective procedures
were shown to be microwave drying and freeze drying, the latter
of which had a decrease of the water content of ~5% (Sahin et al.,
2018).

Extraction Methods

Extraction and condensation treatments are employed when
the bioactive compounds present in olive leaves are used as
natural additives in the food and medicine industry. Now, more
than ever, it is necessary to explore greener techniques that
are respectful of the environment, present no health risks, and
maintain the bioactivity of the molecules.

The three most common extraction methods for the
compounds in olive leaves are (1) supercritical fluid extraction,
(2) ultrasound assisted extraction and (3) maceration. The main
differences between these methods are the extraction yields,
solvents, and cost.

Supercritical fluid extraction is a versatile technique used for
extraction and precipitation of bioactive molecules. Supercritical
fluids have a lower viscosity than liquids and therefore are more
hydrodynamic. They have a lower surface tension which enables
a high penetrability through porous surfaces (Cejudo Bastante,
2020). Studies on olive leaf supercritical fluid extraction use
carbon dioxide and ethanol. The most effective parameters for
this purpose are 120 bar pressure and 55°C, however extraction

yields are far from optimal, with an average extraction yield of
9.35% (Cejudo Bastante, 2020).

Ultrasound assisted extraction is a time-efficient way of
extracting bioactive compounds. When ultrasound waves are
applied, intense pressure and temperature gradients within the
material are created. This induces physical structural disruption
due to cavitation, which enhances mass transfer and the release of
the intracellular substances into the extraction medium. Studies
claim that it can also get viable extraction yields without the need
of using high amounts of solvents or high temperatures, making
it more sustainable. The main downside of this process is the cost
of the machinery (Cifa et al.,, 2018).

A common way of recovering phenolics is via maceration.
In this process, the leaves are dried, crushed and macerated in
a range of solvents including acetonitrile, ethanol or distilled
water at different pH values. The extracts are then filtered,
and the solvents removed from the filtrate using a rotary
evaporator (Ghomari et al, 2019). The downsides to this
technique include hugely variable results depending on solvent
(they range from 24.9 to 144.2mg GAE/g dry matter), as well
as lower extraction yields in comparison to supercritical fluid
extraction or ultrasound assisted extraction techniques. Also,
longer times and higher temperatures are required compared to
ultrasound assisted extraction, and therefore this procedure is
considered less environmentally friendly (Cifa et al., 2018).

In addition to the three methods discussed above, there are
countless other extraction methods used to extract valuable
compounds from olive leaves, employing:

a. Eco-friendly deep eutectic solvents (Athanasiadis et al., 2017)
b. Low-transition temperature mixture (Karageorgou et al,
2017)

Solvent-free microwave-assisted extraction (Sahin et al., 2017)
Instant controlled pressure drops (Mkaouar et al., 2016)
Steam explosion (Romero-Garcia et al., 2016)

Heated water/glycerol mixtures (Apostolakis et al., 2014)
Pressurized liquid extraction (Herrero et al., 2011)

®w e Ao

The highest polyphenolic content reported amongst these
is obtained by using eco-friendly deep -eutectic solvents
(Athanasiadis et al., 2017), while the lowest polyphenolic content
is obtained with the solvent-free microwave-assisted extraction
(Sahin et al., 2017).

Condensation Methods

Once the olive leaf extract has been extracted from the olive
leaves with the techniques discussed above, there are various
methods for condensing it to increase the concentration of
valuable compounds. The two most popular methods for this
purpose are freeze drying and spray-drying.

Freeze drying is a procedure which generally uses liquid
nitrogen at —57°C and a pressure of 0.05 bar for 24 h to freeze
the leaves (Ghelichkhani et al., 2019). Spray drying is a technique
which converts the frozen olive leaf extract into a powder using a
spray drier (Ghelichkhani et al., 2019).

Results show that when freeze and spray drying methods are
compared, the former yields a higher phenolic content of 446.63
=+ 7.6 (mg gallic acid per g dry matter), while the latter yields
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TABLE 5 | Active compounds in olive leaf extract and their reported pharmaceutical effects.

Pharmaceutical effect

Active compound

Report

References

Antioxidant capacity

Anti-atherosclerotic effect

Cardioprotective effects

Anti-inflammatory activity

Anti-inflammatory activity

Antimicrobial activity

Hypoglycemic effect

Oleuropein

Oleuropein

Oleuropein

Oleuropein, Hydroxytyrosol
Luteolin, Apigenin
Oleuropein, hydroxytyrosol,

elenolic acid
Oleuropeoside

Compounds shown as antioxidants that prevents
formation of radicals.

Polyphenols have shown capacity to reduce
incidence of heart disease.

Attenuates cardiotoxicity of lipid peroxidation
products, such as Adriamycin.

Reported as inhibitors of molecules involved in
various inflammatory pathways

Luteolin and Apigenin shown anti-inflammatory
activity in vitro.

Products from the hydrolysis of phenolic
compounds are responsible for antimicrobial activity.
Beneficial in inhibiting hyperglycemia and oxidative
stress induced by diabetes

Andrikopoulos et al., 2002

Singh et al., 2008

Andreadou et al., 2007

Visioli et al., 2002

De la Puerta et al., 1999

Sudjana et al., 2009

Gonzalez et al., 1992

Rheumatoid arthritis Oleuropein

Responsible for prevention and treatment of

Impellizzeri et al., 2011

rheumatoid arthritis in animal models.

Anti-cancer Dry olive leaf extract

In vitro studies reported various outcomes when

Mijatovic et al., 2010

applied in combination with different
chemotherapeutics

higher values or antioxidant activity (96.57 & 0.19%), inhibitory
effect (0.44 £ 0.32 ug/ml), tannin content (128.71 4+ 0.26 mg
gallic acid per g of dry matter) and total flavonoids (396.43 +
0.25mg 425 quercetin per g of dry matter) (Ghelichkhani et al.,
2019).

OLIVE LEAF APPLICATIONS

As a result of the treatments, the olive leaves may have different
applications that can be divided into distinct areas. The main
applications for olive leaves can be divided into:

Cattle food, fertilizer and compost production
New materials

Pharmaceutical

Energy generation

Food products

Cattle Food

As is the case with most by-products of the olive oil industry,
not just the whole leaves, but also the mill waters, currently
serve as cattle feed. Although the leaves’ composition is variable
and dependent on origin, humidity, and storage conditions, they
can contribute arginine, leucine and valine to the diets of cattle.
Protein synthesis in goats and sheep that have been fed with olive
leaves is similar to that obtained with barley feed (Balcells et al.,
1993).

The digestibility of olive leaves is low and can decrease if the
leaves are dried; however, the digestibility can be increased upon
treatment with ammonia or complemented with a mixture of
barley or fava beans (Molina-Alcaide and Yafiez-Ruiz, 2008). One
of the main challenges of leaves serving as cattle food is that the
olive tree requires treatments with copper sulfate, which can lead

to liver activity dysfunction in cattle (Howell and Gawthorne,
1987).

New Materials

Olive leaf extract obtained by extraction and condensation
methods possesses antimicrobial properties against foodborne
pathogens such as Escherichia coli, Staphylococcus aureus,
Pseudomonas  aeruginosa,  Lactobacillus  plantarum  or
Campylobacter jejuni, among others (Korukluoglu et al., 2010;
Keskin et al., 2012). For this reason, it has been explored if the
extract can be incorporated through supercritical impregnation
into “active containers” that can help in food preservation
and increased shelf-life. Phenolic compounds are highly bitter,
so these efforts have taken sensory properties into special
consideration (Cejudo Bastante et al., 2019).

Pharmaceutical

Olive leaves have been used by traditional medical practitioners
for thousands of years as they were thought to speed wound
healing, sooth rashes and cleanse the liver. They were mainly
ingested orally for healing of intestinal and stomach diseases
and to treat bronchial asthma; alternatively they were chewed
as a mouth cleanser or infused in hot water to treat high
blood pressure (hypertension) and induce urination (diuresis)
(Assessment report on Olea europaea L., folium., 2017).

In the last decades polyphenolic and secoroiridoids secondary
metabolites of olive leaves have been extracted and their potent
biological activities studied in vitro or in vivo (Assessment report
on Olea europaea L., folium., 2017).

The main pharmacological effects of olive leaves reported in
the literature are described below (Table 5):
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a. Antioxidant Capacity

Olive leaves have the highest oxygen scavenging activity amongst
the different parts of the olive tree due to their high polyphenolic
content. For example, oleuropein content in olive oil ranges from
0.005 to 0.12%, while for olive leaves it ranges from 1 to 14%
(Japon-Lujan et al., 2006). Oleuropein is a potent antioxidant
with anti-inflammatory properties and prevents the formation of
radicals due to its ability to chelate metal ions (Cu and Fe) which
catalyze free radical generation reactions (Andrikopoulos et al.,
2002).

b. Anti-atherosclerotic Effect

Cardiovascular effects of olive leaves have been thoroughly
studied, and have been especially attributed to cultivar species
that have the highest concentrations of oleuropein and oleacin
(Lasserre et al., 1983). These have shown a capacity to dilate
coronary blood vessels and consequently reduce the incidence
of heart disease. Furthermore, polyphenols have been found to
cause in vitro platelet activation in healthy, non-smoking males
(Singh et al., 2008).

c. Cardioprotective Effects

Doxorubicin, which is an anthracycline antibiotic clinically
known as Adriamycin, has a limited use because of its undesirable
serious cardiotoxic side effects. The in vivo effect of oleuropein
on Adriamycin treatment has been investigated, and indicates
that oleuropein attenuates cardiotoxicity by inhibiting lipid
peroxidation products, decreasing oxidative stress, and reducing
nitric oxide species in cardiomyocytes (Andreadou et al., 2007).
These studies were conducted in rats, and results from human
studies are still pending.

d. Anti-inflammatory Activity

Both oleuropein and hydroxytyrosol are inhibitors of leukotriene
B4 generation, which is involved in various inflammatory
pathways (Visioli et al., 2002). In addition, luteolin and apigenin,
which are also present in olive leaves have shown anti-
inflammatory activity in animal models as well as anti-allergic
effects in vitro (De la Puerta et al., 1999).

e. Antimicrobial Activity

The hydrolysis products of oleuropein, hydroxytyrosol and
elenolic acid are responsible for the antimicrobial activity of
olive leaves, particularly against Bacillus subtilis, B. cereus,
Staphylococcus aureus, Salmonella typhi, Vibrio cholerae, V.
parahaemolyticus and Micrococcus sp, as well as its anti-protozoal,
anti-fungal and antiviral properties (Sudjana et al., 2009).

Olive leaves may also be useful in cases where prolonged
use of antibiotics encourages development of bacteria genera
which pose a major resistance problem such as Klebsiella and
Pseudomonas (Neu, 1992).

f. Hypoglycemic Effect

Oleanolic acid, a triterpenoid obtained from olive leaves, is
a specific and potent TGR5 agonist. This molecule has a
potent anti-hyperglycemic activity, which contributes to the anti-
diabetic effect of Olea europaea leaves (Sato et al., 2007).

g. Rheumatoid Arthritis

Oleuropein is the compound responsible for the prevention and
treatment of rheumatoid arthritis in animal models, and has
similar benefits on osteoarthritis, especially in improving joint
swelling and preventing production of inflammatory cytokines
(Impellizzeri et al., 2011).

h. Anti-cancer

The anticancer potential of dry olive leaf extract represents the
net effect of multilevel interactions between different biologically
active compounds from the extract, cancer cells and conventional
therapy. Studies have focused on the impact of leaf extract in
the B16 mouse melanoma cell line in vitro, and results indicate
that when dry olive leaf extract is applied in combination
with different chemotherapeutics various outcomes (including
synergistic and antagonistic effects) are obtained. This requires
caution in the use of the extract as a supplementary antitumor
therapeutic (Mijatovic et al., 2010).

In addition to the effects outlined above, recent studies have
shown that olive leaf extract can be helpful in combatting
osteoporosis (Gong, 2012), and improving the immune system
(Ilias et al., 2011).

Energy Generation

Energy production from olive tree cultivation is well-established.
It is estimated that 80% of the total Andalusian by-product use
(50% of European Union production) goes to energy generation
(47% for electricity and 33% for thermal energy). However, only
a small amount of the pruning biomass (including the leaves) is
directly used as a raw material in power generation plants.

Olive tree biomass can generate energy through the
degradation of lignocellulosic material (Romero-Garcia et al.,
2014). A conversion of the carbohydrates contained in the
lignocellulosic material into fermentable sugars remains a key
issue for biorefineries, who are trying to provide a viable route for
biofuels or bioproducts. By pruning old leaves, we can generate
a raw material for power generation, but the implementation
of different processes is needed to get the best yield from
enzymes. This process is divided into pretreatment, hydrolysis
and fermentation by microorganisms (Figure 3).

Pretreatments

There are several studies mentioning several ways to pretreat the
leaves to obtain a higher yield of the lignocellulosic materials.
One of those ways could be the hydrothermal treatments; this
procedure uses the biomass in water at high temperatures and
pressures; the ionization of the water causes the release of proton
particles that act as catalysts for the autolysis process to break the
groups of acetyl present in the form of ester in the hemicellulose
and consequently release acetic acid. This process has certain
favorable characteristics, for example, it reduces the effect of
corrosion, it recovers compounds derived from hemicellulose
and increases digestibility of cellulose from solid treatises (Alvira
et al., 2010). Sa Santos et al. (2017), reported an increase of
cellulose and decrease of hemicellulose after handling the OTPB
to a steam explosion pretreatment.
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FIGURE 3 | Schematic showing the steps required to convert olive leaves into ethanol.
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Other pretreatment possible is to use an acidic environment
(usually sulphuric acid), in which the hemicellulose fractions of
the biomass are solubilized to make cellulose more accessible to
the enzymes. This treatment is already common in the industrial
world and is used to treat various types of foods with high
lignocellulose content. It has presented favorable results in many
applications (Cara et al., 2008; Diaz-Villanueva et al., 2012).
Nevertheless, Cara et al. (2008), concludes that a better yield is
obtained after mixing this acid pretreatment with a hydrothermal
treatment from before.

An additional pretreatment is to use organic solvents, such
as ethanol, methanol, ethylene glycol, acetone or glycerol that
are used prior to enzymatic hydrolysis. Diaz et al. (2011)
compared the glucose yield of different pretreatments methods
and concluded that a higher yield could be obtained after using
organic solvents.

Lastly, a potential pretreatment is the use of inorganic
salts as catalysts to solubilize hemicellulose. Pretreatment with
FeCls could alter most of the ester and ether linkages between
lignin and carbohydrate with no effects on designation (Liu
et al, 2009). This pre-treatment with FeCls eliminates the
hemicellulose and improves cellulose accessibility to cellulase.
All this happens in an environment with high temperatures that
favor hydrolysis increasing the surface area and widening the
pores (Liu et al., 2009). However, studies have only been applied
to other biomasses and not specifically to the OTPB.

Enzymatic Hydrolysis

The purpose of hydrolysis is simple: depolymerize the
polysaccharides contained in the pretreated lignocellulosic
substrate. Lignocellulose has a very complex structure
that requires intervention of various enzymes at specific
concentrations to obtain complete hydrolysis.

Several studies have examined hydrolysis with different types
of pre-treatments, with different results and percentages of sugars
(Diaz et al., 2011). Many of them use different amounts and
types of enzymes depending on the treatment (Romero-Garcia
et al,, 2014). The enzymes that are most commonly found in the
literature are hemicellulases, cellulases, arabinases, and xylanases.

Fermentation

The most abundant sugars obtained from the hydrolysis of
lignocellulose are glucose and xylose. These sugars present a
difficulty when being fermented, as they need two different
microorganisms which cannot act simultaneously due
to requiring different ambient conditions. Therefore, the
hydrolysates are detoxified to reduce the inhibitory effect of

the compounds present in the hydrolysate obtained after the
pre-treatment (Diaz et al., 2009; Negro et al.,, 2014).

Saccharomyces yeast is the first option for fermentation,
while other options include microorganisms such as Pachysolen
tannophilus, Candida shehatae, and Pichia stipites that have the
ability to ferment C5 sugars. Olive pruning sugars from the
cellulose and hemicellulose fraction can be converted to ethanol
by a simultaneous process of saccharification or fermentation or
by separate enzymatic hydrolysis and fermentation process. Sa
Santos et al. (2017) reported that once fermentation is done, a
lignin residue is left in the process.

Food Uses

Due to its promising components, the use of olive leaf extract as
an additive to foods has been the source of much investigation,
creating several promising and actual applications. Approaches
include (a) improving the nutritional profile, (b) enhancing
chemical stability with regard to lipid oxidation, or (c) stabilizing
foams and emulsions.

Studies aimed at improving the nutritional profile with olive
leaf extract have focused on addition of either a pure extract,
or encapsulated compounds in oils, in foods such as smoothies,
baked snacks, yogurts, and meat products (Tavakoli et al., 2018;
Caponio, 2019). Other studies affirm that the improvement
of antioxidant activity could result in an oxidative stability
improvement, therefore, the extension of the shelf life and, in
some cases, it is also related to the improvement of the nutritional
value of foods (Shahidi and Ambigaipalan, 2015). Furthermore,
if the product is enriched with olive leaf extract, the cultivable
bacteria, yeasts, and molds decrease dramatically, in addition to
having a greater impact if it is stored in refrigeration (Caponio,
2019).

Studies evaluating the use of olive leaf extract as a
natural preservative focus on the preservative effects of plant
polyphenols. These compounds can have a crucial role in
reducing lipid oxidation and hence extending shelf-lives of
foods, which indirectly implicates the reduction of food
waste. The industry has tried to extend shelf lives by adding
synthetic antioxidants to fat-containing foods such as butylated
hydroxyanisole (BHA), butylated-hydroxytoluene (BHT), propyl
gallate (PG), and tert-butylhydroquinone (TBHQ) (Difonzo
et al., 2019). Recent reports have shown these compounds may
be implicated in health risks including carcinogenesis (Gultekin
et al., 2015). Therefore, consumers have begun to reject them.
However, in the last few years, new procedures based on green
processes have been developed to improve the quality of these
edible oils by enriching them with natural extracts rich in
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polyphenolic compounds. These are good alternatives as they
are readily available as industrial wastes, maintain a potential
preservative effect, and present positive effects on human health
(Difonzo et al., 2019).

Several studies investigate the ability of olive leaf extract to
stabilize emulsions and foams. For example, the surface active
properties of the polyphenols present in olive leaves have been
studied at acidic pH and in green solvents like ethanol and
water. Therefore, olive phenolics can influence colloidal and

gelling behavior of biopolymers (Flamminii et al., 2019) as well as
enhance stability of emulsions and foams. This implies that olive-
leaf extracts can exploit important technological functionalities
and potentially serve as promising functional ingredients. From
an industrial point of view, these results could open interesting
opportunities and contribute to enhancing the exploitability of
polyphenolic extracts as multifunctional ingredients (Flamminii
et al, 2019). The principal limitation of this application
reported in the literature is that the emulsions produced were

Applications as fermentable sugars
(after enzymatic or acidic hydrolysis)

Potential use in production of
energy, polymers or fibers.
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FIGURE 4 | A schematic adapted from Romero-Garcia et al. (2016) which aims to show a process in which all by-products are utilized.
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Vv

Food and Pharmaceutical applications|

TABLE 6 | The twelve principles of Green Chemistry (Green Chemistry | US EPA, 2021).

Number Name Principle
1 Prevention Reduce the amount of waste
Atom economy The final product should aim to contain all the atoms used in the process
Less hazardous chemical Wherever possible, production methods should be designed to make substances that are less toxic to people or the
synthesis environment
Designing safer chemicals Chemical products should be designed to do their job with minimum harm to people or the environment
Safer solvents Try to avoid the use of solvents and, when these are necessary, choose those that are not harmful to the environment
Design for energy efficiency The energy needed to carry out a reaction should be minimized to reduce environmental and economic impact. If possible,
processes should be carried out at ambient temperatures and pressures
7 Use of renewable A raw material should be renewable whenever possible
feedstocks
Reduce derivatives Reduce the number of steps in a reaction as this means more reagents are needed and more waste is made
Catalysis Reactions that are catalyzed are more efficient that uncatalyzed reactions
10 Design for degradation When chemical products are finished with, they should break down into substances that are not toxic and do not stay in the
environment
11 Real-time analysis for Methods need to be developed so that harmful products are detected before they are made
pollution prevention
12 Inherently safer chemistry Substances used in a chemical process should be chosen to minimize the risk of chemical accidents, including explosions,

for accident prevention

and fire
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vulnerable to physical destabilization, especially at the highest
oil concentrations. Hence thee phenolic-rich extracts may be
more effective when used in combination with other emulsifiers.
Further research has to be carried out to test the efficiency of olive
leaf extracts combined with other food emulsifiers as well as with
different homogenization conditions (Flamminii et al., 2019).

A recent patent (Musco et al., 2017) provides methods of
producing high quality olive leaf powders. The methods comprise
blanching fresh olive leaves using infrared radiation, followed
by drying and milling the blanched olive leaves to produce a
flavorful, colorful and nutritious olive leaf powder. The powders
can be used as a basis to manufacture a variety of different
food products including but not limited to teas, supplements,
nutritional bars and drinks, baby food ingredients, elixirs, pastes,
coatings, as well as pharmaceuticals, cosmetics, pesticides, or
any olive leaf product in which enhanced antioxidant and
antimicrobial properties are desired. This patent has been
commercialized successfully in the United States (https://olyxir.
com).

DISCUSSION AND PROMISING
APPLICATIONS

With currently more than nine million hectares, olive tree
cultivation has spread from the Mediterranean to all over
the world, mostly due to the health benefits attributed to
olive oil consumption (Sahin and Bilgin, 2017). Despite
the economic importance of this food product, olive
oil production is associated with negative effects on the
environment such as depletion of resources, land degradation,
air emissions and the generation of byproducts, the latter
of which include large quantities of olive leaves. The
leaves are often disregarded despite being promising
sources of compounds that could be recovered and used as
valuable substances.

In order to optimize the linear model of “take, use and
dispose” in the olive oil industry, it must be replaced by a model
that respects more the environment, such as a circular model,
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